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Abstract 

We set out to understand the colonic lympha4c vasculature in the context of ou8low from the colon, 

with the ambi4on of using this knowledge to develop methods to promote exit of inflammatory cells 

from the 4ssue as an alterna4ve way to treat pa4ents with inflammatory bowel disease. Our studies 

converged on the iden4fica4on of 4ssue folds as central anatomical units that orchestrate inters44al 

fluid ou8low from the colon. We observed that the luminal surface of the mammalian colon is 

characterised by undula4ons of the mucosa and submucosa forming 4ssue folds. In humans these 

included haustral folds and intrahaustral folds of lesser prominence between muscular bands of 

taenia coli. Mice lacked taenia coli and haustra but nonetheless possessed folds, especially in the 

proximal colon. The func4onal significance of these colonic 4ssue undula4ons, beyond increasing 

surface area for absorp4on, had not previously been determined. Here, through murine in vivo and 

3D imaging studies, we show that 4ssue folds orchestrated the collec4on and ou8low of inters44al 

fluid from the colon. We demonstrate that lympha4cs line the base of colonic crypts and specifically 

branched toward the epithelium within folds. Colonic folds func4oned as reservoirs feeding lympha4c 

and venous ou8low, and phagocy4c scavenging by fold-associated mononuclear phagocytes 

augmented this reservoir property. Colonic lymphoid follicles were enriched within these 4ssue folds, 

surrounded by lympha4cs and postcapillary venules. Human colonic lymphoid follicles were likewise 

posi4oned within the eleva4on of 4ssue folds. Our findings suggest that colonic folds are dis4nct 

anatomical units conserved across species that organise uptake, immunosurveillance, and ou8low of 

inters44al cargo, while restraining the spread of inflamma4on. Indeed, the loss of 4ssue folds during 

ulcera4ve coli4s may facilitate distal-to-proximal spread of pathology. 
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1.1 Overview 

Despite significant research on the topic and numerous advances made over the past couple of 

decades, inflammatory bowel disease (IBD) remains a disease with a significant therapeu4c gap with 

pa4ents having primary non-response or secondary loss of response to all available therapies. The 

overarching aim of this thesis centres around beQer understanding of the pathogenesis of IBD, with 

the longer-term ambi4on of using this knowledge to facilitate the development of novel therapeu4c 

agents. We begin by considering the numerous ae4ological factors implicated in the pathogenesis of 

IBD. Following this, we turn to assess the classes of therapy in the context of how they affect leukocyte 

accumula4on in the 4ssue, which is a key feature of the disease. 

We then consider where the gaps are and par4cularly focus in on the exit of immune cells from the 

intes4nal 4ssue. This highlights the dearth of knowledge that exists on intes4nal ou8low, par4cularly 

in the colon, which forms the focus of this thesis. Our key underlying reason for studying ou8low from 

the colon was to understand whether s4mula4ng exit of immune cells from the colonic 4ssue could 

aid in the resolu4on of intes4nal inflamma4on. Prior to addressing this, we had to understand the 

steady state. Exit of cells and inters44al fluid from 4ssue is mediated by lympha4c vessels, and 

therefore this introduc4on moves to focus in on the current knowledge of the intes4nal lympha4c 

vasculature, first in homeostasis, then in inflamma4on. We conclude with the hypothesis and thesis 

aims. 

 



 

 13 

1.2 Inflammatory Bowel Disease 

Inflammatory bowel disease (IBD), comprising of Crohn’s Disease (CD) and Ulcera4ve Coli4s (UC), is a 

chronic immune-mediated inflammatory disease with a prevalence exceeding 0.3% and an increasing 

incidence in the developing world (1).  IBD is a mul4-system disorder with an incompletely understood 

ae4ology. Numerous factors have been implicated in contribu4ng to IBD including gene4c (2, 3), 

microbial (4), dietary (5), and environmental (6), which are all independent areas of research. One of 

the central aspects of the disease is an inappropriate intes4nal immune response, where, in 

homeostasis, a fine balance must be maintained between tolerance and ac4va4on of the immune 

system. Much work has sought to understand what ini4ates and propi4ates intes4nal inflamma4on 

that leads to significant complica4ons such as ulcera4on, strictures, fistula4on, and perfora4on of the 

intes4ne, if ler untreated. Mul4ple immune pathways have been implicated in the pathogenesis of 

IBD (7); however, blockade with various agents s4ll leaves a significant therapeu4c gap. This suggests 

that the pathogenesis is not fully explained by modula4ng the immune system in isola4on. Therefore, 

considera4on of other factors that interact with the immune system is essen4al. 
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1.3 Principles of leukocyte accumula>on in >ssue with a focus on the intes>ne 

 The general principles of leukocyte accumula4on in the 4ssue are made up of a balance between the 

factors outlined in the following diagram: 

This diagram is specifically populated with examples of therapeu4c agents used to treat IBD that 

affect each component of leukocyte accumula4on. We will consider these aspects in turn in rela4on 

to currently u4lised therapeu4cs. The ini4al therapeu4c strategies for IBD revolved around the use of 

cor4costeroids, with the seminal trial being published in 1955 by Truelove and WiQs (8). To this day, 

the precise mechanism by which steroids induce remission of intes4nal inflamma4on is not fully 

understood. It is known that they func4on via binding to intracellular glucocor4coid receptors – these 

receptors are widely expressed and binding results in numerous changes in gene expression and 

mul4ple off-target effects. Modern therapies have a far greater specificity based on biological 

understanding of the targets driving inflamma4on. We will focus on the various aspects that are 

involved in leukocyte accumula4on in turn, and specifically consider exis4ng therapies that target 
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these pathways in the context of IBD. We will conclude by highligh4ng the aspects that have been 

rela4vely neglected, and therefore form the focus of this thesis. 

Recruitment of leukocytes to the 4ssue forms a key aspect of leukocyte accumula4on in IBD. 

Leukocyte recruitment is a mul4-step process ini4ated by leukocyte rolling and crawling on the vessel 

wall, followed by leukocyte arrest on the endothelium then finally transmigra4on across the 

endothelial cells of the vessel into the 4ssue (9–11). Inflamma4on induces changes in the 

endothelium that increases its permeability to circula4ng leukocytes, involving factors such as 

tumour-necrosis factor alpha (TNFα) (12). TNFα can also induce upregula4on of integrins and 

selec4ns on the luminal endothelial surface which aids in leukocyte recruitment (13). An4body 

targe4ng of TNFα was the first successful biologic treatment to be used to treat IBD (14), and is also 

effec4ve across other 4ssues, with efficacy first being demonstrated in rheumatoid arthri4s (14). This 

shows how understanding these principles are relevant in designing therapies to work across 4ssues. 

More recently, the focus on inhibi4ng intes4nal recruitment of leukocytes was targeted by crea4ng 

an an4body that binds to and blocks the integrin α4 called natalizumab. This is expressed on 

leukocytes that are des4ned to migrate to the brain (α4β1) and the intes4ne (α4β7) (15, 16). 

Natalizumab was ini4ally licensed to treat mul4ple sclerosis (17) as well as Crohn’s disease (16); 

however, it came with an increased risk of developing a progressive mul4focal leukoencephalopathy 

caused by the JC virus, causing death in one pa4ent with Crohn’s disease in an open-label extension 

study (16), presumably by blocking leukocyte entry to the brain, and led to an unacceptable safety 

profile in the context of Crohn’s disease. This highlighted the importance of being able to target the 

process of leukocyte trafficking to the intes4ne more specifically. This idea came to frui4on with the 

development of the α4β7 inhibitor, vedolizumab, which specifically prevents leukocyte trafficking to 

the intes4ne (18). This has been a hugely transforma4ve medica4on in the treatment of both Crohn’s 
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disease and ulcera4ve coli4s, without the associated risk in CNS infec4on with the JC virus (19) 

presumably because this is unaffected with blockade of α4β7 rather than α4β1. 

Other approaches include targe4ng chemokine receptors specific for intes4nal homing such as CCR9, 

which predominantly mediates trafficking to the small bowel; however, the small molecule inhibitor 

‘vercirnon’ was unsuccessful in clinical trials (20, 21). This may have been because simply inhibi4ng 

the interac4on between the chemokine CCL25 and its receptor CCR9 may have been insufficient 

without actually deple4ng the cells that express CCR9. Nonetheless, the idea of targe4ng molecules 

that imprint 4ssue-specific homing to the intes4ne forms a promising approach to iden4fy new 

targets that may be targeted therapeu4cally. Furthermore, as these therapies are rela4vely safe by 

being gut-specific, it may be possible to combine these with other exis4ng therapies (22). Leukocyte 

trafficking to the colon u4lised alterna4ve mechanisms such as GPR15 and CCR10 (23). 

The loca4on of leukocyte recruitment in 4ssues is thought to be in specialised regions of the 

vasculature known as high-endothelial venules (HEVs) or post-capillary venules (PCVs) (13). These 

vessels have the specific machinery required to enable the process of leukocyte extravasa4on, and in 

the gut this specifically includes Madcam1, which is the ligand for α4β7 (24, 25). An an4body targe4ng 

Madcam1, however, did not have the same efficacy as vedolizumab. In summary, recruitment to the 

intes4ne and considering the inflow of leukocytes is a strategy that has proven effec4ve in the 

development of gut-specific therapeu4cs for IBD (26). 

We next turn our aQen4on to what happens once the cells enter the intes4nal 4ssue, as well as what 

occurs to the 4ssue-resident cells that are already in the intes4ne. The success of an4-prolifera4ve 

medica4ons such as azathioprine in the maintenance of remission in IBD provides evidence that 

interfering with cell division is a viable strategy to reduce leukocyte accumula4on in the 4ssue (27), 
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again also sharing efficacy across other disease indica4ons. With regards to cell differen4a4on, 

cytokines in the 4ssue play a large role in the differen4a4on of immune cells in IBD (7, 28, 29). This is 

an expansive area of study and is only briefly men4oned here for completeness. Impairment of 

immune cell death is also implicated in IBD (30) and an4-TNFα therapy has shown to be effec4ve in 

part due to inducing apoptosis in T cells and monocytes (31). 

Cellular emigra4on is a concept is rela4vely understudied compared to the others men4oned. 

Emigra4on of cells from the 4ssue to the draining lymph node is mediated via the lympha4c 

vasculature, which also plays a crucial role in orchestra4ng the adap4ve immune response (32). 

However, the s4mula4on of exit of immune cells from the 4ssue has no specific therapy that targets 

it that is in clinical use for inflammatory disorders. 

Cellular emigra4on as a concept is increasingly being recognised from the perspec4ve lymphocyte 

recircula4on from the lymph node to the 4ssue. In par4cular, the modula4on of sphingosine-1-

phosphate (S1P) has recently emerged as an effec4ve therapy in IBD (33). This signalling sphingolipid 

molecule is required to allow leukocytes to exit lymph nodes and return to the circula4on. This 

depends on a gradient of S1P in the efferent lymph and S1P receptors to be expressed on leukocytes. 

S1P agonists have emerged that induce downregula4on of the S1P receptor on the leukocyte surface 

therefore making leukocytes insensi4ve to the S1P that normally permits exit (34). This prevents 

leukocytes recircula4ng from the lymph nodes to the intes4ne. However, the effect of S1P modula4on 

on emigra4on from the 4ssue to the lymph node has not received as much aQen4on in the literature. 

However, a recent study conclusively showed that S1P modula4on using the func4onal antagonist 

FTY720 before photoconver4ng the descending colon completely stopped the turnover of immune 

cells 24 hours later (35), highligh4ng that S1P also prevents cellular exit from the 4ssue. 
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One strategy to promote cellular emigra4on is s4mula4ng the lympha4c vasculature to expand 

(lymphangiogenesis). This can be done by administering the relevant lymphangiogenic growth factors 

for these vessels. The most well-described is VEGF-C, which s4mulates lymphangiogenesis (36). A 

clinical adenoviral gene therapy delivery system for VEGF-C was trialled in combina4on with lymph 

node transfer treatment for pa4ents who had lymphoedema following breast cancer reconstruc4on 

and was well-tolerated (37), and studies are ongoing in this pa4ent cohort (38). However, this has not 

yet been trialled in the context of inflamma4on. 

As emigra4on from the 4ssue is mediated by the lympha4c vasculature, we will turn to describe this 

system in more detail. First this will be in the context of homeostasis, and then the role of the 

lympha4c system in intes4nal inflamma4on will be discussed. Finally, we will focus in on the 

remaining unknowns in the field, which form the objec4ves of this thesis. 
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1.4 Overview of intes>nal lympha>c anatomy and physiology 

1.4.1 Macroanatomy 

The lympha4c system is a vascular network distributed throughout the body that ini4ates from blind-

ended lympha4c capillaries in 4ssue beds which converge to larger collec4ng vessels that travel to 

their draining lymph node. Following the lymph node, efferent collec4ng vessels ul4mately converge 

with the thoracic duct. The thoracic duct delivers lymph across the lymphovenous valve to return 

lymph fluid and cargo to the venous circula4on. In intes4nal homeostasis, these lympha4c capillaries 

are ini4ally found in the lacteals of the small intes4ne (39) and travel through the mesentery to reach 

their draining lymph nodes. The lympha4c capillaries of the colon are less well-described (40). The 

murine small intes4ne has a rela4vely straigh8orward drainage paQern to the mesenteric lymph 

nodes; however, the colon is more complex with the ascending and transverse colon draining to the 

pancrea4c-duodenal lymph node and the descending and distal colon draining to the caudal and iliac 

lymph nodes (41). In mice, most mesenteric lymph nodes are found in a chain whereas in humans 

they are distributed more variably within the mesentery. One conceptually important point is that 

dis4nct lymph nodes drain different regions of the intes4ne (42), which may then impact upon 

immune effector func4on (41). A more recent discovery is that there are specialised lympha4c 

capillaries in the mesentery that bypass the mesenteric lymph node and transport an4gens from the 

peritoneum directly to the medias4nal lymph nodes (43). There are excellent in-depth anatomical 

descrip4ons of the intes4nal lympha4c vasculature elsewhere (39, 44), but again the focus is on the 

small intes4ne, with liQle descrip4on of the corresponding arrangement in the colon. 
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1.4.2 Microanatomy 

The lympha4c system ini4ally starts with lympha4c capillaries comprised of endothelial cells, with 

most evidence poin4ng towards a venous endothelial cell origin (45), but with some key differences. 

The cells themselves can loosely overlap with each other in ‘buQon’ junc4ons, which allows cells and 

fluid to intravasate into the lumen, whilst in inflamma4on this can change to a zipper conforma4on 

and reduce permeability (46). This stands in contrast with the blood endothelium, which supports 

cellular extravasa4on (47). Once lymph has entered these capillaries they come together to form 

larger collec4ng lympha4c vessels (CLVs) that contain valves, analogous to veins, to aid unidirec4onal 

flow towards the systemic circula4on via draining lymph nodes (48) and the units between valves are 

called ‘lymphangions’ (49). The CLVs have smooth muscle cells encasing their walls to promote 

pumping of lymph towards the periphery. CLVs have a less permeable conforma4on with ‘zipper’ 

junc4ons that prevent extravasa4on of high molecular weight lympha4c contents. Furthermore, it is 

important to note the presence of several dis4nct lymphoid 4ssues in the intes4ne regula4ng mucosal 

immunity. These are reviewed elsewhere (50), yet the lympha4c drainage from these structures in 

the small intes4ne and colon remain to be clearly mapped. However, older studies support the no4on 

of a lympha4c network further from the colon lumen, compared to that in the small intes4ne. 

1.4.3 Physiology 

The intes4nal lympha4c system has wide-ranging roles in physiology. It maintains extracellular fluid 

homeostasis and removes substances via the lymph, and specifically in the small intes4ne it is also 

responsible for lipid absorp4on via lacteals (51, 52). However, the specific products absorbed in 

colonic lymph is unclear. Furthermore, recent studies showed that intes4nal lympha4c endothelial 

cells themselves can produce factors to support the intes4nal stem cell niche in associa4on with 
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intes4nal fibroblasts (53–55), highligh4ng a role beyond simply func4oning as a conduit. Finally, the 

lymph contains migratory cells of the immune system responsible for priming adap4ve immune 

responses in the mesenteric lymph nodes (32). 

1.4.4 Leukocyte emigra:on via the lympha:c vasculature 

The understanding that lymphocytes recirculate around the body via the lymph to the blood was 

highlighted by seminal work by Gowans in 1957 (56). He created a method to collect lymph from the 

thoracic duct of rats and then return this to the femoral vein. He found that returning cell-free lymph 

or dead cells to the venous circula4on resulted in fewer cells collected from the thoracic duct over a 

period of four days. In comparison, when he returned live cells from the lymph back to the venous 

circula4on, the cellular output from thoracic duct remained constant over the same four-day period. 

Further experiments were designed that traced the fate of the cells moving from the lymph to the 

systemic circula4on (57). This was done using tri4ated adenosine to label the RNA of cells isolated 

from the thoracic duct and reinfusing these cells into the venous circula4on. This study highlighted 

that most labelled cells that were reinfused were able to home to the lymph nodes and then 

recirculate via the lymph, with only the minority of infused cells homing to 4ssues in the steady state 

(57). It was hypothesised that there was a special affinity of the labelled lymphocytes to the 

endothelium of the post-capillary venules of the lymph node, but the mechanisms were not clear at 

the 4me. Since then, the process of leukocytes crossing the blood vascular endothelium has been 

characterised in detail, involving steps such as aQaching to the endothelium, rolling, arrest, and 

migra4on itself (58, 59). 

In contrast, the mechanisms of leukocyte extravasa4on from the 4ssue to lympha4c vessels has 

received less aQen4on but is increasingly understood in a parallel way (47, 60–62). Steps include 
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movement of the cells within the inters44al space of the 4ssue, followed by entry into and crawling 

within the lympha4c vessels. This movement is slow within the lympha4c capillaries but once the 

cells reach the larger collec4ng vessels the flow is passive and much faster. The main signal that aQract 

cells to lympha4c vessels is the chemokine CCL21, which is cons4tu4vely expressed by lympha4c 

endothelial cells (63). CCL21 binds to CCR7, which expressed by various cells including dendri4c cells 

(64, 65). CCL21 is maintained as a gradient within the perilympha4c inters44um, and this is 

highlighted by dendri4c cells demonstra4ng direc4onal migra4on towards lympha4c endothelial cells 

from up to 90 microns away (66). 

To understand the cellular trafficking via the lymph, it is possible to collect the fluid and then profile 

the cells that are in it. However, once dendri4c cells enter lymph nodes they die arer a few days (65). 

Therefore, if one wants to profile lymph draining from the intes4ne, the lympha4c vessels proximal 

to the lymph node should be cannulated, which is only possible in larger animals. To overcome this, 

a method was developed to remove the mesenteric lymph nodes in rats and allow the animals to heal 

(67). Arer six weeks the animals recover and new vessels form that result in drainage of the lymph 

directly to the thoracic duct, and so popula4ons of cells that leave the intes4ne can be profiled in this 

way. More recently, this technique was developed to be used in mice, where mul4ple popula4ons of 

migratory intes4nal dendri4c cells have been observed (68). Finally, it is important to remember that 

the composi4on of afferent lymph and efferent lymph differ by around 10-fold magnitude in cell 

concentra4on, and the majority of cells in efferent lymph are naïve lymphocytes, that would have 

ini4ally arrived to lymph node via the high endothelial venule (69). 
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1.5 Lympha>cs in intes>nal inflamma>on 

As outlined previously, several drug classes exist to treat IBD; however, primary non-response and 

secondary loss of response to all current and experimental therapies remains a major clinical 

challenge. The variable response to treatment suggests heterogeneity in the underlying disease 

processes and highlights the need for a deeper understanding of the cellular basis of IBD to beQer 

treat pa4ents who do not respond to current therapies. In par4cular, the lympha4cs in the colon and 

mesentery have been neglected, despite several lines of evidence for their relevance, which we will 

explore. 

We will consider human and animal studies in parallel and use human observa4ons as a basis for 

discussion. We will broadly move from superficial to deep structures i.e., lympha4cs in the intes4nal 

wall followed by mesenteric lympha4cs. Firstly, we will consider the increased lympha4c density 

observed in intes4nal inflamma4on, then we will consider the concept of lympha4c ‘obstruc4on’ both 

in the intes4ne and the mesentery and how this relates to inflamma4on. Finally, we will consider 

lympha4c leakage in the mesentery and the role of creeping fat in the pathology of intes4nal 

inflamma4on. 

1.5.1 General principles of lympha:c changes in inflamma:on  

We will first consider general principles of lympha4c changes in the context of inflamma4on before a 

more detailed considera4on related to the intes4ne. Inflamma4on can affect vascular permeability 

of lympha4c vessels, as well as their pumping ac4vity, via several cytokines (70). Of note, TNFα is able 

to upregulate molecules such as intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion 

molecule 1 (VCAM-1), and E-selec4n, in lympha4c endothelial cells, which can s4mulate dendri4c cell 
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adhesion and transmigra4on in vitro (71). Leukocytes in 4ssues typically first enter the capillaries 

where they crawl slowly, followed by faster flow in the lympha4c collectors (62). Interes4ngly, in 

inflamma4on, an alterna4ve route for dendri4c cells to traffic directly into lympha4c collectors has 

been discovered (72), enabling cells to reach the lymph node more rapidly, but with unknown 

func4onal significance. 

A further change in lympha4cs in inflamma4on is the conforma4on of the junc4ons between 

neighbouring cells. Typically, lympha4c capillaries at steady state have ‘buQon’ junc4ons. In 

inflamma4on, lympha4cs in the trachea have been observed to form zipper junc4ons following 

Mycoplasma pulmonis infec4on (73, 74). This may aggravate 4ssue oedema and retain dendri4c cells 

at the site of the 4ssue, but the precise implica4ons are yet to be mapped out. An example of buQon 

to zipper transi4on in the lacteals of the small intes4ne demonstrate that this results in reduced lipid 

absorp4on, and may be an avenue to design novel drugs to promote weight loss (75). 

The lymph also changes in composi4on in the context of inflamma4on. When efferent lymph is 

sampled from the draining lymph node following subcutaneous pro-inflammatory cytokine 

administra4on, lymphocytes are ini4ally retained within the lymph node, followed by elevated 

cellular output (76). This is thought to aid in the induc4on of immune responses by facilita4ng cellular 

interac4ons between immune cells. Having considered these general principles, we will now move 

onto the specifics of how intes4nal inflamma4on affects the lympha4cs. 
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1.5.2 Increased lympha:c vessel density in inflammatory bowel disease 

Pa4ents with inflammatory bowel diseases have structural changes in intes4nal lympha4cs. Mul4ple 

histological analyses show increased lympha4c density in the intes4ne (77–82) and we will highlight 

points of interest from these studies. 

Kaiserling et al. (81) studied the histology from pa4ents with UC who had undergone colectomy. They 

found increased lympha4cs in the submucosa that were some4mes associated with lymphoid 

follicles, challenging the dogma that UC is solely a mucosal disease. Fogt et al. (78) were in agreement 

as they looked at the colon in UC and found again that in treated UC the lympha4c vessels were only 

found in the submucosa, but in inflamed 4ssue lympha4cs were found more superficially in the 

lamina propria. 

Pedica et al. (79) used D2-40 an4bodies targe4ng podoplanin to look at the ileum and colon of 

pa4ents with Crohn’s disease compared to other intes4nal diseases and healthy controls with a focus 

on the submucosa. They found an increased number of submucosal lympha4cs in IBD, and that this 

was significantly more in Crohn’s disease compared to UC (as well as other intes4nal disorders). 

Rahier et al. (80) looked at ileal and colonic samples from CD and UC, as well as controls, and found 

that there was an increased lympha4c vessel density in both diseases. Intriguingly when divided into 

mucosal and submucosal changes it was found that UC had a specific increase in the mucosal 

lympha4cs and a decrease in the submucosal lympha4cs compared to colonic controls, which stands 

in contrast to the earlier studies sugges4ng increased submucosal lymphangiogenesis in UC. 

Therefore, the discrepancies in these findings warrant further clarifica4on, par4cularly as imaging 

technologies have progressed since the 4me of these studies. 
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It is hard to conclude whether increased lympha4cs contribute towards disease pathology or healing 

from these observa4onal studies. Two studies that assess pa4ents over 4me give a clue that 

lymphangiogenesis may be of overall benefit. The first study compared pa4ents with Crohn’s disease 

who relapsed arer surgery to those who did not, and showed that if there was evidence of 

lymphangiogenesis in the intes4ne at the 4me of ileal resec4on, this reduced risk of recurrence (83). 

Similar conclusions were reached in another study that conducted histological assessments of the 

resec4on specimens of pa4ents with Crohn’s disease. They found that an increased lympha4c vessel 

density at the 4me of resec4on resulted in reduced chances of endoscopic recurrence at one year 

(84). These studies point towards a role that lymphangiogenesis plays a protec4ve role in intes4nal 

inflamma4on. 

A key limita4on to bear in mind whilst interpre4ng these data is that they all use two-dimensional 

imaging modali4es to gain insights into a three-dimensional structure, so the conclusions reached 

should be interpreted cau4ously. It can be envisaged that simply dila4ng the lympha4cs can itself 

result in a larger perceived surface area, even when lympha4c endothelial cells are not prolifera4ng 

per se. Modern advances in imaging technologies such as the use of light-sheet microscopy will 

enable the study of these structures and overcome these limita4ons (85–88). 

These histological studies have demonstrated that there is an associa4on between inflamma4on and 

lymphangiogenesis. Clearly the 4ming of these events is crucial and studies from pa4ents inevitably 

give us only a few 4mepoints from which we can draw limited conclusions. This leaves it unclear as 

to whether lympha4cs are bystanders or are playing a primary role in helping or hindering the 

resolu4on of inflamma4on in IBD. To shed further light on this, we will turn to studies in animal 

models, where dynamic datapoints can be considered in conjunc4on with manipula4ng the lympha4c 

system. 
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1.5.3 S:mula:on with pro-lymphangiogenic factors improves inflamma:on 

S4mula4on of lymphangiogenesis in mouse models via systemic delivery of adenovirus expressing 

human vascular endothelial growth factor C (VEGF-C), the key factor iden4fied to promote 

lymphangiogenesis, has been shown to both increase lympha4c vessel density and ameliorate 

inflamma4on in mouse models of coli4s (82, 89). Interes4ngly the group found that deple4ng 

macrophages reduced the beneficial effect of VEGF-C and iden4fied these macrophages as a resolving 

phenotype dependent on STAT6. This raises the ques4on as to what aspect of VEGF-C is aiding the 

resolu4on of inflamma4on. It is interes4ng to note the broad applicability of s4mula4ng 

lymphangiogenesis across different organs, as s4mula4on of VEGF-C also reduces inflamma4on in the 

skin (90), joint (91) and heart (92). The converse idea of inhibi4ng the VEGF-C receptor, VEGFR3 (FLT4), 

both blocks lympha4c vessel prolifera4on and worsens murine coli4s (82, 93). Again, this is applicable 

across organ systems as blocking VEGF-C also worsens skin inflamma4on (94) and arthri4s (95). 

In summary, there are mul4ple lines of evidence that s4mula4ng lymphangiogenesis via VEGF-C 

ameliorates inflamma4on whilst blocking VEGF-C exacerbates inflamma4on. However, as highlighted, 

it is difficult to draw strong conclusions on how much of the protec4ve effect seen is down to 

lympha4c changes rather than other targets of VEGF-C. This is especially relevant with the lack of 

direct lympha4c ou8low assessment from the colon. 

1.5.4 Lympha:c obstruc:on in the intes:ne and mesentery plays a role in IBD 

Lympha4c obstruc4on as a concept has been encountered in pa4ents with various forms of 

lymphoedema (96), and a parallel ques4on in the field of IBD is whether a similar phenomenon may 

be present which prevents exit of cells and fluid from the intes4ne and contributes towards the failure 
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of resolu4on of inflamma4on. A key hypothesis to consider in light of this is whether mucosal 

pathology is in fact a secondary event to lympha4c obstruc4on in Crohn’s disease, which is reviewed 

elsewhere (97). Whilst unlikely to be a primary cause of IBD, this idea warrants considera4on as a 

contribu4ng factor to intes4nal pathology. 

Evidence for lympha4c obstruc4on exists in both the intes4ne and the mesentery in intes4nal 

inflamma4on. Submucosal obstruc4on in ileal Crohn’s disease has been noted and the cause of 

obstruc4on was ini4ally thought to be lympha4c endothelial cells themselves, but 

immunohistochemical studies have shown CD68+ macrophages that appear to be trapped in 

lympha4cs which may be contribu4ng towards obstruc4on (98). Moreover, lymphocytes are present 

more proximally in the lympha4c vessels in these specimens, sugges4ng that their exit is impaired 

(98). It is possible that macrophages accumulate at areas of endothelial damage, and lead to 

subsequent granuloma forma4on and lympha4c obstruc4on in Crohn’s disease (99). 

Importantly, these obstruc4ve changes are found not only in the intes4ne but also the mesentery. 

Obstruc4on of the mesenteric lympha4cs has been described in resec4on specimens from pa4ents 

with Crohn’s disease 40 years ago (100). A key study iden4fied the cause of this obstruc4on to be 

lymphoid aggregates in the mesentery of pa4ents with IBD, which may result in impingement of 

lympha4c drainage (101). The lympha4cs in the mesentery have been studied me4culously in this 

work in which we see a clear associa4on between the presence of IBD and lymphoid aggregates 

represen4ng ter4ary lymphoid organs (TLOs) in close proximity to the lympha4cs that drain to the 

mesenteric lymph nodes. With this observa4onal study it is hard to conclude whether these TLO 

structures are a primary pathology, or if they are forming in response to inflamma4on-induced 

lympha4c leakage of immune cells that are ini4ally des4ned to reach the lymph node and prime a 

secondary immune response. Further work on this theme showed that a TNFα-dependent model of 
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murine ileal inflamma4on (TNFΔARE) developed analogous forma4on of lymphoid structures in the 

mesenteric lympha4cs, specifically associated with sites of lympha4c valves. Tracer injec4ons via 

cannula4on of these vessels demonstrated impaired flow to the draining lymph node, lympha4c 

leakage into the mesentery and reversal of lympha4c flow (102). This study measured the direct 

relevance of lympha4c drainage using an intravital system in the small intes4ne, but this has not been 

done in a similar way in the colon. 

1.5.5 Surgical lympha:c obstruc:on leads to inflamma:on and fibrosis 

We will now turn from human lympha4c obstruc4on to consider surgically induced lympha4c 

obstruc4on in animal models. Studies from the 1930s in which the mesenteric lympha4cs of dogs 

were selec4vely injected with sclerosant found marked intes4nal wall thickening and oedema, 

par4cularly in the submucosal and muscular layers, which was enhanced with intravenous E. coli 

administra4on (103). Thrombosed lympha4cs and lacteals that were engorged with large 

mononuclear cells were noted. This experimental model of intes4nal lymphoedema resembled the 

regional enteri4s described by Crohn et al. not long earlier (104). 

Kalima et al. obstructed the mesenteric ileal lympha4cs of 40 rats and found that this resulted in many 

features in common with regional enteri4s (105). This study was disputed by Heatley et al. who 

claimed that despite obstruc4on by liga4ng mesenteric lympha4c vessels both at the bowel wall and 

near the root of the mesentery in rats, as well as resec4ng the mesenteric lymph nodes, this did not 

reproduce the pathological changes seen with Crohn’s disease, and so ques4oned whether lympha4c 

obstruc4on was a key factor in the pathogenesis (100). A more recent study in non-human primates 

with surgical liga4on of lympha4c vessels led to intes4nal inflamma4on (106), highligh4ng that 
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lympha4c obstruc4on leading to inflamma4on may be variable in different species, but also that no 

clear conclusion exists on this topic. 

We have considered lympha4c obstruc4on in the intes4ne and mesentery. For comple4on in our 

discussion, we are unsure whether the lymph nodes themselves are responsible for any degree of 

lympha4c obstruc4on and this is yet to be determined. Open ques4ons remain as to what func4onal 

effect lympha4c obstruc4on is having and whether this skews the immune response. 

1.5.6 Mesenteric changes and fat wrapping in the context of lympha:cs 

We have considered the role of changes in the number of lympha4c vessels and the link between 

physical obstruc4on and intes4nal inflamma4on. Now we will turn to how func4onal changes in the 

mesenteric lympha4cs may affect their ability to resolve inflamma4on.  

As outlined earlier there are changes found in the intes4nal mesentery in inflammatory bowel 

disease, and so an obvious ques4on is to consider whether resec4ng this 4ssue makes any difference 

to pa4ent outcome. The pioneering work of Coffey et al. u4lised approaches that were developed for 

colorectal cancer resec4on (where mesenteric and lymph node resec4on is required in order to 

reduce post-opera4ve disease recurrence) and applied this to ileal resec4on in Crohn’s disease (107). 

In this seyng, limited intes4nal resec4on is the conven4onal surgical approach; however, this study 

demonstrates that there is a significantly reduced risk of recurrence if the mesentery is included in 

the resec4on (107). Furthermore, they iden4fied a correla4on between severity of inflamma4on in 

the mesentery and the intes4ne itself, providing evidence that Crohn’s disease does not affect the 

intes4ne in isola4on (107). Prospec4ve randomised-controlled trials on this subject are ongoing. 
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A Japanese radiological study confirmed the significance of mesenteric inflamma4on by showing a 

strong correla4on between mesenteric changes on cross-sec4onal CT scan with that of endoscopic 

changes of the intes4nal mucosa in inflamma4on (108). Furthermore, another study has shown that 

persistent MRI changes are seen in pa4ents with Crohn’s disease despite having improvement in 

endoscopic appearances (109). This highlights that relying on clinical and endoscopic outcome 

measures that are used for Crohn’s disease are insufficient to tell whether the pathology in ques4on 

has been fully treated. A possible clinical aim is to consider more than just ‘mucosal healing’, but also 

‘mesenteric healing’ (110). However, it is unknown as to whether mesenteric healing in isola4on can 

be achieved, as the changes iden4fied tend to suggest chronicity of inflamma4on.  

The interac4on between lympha4c vessels and adipose inflamma4on in the mesentery can also be 

considered, especially since small intes4nal lymph in par4cular is rich in absorbed dietary lipid. It has 

long been thought that the collec4ng lympha4c vessels simply transport lymph from the 4ssue to the 

draining lymph node. However, it is increasingly recognised that lymph leakage can occur and that 

this can contribute towards adipose 4ssue inflamma4on (111). Furthermore, a key study highlights 

how long-term immune dysfunc4on may follow acute murine gastrointes4nal infec4on via effects on 

mesenteric lympha4cs (112). This study demonstrated that an acute infec4ve or non-infec4ve insult 

to the intes4ne can lead to chronic inflammatory changes in the mesentery and leads to leakage of 

cells from the mesenteric lympha4cs, such as dendri4c cells, into the mesentery itself. Of note, this 

change lasted for many months arer the inflammatory insult was removed. It is temp4ng to speculate 

that this change in the mesenteric lympha4cs may skew the immune response preven4ng normal 

mechanisms of immune tolerance, which may be a contribu4ng factor to the chronic inflamma4on 

seen in IBD. Furthermore, it highlights how mucosal insults may affect deeper structures such as the 

mesentery via the lympha4c vessels. 
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Another intriguing area of IBD pathogenesis that remains incompletely understood is creeping fat. 

This is a curious phenomenon unique to Crohn’s disease where mesenteric fat wraps around inflamed 

segments of intes4ne and this correlates with the degree of mucosal inflamma4on (107). Creeping 

fat has been a long-recognised feature of Crohn’s disease but has more recently been thoroughly 

inves4gated (113). This study notes the presence of live bacteria in mesenteric adipose 4ssue of 

pa4ents without IBD, and a different specific bacterial popula4on in the creeping fat of pa4ents with 

Crohn’s disease. Another study has demonstrated the presence of bacteria in mesenteric adipose 

4ssue from pa4ents undergoing obesity surgery, and that s4mula4ng adipocytes with bacterial DNA 

promoted the expression of the inflammatory cytokines TNFα and IL-6. It was also found that different 

organisms were found depending on whether pa4ent’s diabe4c status (114). It is likely that these 

organisms translocate via the lympha4c vessels but this has not been shown. Furthermore, live 

bacteria can travel within lympha4c vessels as a conduit to bloodstream infec4on (115). Indeed, a 

study of intes4nal and mesenteric resec4on 4ssue from pa4ents with Crohn’s disease imaged the 

mesenteric lympha4c vessels and found that they lacked 4ght junc4on proteins which may lead to 

leakage of mesenteric lympha4cs (116). This may result in bacteria reaching these adipose 4ssue 

compartments and perhaps playing a role in the ini4a4on of the creeping fat response seen in Crohn’s 

disease. 

1.5.7 Func:onal changes in lympha:cs also impair resolu:on of inflamma:on 

We will conclude this sec4on by touching on other func4onal changes in the lympha4cs that may 

impair the resolu4on of inflamma4on. Mice deficient in the an4-inflammatory decoy chemokine 

receptor D6 (also known as atypical chemokine receptor 2 or ACKR2), which is highly expressed by 

lympha4c endothelial cells, are more suscep4ble to dextran sulfate sodium (DSS)-induced coli4s and 

have increased circula4ng levels of pro-inflammatory chemokines (117). Furthermore, Foxc2 mutant 
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mice that have impaired lympha4c drainage func4on due to decreased expression of Foxc2 in 

mesenteric collec4ng vessel valves develop worse intes4nal inflamma4on in a DSS coli4s model than 

wild-type mice (118, 119) The ques4on of whether impaired lympha4c pumping func4on occurs in 

inflammatory bowel disease (IBD) has also been raised (120). 

We have several pieces of evidence that sheds light on the rela4onship between the lympha4c system 

and intes4nal inflamma4on. We will now conclude our discussion by considering approaches to 

therapeu4cally manipula4ng this system in order to aid the resolu4on of intes4nal inflamma4on. 

1.5.8 Resolu:on of intes:nal inflamma:on and therapeu:c avenues 

The idea that s4mula4on of resolu4on is dis4nct to simply removing the inflammatory s4mulus is an 

established idea in the field of inflamma4on biology (121, 122). As we have established that the 

presence of lymphangiogenesis in intes4nal inflamma4on appears to be beneficial, perhaps 

s4mula4ng this process is an example of such an ac4ve mechanism of resolu4on. However, it is 

especially important to dissect the differen4al effects of lymphangiogenesis within the intes4nal 

4ssue, at sites of lymphoid structure forma4on in the mesentery, and within the lymph nodes, as 

these are all likely to lead to different effects. 

1.5.9 Regula:on of intes:nal lymphangiogenesis 

If we would like to consider therapeu4cally manipula4ng the colonic lympha4c vessels, we must 

understand the regula4on of intes4nal lymphangiogenesis. VEGF-C is one of the most well-recognised 

and studied lymphangiogenic factors and VEGF-C and VEGFR3 (VEGF-C’s receptor) signalling are 

increased in the colon of pa4ents with IBD (82). However, several other factors that regulate 
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lymphangiogenesis have been described such as VEGF-A, hepatocyte growth factor, insulin-like 

growth factors 1 and 2, platelet-derived growth factor B (PDGF-B), and fibroblast growth factor (123).  

It is important to iden4fy which cells express these lymphangiogenic factors and the majority of 

studies have focused on VEGF-C, highligh4ng differing cellular sources. Macrophages have been 

implicated as a source of VEGF-C in murine models of coli4s and interes4ngly when they are removed 

there is less lymphangiogenesis but also less inflamma4on (124). However, smooth muscle cells in 

the murine small intes4ne produce VEGF-C required for lympha4c vessel maintenance (125). Other 

cellular sources include ACKR1+ endothelial cells from human ileum in Crohn’s disease (126), and 

myofibroblasts from the murine colon (127) have been implicated from recent single cell RNA 

sequencing studies, highligh4ng the complexity of the regula4on of lymphangiogenesis in the 

intes4ne. Further study is required to par4cularly iden4fy whether factors other than VEGF-C are 

playing a role in inflamma4on-induced lymphangiogenesis in the intes4ne, as well as the cells that 

produce them.  
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1.6 Conclusion 

Considera4on of the ou8low of cells and fluid from the colon and its regula4on is an understudied 

aspect in rela4on to IBD. This is despite lympha4c dysfunc4on being implicated in the pathogenesis 

of IBD by numerous studies. Furthermore, most work within this field has been done on the role of 

the lympha4cs in the small intes4ne rather than the colon, with the role of colonic lympha4cs 

remaining rela4vely obscure, beyond the general role of lympha4cs across all 4ssues. 

Furthermore, from all the studies outlined, very few have considered the 3D architecture of the 

lympha4cs in rela4on to the colonic 4ssue. We believe that this fundamentally three-dimensional 

structure can only be fully appreciated with more modern forms of imaging. Furthermore, data 

assessing func4onal inters44al fluid drainage from the intes4ne is limited, and this is especially true 

in the colon. Therefore, we believe this is a ripe field for explora4on, which we set out to do in this 

thesis as per the outlined aims in the next sec4on. 
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1.7 Hypotheses and thesis aims 

1.7.1 Hypotheses 

1. Lymphatic endothelial cells change in number and function in colitis 

2. The pathway of lymphatic drainage is distinct between the small intestine and the colon 

1.7.2 Thesis aims 

1. Create a cellular atlas of lymphatic endothelial cells in the colon in health and colitis 

• Chapter 3 

2. Elucidate the 3D anatomy of the colonic lymphatic vasculature and the interstitial outflow pathways 

from the colon 

• Chapter 4 

3. Understand how the micro-anatomical arrangement of the colon promotes tissue drainage 

• Chapter 5  
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2 Methods 
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2.1 Mice 

2.1.1 Strains 

University of Oxford 

Wild-type (WT) C57BL/6 (B6) mice were bred and maintained in individually ven4lated cages (IVCs) 

under specific pathogen-free (SPF) condi4ons in an accredited animal facility at the University of 

Oxford. They received food and water ad libitum and had 12-hour light cycles. Prox1-CreERT2 mice 

(128) were purchased from The Jackson Laboratory (#022075) and bred and maintained under the 

same condi4ons. tdTomato reporter (#007914) and diphteria toxin receptor-flox (#007900) mice were 

also purchase from The Jackson Laboratory. 

Both females and males were used in the experiments and were at least six weeks old when used. 

Mice were nega4ve for Helicobacter spp. and other known intes4nal pathogens. All procedures at the 

University of Oxford were conducted in accordance with the UK Scien4fic Procedures Act of 1986 by 

a Personal Licence holder under a Project License authorised by the UK Home office (PPL: P508FFA1F). 

Washington University in St Louis 

Animal experiments were undertaken in accordance with Ins4tu4onal Animal Care and Use 

CommiQee (IACUC) approval with IACUC approval number: 20170154. Human 4ssue work was 

authorised by the Internal Review Board (IRB), with IRB approval number: 201111038. Prox1-GFP 

mice used in this study were kindly donated by Professor Young-Kwon Hong. 
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2.1.2 Genotyping 

Genotyping was conducted on Prox1-Cre-ERT2 mice and tdTomato reporter mice by extrac4ng DNA 

from earclips, followed by PCR amplifica4on of the regions of interest using specific primers then 

running on a 1.5% agarose gel. Genotyping was also done using the Transnetyx service which we 

ensured matched the in-house genotyping results before u4lising this further. 

2.1.3 In vivo coli:s models 

2.5% DSS (MP Biomedicals, CA, US) was administered to mice in their drinking water for six days. Arer 

this, mice were returned to normal drinking water for the remainder of the experiment. Mouse 

weights were monitored daily throughout the experiment to ensure weight loss did not exceed 20%. 

Animal experiments were not blinded due to prac4cali4es of running the experiments. 

2.1.4 Histopathological scoring 

Five micron sec4ons were prepared using a microtome and stained with haematoxylin and eosin from 

colonic 4ssue samples fixed in 4% PFA overnight. Scoring was performed according to the criteria 

described below. Proximal, middle, and distal colonic regions were scored separately. 
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EPITHELIUM HYPERPLASIA and/or GOBLET CELL DEPLETION 

0  None     None 

1  Mild (1.5x)    Mild (25%) 

2  Moderate (2-3x)   Marked (25-50%) 

3  Severe (>3x)    Substan?al (>50%) 

INFLAMMATION IN LAMINA PROPRIA 

0  None - few leucocytes 

1  Mild - some increase in leucocytes at ?ps of crypts OR many lymphoid follicles 

2  Moderate - marked infiltrate (notable broadening of crypt) 

3  Severe - dense infiltrate throughout 

AREA AFFECTED (% of secRon) 

0  None 

1  up to 25% 

2  25-50% 

3  >50% 

MARKERS OF SEVERE INFLAMMATION 

0  None 

1  Submucosal inflamma?on OR Few crypt abscesses (<5) 

2  Submucosal inflamma?on AND Few crypt abscesses (<5) 

2 Many crypt abscesses (>5) OR Extensive submucosal inflamma?on 

3  Many crypt abscesses (>5) AND Extensive submucosal inflamma?on 

3 Ulcera?on OR Extensive fibrosis 
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2.2 Isola>on and analysis of cells  

2.2.1 Isola:on of colonic lympha:c endothelial cells and related cell types 

Epithelial wash buffer: RPMI 1640 Medium supplemented with 1% Penicillin-Streptomycin, 10 mM 

HEPES, 5% fetal calf serum (FCS), and 5 mM EDTA. 

Digest solu?on: RPMI 1640 Medium supplemented with 1% Penicillin-Streptomycin, 10 mM HEPES, 

Liberase TL 100 μg/ml and DNAse I 40 μg/ml. 

FACS buffer: PBS supplemented with 1% BSA and 5 mM EDTA. 

The colons of mice were removed following sacrifice using a CO2 chamber. The caecum was removed 

and discarded, and colons were cut open longitudinally using scissors taking care to remove as much 

mesenteric fat as possible. The remaining faeces contents were cleaned out. At this stage, small pieces 

from proximal, middle, and distal colon were cut with a scalpel and taken for histology (put into 4% 

PFA) and RNA (put into RNA later). The remaining colon (most of the 4ssue) was immediately placed 

into 50 ml Falcon tubes containing 15 ml epithelial wash buffer on ice un4l all the colons for the 

experiment had been processed. Following this, samples were incubated in epithelial wash buffer 

with agita4on in a shaking incubator at 200 rpm and at 37°C for 30 minutes to aid in the removal of 

epithelial cells and associated mucous. The samples were then each vortexed for 10 seconds before 

replacing the epithelial wash solu4on and proceeding with two further washes for 15 minutes each 

following the same steps as previously, resul4ng in a total of three epithelial washes. The supernatant 

was noted to be clearer each wash as fewer epithelial cells were shed with each successive wash. 

Arer this step, the colon pieces were washed twice in cold digest solu4on without any enzyme or 

DNAse I to remove the EDTA, which inhibits the enzyma4c ac4vity of the diges4on enzyme if present. 
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Next, the colon pieces were cut into very small pieces on a Petri dish to aid with the diges4on, and 

then added to 50 ml Falcon tubes containing 10 ml of digest solu4on. The samples were then 

incubated again in a shaking incubator at 200 rpm at 37°C for 30 minutes. Following this, the cells 

were filtered through mesh into 10 ml of ice-cold FACS buffer and spun down at 500 x g for five 

minutes at 4°C with maximum accelera4on and maximum decelera4on prior to being resuspended 

in a further 10 ml of ice-cold FACS buffer. The remaining pieces on the mesh were collected and added 

to the same tube with a top up of diges4on solu4on for two further rounds, giving a total of three 

rounds of diges4on to ensure the whole 4ssue had been digested. Following the full diges4on of the 

4ssue, a fixed number of coun4ng beads were added to the sample to be able to count the number 

of cells and then the pellets were transferred to a 96-well V-boQom plate where they could be more 

easily worked with for the remaining steps. 

2.2.2 Cell staining 

Cell suspensions were first treated with Fc block in FACS buffer for 20 minutes on ice in the dark in 

the same 96-well V-boQom plate they were transferred into. Following this they were spun down at 

500 x g for five minutes at 4°C with maximum accelera4on and maximum decelera4on prior to being 

stained with Fixable Viability Dye e780 (eBioscience) in PBS for 20 minutes on ice in the dark. Arer 

another spin at 500 x g for five minutes the FACS an4bodies were incubated with the cells in FACS 

buffer for 20 minutes on ice in the dark. Finally, the cells were spun down the same way and were 

then resuspended in FACS tubes in 300 μl FACS buffer containing DAPI, which were then ready to be 

analysed on the flow cytometer. 



 

 43 

2.2.3 Flow cytometry  

Cells were vortexed briefly prior to running on BD LSRFortessa. The acquired data was then analysed 

on FlowJo version 10.9 (BD). 

2.2.4 Cell sor:ng 

Cells were prepared iden4cally to how they were prepared for flow cytometry analysis and were 

sorted using BD FACSAria III and BD FACSDiva 8.0.1. The ga4ng strategy for specific sorts are in the 

relevant results chapters.  

2.2.5 An:bodies and reagents 

Antibody or reagent Concentration Catalogue number 
or antibody clone 

Fixable Viability Dye eFluor 780   1:1000 65-0865-18 
CD16/CD32 Monoclonal Antibody (Fc R block) 1:200 14-0161-86 
DAPI 10 pg/ml 62248 
FITC-EpCAM 1:200 G8.8 
PE-Cy7-Podoplanin 1:200 8.1.1 
APC-Pdgfra 1:200 APA5 
BV605-CD31 1:200 390 
BV711-CD45 1:200 30-F11 
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2.3 Gene expression analysis 

2.3.1 RNA extrac:on from whole :ssue 

RNA was extracted from samples using Quiagen RNeasy kits as per the manufacturer’s instruc4ons. 

2.3.2 RNA extrac:on from sorted cells 

Cells were directly sorted into Eppendorf tubes containing 300 μl RNA lysis buffer and RNA was 

isolated using Zymo Quick RNA 96 kits as per the manufacturer’s instruc4ons. 

2.3.3 qRT-PCR protocol 

2.9 µl of cDNA of the relevant sample was added to a 384 well plate. 0.6 µl of appropriate forward 

and reverse TaqMan primers and 3 µl PrecisionPLUS qPCR Mastermix was added to each well and the 

samples were run on ViiA 7 Real-Time PCR System. Data were analysed using GraphPad Prism 10. 

2.3.4 Bulk RNA sequencing library prepara:on 

Libraries were prepared using NEBNext ultra-low input RNA library prep with 1 ng of RNA per sample 

and sequenced on a NovaSeq6000 (150 paired-end) by the Oxford Genomics Centre. 

2.3.5 Single cell RNA sequencing library prepara:on  

Libraries were prepared using Chromium Next GEM Single Cell 3’ Reagents with Feature Barcode 

technology by the single-cell facility at the Kennedy Ins4tute of Rheumatolgy (Moustafa AQar). 
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2.4 Imaging 

2.4.1 2D immunohistochemistry 

Formalin-fixed paraffin-embedded (FFPE) slides of interest were dewaxed with a Tissue-Tek DRS 2000 

through gradients (Xylene, Ethanol, Water) prior to immersing in 1X Target Retrieval Solu4on (Dako) 

and incubated for 15 minutes in a microwave at full temperature. Washing buffer was prepared (PBS 

1X with 0.05% Tween) and the samples were then cooled to room temperature on ice and blocked 

with Avidin/Bio4n block as per the manufacturer’s instruc4ons (Vector Laboratories). The slides were 

then blocked with 5% bovine serum albumin + 5% goat serum (serum of species in which secondary 

an4body has been raised) for one hour at room temperature. Primary an4bodies of the listed 

concentra4ons were applied to the slides in the same blocking buffer as the previous step and 

incubated at 4°C overnight with damp filter paper to create a humidified environment. The following 

day the slides were washed three 4mes with washing buffer and the secondary an4body 

(bio4nylated-goat an4-rat an4body) at 1:500 dilu4on was added in washing buffer for two hours at 

room temperature. Arer washing three 4mes with washing buffer, Avidin/HRP was added to the 

samples for 30 minutes at room temperature. Arer washing again three 4mes, DAB (Vector 

Laboratories) was added to each sec4on and incubated for 15 minutes. Finally, the slides were 

counterstained in filtered Mayer’s Haematoxylin (Sigma) for two minutes and then ler under running 

tap water for a few minutes. The slides were dehydrated through alcohol to Xylene using Tissue-Tek 

DRS 2000 and automa4cally mounted with DPX mountant. 
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2.4.2 Tissue clearing and 3D histology 

Arer euthanising the mouse, it was perfused with 10 ml PBS then perfusion-fixed with 10 ml 4% 

PFA/30% sucrose. Following this, the 4ssue of interest was resected and fixed in 4% PFA shaking 

overnight at 4°C. The following day, the sample was washed three 4mes for five minutes in PBS then 

permeabilised using 10% CHAPS/25% NMDEA shaking overnight at 4°C. The following day the samples 

were again washed three 4mes for five minutes in PBS then the 4ssue was blocked using 5% PBS/BSA 

+ 5% donkey serum + 1% Triton-X 100 (solu4ons were mixed and filtered prior to use) shaking 

overnight at room temperature. The next day the 4ssue was rinsed in PBS + 0.2% Tween-20 then 

primary an4body was added at the desired concentra4on in PBS/0.2% BSA + 0.3% Triton-100 and ler 

shaking for seven days at room temperature. Shorter dura4ons were possible, but this needed to be 

tested with the specific an4body and 4ssue. Arer the primary an4body staining the 4ssue was 

washed three 4mes for one hour each in PBS + 0.2% Tween-20 then secondary an4body was added 

at 2 µg/ml (i.e., 1:500 of 1mg/ml) in PBS/0.2% BSA + 0.3% Triton-100 shaking overnight at room 

temperature. The secondary an4body was filtered to avoid non-specific aggregates. The samples 

were then washed three 4mes in PBS + 0.2% Tween-20 for one hour. At this stage they were 

transferred into aqueous clearing solu4on and ler un4l the 4ssue appeared transparent 

(approximately 30 minutes). Prior to the op4misa4on of the aqueous clearing solu4on, the 4ssue was 

dehydrated in increasing concentra4ons of ethanol: 50%, 70%, 90%, 100% and a second 100% for at 

least one hour in each solu4on. The dehydrated 4ssue was cleared by adding ethyl cinnamate (ECi) 

un4l transparent (usually less than 30 minutes if properly dehydrated). The 4ssue was then ready to 

image in a custom-made chamber containing the clearing solu4on that was used. The majority of the 

imaging in the thesis was acquired using confocal microscopy with a Leica SP8. 
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2.4.3 An:bodies and reagents 

Antibody Concentration Antibody clone 
Lyve1 2 µg/ml ALY7 
CD31 2 µg/ml SZ31 
Podoplanin 2 µg/ml 8.1.1 
Pdgfra 2 µg/ml APA5 

2.4.4 Imaging analysis 

Imaging analysis was done using QuPath v 0.4.4 for 2D images and IMARIS 10.0 for 3D images. 
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2.5 Inters>>al tracer experiments 

2.5.1 Intravital fluorescent tracer/an:body injec:on and imaging 

Mice were first anaesthe4sed using inhala4onal anaesthesia (isoflurane) with appropriate induc4on 

and maintenance. The abdomen was shaved and Nair hair removal cream was applied to the 

abdomen and wiped off with warmed water to ensure as much hair was removed as possible. This 

was very important to op4mise the imaging condi4ons as hair is seen as a very clear ar4fact. The 

mouse was given 1 ml warmed 0.9% sodium chloride solu4on subcutaneously to ensure adequate 

hydra4on during the procedure. Following this, the animal was placed on a warmed pad under the 

stereomicroscope with eye ointment applied and the abdomen was opened using surgical 

instruments. The skin layer was opened followed by careful dissec4on of the peritoneum along the 

midline to minimise blood loss and ensure that no organs were damaged during intra-abdominal 

access. Any small bleeding was managed using VETSPON, which is an absorbable haemosta4c sponge 

that can be applied to areas to stop blood loss. Ini4ally the caecum was located as an anatomical 

landmark and using coQon buds it was carefully exposed to the operator’s right side, with care not to 

excessively stretch or damage the mesenteric vessels. The mesenteric sheet connec4ng to the 

caecum was then pinned into a Sylgard plate to maintain a good view. At this point the mouse was 

rotated to lie laterally and then taped into posi4on with a steady drip of PBS solu4on onto the exposed 

abdominal contents. Further pins were applied into the mesentery along from the caecum down to 

the proximal colon, which is the most accessible part of the mouse colon. This region was exposed 

and then placed under the stereomicroscope in order to get the best quality image. Once this had 

been set up, the mouse was moved so that the exposed proximal colon could be accessed for 

injec4on. The injec4on was performed using a Hamilton syringe which was able to inject 1 µl volumes. 
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The injec4on site was found by approaching the mouse colon using a very shallow angle to prevent 

luminal puncture. The needle was slowly advanced through the outer mesenteric layer and through 

the external muscle layer. Once it was confirmed to be in the correct loca4on the injec4on was done 

slowly by hand. Importantly, these injec4ons were not into the colonic lumen, but rather into the 

submucosa. We found that this was the only poten4al space that it was possible to inject into. Later, 

we managed to perform a similar injec4on using an externally connected microinjector to go down 

to a rate of 5 nl/second. Photographs were taken before and arer injec4on. Time series photographs 

were taken every second to capture the real-4me spread of the tracer as it travelled through the 

colonic lympha4c system and out of the 4ssue. This was followed to the mesenteric lympha4c vessels 

as well as the mesenteric lymph nodes. These injec4ons were ini4ally u4lised to visualise the ou8low 

of tracers that were administered; however, we adapted this method to inject conjugated an4bodies 

or fluorescent ovalbumin that then labelled the ou8low track as they pass through this route. 

2.5.2 Luminal tracer administra:on 

Anaesthesia and prepara4on of the animal was done in a similar fashion to that described in the 

previous sec4on. When the animal was prepared and the proximal colon was exposed and pinned, a 

small hole was made into the distal por4on of the caecum in order to pass a plas4c gavage tube 

through this hole. Sutures were placed around this gavage needle and then the tracer of interest was 

injected directly into the colonic lumen, with no backflow into the caecum. This approach was 

necessary to localise administra4on to only the proximal colon without first passing through the small 

intes4ne as would be the case if the animals had been gavaged in the conven4onal way. 
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2.5.3 Plasma sampling 

During the procedures above, baseline blood and blood at certain 4mepoints arer tracer 

administra4on was drawn from the tail of the animal under anaesthesia. This was gently massaged 

into a capillary tube containing heparin to prevent coagula4on. This was spun down at 2000 x g for 

10 minutes to remove the red cells and the remaining plasma was analysed using a 

spectrophotometer for the relevant fluorescent signal of the tracer that was administered. 

2.5.4 Wet/dry weight ra:o 

Wet weight of the colon was calculated by weighing the colon arer removal and dabbing dry following 

stool removal. Dry weight was calculated by using a lyophiliser to dehydrate the same 4ssue piece for 

at least 24 hours and taking a repeat measurement of the weight. The ra4o was calculated by dividing 

one by the other, and this was done separately for the proximal and distal colon. The water propor4on 

of the 4ssue was calculated by subtrac4ng the dry weight from the wet weight then dividing that 

result by the wet weight. 

 
  



 

 51 

 

3 Characterisa*on of lympha*c endothelial cells 

over *me in a murine coli*s model 
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3.1 Introduc>on 

Tissue inflamma4on results in inters44al fluid accumula4on (oedema) and increased immune cell 

infiltra4on. The lympha4c system plays a key role in both the drainage of excess inters44al fluid and 

the egress of immune cells from the 4ssue. Therefore, it would be expected that the lympha4c system 

changes in the context of inflamma4on to meet this increase in demand for fluid and cellular 

clearance. The thesis introduc4on highlighted numerous studies that discuss the idea of 

lymphangiogenesis in the context of intes4nal inflamma4on. However, the precise defini4on of this 

term is unclear, as is its measurement. Many studies quan4fy lymphangiogenesis by calcula4ng the 

area of staining of lympha4c vessels from 2D sec4ons of inflamed 4ssue. This is limited by the fact 

that these vessels are not evenly distributed throughout the 4ssue and the plane of the sec4on makes 

a significant difference to what is quan4fied. 

Our star4ng point in understanding the colonic lympha4c vasculature was to characterise the number 

of lympha4c endothelial cells (LECs) using flow cytometry from the colon of mice at steady state, and 

over mul4ple 4me-points of a well-established murine coli4s model using dextran sulphate sodium 

(DSS) (129). Our hypothesis was that LEC number would increase in the context of inflamma4on and 

remain increased in the resolu4on phase to assist with the clearance of inflammatory cells and 

inters44al fluid. 

To generate this data, we first had to develop and op4mise a method to isolate live LECs from the 

murine colon to analyse with flow cytometry. Flow cytometry is a robust method to quan4fy 

tradi4onal immune cell popula4ons in the colon; however, using this technique to study rarer cell 

types such as endothelial cells quan4ta4vely has not been done in an analogous way. We therefore 

sought to adapt these methods of analysis to endothelial cell popula4ons.  
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Quan4fica4on of LEC number across 4me results in only par4al understanding of changes in LECs in 

inflamma4on and resolu4on. In addi4on to the LECs themselves, we also wanted to understand more 

about how these cells are regulated. To do this, we turned to understanding how the transcrip4onal 

profiles of LECs, as well as the cells that are hypothesised to interact with these cells, vary over 4me. 

In addi4on to quan4fying the number of LECs, flow cytometry also serves as a precursor to cell 

sor4ng, which is required for extrac4ng RNA from the cells to further characterise them in this way. 

Transcrip4onal analysis was shired with the introduc4on of bulk RNA sequencing, which has provided 

numerous insights into the pathogenesis of IBD. As this technology has evolved, it has become 

possible to perform this on fewer and fewer cells, to the point where it can be assessed at a single 

cell level, which has revolu4onised research in IBD (130–135). Our ini4al approach was to pool 

together the LECs that we were able to isolate, as well as other cell types we hypothesised would be 

interac4ng with the LECs, and perform bulk sequencing on these small, sorted popula4ons over the 

same 4me course of DSS coli4s outlined in this chapter. We then progressed to single-cell RNA 

sequencing of LECs from the colon in health and inflamma4on. This was done to iden4fy whether 

changes found at a bulk level were occurring across all LECs or whether there were specific subsets 

that changed in inflamma4on.  

We conclude the chapter by discussing methods used to validate the data generated from the 

sequencing analysis as well as the hypotheses these datasets generated that will be further explored 

in the remainder of the thesis. 
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3.1.1 Chapter aims 

• To optimise the isolation of lymphatic endothelial cells from the murine colon and validate 

this using a lymphatic reporter mouse strain 

• To quantify the change in lymphatic endothelial cell number over a time course of a murine 

colitis model 

• To transcriptionally profile sorted lymphatic endothelial cells at the bulk and single cell RNA 

level in a murine colitis model 
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3.2 Op>misa>on of isola>on of lympha>c endothelial cells 

3.2.1 Enzyme op:misa:on 

In contrast to lymphocytes, which are cells generally accustomed to travelling in isola4on through the 

circula4on, LECs form three-dimensional structures in the 4ssue by their inter-cellular junc4ons that 

connect them to neighbouring LECs and create lympha4c vessels (47). This proved to be a challenge 

when aQemp4ng to purify this popula4on for flow cytometric analysis of individual LECs. We first 

trialled Collagenase VIII and DNAse to isolate LECs from the murine colon, adap4ng a protocol used 

in our laboratory to isolate lymphocytes from the murine colon. Our ini4al experiments resulted in 

very few live LECs recovered from the diges4on despite good leukocyte recovery (data not shown), 

which we suspected was due to the nature of the enzyme and required us to reassess of our methods.  

On the advice of others in the field and from reading the literature we trialled several other enzymes 

to digest the 4ssue, including Collagenase/Dispase, Collagenase IV and Liberase TL. Our conclusion 

was that Liberase TL was the most efficient at isolated live LECs (data not shown). However, we also 

noted that this enzyme took longer to digest the 4ssue in comparison to Collagenase VIII. Therefore, 

we undertook mul4ple rounds of diges4on with the enzyme to fully digest the 4ssue. To confirm 

whether this was worthwhile, we undertook an experiment where we separated out the individual 

frac4ons that were digested (Figure 3.1). As highlighted, numerous lympha4c endothelial cells were 

isolated in each round of the diges4on, and we suspected again that this was due to their structurally 

embedding within the 4ssue, requiring a longer dura4on of diges4on to dissociate from neighbouring 

cells in the 4ssue. We therefore decided to proceed with three rounds of diges4on going forwards for 

the remainder of the experiments in the thesis. Since these experiments were conducted, newer 

methods of cell dissocia4on that have emerged in the field (136). 
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3.2.2 Valida:on of Prox1-CreERT2 mouse model 

From the literature, we knew that endothelial cells could be iden4fied based on CD31 (PECAM1) (137) 

expression, as well as being nega4ve for CD45 (expressed by haematopoie4c cells) and EpCAM 

(expressed by epithelial cells) . LECs can be further discriminated from blood endothelial cells (BECs) 

based on their expression of the cell-surface marker podoplanin (138). To be confident of these 

markers to iden4fy LECs, we used a reporter mouse widely u4lised in the lympha4c field, the Prox1-

CreERT2 mouse (128), which results in Cre-mediated recombina4on and dele4on of floxed sequences 

under the induc4on of tamoxifen, specifically in Prox1-expressing cells. Prox1 is a master transcrip4on 

factor that specifies LEC fate (139, 140). Therefore, we crossed this mouse to a reporter strain that 

has Cre-mediated dele4on of a STOP casseQe preven4ng the expression of tdTomato. This results in 

tdTomato expression in cells that express Cre recombinase. Both strains are viable and fer4le in the 

homozygous state, and so were bred to homozygosity for convenience of genotyping. This mouse 

crossing helps to confirm that the markers from flow cytometry are truly iden4fying the cells of 

interest by triangula4ng with a reporter strain for LECs (Figure 3.2). 

We established that arer ga4ng out CD45 and EpCAM expressing cells, CD31 and podoplanin 

expression was a valid way to detect LECs (Figure 3.2). This gave us confidence in our strategy of 

marking LECs by flow cytometry, as well as establishing a tool that we could use to selec4vely 

manipulate gene expression in LECs going forwards in the project. A limita4on of this approach is that 

there is no gold-standard to know the total number of LECs in the colon, and so the yield is impossible 

to calculate. Furthermore, we assumed that all LECs are posi4ve for podoplanin, which would have 

missed any podoplanin nega4ve LECs. 
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3.3 A disease model enables the study of inflamma>on and resolu>on of coli>s 

3.3.1 Establishment of a :me course model of murine coli:s 

We used DSS as a model of murine coli4s because it was an established model in the field (129), as 

well as because it enables the study of various phases of inflamma4on (141). It is a model that is 

commonly used to study the peak of inflamma4on, but when the DSS is replaced with normal drinking 

water, it can be used to model the resolu4on phase of inflamma4on as the mice eventually recover. 

This is an aspect that we were par4cularly interested in with regards to the lympha4c vasculature as 

we had hypothesised that the lympha4c drainage of the 4ssue may contribute to the resolu4on of 

inflamma4on. Furthermore, as these experiments were ini4ated during the Covid-19 pandemic, it 

was challenging to use other models because this would have required addi4onal people to be 

present in the lab simultaneously, which was not permiQed at the 4me. 

We ran a 4me-course experiment where animals were given six days of 2.5% DSS in the drinking water 

followed by a return to drinking plain water. This allowed the study of the different phases of coli4s 

taken out to a 4me point near full resolu4on. This experiment was run twice with a summary of both 

experiments presented in the data. The first 4me we ran the experiment we proceeded to day 14, but 

as the mice s4ll have evidence of inflamma4on, we took this out further to day 22 in the second 

experiment. 

Having established a method to quan4fy LECs in the colon, we were able to correlate this data with 

known immune markers of coli4s to address the ques4on of how LECs change in number in the 

context of inflamma4on, as well as the resolu4on of inflamma4on, in a novel way. 
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Figure 3.3: Two independent DSS colitis time course experiments demonstrate kinetics of
this model and summarise. The figure shows the timepoints that were selected for the
experiment (a) as well as weights over time (b) and (c), spleen weights (d) and histology score
(e). Each dot represents an individual animal (n = 6 mice per timepoint for each experiment).
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3.3.2 Flow cytometry ga:ng and quan:fica:on of lympha:c endothelial cell number and ra:o 

Firstly, we confirmed that the animals used in these experiments were inflamed by using mul4ple 

readouts (Figure 3.3). Weight, spleen weight, total leukocyte number, neutrophil number and 

histology scores all triangulate to demonstrate that these animals indeed developed acute illness then 

began to recover (Figure 3.3). Weight loss peaked at day eight following the induc4on of coli4s (Figure 

3.3b and 3.3c). Our flow cytometry ga4ng strategy is illustrated (Figure 3.4). Total leukocyte number 

(CD45-expressing cells) peaked at day nine (Figure 3.5a). When breaking the analysis down by 

immune cell, we found that all myeloid cells follow a similar trend peaking between day seven and 

day nine (Figure 3.5a), although there were some differences between myeloid cell types, for instance 

neutrophils peaking at day seven and eosinophils peaking at day nine (Figure 3.5a). 

Having confirmed the presence of robust inflamma4on in our model, we next wanted to characterise 

the number of LECs. Our results showed that LECs, as well as BECs and fibroblasts, did not change 

significantly in number over 4me in this model (Figure 3.5b). This was true over two independent 

experiments, with the second experiment taken out to later 4mepoints to see whether further 4me 

was required for lymphangiogenesis. There may have been a trend towards increased LEC number at 

day 17 and day 22 in the second experiment but there was also large varia4on in the data, limi4ng 

interpreta4on beyond inspec4ng trends (Figure 3.5b).  

We next calculated the ra4o of LECs, BECs and fibroblasts as a propor4on of the total number of 

stromal cells (LECs + BECs + fibroblasts) (Figure 3.5c). We found that the ra4o of LECs as a propor4on 

of stromal cells peaked at day seven and BECs peaked at day nine. This suggests LECs may expand 

earlier than BECs, but again with the large varia4on in the data on small numbers of cells it is hard to 

draw firm conclusions from this approach. 
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Figure 3.4: Gating strategy for flow cytometry data generated from the time course 
experiment. The steady state (a) and inflamed (b) conditions are shown.
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Figure 3.5: Flow cytometry data demonstrates robust increase in leukocyte number
but no significant change in lymphatic endothelial cell number. The haematopoietic
cells show robust increase in inflammation (a) but stromal cells (b) do not. Ratios of
stromal cells also do not change significantly in inflammation (c). Two independent
experiments have been combined with the first in red and second in blue. Each dot
represents an individual animal (n = 6 mice per timepoint for each experiment).
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3.3.3 Dis:nguishing immune responses occurring in dis:nct lymph nodes 

As we were interested in the lympha4c drainage of immune cells from the 4ssue to the lymph node, 

we conducted a parallel analysis of the lymph node immune cell popula4ons over 4me in the second 

DSS 4me course experiment that we performed. It has been shown that dis4nct lymph nodes drain 

the murine small intes4ne and colon (41, 42) and so we were interested in separa4ng these lymph 

nodes to evaluate what is specific to the colon versus the small intes4ne-draining lymph nodes, as we 

know that DSS causes a coli4s and not inflamma4on of the small intes4ne. 

Lymph nodes predominantly contain lymphoid cells and we found that B lymphocytes 

propor4onately rose in the colon-draining lymph nodes (Figure 3.6a) compared to the small intes4ne-

draining lymph nodes at day nine, which is close to the peak of inflamma4on. Correspondingly, both 

CD4+ and CD8+ T lymphocytes fell as a propor4on of lymphocytes at day nine (Figure 3.6b-c). This 4es 

in with increasing evidence implica4ng a dysfunc4onal B lymphocyte response in ulcera4ve coli4s, 

with an increase in the IgG:IgA ra4o of plasma cells observed from intes4nal biopsies of pa4ents with 

ac4ve ulcera4ve coli4s (142), which would have been stained in this experiment if repeated. B cell 

priming in the mesenteric lymph nodes is likely responsible for this, but the relevance compared to 

local immune responses within colon-associated lymphoid 4ssue remains an unresolved ques4on. 

Interes4ngly, within CD4+ lymphocytes, Foxp3+-expressing cells had similar propor4ons of cells 

between the colon and small intes4ne-draining lymph nodes at all 4me points; however, Rorgt+-

expressing CD4+ lymphocytes peaked at day 11 and were increased in the colon-draining lymph node 

compared to the small intes4ne-draining lymph node at this 4me point (Figure 3.6d-e). Again, an 

open ques4on in the field is what propor4on of colonic immune responses occur in the draining 

lymph node versus the local lymphoid structures in the colon. 
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Figure 3.6: Different lymphoid immune responses in small intestinal versus colonic
lymph nodes in DSS colitis. The B (a) and T lymphocytes (b-e) are shown here. Each dot
represents an individual animal (n = 6 mice per timepoint for each experiment).
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When considering the myeloid cells in a similar manner, we found most cells showed an increase in 

propor4on in the colon-draining lymph node at day nine (Figure 3.7), but interes4ngly the neutrophil 

was an excep4on, which started increasing in propor4on from day 11 in the colon-draining lymph 

node all the way to the end of the experiment at day 22 (Figure 3.7a). This contrasts with the 

neutrophil number within the colonic 4ssue itself, which has already been shown to peak at day seven 

(Figure 3.7b). 

It is unclear whether these neutrophils are arriving at the lymph node via high endothelial venules 

directly from the blood circula4on, or whether they can migrate via the colon-draining lympha4c 

vessels to the lymph nodes. The former route is thought to be the case, as neutrophils are considered 

to be short-lived cells, but some evidence exists that they can traffic via the lympha4c vessels in 

addi4on to direct recruitment from the blood circula4on (143). There is also a concept in the field 

that inflammatory chemokines origina4ng from inflamed 4ssue can drain via the lymph and act on 

high endothelial venules within the draining lymph node to augment cellular recruitment of 

monocytes from the blood circula4on into the lymph node prior to an4gen arrival (144). Such a 

system could be imaged to have evolved to prepare the lymph node for an4gen and cellular arrival 

from 4ssues that may occur at a later stage. In this case it may be that colonic factors produced in the 

resolu4on of inflamma4on may act directly in the colon-draining lymph node to induce the expression 

of neutrophil-specific chemoaQractants to aid with clearing debris in the process of 4ssue repair. This 

avenue is something to explore further in the context of obstruc4ng lympha4c drainage, for example 

by surgical liga4on, to see how 4ssue repair is affected if signals from the 4ssue cannot drain via the 

lympha4c vasculature.  If resources permiQed it would have also been interes4ng to compare this to 

systemic lymph nodes to understand regional versus systemic effects of intes4nal inflamma4on. This 

was not possible as colonic diges4on of fresh 4ssue was being undertaken concurrently. 
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Figure 3.7: Different myeloid immune responses in small intestinal versus colonic
lymph nodes in DSS colitis. The myeloid cells are shown here with all data from lymph
node analysis except (b) from the colonic tissue to compare neutrophils to those in the
lymph node (a). Each dot represents an individual animal (n = 6 mice per timepoint for
each experiment).
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3.4 Longitudinal bulk transcrip>onal profiling of lympha>c endothelial cells in a murine 

coli>s model 

From the 4me course data presented so far, we concluded that quan4fying LEC number by flow 

cytometry is not an effec4ve way to characterise changes in lympha4cs in this coli4s model. We 

therefore turned our focus to applying the method of cell isola4on we developed to transcrip4onally 

profiling LECs over the 4me course. The data presented here are from the first 4me course experiment 

outlined previously (Figure 3.3). In this experiment we concurrently flow sorted the LECs for 

transcrip4onal analysis. In addi4on to LECs we flow sorted the cells that we hypothesised to interact 

with the LECs from the literature including BECs, fibroblasts and mononuclear phagocytes as outlined 

in the introduc4on on the regula4on of lymphangiogenesis. Prior to progressing with bulk sequencing 

of these sorted cell popula4ons, we ran qPCR on the cDNA generated from the cell sor4ng to verify 

that there were changes seen across cell types and 4me points, which will be outlined.  

3.4.1 Cell sor:ng strategy for lympha:c endothelial cells and interac:ng cells in DSS coli:s 

As outlined, the first stage in this experimental strategy was to isolate live lympha4c endothelial cells, 

and the cells that we hypothesised were most likely to interact with these cells, by cell sor4ng using 

flow cytometry. We have outlined the sor4ng strategy for the four cell types men4oned (Figure 3.8), 

and sorted 1000 cells from each popula4on as endothelial cells were infrequent and we wanted to 

ensure comparable numbers between samples to enable a fair analysis. 
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Figure 3.8: Sorting strategy for mouse colon for RNA sequencing. This demonstrates 
the sorting strategy used for this experiment. The approach was to take 1000 of each 
lymphatic endothelial cells (LEC), blood endothelial cells (BEC), mononuclear 
phagocytes (MNP) and fibroblasts (Fib). The live/dead threshold was set for each 
individual population as it differed between stromal cell type. Thanks to Jon Webber for 
assistance with cell sorting.
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3.4.2 Transcrip:onal assessment of inflamma:on from whole :ssue 

Inflamma4on was confirmed in this 4me course earlier in this chapter (Figure 3.3 and Figure 3.5). To 

augment this data, we conducted qPCR from pieces of the whole colon over the 4me course 

experiment. We specifically took pieces of mid and distal colon as the DSS model is known to 

predominantly cause coli4s in the distal colon (145). Therefore, we reasoned that including the 

proximal colon in this analysis would dilute the inflammatory signal that we would expect. We saw 

an increase in the pro-inflammatory cytokines TNF, IFN-g, CXCL1, CXCL5, IL1b, and IL6, all peaking at 

day seven to day nine of the DSS model (Figure 3.9a-f). We also concurrently assessed for the 

angiogenic and lymphangiogenic factors VEGF-A, VEGF-B, VEGF-C and VEGF-D (Figure 3.9g-j). These 

all did not appear to change much in inflamma4on at the whole 4ssue level (Figure 3.9j).  

Since we did not find clear changes in the angiogenic and lymphangiogenic factors in DSS coli4s at 

the whole 4ssue level despite confirma4on of inflamma4on using the same modality of assessment, 

this gave us further reason to pursue for gene expression signatures from the rarer cell types that we 

had sorted for, to focus in on these that would otherwise be drowned out by the magnitude of change 

contributed to by other more abundant inflammatory cell types. 
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Figure 3.9: Whole tissue colonic transcriptional signatures confirm induction of inflammation,
but not a similar change in angiogenic and lymphangiogenic factors. RNA from pieces of mid
and distal colon were used for this experiment as they were thought to reflect the most
inflamed region of tissue. Panels (a-f) highlight inflammatory genes and (g-j) highlight those
associated with angiogenesis and lymphangiogenesis that were assessed. Each dot represents
an individual animal (n = 6 mice per timepoint for each experiment).
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3.4.3 qPCR from sorted cells confirms appropriate cell sor:ng and highlights possible regulators of 

lymphangiogenesis 

Prior to progressing with bulk RNA sequencing, we wanted to confirm that the cells we had sorted 

were pure popula4ons of interest, as well to further probe whether any known regulators of 

lymphangiogenesis were present and, if so, change over the 4me course. We were able to confirm 

cell iden44es using canonical genes (Figure 3.10 and Figure 3.11). Ptprc (CD45) expression was found 

only in the mononuclear phagocytes, and not in the LECs, BECs or fibroblasts (Figure 3.10a), 

confirming that there was no significant haematopoie4c cell contamina4on of the stromal cells. 

Prox1, Lyve1, Pdpn (podoplanin), Pecam1 (CD31), Flt4 (VEGFR3) and Kdr (VEGFR2) expression all 

confirmed LEC iden4ty (Figure 3.10 and 3.11). Pecam1 (CD31), and Kdr (VEGFR2) along with the 

absence of Pdpn (podoplanin), Flt4 (VEGFR3) and Ptprc (CD45) confirmed BEC iden4ty (Figure 3.10 

and 3.11). Pdpn, Pdgfra, Fap and the absence of Pecam1 and Ptprc confirmed fibroblast iden4ty 

(Figure 3.10 and 3.11).  

Returning to factors that may support angiogenesis and lymphangiogenesis, VEGF-C is the main 

known lymphangiogenic growth factor, and we assessed its expression amongst the cells that we 

sorted, which highlighted that it was expressed in blood endothelial cells and fibroblasts but not 

lympha4c endothelial cells or mononuclear phagocytes (Figure 3.12). 

We were intrigued to see changes in Vegfd in fibroblasts par4cularly in inflamma4on (Figure 3.12d). 

These data gave interes4ng insights into the cells that may support the lympha4cs and provided us 

with the confidence to progress with unbiased transcriptomic analysis of the sorted cell popula4ons. 
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Figure 3.10: Confirmation of the cellular identity of sorting colonic stromal and myeloid
populations in the DSS time course experiment. B – blood endothelial cells, F – fibroblasts,
L – lymphatic endothelial cells, M – mononuclear phagocytes. Each dot represents an
individual animal (n = 96 mice).
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Figure 3.11: Confirmation of the cellular identity of sorting colonic stromal and myeloid
populations in the DSS time course experiment (cont’d). B – blood endothelial cells, F –
fibroblasts, L – lymphatic endothelial cells, M – mononuclear phagocytes. Each dot
represents an individual animal (n = 96 mice).
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Figure 3.12: Assessment of angiogenic and lymphangiogenic factors from sorted
colonic stromal and myeloid populations in the DSS time course experiment. B –
blood endothelial cells, F – fibroblasts, L – lymphatic endothelial cells, M –
mononuclear phagocytes. Each dot represents an individual animal (n = 96 mice).
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3.4.4 Quality control and ini:al analysis of bulk RNA sequencing dataset 

We sorted 1000 cells from each of: LECs, BECs, fibroblasts, mononuclear phagocytes. As we had low 

RNA, we sequenced the sorted cell popula4ons using an Ultra Low RNA protocol and outlined some 

of the basic quality control metrics. The first assessment was to verify that the libraries were adequate 

to proceed with further analysis. We began by ployng the individual library size per sample (Figure 

3.13a). We found that there was some varia4on, but this was evenly distributed amongst the different 

groups and condi4ons, as we would have expected with biological varia4on, and one group was not 

systema4cally underrepresented compared to any other (Figure 3.13a). Following this we ploQed how 

many unique genes were expressed in each individual sample (Figure 3.13b). Again, we were 

reassured by the spread across the cell types and 4mepoints from the 4me course experiment. 

Ployng these analyses against one another, we observed that there is a rela4vely even distribu4on 

of the library sizes and number of genes in a sample (Figure 3.14a). This indicated that we have not 

introduced any obvious bias with regards to technical factors such as the sequencing depth being 

vastly different across samples, or confounders based on cell type. 

The next key analysis to perform and plot was a principal component analysis (PCA) to iden4fy the 

major sources of varia4on within the samples. Reassuringly, we found that the major factor 

differen4a4ng the samples was the cell type itself (Figure 3.14b), which is what we had expected. 

There was one excep4on where a BEC and LEC sample clustered with the other cell type and these 

two samples were excluded from the analysis on the grounds of being significant outliers in the 

dataset. 
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Figure 3.13: Bulk RNA sequencing quality control. Confirmation of library size (a) and
number of detected genes (b) across individual samples. BEC – blood endothelial cells,
LEC – lymphatic endothelial cells, MNP – mononuclear phagocytes. (n = 42 mice).

a BEC Fibroblast LEC MNP

b BEC Fibroblast LEC MNP
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Figure 3.14: Bulk RNA sequencing quality control and principal component analysis.
Confirmation of library size against number of detected genes (a) and plot of PC1 vs
PC2 from principal compenent analysis of all samples (b) (n = 42 mice).
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3.4.5 Focused analysis of lympha:c endothelial cell gene expression 

The ini4al data analysis approach was to plot known genes expressed in LECs similar to what we had 

analysed by qPCR (Figure 3.15a-b). This highlighted that Lyve1 was expressed by the majority of LEC 

samples, and lower levels of Lyve1 was expressed by mononuclear phagocytes prior to inflamma4on, 

as we would expect. However, Prox1 expression was quite variable in the LEC dataset signifying that 

despite being appropriately sorted, there was concern that more lowly expressed genes (such as 

Prox1) may have dropout even though it is recognised as a canonical lympha4c-specific marker gene, 

which we realised may limit the interpreta4on of this dataset. 

Our next analysis was to subset the LECs and group them as non-inflamed, early inflamed (day two 

and day four combined), inflamed (day seven and day nine combined) and resolving (day 11 and 14 

combined). This was to increase the power to detect differences between the groups considering the 

varia4on that we had noted from ployng genes known to be expressed by LECs. We performed a PCA 

similar to the ini4al analysis between cell types (Figure 3.15c). In this plot, in contrast to the clear 

separa4on seen between cell types in the previous figure (Figure 3.14b), the separa4on of the 

samples was not as clear (Figure 3.15b).  
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Lyve1 Prox1

Figure 3.15: Focused bulk RNA sequencing analysis of lymphatic endothelial cells.
control. Confirmation of Lyve1 (a), Prox1 (b) and plot of PC1 vs PC2 from principal
compenent analysis of all lymphatic endothelial cell samples (c) (n = 42 mice). Each dot
represents an individual animal (n = 6 mice per timepoint).
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3.4.6 Differen:al gene expression analysis within lympha:c endothelial cells 

To iden4fy significantly varying genes between steady state and inflamma4on, we performed 

differen4al gene expression within LECs between steady state samples and those at the peak of 

inflamma4on at day seven using DESeq2 (146). A volcano plot with the most differen4ally up and 

downregulated genes from this analysis is displayed (Figure 3.16a). When we ploQed the highest 

upregulated and downregulated genes back over the 4me course data (Figure 3.16b-c), we no4ced 

that there was also significant expression from the other cell types in our dataset in addi4on to the 

LECs. 

Furthermore, we saw significant noise in the data between the biological replicates in our dataset. 

This was par4cularly the case for the most highly downregulated gene, Deptor, which was en4rely 

driven by large varia4on within the steady state gene expression rather than truly being 

downregulated at the peak of inflamma4on (Figure 3.16b).  
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Figure 3.16: Bulk RNA differential gene expression within lymphatic endothelial cells.
Volcano plot of all differentially expressed genes (a) with most downregulated gene (b)
and most upregulated gene (c) plotted over the time course. Each dot represents an
individual animal (n = 6 mice per timepoint).

Deptor Tulp3
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b c
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3.4.7 Iden:fica:on of specific genes varying in lympha:c endothelial cells over :me 

Since the differen4al gene expression analysis did not seem to be a promising approach, we filtered 

the dataset manually to include only genes that were expressed in LECs, whilst simultaneously also 

not highly expressed by the other cell types in the dataset. We then looked through the literature and 

iden4fied genes associated with inflamma4on within LECs (130). We manually ploQed these to see 

which ones varied over 4me in the dataset (Figure 3.17). This included Ackr2 (D6) (Figure 3.17a), 

which is a chemokine decoy receptor expressed by both leukocytes and LECs, but LEC-specific 

expression was found to control intes4nal inflamma4on (147). Another gene of interest, Sema3a 

(Figure 3.17b), has been inves4gated in LECs previously and LEC expression of Sema3a was shown to 

be required for dendri4c cell transmigra4on via the lympha4c vessels (148). It is interes4ng to see the 

paQern of these genes rising in inflamma4on and falling towards the resolu4on phase of 

inflamma4on confirming validity of the dataset for genes with adequate expression levels. These 

genes likely did not come out as significant in the DESeq analysis because of high variability in the 

steady state gene expression levels (Figure 3.17). 
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Figure 3.17: Lymphatic-specific gene expression changing over the time course confirms
validity of the dataset. Gene expression was summed and filtered for what was high in
lymphatics and low in other cells, then overlaid with genes hypothesised to rise in LECs in
colitis to select genes of interest from this intersection. Ackr2 (a) and Sema3a (b) gene
expression visualised across the all cell types in the time course. Each dot represents an
individual animal (n = 6 mice per timepoint).

a

b
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3.4.8 Conclusions from analysis of bulk RNA sequencing data 

The sorted bulk sequencing approach from LECs provided an interes4ng star4ng point from which to 

assess changes in LECs over 4me in a murine coli4s model. It was reassuring to see that the samples 

separated according to cell type and that canonical marker genes of LECs were expressed. However, 

the noise in the dataset and dropout of lowly expressed transcripts limited the ability to make 

significant conclusions. Other approaches to analysing this data include linear modelling over the 

4mepoints or omiyng the baseline data, but the core limita4ons of the dataset remain a barrier to 

further interpreta4on. Therefore, further formal analyses of the data have not been presented, but 

this bulk RNA dataset forms a useful means to cross-reference genes of interest from other sources. 

A more general limita4on of bulk RNA sequencing is the inability to discriminate between cellular 

subsets responsible for driving transcrip4onal differences found in the data. To address this limita4on, 

we undertook single cell sequencing of LECs and other stromal and myeloid cells, which will form the 

next subchapter of the thesis. 
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3.5 Single-cell transcrip>onal profiling of lympha>c endothelial cells in health and 

inflamma>on 

From the sorted bulk data in the previous subchapter, we concluded that LECs change 

transcrip4onally in inflamma4on, but the specific nature of the change was challenging to pick out 

due to the stated limita4ons. Furthermore, we were unable to make any conclusions on LEC subsets 

from the sorted bulk sequencing approach. As it remained unclear whether changes occurred in 

specific subsets of LECs, we turned to single cell RNA sequencing to gain further cellular resolu4on 

on this ques4on. We chose to focus in on just the peak of inflamma4on for this dataset as this is 

where we saw the greatest difference in gene expression from qPCR and the sorted bulk dataset.  
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3.5.1 Hashing an:body op:misa:on with MHC I 

To gain meaningful informa4on from the single cell sequencing experiment, biological replicates are 

a necessity, which were oren omiQed from early studies using single cell sequencing approaches. To 

obtain this data, individual biological samples can be loaded in separate sequencing lanes. However, 

this can introduce a batch effect between lanes, where the sequencing result is confounded by the 

fact that the lane was different between samples. This also becomes prohibi4vely expensive as the 

number of samples increases. A rela4vely recent solu4on to this is a technology termed ‘cell-hashing’ 

(149). This uses a unique oligonucleo4de barcode that is conjugated to MHC I (expressed on all cells) 

and CD45 (on haematopoie4c cells) that is used to bind to the cells. Following this binding the cells 

can be mixed and sequenced in the same lane, avoiding batch effect, then computa4onally 

deconvoluted based on the unique barcode that is sequenced together with the rest of the cell’s 

mRNA. We purchased 10 unique an4body-barcode conjugates, meaning we could theore4cally run 

10 unique biological samples in the same lane. Prior to using this, we ran a pilot experiment using 

only FITC-conjugated MHC I an4body (Figure 3.18a) of the same clone as the hashing an4bodies and 

compared this to isotype (Figure 3.18b) and FMO (Figure 3.18c) controls to confirm that the cell types 

we were interested in bound at the concentra4on we would use for the hashing an4body in the main 

single cell sor4ng experiment. We observed clear separa4on between the MHC I stained cells across 

all cell types compared to the isotype and FMO control. We therefore proceeded to using the hashing 

an4body in the experiment where cells were isolated for single cell RNA sequencing. This enabled us 

to sort cells from 10 steady state mice and 10 inflamed mice in one experiment and have single cell 

data from individual mice. 
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Figure 3.18: MHC I antibody staining confirmed that hashing antibodies would 
appropriately label cells in single cell sequencing experiment. Appropriate isotype 
control (b) and FMO control (c) confirm the binding of MHC I to all stromal cells of 
interest (a).
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3.5.2 Summary of flow cytometry data from cell sor:ng 

Similar to the bulk RNA sequencing, the sor4ng strategy for the single cell sequencing experiment is 

outlined (Figure 3.19).  

Figure 3.19: Sorting strategy for mouse colon for single cell RNA sequencing. The 
approach was to take as many lymphatic endothelial cells as possible per mouse colon in 
addition to 1000 of each blood endothelial cells, mononuclear phagocytes and fibroblasts 
for single cell sequencing. Thanks to Jon Webber for assistance with cell sorting.
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3.5.3 Ini:al analysis and quality control of single cell data 

We obtained 2610 LECs from 10 steady state mice colons and 3466 LECs from 10 inflamed mice colons 

(Figure 3.20a). The RNA molecules detected within each cell (Figure 3.20b), the number of genes 

detected in each cell (Figure 3.20c), and the percentage of mitochondrial reads (Figure 3.20d) were 

broadly similar between groups. Arer normalisa4on, highly variable gene detec4on, data scaling and 

dimensionality reduc4on, cells were clustered using the Louvain algorithm and ploQed on a umap 

(Figure 3.20e) using Seurat integra4on between the steady state and inflamed samples (150). Ployng 

Lyve1 gene expression highlighted a clearly separate cluster of the LECs, which was reassuring. 
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Figure 3.20: Single cell quality control and confirmation of lymphatic endothelial cells.
The numbers of lymphatic endothelial cells (a) as well as RNA counts (b), unique genes
(c) and mitochondrial reads (d) are displayed. Lyve1 gene expression was plotted on the
UMAP in both steady state and inflamed conditions (e). (n = 10 mice steady state; n =
10 mice inflamed).
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3.5.4 Summary of single cells isolated in health and inflamma:on 

Further data analysis was performed to cluster the cells into 18 clusters (0-17) (Figure 3.21a) and find 

marker genes to iden4fy their cell type using canonical marker genes. (Figure 3.21b) The visual 

appearance of these popula4ons shired in inflamma4on (Figure 3.22a-b), par4cularly no4ceable 

amongst the LEC clusters (0, 2, 5 and 10). 
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Figure 3.21: Single cell RNA sequencing identifies cell types expected in dataset. The
lymphatic clusters (0, 2, 5, 10) are recognisable (a) with Lyve1, Pecam1 and Pdpn
expression (b) (n = 10 mice steady state; n = 10 mice inflamed).

a

b
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Figure 3.22: Separating cells by condition after integration of dataset demonstrates
shifts in cell populations in inflammation. UMAP plots of all cells coloured by condition
(a) or cell cluster (b), separated by condition (n = 10 mice steady state; n = 10 mice
inflamed).
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3.5.5 Subsets of lympha:c endothelial cells 

We subset the LECs for further analysis of cellular heterogeneity (Figure 3.23). We had 2610 LECs from 

10 steady state mice (Figure 3.23a and 3.23c), and 3466 LECs from 10 inflamed mice at the peak of 

DSS coli4s at day seven (Figure 3.23b and 3.23d).  

The first analysis was to cluster the cells independent of inflammatory condi4on to assess the marker 

genes making up each cluster for any clear paQerns. The smallest and most easily dis4nguishable 

cluster in both steady state and inflamed samples expressed Foxp2, which is known to be a flow-

induced regulator of collec4ng lympha4c vessels (151). Moreover, the cited study looked at dermal 

collec4ng lympha4c vessels in contrast to capillaries by the absence or presence of Lyve1 expression 

respec4vely which was confirmed by imaging to reflect collec4ng vessels or capillaries. From their 

dataset, five out of six of the remaining marker genes from this casseQe (Clca3a1, Ugcg, C�, Nsg1, 

Foxp2) are also upregulated in collec4ng vessels compared to capillaries, enabling us to be confident 

in the assignment of this small cluster of cells as lympha4c collector cells (Figure 3.23c-d). 

Cluster number two in the inflamed LECs expressed genes downstream of interferon signalling 

including Stat1, and MHC II (Figure 3.23b and 3.23d). To gain further clarity on this, data analysis was 

repeated following integra4on of the steady state and inflamed datasets in the next sec4on. 
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Figure 3.23: Single cell data of lymphatic endothelial cells in SS vs DSS reveal
heterogeneity in this cell type. UMAP plots of lymphatic endothelial cells in steady
state (a) and inflammation (b). Dot plots of lymphatic endothelial cells in steady state
(c) and inflammation (d) (n = 10 mice steady state; n = 10 mice inflamed).
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3.5.6 Differen:al lympha:c gene expression in inflamma:on 

To establish the differences between LECs in steady state and inflamma4on, Seurat integra4on was 

performed (152). This enables corresponding cells to be combined between the steady state and 

inflamed condi4ons and provides the ability to contrast the cellular clusters between the condi4ons 

(Figure 3.24a). The striking finding was that of a cellular cluster appearing in the inflamed state, which 

is cluster number four (Figure 3.24b). The genes that were upregulated in this cluster included Stat1, 

H2-Ab1, Cd274 (Pdl1), Cd74, Gbps and Irf1 (Figure 3.27a, Figure 3.25b). MHC II (153) and PDL1 (154) 

have been described to be downstream of interferon-gamma signalling and Stat1 phosphoryla4on is 

required for signal transduc4on of interferon-gamma signalling (155). Gbps and Irf1 are also 

downstream of interferon signalling, so this cluster would appear to be a subset of LECs that are 

interferon responsive. This is also in keeping with the known requirement for the cytokine interferon-

gamma to cause pathology in DSS coli4s (156). Furthermore, endothelial-specific knockout of 

interferon-gamma signalling was shown to be protec4ve in DSS coli4s (157). This study targeted 

endothelial cells using Tie2-Cre and Cdh5-Cre mice crossed to Ifngr2-flox. However, these Cre-

promoters also target lympha4c endothelial cells and so perhaps some of the protec4ve effect may 

have been from interferon-gamma signalling into LECs, which may have been overlooked. As a result, 

we had the idea to cross Prox1-CreERT2 with Ifngr1-flox animals to see to what degree the protec4ve 

effect was down to LECs as opposed to BECs.  
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Figure 3.24: Integrated single cell data of lymphatic endothelial cells reveal
heterogeneity in this cell type. UMAP plots of all integrated lymphatic endothelial cells
coloured by condition (a) or cell cluster (b), separated by condition (n = 10 mice steady
state; n = 10 mice inflamed).
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b
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Inflamed

Figure 3.25: Integrated single cell data of lymphatic endothelial cells reveal
heterogeneity in this cell type (cont’d). UMAP plots of genes of interest in integrated
lymphatic endothelial cells in steady state (a) inflamed (b) (n = 10 mice steady state; n =
10 mice inflamed).
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3.5.7 Different flavours of inflammatory lympha:c endothelial cell exist in DSS coli:s 

When we ploQed some of the key genes upregulated in the inflamed LECs, we saw the appearance 

of the interferon-s4mulated genes in the central cluster, but also a dis4nct subset of cells (cluster 

number two) expressing Icam1, Jun, Socs3 and N�bia (Figure 3.27a). 

Icam1 is a cell surface glycoprotein best known for regula4ng leukocyte recruitment from the blood 

into 4ssues via the blood endothelial cells; however, Icam1 expression on LECs has also been shown 

to have a role in the extravasa4on of T leukocytes from the 4ssue into the draining lympha4c vessels 

in a model of skin inflamma4on (158). Icam1 has also been found on a wide variety of cells and has 

an outside-in signalling mechanism enabling it to func4on as a biosensor (159). It was intriguing to us 

to note the presence of these two dis4nct flavours of inflammatory LEC, and we were curious as to 

the loca4on of these in the 4ssue. 

When we ploQed the propor4on of LECs within each cluster per mouse as either a stacked bar plot 

(Figure 3.26a) or a dot plot (Figure 3.26c), we found that cluster number two and four described were 

increased in the inflamed mice compared to the steady state. We also ploQed the absolute number 

of cells origina4ng from each mouse (Figure 3.26b), highligh4ng that each biological replicate 

contributed towards the data. 
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Figure 3.26: Integrated single cell data of lymphatic endothelial cells reveal
heterogeneity in this cell type (cont’d). Stacked bar plot of proportion (a) or absolute
number (b) of lymphatic endothelial cells contributing to each cluster per mouse. Dot
plot of proportion of cells contributing to each cluster split by condition (c) (n = 10 mice
steady state; n = 10 mice inflamed).
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Figure 3.27: Integrated single cell data of lymphatic endothelial cells reveal
heterogeneity in this cell type (cont’d). Dot plot of genes of interest per cluster (a).
Violin plot of genes of interest split by condition (b) (n = 10 mice steady state; n = 10
mice inflamed).
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b
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3.5.8 Conclusion from analysis of single cell sequencing data 

We iden4fied the presence of dis4nct LEC subsets within the healthy murine colon, as well as changes 

in DSS coli4s. We were par4cularly interested that inflamma4on resulted in mul4ple subsets of 

inflammatory LEC, which is only possible to have iden4fied via single cell sequencing analysis. 
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3.6 Discussion 

We established a novel approach to isola4ng LECs from the murine colon and using this method with 

flow cytometry concluded that there is no change in LEC number over 4me in a murine coli4s model, 

despite a robust inflammatory response. This addresses a ques4on that is inconclusive in the field in 

a novel way and it was reassuring to use the Prox1-Cre-ERT2 mouse model to confirm that we were 

isola4ng LECs from the murine colon. Despite these results, there are several limita4ons to this 

methodology that requires further discussion. Even though we were able to isolate live LECs, there 

were s4ll a high number of dead cells. We are assuming that the ra4o of live to dead cells remains 

constant between different condi4ons, however a clear limita4on is if inflamma4on itself promotes 

more cell death compared to steady state. Furthermore, as we are only isola4ng small numbers of 

cells, the noise is significantly greater compared to quan4fying lymphocyte numbers. Another 

limita4on is the significant baseline variability in LEC number. This was because a single steady state 

mouse was taken on each day of the 4me course experiment, highligh4ng the variability of enzyma4c 

diges4on of the 4ssue between different days. If this could be repeated, I would have ensured that 

the baseline variability was minimised before proceeding with the inflammatory model.  

We were limited in profiling the expression paQerns of growth factor receptors or chemokine 

receptors on LECs by the number of an4bodies that we had available for flow cytometry. We wanted 

to concurrently profile immune cell popula4ons and were unable to split the sample due to the low 

number of LECs that were obtained from each mouse. Since the 4me of these experiments, we have 

adopted spectral flow cytometry and if star4ng this again now I would profile these cells with this 

new pla8orm. Furthermore, we made the assump4on that all lympha4c endothelial cells expressed 

podoplanin, which we could confirm by assessing the co-expression of other lympha4c markers. 
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We established some preliminary findings from the analysis of the bulk transcriptomic data from 

sorted cell popula4ons over 4me in a DSS 4me course experiment. We observed subsets of lympha4c 

endothelial cells change in inflamma4on from single cell RNA sequencing data and wanted to validate 

this using different methodologies.  

The single cell sequencing data highlighted that there are LECs sensing interferon signalling in the 

4ssue and we thought to deplete the interferon gamma receptor on lympha4c endothelial cells 

u4lising the Prox1-Cre-ERT2 mouse that was introduced at the start of this chapter. However, this 

unfortunately did not work in deple4ng the interferon gamma receptor as verified by flow cytometry 

and we also had issues with this Cre driver being unable to delete podoplanin expression from LECs 

in a complementary experiment, but which was able to be deleted using a different Cre driver. This 

highlighted that the Prox1-Cre-ERT2 mouse was adequate as a lympha4c reporter but inefficient at 

dele4ng targets of interest. On further discussion with the lympha4c community, it came to our 

knowledge that this mouse model is poor compared to an alterna4ve Prox1-Cre from the laboratory 

of Professor Tajia Makinen, but due to 4me limita4ons it was not possible to obtain this alternate 

mouse and repeat this crossing. 

We have created a cellular atlas of lympha4c endothelial cells at steady state and inflamma4on from 

the murine colon, which has highlighted that interferon signalling occurs in a subset of lympha4c 

endothelial cells in inflamma4on, and moreover, this is occurring in a subset of the cells rather than 

all of them. This led us to consider where in the 4ssue these changes may be occurring. As alluded to 

several 4mes so far, the lympha4c vasculature is fundamentally a 3D structure and so we decided to 

pursue a 3D understanding of this using novel imaging methods and tracer studies, which we will turn 

to in the next chapter. 
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4 3D imaging and physiological tracer studies 
illustrate colonic lympha*c vascular anatomy and 

the pathway of colonic *ssue drainage 
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4.1 Introduc>on 

Having characterised lympha4c endothelial cells in the colon by flow cytometry, and transcriptomic 

analysis, it became apparent that the method to best understand the orienta4on and architecture of 

the lympha4c vasculature would be to visualise the lympha4c vascular network in 3D. This is because 

these vessels are long and tortuous and inevitably a 2D sec4on only reveals the cross-sec4on of a 

vessel, which cannot be consistently orientated, adding to the challenge of understanding. We also 

developed a method to understand inters44al ou8low from the colon to map out the pathway of 

colonic 4ssue drainage draining into the lympha4c vessels. 

4.1.1 3D imaging of colonic :ssue 

Significant progress has been made on 3D imaging methods to study 4ssue architecture in the past 

few years. This is both due to improved methods of op4cally clearing 4ssue as well as improved 

capabili4es in imaging acquisi4on and compu4ng power to handle large datasets (160). The lympha4c 

vessels have been imaged in 3D in the mouse, but this has mainly focused on the small intes4ne (41, 

88) with the colon being rela4vely neglected. Of course, in medicine, 3D imaging is regularly used 

clinically in the form of CT and MRI scans that have transformed clinical care by enabling the cross-

sec4onal visualisa4on of structures that were previously only visible stacked in one plane with 

conven4onal x-rays. This field-change is now being paralleled in the research seyng. New insights 

can be gleaned by understanding the three-dimensional structure of 4ssue at the macroscopic scale 

where gross pathology is oren visualised, but then also be able to zoom in on the same image to 

visualise cellular resolu4on in areas of interest. We move between these macro- and microscopic 

scales in the imaging data presented in the remainder of this thesis. 



 

 108 

4.1.2 Microinjec:ons to visualise inters::al ou_low from the colon 

We wanted to couple the visualisa4on of the 4ssue in 3D with an understanding of how inters44al 

fluid drains out of the colon and its path to the draining lymph node. To do this we were inspired by 

the work of Czepielewski et al. who demonstrated the lympha4c drainage of the small intes4ne by 

injec4ng fluorescent tracers into Peyer’s patches and visualising the exit using a fluorescent 

stereomicroscope in a living mouse (102). Working together, we developed an analogous injec4on 

method in the colon, the results of which will be presented in the laQer half of this chapter. 

4.1.3 Chapter aims 

• Create a 3D map of the colonic lymphatic vasculature 

• Chart the outflow of interstitial fluid from the colonic tissue to the draining lymph node 
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4.2 3D imaging reveals novel insights into the anatomical orienta>on of the colonic 

lympha>c vasculature 

4.2.1 Two lympha:c networks exist in the murine colon and contrast significantly from the lympha:c 

network of the small intes:ne 

Our ini4al 2D imaging of the colon using the marker Lyve1, which is specific for lympha4c vessels 

(161), revealed a hint of staining in two regions – beneath the epithelium and in the muscle layer 

(Figure 4.1). However, as we had expected with 2D imaging, it was difficult to visualise the nature of 

these vessels and where they originated and ended. We were able to gain clarity on the lympha4c 

orienta4on and structure as we developed the use of 3D imaging techniques. 

Arer several months of op4misa4on, we developed the ability to use 4ssue clearing methods and 3D 

confocal imaging with Prox1-GFP mice and observed the presence of two networks of lympha4c 

vessels in the colon. One tracked beneath the epithelium and the other was embedded in the muscle 

layer of the colon, which we will describe further. The figure illustrates movement through the colon 

from the outside muscle layer in towards the lumen, and the full orienta4on of the colonic lympha4c 

vasculature can be appreciated (Figure 4.2). 
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Figure 4.1: Colonic lymphatic vessels are located beneath the epithelium and
between the circular and longitudinal muscle layers of the colon. Lyve1 antibody
staining in the cross-section of the murine colon suggests that there are lymphatic
vessels that line the base of the crypts (<) as well as being found within the external
muscle layer (*) (a). The architecture of the vessels that line the crypts are fully
appreciated using 3D imaging, with the subepithelial lymphatics (b) demonstrating
quite a different morphology to those found in the muscle layer (c). Images are
representative of at least five independent experiments.
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Figure 4.2: Colonic lymphatic vessels are located beneath the epithelium and 
between the circular and longitudinal muscle layers of the colon. Prox1-GFP mouse 
with DAPI going from the muscle layer (outside) of the colon towards the lumen. 
Images are representative of at least five independent experiments.
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4.2.1.1 Sub-epithelial colonic lympha6cs feature finger-like projec6ons in dis6nct regions 

We observed that the colonic lympha4cs that lie beneath the epithelium formed a dense network 

that ran in parallel with the blood capillaries (Figure 4.3a-b). We were curious to see the rela4onship 

of this network with the muscularis mucosae was that there were vessels found both above (Figure 

4.4a, arrowhead) and below this muscle layer (Figure 4.4a, double arrowhead). We also noted that 

the lympha4c vessels in this layer were associated with lymphoid follicles found in the 4ssue (Figure 

4.2d), which we will focus on in more depth later. 

When inspec4ng the images of the colonic lympha4c vessels acquired with a lower magnifica4on 

objec4ve, we realised that they lined colonic 4ssue folds, and specifically in these regions we noted 

the presence of finger-like projec4ons that branched from the vessels towards the lumen (Figure 4.3a, 

arrowhead). We were curious that these morphologically dis4nct finger-like projec4ons were 

par4cularly concentrated in certain anatomical regions of the colon. When looking at the 3D cross 

sec4on of the image (Figure 4.3a) we can appreciate these lympha4c projec4ons only because we 

visualised 100 micron-thick digital sec4on that we reconstructed from the raw confocal data. This is 

in contrast to the tradi4onal 5 micron sec4ons that are cut for 2D histology, where this feature of the 

vascular architecture would not be visible and would be overlooked. 
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Prox1 Lyve1 nuclei IV Lectin

Figure 4.3: Lymphatic projections are intermittently found in the lymphatic vessels that line the 
epithelial crypts specifically in regions of tissue folds. Dotted white line represents the border of 
the colonic tissue with the lumen (labelled) (a). The colonic cross-section highlights that lymphatic 
vessels are running in the tissue folds (arrowheads in a and b). Further imaging focusing on one 
colonic fold highlights that these projections are Lyve1 and Prox1 positive lymphatic vessels (c).  
Images are representative of at least five independent experiments.
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4.2.1.2 Muscle layer colonic lympha6cs sit between circular and longitudinal muscle 

The muscle layer lympha4c vessels formed a much sparser network compared to the sub-epithelial 

lympha4c network (Figure 4.1c, Figure 4.2a). At higher magnifica4on, we realised that the muscle 

layer lympha4c vessels were located in between the circular and longitudinal layer of muscle (Figure 

4.4a-b). Furthermore, we realised that there was a close rela4onship between this network of 

lympha4c vessels and what was morphologically consistent with nerves of the myenteric plexus 

(Figure 4.4b, asterisk) as well as morphologically consistent with glial cells that lie in this region (Figure 

4.4c, asterisk) as evidenced by podoplanin staining, which we had ini4ally u4lised to visualise the 

lympha4c vessels. We hypothesised that this second layer of lympha4c vessels exists in the colon to 

prevent excess inters44al fluid from leaking out from the 4ssue into the peritoneal cavity, which may 

lead to a peritoni4s if ler unchecked. 
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Figure 4.4: Lymphatic vessels are found above and beneath the muscularis mucosa, as 
well as between the circular and longitudinal muscle in association with the enteric 
nervous system and glial cells. The lymphatic vessels run beneath the epithelial crypts 
(highlighted by the white dotted line) (a). They are found on either side of the muscularis 
mucosa (highlighted by the orange dotted line) The lymphatic vessel above the 
muscularis mucosa is single arrowhead and beneath is double arrowhead in (a). 
Furthermore, the external muscle is demonstrated by a double arrowhead, with the 
lumen of a lymphatic vessel beneath the two layers highlighted by an asterisk in (a). The 
close association of the lymphatics (arrowhead) in the external muscle layer to the glial 
cells of the enteric nervous system (asterisk) is depicted in (b) Immediately above this, 
numerous glial cells are found in the external muscle highlighted by an asterisk in (c). 
Images are representative of at least three independent experiments.
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4.2.2 Small intes:nal lympha:c orienta:on stands in significant contrast to the colon 

The arrangement of the small intes4nal lympha4c vasculature is rela4vely well-understood in the 

literature. It is known that each villus in the small intes4ne has a central lympha4c vessel called a 

lacteal, which is responsible for lipid absorp4on from the diet (162). As a comparison to the colon, 

we imaged a por4on of the murine small intes4ne (Figure 4.5). The 3D projec4on starts from the 

outside muscle (Figure 4.5a) and rotates (Figure 4.5b-c) to finish looking at the sample from the 

luminal side (Figure 4.5d). The second half of the panel (Figure 4.5e-h) highlights the cross-sec4on of 

of the small intes4nal lympha4c vasculature star4ng from the muscle layer which is generally devoid 

of lympha4cs compared to the colon (Figure 4.5e), followed by the crypt base where the lacteals drain 

(Figure 4.5f-g) and finally towards the luminal side of the small intes4nal where individual lacteals can 

be seen in the centre of each villus (Figure 4.5h). As the colon is rich in bacteria compared to the small 

intes4ne, we speculated that this could be why it may be unnecessary to have such a developed layer 

of lympha4cs in the muscle layer, as there may be a lower likelihood of bacterial transloca4on to the 

peritoneal cavity compared to the colon. 

From the small intes4nal cross-sec4on, we also noted that the 4ssue was not arranged in a similar 

folding paQern to that seen in the colon, but rather was a flat network with the only luminal 

projec4ons being the intes4nal villi themselves (Figure 4.5c). These data highlighted that the colonic 

lympha4c architecture was completely dis4nct to that seen in the small intes4ne. 
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Figure 4.5: Small intestinal lymphatic vessels form lacteals draining into one 
network without a significant muscle layer as seen in the colon. The 3D 
reconstruction of a region of the small intestine is displayed in (a-d). The cross-
section flying through from the lumen towards the muscle layer is visualised in (e-h). 
Images are representative of at least three independent experiments.
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4.2.3 Lympha:c straps connec:ng colonic folds to the draining lympha:cs 

When returning to visualise the colonic lympha4c network from the outside with an even larger field 

of view, we no4ced the lympha4c network of folds, as well as pairs of what appeared to be lympha4c 

‘straps’ that were found perpendicular to the colonic luminal direc4on of flow (Figure 4.6, 

arrowhead). We hypothesised that these lympha4c ‘straps’ formed regular units within the colon and 

were the common endpoints of where inters44al fluid accumulated prior to exi4ng the colon.  

4.2.4 Valves are found within lympha:c straps and muscle layer lympha:cs 

When we focused in more on these ‘straps’, as well as the muscle layer lympha4cs, we noted that 

they appeared to contain valves by the presence of more intense Prox1-GFP signal, highligh4ng the 

increased number of lympha4c endothelial cells found at valves (Figure 4.7, double arrowheads in all 

images). Lympha4c valves are typically described in the larger collec4ng lympha4c vessels, for 

example in the legs, and have two leaflets and prevent the backflow of lymph, analogous to venous 

valves (49). Fluid shear stress is important in valve development (49). To our knowledge, this is the 

first descrip4on of lympha4c valves being found within the colonic 4ssue itself, which we also did not 

see when we examined the small intes4nal lympha4c vessels. This also 4es in with the few lympha4c 

valve cells that we iden4fied from our single cell sequencing data of the murine colon presented in 

the previous chapter (Figure 3.23). 

This data suggested to us that unidirec4onal flow is important in the drainage of colonic lymph, and 

we will return to this idea later when considering the inters44al drainage paQern iden4fied from 

tracer studies. 
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Figure 4.6: Colonic lymphatic straps are found throughout the length of the colon at 
regular intervals and drain the colonic folds. The colon is visualised with Prox1 signal 
(a) with the lymph nodes very bright for Prox1 (red asterisk in (a)) and a colonic 
lymphatic strap marked with an arrowhead in (a). The entry point of the fold 
lymphatics into the colonic strap is marked by an arrowhead in (b). Images are 
representative of at least three independent experiments.
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Figure 4.7: Colonic lymphatic vessels appear to have valves within the layer of 
lymphatics that drains the folds as well as the muscle layer. The muscle layer 
lymphatics (a) and fold-draining lymphatics (b) and (c) all show examples of intense 
Prox1 staining which represent valves (double arrowheads in all images). Images are 
representative of at least three independent experiments.
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4.2.5 Lympha:c quan:fica:on must be cau:oned in 2D sec:ons 

The quan4fica4on of the lympha4c vasculature from 2D sec4ons has long been a challenge. Visual 

inspec4on can oren reveal changes between condi4ons, but it is difficult to know what aspect to 

measure, as well as the inherent challenge with sec4oning in that the anatomical orienta4on is not 

consistent throughout the 4ssue. Therefore, chance plays a significant role in the iden4fied region. 

To demonstrate this, we projected the view of a 5-micron sec4on from one of our 3D images, which 

was specifically orientated to demonstrate a cross-sec4on of the epithelial crypts and crypt-base 

associated sub-epithelial lympha4cs that we had described earlier (Figure 4.8). Moving the sec4on 

by just a few microns (Figure 4.8a-b, double arrowhead), which could easily be the difference 

between adjacent sec4ons of 4ssue, shows what a difference this makes to the visible lympha4cs. 

However, the mononuclear phagocytes (stained with CD115) and the epithelial crypts maintain a 

similar orienta4on and signal as these colonic cells are more regularly arranged across the 4ssue. This 

highlights the importance of careful appraisal of any quan4fica4on of lympha4c surface area from 2D 

sec4ons, especially if there is no considera4on as to which colonic region this is from and the 

orienta4on is not consistent between samples. 
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Figure 4.8: Cross-sectional views of 3D imaging of lymphatics reveals significant limitations 
in quantification of 2D histology. The difference between (a) and (b) is a few microns, which 
could easily be the difference between adjacent sections when cut manually (double 
arrowhead highlights the region from which the digital section has been imaged). When 
comparing the sub-epithelial lymphatic vessels (within transparent blue boxes and compared 
with orange double-headed arrow) between (a) and (b), quantifying this by percentage 
surface area of stain or number of lymphatic vessels would lead to huge variability in the 
quantification. Images are representative of at least three independent experiments.
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4.3 Imaging human colonic lympha>c vessels in 3D shows similarity in arrangement to 

mouse 

We were interested to compare the imaging data that we had acquired from the mouse colon to what 

is seen in human. To do this, we obtained a healthy piece of human colon from a resec4on specimen 

and stained for LYVE1, podoplanin, smooth muscle ac4n and DAPI to visualise nuclei. Once this was 

completed, we imaged the 4ssue in 3D arer 4ssue clearing (Figure 4.9). The data is of a large piece 

that starts from looking from the luminal surface (Figure 4.9a, d, g) and progressively goes deeper 

into the 4ssue to the submucosa (Figure 4.9c, f, i). This highlights the lympha4c network beneath the 

muscularis mucosa, as seen in the mouse. Furthermore, the lympha4c vessels were associated with 

lymphoid follicles in a similar manner. We were also surprised to see holes that the lymphoid follicles 

made in the muscularis mucosa, with muscle fibres running at the base of the lymphoid 4ssue, 

sugges4ng that the whole follicle may undergo squeezing by contrac4on of these fibres (Figure 4.9d).  

Finally, we noted that LYVE1 stained not only for lympha4c vessels but also macrophages that were 

found specifically in the submucosa of the human colon (Figure 4.9i, Figure 4.10f, Figure 4.11), which 

is also in keeping with LYVE1 macrophages being in the submucosa from published work in the human 

colon (163) 
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Figure 4.9: Human colon imaging reveals lymphatic drainage of lymphoid aggregates that 
cross the muscularis mucosa. The human colon was imagined using whole-mount 
microscopy techniques and representative images are displayed from the lumen on the 
left towards the deeper structures on the right. Images are representative of a single 
experiment.
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Figure 4.10: Human colon lymphatic imaging reveals similar orientation to mouse. The 
human colon was imagined using whole-mount microscopy techniques like the mouse 
(a-f). Lymphatic vessels were in a similar location adjacent to the epithelium. Lyve1 
macrophages were present in the submucosa (double arrowhead in f). Images are 
representative of a single experiment.
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Figure 4.11: Human colon lymphatic imaging reveals Lyve1 macrophages in the 
submucosa. The human colon was imagined using whole-mount microscopy techniques 
like the mouse. Lyve1 macrophages are numerous in the submucosa (arrowhead) and 
lymphatic vessels can be seen beneath the crypts (asterisk). Images are representative of 
a single experiment.
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4.4 Tracking inters>>al fluid trafficking using microinjec>on and intravital microscopy 

reveals pathway of lympha>c ouTlow from the colon 

Visualising the lympha4c system in 3D prompted us to delve into understanding ou8low from the 

colon to bridge the anatomical discoveries that we had made with the physiological understanding of 

how inters44al fluid exits the colon via these vessels. To do this, we devised a novel method of intra-

colonic 4ssue injec4on and data from these experiments will be presented in this sub-chapter of the 

thesis. 

4.4.1 Injec:on of tracer and visualisa:on of colonic ou_low 

As outlined earlier, the work of Czepielewski et al. had u4lised an injec4on method, both with a glass 

micropipeQe directly into the small intes4nal 4ssue in collabora4on with Professor Michael Davis, as 

well as using a Hamilton syringe to inject into Peyer’s patches of the small intes4ne (102). Working 

together with Dr Rafael Czepielewski in the lab of Prof Gwen Randolph formed a unique opportunity 

to collaborate and develop new methods to adapt this technique to the study of colonic ou8low.  

To begin, we injected the 4ssue with 2000 kDa FITC-Dextran, which is an inert, fluorescent molecule 

with a large molecular weight, which we could be confident would only exit the 4ssue via the 

lympha4c vasculature. The colon has no Peyer’s patches and externally there is liQle in the way of 

lymphoid landmarks that could be easily injected like the small intes4ne. Therefore, using a Hamilton 

syringe, we elected to inject 1-2 microlitres directly into the colon of an anaesthe4sed mouse and 

used a fluorescent stereomicroscope to visualise the drainage of the tracer (Figure 4.12a-b). Due to 

the technical factors involved in exposing the murine colon, the proximal colon was by far the most 

accessible por4on and so this is where we focused our work. It is important to specify that this 
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injec4on was not into the lumen of the colon, but rather it was injected as shallowly as possible into 

the colonic 4ssue itself as described in the methods. Over 4me we noted that the FITC-Dextran made 

its way to the mesenteric lympha4c vessels and then the mesenteric lymph node itself. The FITC-

Dextran reliably drained to the same lymph node at the end of the mesenteric lymph node chain 

(Figure 4.12b), as it is known that regional lymph node drainage paQerns exist in the mouse (41, 42). 

We were excited to have created, to our knowledge, the first model system where lympha4c drainage 

could be visualised from the murine colon. What stood out to us was the paQern of the FITC-Dextran 

that remained in the colonic 4ssue itself. We noted the accumula4on of the tracer in the wall of the 

colon distributed unevenly in a grid-like paQern (Figure 4.12a-b). There were regions of tracer that 

formed parallel lines in the 4ssue, which then drained alongside the major blood vascular branches 

that wrap around the colon from the mesentery. By contrast, previous tracer injec4ons in the small 

intes4ne did not show accumula4on in this fashion (102). 

4.4.2 Fixing and imaging :ssue following microinjec:on reveals that tracer is in fold spaces lined by 

lympha:c vessels 

Following the tracer injec4ons described above, we fixed the 4ssue and imaged using the 3D imaging 

methods outlined at the start of the chapter. This mode of imaging highlighted that the tracer 

injec4on was within the colonic 4ssue folds and not within the lympha4c vessels lining them (Figure 

4.12c). This made us think that the colonic 4ssue fold was a specialised region of 4ssue that acts as a 

reservoir of inters44al fluid that is des4ned for exit from the colonic 4ssue via the lympha4c vessels. 
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Figure 4.12: Colonic tracers accumulate in the tissue folds. Following intra-colonic injection,
the pattern of the tissue folds can be seen at a macroscopic level (a) draining to the proximal
colon draining lymph node, highlighted on a diagram from Houston et al. (42) (b). The tissue
folds can also be seen under the stereomicroscope (c). Imaging of a large region of colon
shows that tracer can travel several millimeters within the tissue (d). Images are
representative of at least five independent experiments.
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4.4.3 Microinjector confirms that bolus method is valid to mark the drainage pa`ern of the colon 

A cri4cism of bolus injec4on, even of 1-2 microlitres, is that the sudden pressure upon injec4ng this 

into 4ssue is supra-physiological and may disrupt the 4ssue itself. To address this, we used a 

microinjector to inject tracer at a rate of 6.6 nanolitres/second (two microlitres over five minutes) 

(Figure 4.13a-f). The images in the figure are taken from a video of this injec4on and demonstrates 

the same paQern of colonic folds and peri-vascular lympha4cs being highlighted, confirming that the 

bolus injec4on method is valid to highlight the drainage paQern from the colon.  

4.4.4 Tracer only flows downstream of injec:on towards the distal colon 

Each 4me we performed the injec4on into the colonic 4ssue, we noted that the tracer always drained 

within a fold in both direc4ons, or moved to more distal folds. We never observed proximal extension 

in the colon (Figure 4.13f), and this is even though the injec4on needle was always poin4ng towards 

the proximal direc4on. This is likely due to peristalsis of the intes4ne working from proximal to distal, 

but is intriguing for reasons that we will return to in the next chapter regarding the spread of colonic 

inflamma4on. 
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Figure 4.13: Microinjection of interstitial tracer into the proximal colon reveals the 
drainage pattern from the tissue to lymph node. This figure (a-f) highlights the 
timelapse video over six minutes of a tracer being injected into the colon at a rate of 5 
nanolitres per second using a microinjection needle. It is possible to see tracer filling the 
colon (arrowhead in b) and then the mesenteric lymphatic vessel draining from the 
colon (arrowhead in d). Finally, the tracer arrives at the draining lymph node (asterisk in 
f). Images are representative of a single experiment.
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4.4.5 Inhibi:ng colonic lympha:c ou_low demonstrates con:nuity with colonic folds 

One innova4ve aspect of the injec4on studies that we undertook was injec4ng a combina4on of two 

tracers into the colon simultaneously. The fluorescent proper4es of the tracers were used to 

discriminate between them by using appropriate LED sources and fluorescent filters with the 

stereomicroscope. It was also possible to set the microscope to automa4cally alternate and capture 

images between different fluorophores (Figure 4.14). We used this ability to capture the drainage of 

two different tracers simultaneously in order to track both small (Hydrazide-AF647) and large 

molecular weight (LPS-FITC) cargo into the draining lymph nodes via the lympha4c vessels (Figure 

4.14). 

To establish the dependence on the lympha4c vasculature for systemic absorp4on, and to prove that 

the colonic 4ssue folds were directly connected to the ou8low lympha4c vasculature, we sutured and 

cut the mesenteric lympha4c vessels that drain into the proximal colon-draining lymph node (Figure 

4.14d, Figure 4.15a-b). Repea4ng the colonic tracer studies following this liga4on in a living mouse, 

combined with serial systemic blood draws following injec4on, highlighted that large molecular 

weight substances could not enter the systemic circula4on in the absence of lympha4c drainage 

(Figure 4.15c). However, small molecular weight compounds could alterna4vely enter the circula4on 

via the blood vasculature when the lympha4cs are blocked (Figure 4.15d). 

These data highlight that the injected tracers are in con4nuity with lympha4c ou8low from the colon. 

Moreover, the images from the concurrent video recording the ou8low of the tracers highlights the 

small molecular weight Hydrazide exi4ng the colon via a different route to the lympha4c vessels, 

presumably the venous ou8low from the colon (Figure 4.14f). 



 

 133 

There was only sufficient 4me and resource to aQempt this technically challenging experiment  once 

together with Dr Rafael Czepielewski. Therefore, it provides suppor4ng data rather than firm 

evidence, but is in agreement with the many tracer studies we performed without lympha4c vessel 

liga4on that showed tracer entering the lympha4c vessels that were ligated in this experiment. 

This suggests that small and large molecular weight substances can both drain via the lympha4c 

vessels, but if this is obstructed then small molecular weight substances can alterna4vely enter the 

systemic circula4on via the blood vessels. It is interes4ng to consider the possibility that therefore 

large molecular weight substances such as LPS may in fact concentrate in the 4ssue if there is any 

obstruc4on to lympha4c ou8low. This accumula4on within the 4ssue would be specifically within the 

fold regions, and so this is a possible explana4on for the lympha4c finger-like projec4ons that are 

seen specifically in these anatomical areas. The precise factors that lead to the forma4on of the 

lympha4c finger-like projec4ons are unknown, and is the focus of ongoing work. 
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Figure 4.14: Lymphatic ligation confirms that drainage of large molecular weight substances 
occurs via the lymphatic vessels. A combination of LPS-FITC (large molecular weight) and 
Hydrazide-AF647 (small molecular weight) was injected into wild type mouse colon (a-c) or 
into the colon of a mouse that had its colonic draining lymphatics sutured (d-f). In the wild 
type injection both tracers drain via the lymphatics (dotted line in c). In the lymphatic ligation 
only the Hydrazide exits the colon and this is not via lymphatic vessels (dotted line in f). 
Images are representative of a single experiment.
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Figure 4.15: Lymphatic ligation confirms that drainage of large molecular weight 
substances occurs via the lymphatic vessels (cont’d). Lymphatic ligation brightfield 
image (a) and GFP (b) following procedure. The large molecular weight LPS is unable to 
access the systemic circulation when the lymphatic vessels have been sutured (c); 
however, there is no difference in the ability of the small molecular weight hydrazide to 
enter the circulation whether or not the lymphatic vessels have been ligated. Images are 
representative of a single experiment.
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4.4.6 Injec:on of an:-lympha:c an:body to map physiological drainage route at a cellular level 

As the FITC-Dextran tracer we used did not have any specific binding proper4es, we had the idea to 

inject an4body that would bind to lympha4c vessels and mark the drainage paQern in vivo as it travels 

through the colonic 4ssue. Lyve1 is a commonly used lympha4c capillary marker and so we injected 

this in a similar manner to the FITC-Dextran injec4ons that we had done previously. Moreover, we did 

this experiment injec4ng Lyve1 an4body into a Prox1-GFP mouse, that has all lympha4c vessels 

highlighted with a GFP reporter (Figure 4.16). This enabled us to specifically see out of all the 

lympha4c vessels which ones are marked by the draining an4body. 

Following 4ssue clearing and imaging of the sample we had a roadmap of how the an4body had 

travelled through the 4ssue (Figure 4.16a). The Lyve1 signal overlapped with the GFP signal in the 

submucosal lympha4cs and specifically in those at the base of the 4ssue folds rather than the finger-

like projec4ons towards the lumen (Figure 4.16b, double arrowhead). The muscle layer lympha4cs, 

in contrast, did not stain with the Lyve1 an4body (Figure 4.16b, asterisk). This experiment provides 

further evidence that the lympha4cs lining the 4ssue folds are the vessels responsible for colonic 

ou8low, as well as sugges4ng that the finger-like projec4ons sample contents that travel one way 

down into the 4ssue folds rather than moving from the 4ssue fold towards the finger-like projec4ons. 

Ideally, we would have repeated this experiment using a Lyve1 an4body to stain the whole 4ssue to 

confirm that the muscle layer lympha4cs also stain posi4vely. We did this in Figure 4.4 but for clarity 

it would have helped to be in the same experiment. Furthermore, an injec4on of isotype control 

would help confirm that the Lyve1 an4body is not simply binding non-specifically.  
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a

b

Figure 4.16: Colonic injection of anti-lymphatic antibody into a lymphatic reporter 
mouse highlights the specific lymphatic vessels involved in colonic interstitial 
drainage. When Lyve1 antibody is injected into the colon in a similar manner to the 
fluorescent tracers outlined previously, it outlines the lymphatic drainage of the 
tissue as it binds to only the lymphatic vessels it encounters as it traffics out of the 
colon (a). The lymphatic vessels (b) found in the fold (arrowhead) are less stained 
than at the base of the fold (double arrowhead) and the lymphatics in the external 
muscle layer do not see the Lyve1 antibody (asterisk in b)). Images are representative 
of at least two independent experiments.

Prox1 nuclei Lyve1

Prox1 nuclei Lyve1
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4.5 Discussion 

Using a combina4on of 3D imaging modali4es and microinjec4on techniques, we established the 

three-dimensional orienta4on and architecture of the colonic lympha4c vessels, and we coupled this 

understanding with our newfound visualisa4on of inters44al ou8low from the colon for the first 4me 

to our knowledge. We concluded that 4ssue folds wee regions of the colonic 4ssue lined by lympha4c 

vessels and appeared to be involved in inters44al ou8low from the colon. Furthermore, they 

appeared to form reservoirs for inters44al fluid that seemed to sit in the folds prior to draining out 

via the adjacent lympha4c vessels. The idea that fluid can accumulate in these spaces is augmented 

by the experimental data that the lympha4c vessels that are specifically lining the 4ssue folds have a 

different morphology with finger-like projec4ons, which is dis4nct to the neighbouring lympha4c 

vessels that are not found within folds. We hypothesise that this is because inflammatory factors that 

derive from the colonic lumen may accumulate in the fold regions that prolong signalling to the 

adjacent fold-associated lympha4c vessels, more than the neighbouring non-fold lympha4c vessels. 

The discovery that the colonic 4ssue folds orchestrate inters44al ou8low from the colon was 

unexpected. As we searched through the literature, we realised that most descrip4ons of 4ssue folds 

seemed to highlight their role in maximising surface area for absorp4on (164, 165). While this is likely 

to be the case, we hypothesised that the 4ssue folds have an associated but overlooked role in the 

drainage of inters44al fluid from the 4ssue in the pinches of submucosa beneath the folds. As these 

colonic 4ssue folds have received liQle aQen4on in the literature, we shired our focus to 

characterising these structures in more detail in rela4on to the lympha4c vessels in both health and 

inflamma4on, which we turn to in the next and final results chapter of this thesis. 
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5 Characterising colonic *ssue folds in health and 

inflamma*on 
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5.1 Introduc>on 

As described in the previous chapter we concluded that inters44al fluid exits the colon from the 

colonic 4ssue folds and so we wanted to gain a deeper understanding of these structures in the 4ssue 

and turn our focus to the folds in this final results chapter of the thesis. We set out to characterise 

the associa4on with the folds to immune structures in the colon including lymphoid aggregates and 

mononuclear phagocytes. We also consider the connec4ve 4ssue that occupies the space within the 

4ssue folds and whether this structure is maintained in distension. We outline in more detail the 

ou8low pathway of the injected tracer from the colonic 4ssue and find that the 4ssue folds are also 

connected to perivascular spaces that resemble those seen in the brain (166, 167). As the 4ssue folds 

are involved with exit from the colon, we were also curious as to whether they were involved in entry 

to the colon, which we consider. 

We then consider how these structures are affected in the context of inflamma4on by revisi4ng the 

DSS coli4s model that has been presented in the first thesis results chapter. We show that the 4ssue 

folds change architecturally in the context of inflamma4on. As we cover this ground, we also pause 

to consider the lympha4c architectural changes seen in the context of this model. Previous literature 

focusses in on lymphangiogenesis in the context of inflamma4on but makes conclusions based mostly 

on 2D imaging of the lympha4cs in 4ssue. We demonstrate the superiority of visualising these 

structures in 3D and the true picture of inflammatory lymphangiogenesis in this context. 

We conclude the chapter by rela4ng the 4ssue folds studied so far in the mouse to human colonic 

4ssue. We demonstrate analogous 4ssue folds on the inner surface of the human colon and highlight 

how these are lost in the context of ulcera4ve coli4s. Finally, we focus in on the peculiar feature of 

disease seen in ulcera4ve coli4s where inflamma4on begins distally and works progressively 
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proximally in the colon. We propose that the 4ssue folds may indeed be restraining inflamma4on, 

and a loss of func4on of these folds may be an explana4on of rapid disease extension in ulcera4ve 

coli4s.  

5.1.1 Chapter aims 

• Characterise the immune cells and structures associated with the colonic tissue folds 

• Understand whether cellular entry to the colon is coupled with exit 

• Visualise the change of the colonic tissue folds in colitis 
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5.2 Characterising the composi>on of the colonic >ssue folds highlights that this is a 

specialised compartment of colonic >ssue 

5.2.1 The colonic :ssue folds act to extract water from the stool 

One aspect of the colonic 4ssue folds that we not yet touched upon is that of their func4on when 

considered from the colonic lumen. The immediately apparent feature of 4ssue folds is that of 

increasing surface area. Indeed, the colon is specifically op4mised for the extrac4on of water from 

the intes4nal contents that passes through from the small intes4ne, as clearly illustrated when one 

considers the loose stool following surgical removal of the colon (colectomy) or when the ileum is 

externalised as an ileostomy, bypassing the colon. 

Indeed, when we visualise the internal surface of the colon with the stool in situ, we see that the stool 

is liquid and unformed in the region where the large proximal colonic folds are, whereas they become 

solid quite soon arer passing through the proximal colon (Figure 5.1c). When looking at cross-

sec4onal histology of the mouse colon, the folds project into the lumen predominantly in the proximal 

colon (Figure 5.1e), but also all the way along to the distal colon (Figure 5.1f). This signifies that the 

proximal colon, and likely the folds that project into the lumen, has a major role in water absorp4on. 

We believe that the drainage of inters44al fluid via the 4ssue folds is an overlooked addi4onal feature 

of the fold structure. Indeed, it would in fact make sense if there was a coupling of the absorp4on of 

fluid from the lumen with a means of then allowing this to drain out of the 4ssue, which we think is 

op4mised in the colonic 4ssue fold unit. 
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Figure 5.1: The murine colon has prominent folds particularly in the proximal colon 
associated with water absorption from the stool. Four murine colons have been 
dissected from wild type mice with caecum on the left and rectum on the right (a). 
Focusing in on one of these (b), the colon is cut open along the mesenteric border with 
stool left in situ (c). When the stool is cleaned from this sample, folds can be seen on 
the luminal surface of the colon, particularly in the proximal colon (d). These are visible 
histologically in both the proximal (e) and distal colon (f). Images are representative of 
at least five independent experiments.
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5.2.2 Lymphoid aggregates are associated with colonic :ssue folds 

We first wanted to visualise lymphoid structures within the colonic 4ssue, which are known features 

but without clear descrip4on in rela4on to the 4ssue folds (168, 169). Using a CD19-tdTomato 

reporter mouse and imaging the 4ssue with a fluorescent stereomicroscope, we confirmed that B cell 

rich lymphoid aggregates were found throughout the colon but most prominently within the proximal 

colonic 4ssue folds (Figure 5.2, double arrowhead). 

Turning to confocal imaging, when we u4lised DAPI staining for nuclei in conjunc4on with the Prox1-

GFP reporter mouse, we immediately noted the presence of the same cellular aggregates embedded 

within the 4ssue folds of the colon (Figure 5.3). These were found throughout the colon but appeared 

enriched specifically in the proximal colon where the 4ssue folds were most prominent. Lymphoid 

structures in the colonic 4ssue have been described by numerous groups but the terminology is oren 

overlapping and can cause confusion. We noted that these structures are oren called ‘isolated 

lymphoid follicles’. However, when we imaged these in conjunc4on with the lympha4c vessels, we 

noted that each aggregate had its own network of lympha4c vessels wrapping around it (Figure 5.3b), 

highligh4ng that these structures are not at all isolated (which they appear to be with only nuclear 

staining (Figure 5.3a, asterisk)), but in fact connected by the lympha4c vessels.  

We were intrigued that these lymphoid aggregates were so prominent in the proximal colon. We 

reasoned that perhaps this arrangement existed as this is the region of 4ssue that has abundant 

absorp4on and so it is important to couple this with immunosurveillance of the absorbed content. 
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Figure 5.2: The colonic luminal surface has lymphoid tissue that is  enriched in the proximal 
folds. Stereoscopic image of the colon from the luminal surface in a CD19-tdTomato mouse 
reveals numerous lymphoid aggregates throughout the colon; however, these are enriched in the 
proximal colon associated with colonic tissue folds (a). Focusing in on the proximal colon, even 
autofluorescent signal (b) and brightfield imaging (c) show a bulging prominence in the tissue 
fold (double arrowhead), from which CD19 signal is visible (e), and which can be appreciated on 
the merged image (d). Images are representative of at least three independent experiments.
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Figure 5.3: Colonic tissue folds are enriched in lymphoid aggregates lined by lymphatic 
vessels. Confocal imaging of the colonic tissue fold reveals the same lymphoid structures 
visible macroscopically (* in (a)). When the same image is overlaid with the lymphatic 
vasculature (b) a close relationship between the lymphoid aggregates and lymphatic vessels 
can be appreciated. Several examples of this interaction with the lymphoid aggregates and 
lymphatic vessels are presented in (d-f). Images are representative of at least five 
independent experiments.
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5.2.3 Distension does not eliminate the colonic folds 

To test the permanence of the colonic folds in rela4on to colonic distension, we deliberately distended 

them using 2% agarose and 4ed either end of the colon using a surgical suture prior to fixing the 

4ssue. When we then removed the agarose, we observed that the 4ssue had been fixed in a fully 

distended conforma4on and when we imaged this we saw the folds were very prominent (Figure 5.4). 

We realised this would be the same conforma4on that they would adopt if they were being distended 

in the context of a faecal pellet moving through the colon. This further established the permanent 

nature of these structures in the context of homeostasis. We speculated that when these folds were 

distended this may in fact increase their ability to drain their contents as the squeezing effect may 

force inters44al fluid to drain via the lympha4cs out of the colonic 4ssue. 
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5.2.4 Mononuclear phagocytes are abundant in colonic :ssue folds 

Returning to the idea of immunosurveillance, we were curious about the loca4on of mononuclear 

phagocytes in rela4on to the 4ssue folds. When we imaged the 4ssue using our 3D prepara4on, we 

noted that mononuclear phagocytes were abundant in the lamina propria and external muscle layers 

as previously described (Figure 5.5). However, we found a specific mononuclear phagocyte popula4on 

within the submucosal space. This suggests that the space draining the inters44al fluid of the colon 

is being surveyed by a subset of mononuclear phagocytes. A specific point to bring out in this is that 

these mononuclear phagocytes are not in the lamina propria (Figure 5.5a-c). Numerous immunology 

papers refer to leukocyte isola4on from the lamina propria but in reality the en4re colon is digested. 

We highlight that this fold-associated mononuclear phagocyte subset appears to not specifically have 

been dis4nguished in the literature to date. On closer inspec4on, mononuclear phagocytes appeared 

to wrap around and sit on lympha4c vessels within the 4ssue folds (Figure 5.6). 
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Figure 5.6: Macrophages associate with the lymphatic vessels within colonic tissue folds. 
Confocal imaging of a colonic tissue fold region highlights macrophages are found close to 
tissue folds (a). Zooming in on this region (b) reveals numerous macrophages that appear 
adherent to lymphatic vessels, with an example highlighted (arrowhead). Images are 
representative of at least three independent experiments.
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5.2.5 Fold mononuclear phagocy:c network surveys vast areas of colonic :ssue 

To demonstrate the func4onal role of the submucosal fold-associated mononuclear phagocytes in 

capturing an4gen, we injected fluorescent ovalbumin in a similar manner to the other tracers directly 

into the wall of the colon. We visualised drainage in the 4ssue using the fluorescent stereomicroscope 

and then fixed, cleared, and imaged the 4ssue. Unlike the previous FITC-Dextran injec4ons where we 

saw tracer remaining within the fold, ovalbumin did not adopt this paQern but rather was 

endocytosed by the mononuclear phagocytes we iden4fied predominantly within the folds. We 

realised the paQern of this endocytosis outlined the shape of the fold (Figure 5.7, Figure 5.9a). This 

demonstrated that these submucosal spaces were in con4nuity with this network of fold-associated 

mononuclear phagocytes and gives further evidence that this space requires ac4ve 

immunosurveillance. Furthermore, when we co-injected the ovalbumin with conjugated Lyve1 

an4body, we saw the same network of lympha4cs highlighted surrounding the 4ssue folds that we 

had previously (Figure 5.9b). 

A limita4on of this data is that we did not inject an isotype an4body in a similar manner to confirm 

that the Lyve1 staining was specific, rather than mediated by non-specific Fc receptor binding. 



 

 153 

 

Prox1 Intra-colonic OVA injection

Fi
gu

re
 5

.7
: T

he
 co

lo
ni

c f
ol

ds
 co

nt
ai

n 
m

ac
ro

ph
ag

es
 ca

pa
bl

e 
of

 e
nd

oc
yt

os
in

g 
ca

rg
o 

ar
riv

in
g 

fro
m

 d
ist

an
t r

eg
io

ns
 o

f t
iss

ue
. 

Ov
al

bu
m

in
 (O

VA
) w

as
 in

je
ct

ed
 in

to
 th

e 
co

lo
ni

c t
iss

ue
 a

nd
 a

 re
gi

on
 a

w
ay

 fr
om

 th
is 

w
as

 im
ag

ed
 w

ith
 co

nf
oc

al
 m

icr
os

co
py

. A
 

co
lo

ni
c 

tis
su

e 
fo

ld
 li

ne
d 

by
 ly

m
ph

at
ic 

ve
ss

el
s 

is 
vi

su
al

ise
d 

w
ith

 n
um

er
ou

s 
ce

lls
 t

ha
t 

ha
ve

 u
pt

ak
en

 o
va

lb
um

in
 e

nr
ich

ed
 

w
ith

in
 th

e 
fo

ld
 (a

st
er

isk
). 

Im
ag

es
 a

re
 re

pr
es

en
ta

tiv
e 

of
 a

t l
ea

st
 th

re
e 

in
de

pe
nd

en
t e

xp
er

im
en

ts
.

*



 

 154 

5.2.6 Fold mononuclear phagocytes and MHC II on lympha:cs from single cell data 

U4lising the in vivo labelling method via colonic injec4on, we highlighted the MHC II posi4ve cells 

within the colonic fold 4ssue. Rela4ng back to the single-cell RNA sequencing, we had the hypothesis 

that certain subsets of lympha4cs are responding to interferon signalling and may switch on MHC II 

as a result (153). Fiyng this together with our injec4on data, we hypothesised that the interferon-

responsive lympha4cs would be the ones that line the 4ssue folds, as these would be the lympha4c 

vessels that poten4ally have the longest period in contact with inflammatory mediators such as 

interferons similar to the fold accumula4on of tracers such as FITC-Dextran. In rela4on to this, 

injec4on of an4body against MHC II revealed mononuclear phagocytes in close proximity to 

lympha4cs, but also some lympha4cs in the 4ssue folds stain posi4vely for MHC II (Figure 5.8a-b), 

further sugges4ng the idea that the lympha4cs lining the folds are receiving prolonged inflammatory 

signalling compared to the others.  

We would have also ideally stained the 4ssue for the other markers found from the single cell 

sequencing experiment, however, we found that they were all expressed more abundantly by other 

cell types compared to the lympha4cs. This made it challenging to assess for co-expression of these 

markers specifically with the lympha4c endothelial cells. 
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Figure 5.8: The colonic folds contain macrophages lymphatics expressing MHCII. Injecting 
anti-MHCII into the colon with OVA (g) highlights macrophages around lymphatic vessels 
phagocytosing OVA. Lymphatics themselves also express MHCII within the tissue folds (thick 
dashed line in (b)). Images are representative of at least two independent experiments. 

a
Prox1 injected anti-MHCII injected OVA nuclei

b
injected anti-MHCII injected OVA nuclei
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Figure 5.9: Colonic injection of anti-Lyve1 antibody traces the lymphatic route of 
interstitial drainage concurrently with the macrophages in the tissue folds. An anti-
Lyve1 antibody was injected concurrently with ovalbumin (OVA) which highlighted the 
lymphatic network. The endocytosed OVA signal highlighted the network of colonic fold 
macrophages (a) and concurrent Lyve1 staining from the injection (b) highlighted the 
associated lymphatics (c). Images are representative of at least three independent 
experiments.
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5.2.7 Lyve1 highlights macrophages specifically in the submucosal space and enriched in the colonic 

folds 

From staining Lyve1 in the colonic 4ssue to iden4fy the lympha4cs, we also noted the presence of 

macrophages staining posi4ve for Lyve1 (Figure 5.10a-b, d, e). These macrophages were enriched in 

the submucosa and were orientated in the direc4on of lympha4c drainage (Figure 5.10a). Lyve1 is a 

ligand for hyaluronic acid, and this allows binding of water to aid in providing structure to the 

extracellular matrix. We thought that a niche of Lyve1 macrophages and lympha4cs in the 4ssue folds 

may be contribu4ng to their structure, but did not formally test this hypothesis. 

Ideally we would have also stained a Lyve1 knockout mouse as a control to ensure that the Lyve1 

staining was specific, but we did not have this strain. 
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Figure 5.10: Lyve1 highlights macrophages found in the submucosal space and enriched in
colonic tissue folds and perivascular spaces. Lyve1 macrophages align along lymphatic
vessels (a) and lie in the submucosal space (b). Lymphatics beneath the epithelium (c) lie near
Lyve1 macrophages in the submucosa (d). Images are representative of at least three
independent experiments.
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5.2.8 Organised connec:ve :ssue forms the space where inters::al drainage occurs 

As inters44al fluid travelled within the submucosal pinches beneath the 4ssue folds, we were curious 

to understand the composi4on of the connec4ve 4ssue in these regions. To do this we u4lised 2-

photon microscopy to evaluate second harmonic signal (170), which revealed the presence of 

collagen in the 4ssue. We found that these fold regions had orientated collagen in human colon 

(Figure 5.11a), and pig colon (Figure 5.11b). Furthermore, we found that elas4n fibres ran 

predominantly in the submucosal space as demonstrated by staining the 4ssue with hydrazide (171, 

172) (Figure 5.11c). These data together suggest that the 4ssue folds are permanent structures of the 

colon that support direc4onal flow rather than just a disorganised region of connec4ve 4ssue. 
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Figure 5.11: Oriented connective tissue runs within the submucosal space in mouse, human 
and pig colon. Second harmonic imaging of human (a) and pig (b) colon. Fold-cross section of 
mouse colon (c). Images are representative of at least two independent experiments.
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5.2.9 Systemic sampling of an:gen may occur in the colonic :ssue folds 

Previous work has demonstrated that intravenous administra4on of ovalbumin is highlighted within 

villus macrophages in the small intes4ne (173), presumably because of the permeability of the small 

intes4nal capillaries, which are fenestrated to maximise absorp4on (174) which we reproduced 

(Figure 5.12a). We were curious as to whether equivalent sampling of systemic an4gen would take 

place within the colon. When we imaged the same animal’s colon we found that ovalbumin signal 

appeared to be within the colonic 4ssue fold (Figure 5.12b). Furthermore, there appeared to be a 

gradient of ovalbumin signal that was strongest in the fold and diminished propor4onately further 

away from the fold. This experiment was only done once and so is only sugges4ve and requires 

repe44on. However, if this finding replicates then it suggests that the colonic 4ssue fold is the first 

region of the colon where systemic contents are surveyed. If this is the case we hypothesised that 

post-capillary venules would be present in this region, which we turned to look at next. 
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Figure 5.12: Intravenous ovalbumin is sampled by phagocytic cells in the small intestinal 
villus and this is paralleled in the colonic tissue folds. Administration of intravenous 
ovalbumin 20 hours prior to sacrificing the mice highlights the villus macrophages of the 
small intestine (a) where vascular permeability is high. In contrast, the colon from the same 
animal demonstrates ovalbumin uptake from the systemic circulation within the colonic 
tissue folds (b). It appears that the intensity of ovalbumin uptake diminishes the further 
away from the tissue fold. Images are from a single experiment.
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5.2.10 Post-capillary venules are present in rela:on to the :ssue folds – inflow and ou_low 

Considering that the lympha4c network orchestra4ng ou8low from the colon lined the 4ssue folds, 

we were interested to understand whether inflow into the colon of immune cells was also related to 

these 4ssue folds. To inves4gate this, we stained the 4ssue for markers of post-capillary venules 

(PCVs), which have the molecular machinery required to allow cells to extravasate from the blood 

vasculature and enter the 4ssue, analogous to high endothelial venules (HEVs) found in secondary 

lymphoid 4ssue such as lymph nodes (175). We established that the PCVs were also found in the 

4ssue folds as evidenced by staining for PNAd (Figure 5.13a, arrowheads) and Madcam1 (Figure 

5.13b). Madcam1 is par4cularly relevant to colonic inflamma4on, as it is the ligand for α4β7 integrin, 

found on intes4nal homing lymphocytes (25), and the target of the medica4on Vedolizumab, which 

has transformed the treatment of pa4ents with IBD (176, 177). Madcam1 expression was also seen 

in associa4on with a colonic 4ssue fold-associated lymphoid structure, with expression of Madcam1 

switching on within the structure itself (Figure 5.13b, double arrowhead), sugges4ng that this region 

is where leukocytes are extravasa4ng from the systemic circula4on. This characterisa4on of the 4ssue 

folds highlighted to us the coupling of leukocyte inflow and ou8low in these regions, which will be of 

great interest in further targe4ng these pathways in IBD. 
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Figure 5.13: The colonic folds as associated with postcapillary venules. PNAd (a) 
and Madcam1 (b) staining within tissue folds highlight postcapillary venules. In (a) 
there are arrowheads tracing this vessel, and in (b) the point at which the vessel 
starts expressing Madcam1 is demonstrated by a double arrowhead. Images are 
from a single experiment.
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5.2.11 Colonic photoconversion of endogenous tracer enables visualisa:on of entry and exit of 

inters::al fluid 

Biological understanding is inevitably restricted when injec4ng exogenous tracers such as FITC-

Dextran into the colon, even if done using a microinjector. Therefore, a longstanding goal was to 

create a method to track an endogenous substance within the inters44al fluid. High-density 

lipoprotein (HDL) is made in the liver and is a molecule that travels freely in the inters44um, which 

has previously been tagged to fluorescent GFP to track inters44al fluid (178). Professor Gwen 

Randolph has recently made a similar construct using a viral vector to express HDL tagged to Kikume 

Green-Red (KikGR), which upon laser ac4va4on converts from green to red and has previously been 

used to track cellular trafficking from the ileum (102), but here adapted to track the inters44um with 

HDL. 

The ques4on was whether this tool could track inters44al ou8low and if it appears like the previous 

FITC-Dextran tracer injec4ons. A pre-photoconversion image shows the proximal colon is green with 

red signal at the boQom reflec4ng stool autofluorescence (Figure 5.14a). Following photoconversion 

the green 4ssue turns red (Figure 5.14b). Arer 20 minutes imaging a live house it is possible to see 

the colonic fold stripes form (Figure 5.14e) as well as the lympha4c drainage of the red 

photoconverted molecule to the draining lymph node (Figure 5.14f, arrowheads).  

It must be noted that HDL in the plasma is s4ll green as it has not been photoconverted. On closer 

inspec4on, par4cular foci of green spots are visible which reflect molecules newly entering the colonic 

4ssue (Figure 5.14d, arrowheads). This is where new HDL is entering the 4ssue and highlights that 

vascular entry seems to be occurring at ‘hotspots’ along these folds. This experiment has only been 

done once by Dr Rafael Czepielewski and so remains to be validated further. 
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Figure 5.14: Endogenous interstitial tracer demonstrates drainage via folds into the colonic 
draining lymph node with new contents arriving to the tissue at ‘hotspots’. The colon is seen 
before photoconversion (a), immediately after photoconversion (b-c) and 20 minutes after 
photoconversion (d-f). Images are from a single experiment conducted by Dr Rafael 
Czepielewski at Washington University in Saint Louis. 
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5.2.12 Folds are in con:nuity with the peri-vascular space 

We were curious as to why a specific subset of mononuclear phagocytes are enriched in the fold space 

and the con4nuing submucosa. To answer this, we considered the presence of the muscle layer that 

surrounds the 4ssue and noted that at the regions where the large vasculature enters the 4ssue, the 

muscle was significantly thinner (Figure 5.10e-f cross-sec4onal images, Figure 5.15b cross-sec4onal 

image, Figure 5.16a cross-sec4onal image). Figure 5.16 follows one of these large vessels along its 

length and then into a fold, where the perivascular space can be appreciated turning into a colonic 

4ssue fold. This is because all blood supply to the colon enters from the outside in, and so the 

vasculature must penetrate through the muscle to supply the colon. We have shown that lympha4cs 

drain the contents of the submucosal space and pair up with the large blood vasculature (Figure 5.15). 

However, we remain unclear as to where exactly in the 4ssue the contents would enter the lympha4cs 

rather than travel in the perivascular space. As we have seen, the vasculature enters the 4ssue 

through these gateways in the muscle and so the space around the vessels could also contain contents 

from the submucosa that could leak into the peritoneum if not captured by these mononuclear 

phagocytes. Therefore we hypothesise these fold-associated mononuclear phagocytes that are 

con4nue with the perivascular mononuclear phagocytes around large vessels are primarily 

func4oning to prevent leakage of colonic contents that drain via this ou8low pathway. 
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Figure 5.15: The tissue fold spaces are connected to perivascular spaces. The base of a tissue 
fold is highlighted by crosshairs in (a) and the lumen of a large vessel is highlighted by 
crosshairs in (b). Images are representative of at least three independent experiments.
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Figure 5.16: The large blood and lymphatic vessels entering the colon must penetrate through 
the external muscle layer and perivascular spaces are created in continuity with colonic tissue 
folds. The crosshairs trace the path from a large vessel lumen (a) to where lymphatic straps 
come near (b) to the edge of a fold (c) to the middle of a fold (d) showing these are all in 
continuity. Images are representative of at least three independent experiments.
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5.3 Visualisa>on of 3D changes in inflamed colon demonstrates loss of >ssue folds and 

true lymphangiogenesis  

So far, we have extensively characterised the colonic 4ssue folds primarily in homeostasis as we 

realised that this had previously received liQle aQen4on in the literature. We wanted to turn our 

aQen4on to inflamma4on to see how that would affect the 4ssue folds and this will be the focus of 

this sub-chapter. 

5.3.1 Colonic :ssue folds are lost in inflamma:on 

To induce inflamma4on in the murine colon we used DSS coli4s as a model. We observed loss of 4ssue 

folds that correlated with the degree of inflamma4on (Figure 5.17). Early DSS at day two (Figure 

5.17a) s4ll has folds that maintain their structure, but by day nine (Figure 5.17b), the fold structure is 

lost. This was even clearer with 3D imaging from another DSS experiment at day seven where the 

colonic fold structure has been completely lost (Figure 5.17c and Figure 5.18). As highlighted earlier, 

fixa4on of healthy colonic 4ssue arer agarose distension did not get rid of the 4ssue folds, confirming 

that inflamma4on leads to a loss of the fold structure by a mechanism other than increased pressure. 

We are s4ll unclear on the precise mechanism of how inflamma4on induces loss of the colonic 4ssue 

folds, which forms ongoing research. More recently, I have discussed quan4fica4on methods with Dr 

Adrien Hallou, who is a biophysicist, and aspects such as the periodicity and amplitude of the colonic 

folds can be quan4fied and then formally compared with sta4s4cal analysis (e.g. t-test between 

baseline and peak of inflamma4on) to confirm our ini4al observa4ons. This forms the immediate next 

steps in the project. 
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Figure 5.18: Colitis results in loss of tissue folds visualised with 3D imaging. Imaging from 
the muscle layer (a) rotating through to the luminal side (e) with a cross-section of the colon 
in (f) showing loss of the tissue folds at day seven of DSS colitis. Images are representative of 
at least three independent experiments.
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5.3.2 Colonic lymphangiogenesis is only truly appreciated in 3D imaging 

As outlined, many studies on lympha4c vasculature in the context of inflamma4on state the presence 

of lymphangiogenesis in inflamma4on. However, these studies are oren making conclusions based 

on 2D imaging. Here we show the true effect of inflammatory lymphangiogenesis in the context of 

DSS coli4s (Figure 5.19). The muscle layer lympha4cs (Figure 5.19a) and sub-epithelial layer 

lympha4cs (Figure 5.19b) are visualised and projec4ons from the main vessels are seen (Figure 5.19a-

b, arrowheads). The striking feature of finger-like projec4ons in both the sub-epithelial and muscle 

layer of lympha4cs resembles the finger-like projec4ons that were enriched in the fold regions in the 

steady state colon (Figure 5.19c, arrowhead). The cellular mechanisms and 4ssue signals for 

lymphangiogenesis specific to the colon remain unknown and will form the basis of future work. 
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Figure 5.19: Colitis induces lymphatic vessel sprouting in both layers of colonic lymphatics. 
Dextran sulfate sodium (DSS) was used to induce colitis in mice and the colons were imaged 
at the peak of colitis at day seven. The muscle layer (a) and subepithelial layer (b) of 
lymphatics demonstrated architectural changes with small sprouts that appeared from the 
main lymphatic vessels (arrowheads). When the cross-section of the colon is visualised in 
colitis (c), the branches of the muscle layer lymphatics towards the lumen can be 
appreciated (arrowhead). Images are representative of at least two independent 
experiments.
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5.4 Human colonic imaging reveals >ssue folds which are also lost in inflamma>on  

Having extensively characterised the murine colonic lympha4c vasculature and 4ssue folds, we 

wanted to turn our aQen4on to the human colon to understand what similari4es there may be. We 

start by revisi4ng a gross specimen of freshly resected human colon from a healthy young male 

pa4ent who was an organ donor following a road traffic accident. Following this examina4on, we 

looked at the histology of human colon sec4ons to understand the arrangement of the 4ssue folds 

and finally consider the folds in human ulcera4ve coli4s, which was all collabora4ve work with 

contributors iden4fied in the text. 

5.4.1 Gross human colon specimen reveals :ssue folds orientated perpendicular to the lumen 

With the help of a surgical colleague, Dr Mark Hoofnagle, we iden4fied the arterial vasculature to the 

colon and perfused the 4ssue with 100ml 4% PFA. The 4ssue had already been perfused with solu4on 

prior to transplanta4on so the majority of the red blood cells had been washed away. We then opened 

a por4on of the proximal colon and arer clearing out the stool we inspected the inner (Figure 5.20a) 

and outer (Figure 5.20b) surface of the 4ssue arer opening it along the mesenteric border. We 

immediately no4ced the presence of numerous 4ssue folds, similar in appearance to the mouse 

proximal colon, but in a strictly perpendicular alignment to luminal flow (Figure 5.20a). It is important 

to specify that these internal folds are not the same as the haustral folds that are observed 

radiologically but are far more numerous than the haustral folds. We then observed that the 4ssue 

folds did not traverse the en4re circumference of the colon, but rather formed three discrete sets. 

This contrasts to the mouse colon where there are two sets of folds in the proximal colon (Figure 5.1d 

and 5.2).  
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We then injected Evans blue dye into one of these colonic 4ssue folds and observed that it remained 

within one fold and did not spread laterally to other folds (Figure 5.20c). We injected another 

specimen with blue dye in two folds separated by a fold in the middle and found that they remained 

within their folds and did not migrate (Figure 5.20d). Of course, this is an imperfect experiment as the 

sample was fixed ex vivo and may not reflect true migra4on paQern and was only done in one pa4ent 

sample. Nonetheless, it provides evidence that 4ssue folds in human colon can contain the spread of 

injected tracers equivalent to the mouse but requires further clarifica4on with injec4on into fresh 

4ssue. 

5.4.2 Histological assessment of human colon confirms colonic folds containing mucosa and 

submucosa 

With the help of an academic pathology colleague, Dr Cathy Ma, we were able to clearly confirm that 

their histological assessment matched ours in iden4fying colonic 4ssue folds (Figure 5.21b-c). In 

human 4ssue, unlike the mouse, small intes4ne has a similar appearance of fold structures projec4ng 

into the lumen (Figure 5.21a, Figure 5.21c). Furthermore, histological sec4ons of the colonic 4ssue 

demonstrate lymphoid aggregates posi4oned within folds (Figure 5.21d-e), analogous to those seen 

in the mouse. 
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5.4.3 Colonic :ssue folds and disease extension in ulcera:ve coli:s 

The final sec4on of this chapter turns our aQen4on to inflamma4on in the human colon in the context 

of ulcera4ve coli4s. Ulcera4ve coli4s has a peculiar feature where inflamma4on typically starts in the 

distal colon and disease extension happens in a distal to proximal manner (179). We consider what 

contribu4on the colonic 4ssue folds may be playing specifically in the case of proximal extension of 

the disease, which can happen within the space of mere hours, and currently has no plausible 

explana4on in the field. 

A sharp demarca4on line of oren seen between healthy and inflamed 4ssue (Figure 5.22a, arrow 

showing disease margin). What is striking to us is the loss of 4ssue folds in the inflamed regions, but 

the presence of normal 4ssue folds in the regions that are uninflamed. When considering the sharp 

demarca4on seen in ulcera4ve coli4s, we can rule out several factors that are very unlikely to explain 

it. This includes the gut microbiome, which has numerous links to inflammatory bowel disease, but is 

unlikely to migrate upwards against luminal flow, nor the blood vasculature, which can result in 

ischaemic coli4s affec4ng discrete regions of the colon.  

Professor Gwen Randolph had archived histological sec4ons specifically across the disease margin 

and shared these slides with us (Figure 5.22b-d). What is clear is the presence and absence of 4ssue 

folds across the margin which correlates with the gross histology. What is further made apparent is 

the presence of inflammatory cells in the submucosa in the regions where the folds are absent (Figure 

5.22d, asterisk). This stands in contrast to previous dogma that ulcera4ve coli4s is a superficial disease 

of the colonic mucosa, and in fact suggests that the route of spread of this inflamma4on more 

proximally is via the submucosal space.  
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a b

c

d

Figure 5.22: Human ulcerative colitis often has a sharp demarcation line between inflamed 
and healthy tissue with associated loss of tissue folds in inflammation. Inflammatory margin 
in ulcerative colitis (a) – image adapted from Uzzan et al. Nature Medicine (2022). Border of 
inflammation between healthy and inflamed samples from Professor Gwen Randolph (b-d) 
with border highlighted by black dotted line. Example of inflammation in the submucosal 
space highlighted with an asterisk in (d).
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When we turn back to consider the 4ssue injec4ons of the murine colon, we observed that these did 

not move proximally, but only within the fold or further distally (Figure 4.13). This gave us the idea 

that the colonic 4ssue folds may play a role normally allowing fluid to migrate out of the colon, or 

more distally, but the proximal extension seen in ulcera4ve coli4s is a rare event where the 4ssue 

folds fail to restrain the spread of inflamma4on in a more proximal manner. 
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5.5 Discussion 

In this chapter we have iden4fied the colonic 4ssue folds as anatomical units, which are not 

eliminated by distension, and are associated with immune cells including lymphoid aggregates and a 

network of fold-associated mononuclear phagocytes capable of endocytosing cargo travelling within 

the fold such as ovalbumin. The fold units also appeared to be responsible for the uptake of contents 

from the systemic circula4on, which appeared to be at ‘hotspots’ along the fold itself. In the context 

of inflamma4on in both human coli4s and mouse models of coli4s, the 4ssue folds were lost, and we 

speculate that this may lead to progression of disease by enabling inflammatory fluid contents to 

con4nue migra4ng up within the submucosal space rather than being contained by a 4ssue fold prior 

to exit from the colon.  

This raises the ques4on what happens to 4ssue folds in the resolu4on of inflamma4on. Anecdotally, 

following endoscopic healing in ulcera4ve coli4s, pa4ents have a return of their colonic folds, but a 

subset of pa4ents develop a ‘tubular’ colon, which is characterised by an absence of 4ssue folds. It is 

interes4ng to consider at what point this goes from a reversible to an irreversible process, and to 

search for the factors that lead to the re-forming of folds, which is an idea for future study. 

The fold structure is reminiscent of the small intes4nal villus, albeit on a much larger scale. We had 

the idea that perhaps en4re fold units could be shed off into the stool, similar to how villi may be lost. 

It is an aQrac4ve idea biologically as there would only be a short distance required for 4ssue repair if 

the 4ssue broke at the base of the fold. We searched in the stool contents of the mouse arer washing 

the stool through a filter to see whether we could iden4fy any intact fold structures but did not find 

any. 
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The limita4ons of the further study of 4ssue folds include the absence of mouse models of coli4s that 

cause a distal to proximal progression of inflamma4on like human ulcera4ve coli4s. It is also 

understandably challenging to access human inflamed colonic 4ssue to be able to track inters44al 

ou8low in the way we did for the mouse. However, an interes4ng approach may be to inject a 

submucosal taQoo into the disease margin (which is already something that is done endoscopically 

to mark sites in the colon) just proximal to the coli4s margin along with local steroid and/or an4-TNFα 

medica4on, to see whether this may prevent further spread of inflamma4on by the drug staying 

within the 4ssue fold itself, as well as being able to assess the disease margin iden4fiable by the taQoo 

at future colonoscopy or at the 4me of resec4on should this be what the pa4ent requires. 

A further limita4on to this imaging data is quan4fica4on methods. Established tools such as ImageJ 

(180), QuPath (181) and histoCAT (182) exist to quan4fy imaging, but this is more challenging with 

the three-dimensional approaches that we have used. An ongoing aim of this research is to develop 

ways to quan4fy the changes that we have observed to be able to compare more systema4cally 

between groups. 

Finally, we were curious as to whether the colonic 4ssue folds could mediate local adap4ve immune 

responses, as they have the machinery to allow cellular entry and exit as well being in prime posi4on 

to sample mucosal an4gens. This is something that we were unable to explore within the 4meframe 

of the research, but certainly something to follow up on in the future. A fascina4ng experiment to 

conduct would be to 4e off the murine colonic draining lympha4cs and allow the mouse to recover 

followed by inducing coli4s and inspec4ng the immune responses that happen when leukocytes 

cannot leave the 4ssue, which could form future work in this field. 
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6 Discussion 
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6.1 Summary of findings 

This thesis sought to characterise the lympha4c vasculature in the colon in both health and 

inflamma4on. We did this using several methodologies including flow cytometry, transcriptomic-

based approaches, and novel imaging techniques with inters44al tracer studies to look across the 

4ssue in 3D. This is the first 4me that this has been done to characterise the colonic lympha4c 

vasculature. 

Ini4ally, flow cytometry was undertaken with the inten4on of mirroring the analyses that is oren 

used to establish the numbers and phenotypes of immune cells in the colon in the context of 

inflamma4on. However, despite significant op4misa4on, we concluded that this method was not 

par4cularly well-suited to study the vasculature by assessing changes in the number of endothelial 

cells in different contexts. This is because the signal-to-noise ra4o is far greater with haematopoie4c 

cells in the context of inflamma4on, which change by an order of magnitude, compared to endothelial 

cells. This makes intui4ve sense as haematopoie4c cells can be mobilised from the bone marrow and 

circula4on and are ready to respond rapidly in number in the context of inflamma4on, whereas the 

turnover of endothelial cells within vessels is far slower and cannot be increased by recruitment of 

circula4ng cells from the blood.  

The use of flow cytometry did, however, enable us to op4mise the diges4on of the 4ssue for 

endothelial cells and so then give us the ability to sort these cells for sequencing. This is something 

that has liQle precedent in the literature as lympha4c endothelial cells are far more fragile and 

infrequent compared to most haematopoie4c cells. The ability to sequence these cells offered new 

insights into the transcriptome of lympha4c endothelial cells both in homeostasis and inflamma4on. 

We found that a subset of lympha4c endothelial cells changed significantly in the context of 
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inflamma4on and demonstrated an interferon-responsive signature. Furthermore, we found that a 

different subset of lympha4c endothelial cells expressed Icam1 in inflamma4on. This suggested that 

these subsets of cells were present in dis4nct loca4ons, and the localisa4on of these is the focus of 

ongoing work.  

In the second results chapter, we changed focus to visualising the 3D anatomy of the colonic lympha4c 

vasculature. We found the orienta4on and structure of the lympha4c drainage of the colon was 

markedly different to the small intes4ne. The lacteal structure that was seen in every villus of the 

small intes4ne was absent in the colon, and rather there is a network of lympha4c vessels at the base 

of the colonic crypts that can be appreciated when visualising a colonic cross-sec4on. What we had 

also no4ced is that when these vessels are then displayed in 3D, there is an even greater 

superstructure which varies at the colonic 4ssue folds. Furthermore, these folds contained numerous 

lymphoid aggregates, which we reasoned were located strategically to gain priority access to 

absorbed an4gen. These findings were only appreciated when we imaged at the scale we were able 

to and with the methods that we had developed in this project. 

 This anatomical understanding prompted us to uncover the drainage paQern of inters44al fluid from 

the colon in the second half of the second results chapter. Our data revealed that the 4ssue folds in 

the colon were units that orchestrated inters44al ou8low and drainage to the draining lymph node. 

Again, this was unique to the colon compared to the small intes4ne and had not previously been 

described. 

In the final results chapter, we further characterised these 4ssue folds and found that they had a 

specific network of macrophages within them that were able to phagocytose cargo that was injected 

a significant distance away. This highlighted that the 4ssue folds are in con4nuity over large distances 
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and form a route within the 4ssue that permits trafficking of contents that is dis4nct to the lumen. 

The 4ssue fold contents eventually end up in the outgoing colonic lymph, which reaches the colon-

draining lymph node in the mesentery.  

We found that the colonic 4ssue folds changed significantly in the context of inflamma4on, with 

remodelling and loss of structure observed. We were curious as to whether this was simply a 

consequence of physical disten4on and confirmed that this was not the case by infusing the health 

colon with agarose and seeing that the folds were s4ll present projec4ng into the lumen.  

Our overall findings outline the drainage pathway of the colonic 4ssue for the first 4me to our 

knowledge. We have iden4fied a func4on for an overlooked aspect of colonic anatomy, which are the 

4ssue folds. We will next turn to understanding how we can place this in the context of the wider 

research literature.  
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6.2 Placing these findings in the wider context and future direc>ons from our work 

6.2.1 Pathogenesis of inflammatory bowel disease 

The pathogenesis of IBD is mul4factorial, involving aspects of host gene4cs, 4ssue immunity, and 

environmental factors, and remains incompletely understood (29). Our findings fit into the wider 

context of towards further understanding the pathogenesis by shedding light on a neglected aspect 

of colonic anatomy and ou8low from the colonic 4ssue. Some evidence for con4nuity of the 

inters44al space has been described by injec4on of taQoo into the human colon endoscopically and 

iden4fying the taQoo pigment within macrophages and free within the submucosa, muscularis 

propria and mesenteric fascia, as well as in the draining lymph node at the 4me of colonic resec4on 

(183, 184). We build on this by finding that the predominant flow within the 4ssue appears to be 

within the fold region. 

Indeed, submucosal injec4on is a technique used during colonoscopy to help raise lesions to prevent 

perfora4on during endoscopic resec4on. This demonstrates that the submucosal space is one that 

has the poten4al to expand and accommodate fluid. Whether injec4ons of therapy can be placed 

directly into this space is an open ques4on and may be something to explore in the future if this can 

then spread via the submucosal space to the rest of the colon. A study in mice has shown that 

injec4on via colonoscopy of a compound can spread via the submucosal space, which demonstrates 

proof of principle of this approach (185). Furthermore, the use of submucosal injec4on in 

colonoscopy is commonly performed in the context of endoscopic mucosal resec4on and endoscopic 

submucosal dissec4on, so it may be possible to adapt this to administering therapeu4cs. It would 

make sense to start ini4ally with therapies that are known to work in IBD such as an4-TNFα to see if 
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direc4on injec4on would be of benefit. It may also be the case that this can be injected just above 

the inflamed margin of disease in ulcera4ve coli4s to prevent further extension.  

We believe the 4ssue-fold niche is significant in the context of ulcera4ve coli4s. As men4oned in the 

thesis, ulcera4ve coli4s typically starts in the distal colon and progresses proximally (186). We 

hypothesise that the 4ssue fold niche that we have described may be func4oning to restrain the 

spread of inflamma4on within the submucosa. As spread of inflamma4on and extension of disease is 

a rela4vely rare event, it may be the case that the folds normally func4on to restrain spread of 

inflamma4on, but when these get overwhelmed or fail, then the only remaining direc4on for 

inflamma4on to travel is more proximally up the colon. Interes4ngly, meta-analysis of clinical data 

highlights that approximately a quarter of pa4ents with limited ulcera4ve coli4s extend over 4me, 

but that this largely limited to happening within the first 10 years of diagnosis (187). This raises the 

possibility that some pa4ents may have a predetermined ability to adequately promote 4ssue ou8low 

linked to the 4ssue folds. 

Furthermore, most studies in IBD are based on human 4ssue from biopsy samples. Very few u4lise 

full thickness resec4ons, and indeed even when this is done, they are by defini4on therapy-refractory 

so it is a different cohort to those who would respond to medica4on. The findings from our work 

highlight that the immune cells of the mucosa and lamina propria is just the 4p of the iceberg when 

it comes to understanding the pathogenesis of IBD. An example of this idea is a study that iden4fied 

the contribu4on of enteric glia in the muscle layer of the murine intes4ne to sense and respond to 

enteric helminth infec4on (188). Moreover, even when looking at the mucosa, histology specimens 

from biopsies are oren orientated in various ways, and so only general paQerns of inflamma4on can 

be commented on rather than the larger anatomical structures that we have iden4fied through our 

work. Our future direc4on from this is to use well-orientated sec4ons of colonic 4ssue from health 
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and inflamma4on and pursue spa4al transcriptomics to iden4fy whether inflammatory signatures 

follow the pathway of 4ssue drainage that we have iden4fied. 

The increased u4lisa4on of cross-sec4onal imaging may go some way in improving our understanding 

of IBD. It is increasingly appreciated that the mesentery is involved in the pathogenesis of Crohn’s 

disease (189), and bowel wall oedema is a feature of severe ulcera4ve coli4s (190). Mesenteric lymph 

nodes may be enlarged and correlates of these radiological features at a histological and cellular level 

are lacking for understandable reasons. Animal models of coli4s can prove helpful in this context in 

iden4fying the mechanisms of what may be occurring in the deeper regions of 4ssue such as the 

submucosa, muscle layer and mesentery. Correla4ng these findings with human cross-sec4onal 

imaging may help us progress our understanding of the disease processes in IBD. 

Another aspect of the 4ssue fold relevant to immunity is that it enables inflammatory contents 4me 

to be dealt with prior to draining. In the context of loss of folds in IBD this may set up a vicious cycle 

of inflamma4on where the loss of a fold impacts on the next one in a sequen4al way. Another 

anecdotally relevant clinically feature is that pa4ents with loss of folds in inflamma4on tend to have 

the folds return when inflamma4on resolves. However, there is a small group of pa4ents who end up 

with resolved inflamma4on but a featureless, tubular colon. This may reflect the idea that 

longstanding inflamma4on permanently remodels the 4ssue folds and results in fibrosis of the 4ssue 

which becomes irreversible. A future direc4on related to this will be to perform further histological 

assessment of the colon from animal models of coli4s in the resolu4on of inflamma4on and evaluate 

whether the folds return or not. Alongside this, in the resolving phase, it would be interes4ng to 

profile the 4ssue to try to iden4fy factors that may contribute to the re-forming of the 4ssue folds, 

and this is a ques4on that we would also assess whilst evalua4ng spa4al transcriptomic data. 
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6.2.2 Intes:nal immune responses 

6.2.2.1 Lymphoid structures and leukocyte trafficking 

We iden4fied numerous lymphoid structures within the colonic 4ssue folds in mice and human. Work 

has been done to isolate the lymphoid structures in the human colon to characterise immune 

responses in this specific loca4ons (191, 192). An ongoing field of ac4ve research in intes4nal 

immunity is the understanding of immune responses that occur in the 4ssue compared to the draining 

lymph node. If lympha4c drainage is disrupted then we can imagine that leukocytes that would 

typically exit to the draining lymph node would get sequestered in the 4ssue folds for a longer 

dura4on, and then may get primed in the regional lymphoid structures. Moreover, it may be possible 

for the leukocytes to travel via the 4ssue fold spaces to other regions of the intes4ne and mount 

immune responses at the nearest lymphoid structure that is associated with the folds that we have 

iden4fied anatomically.  

A way to experimentally test this would be to perform lympha4c liga4on surgery on mice and then 

compare the fold contents to control animals in both health and inflamma4on. The forced 

accumula4on of leukocytes that are des4ned for exit to the colonic lymph nodes may result in 

differen4al immune responses in the 4ssue. Furthermore, they may be able to traffic within the 4ssue 

along the 4ssue folds to adjacent lymphoid structures to mount immune responses in these regions. 

In addi4on to impairment in cellular trafficking, the inters44al contents and cytokines would also 

accumulate in the fold regions, similar to the tracers that we injected in our studies. Small molecular 

weight substances could leave via the blood vasculature, but in the presence of lympha4c 

impairment, as has been described in IBD (102, 193–195), it is possible to imagine large molecular 

weight substances such as LPS accumula4ng in the 4ssue fold spaces, much like a sieve allowing 
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smaller par4cles through but not larger ones. This concentra4ng effect of poten4ally inflammatory 

mediators may well be responsible for the differen4al lympha4c finger-like projec4ons that are seen 

in the 4ssue in the fold regions, and this is something that we plan to characterise further in other 

cell types using spa4al transcriptomic technology. Of course, a liga4on model would make it hard to 

tease apart the effects of impaired cellular trafficking compared to inhibi4ng inters44al fluid ou8low. 

Within the scope of the research, further ques4ons arise as to what the consequence of altered 

leukocyte trafficking is on the immune response. Another aspect of leukocyte trafficking of relevance 

to IBD is that of egress from lymph nodes to then recirculate to the intes4nal 4ssue. It is known that 

modula4on of S1P by medica4ons such as ozanimod (196) is effec4ve in the induc4on and 

maintenance of remission in ulcera4ve coli4s. S1P modula4on is generally thought to work by 

preven4ng egress of leukocytes from the lymph nodes and therefore returning to the inflamed 4ssue 

(34, 197, 198). However, S1P modula4on also effects leukocyte egress from the 4ssue to the lymph 

nodes (Sci Rep 2024 ref). It would be of interest to understand the similari4es and differences of 

leukocyte egress from the 4ssue compared to the lymph nodes. 

Further ques4ons related to the localisa4on of immune responses arise from our work. The lympha4c 

vasculature is typically the route of cellular drainage from the intes4ne, but the venous drainage is 

via the hepa4c portal vein to the liver. A study characterised that in intes4nal inflamma4on, bacteria 

can enter the portal vein and the liver is able to prevent systemic spread; however, in the context of 

liver dysfunc4on, systemic immune responses were detected to commensal organisms (199). It is 

intriguing to further consider the loca4on of immune responses from our work. In par4cular, whether 

the rerou4ng of bacteria in intes4nal inflamma4on to the liver affects the immune response. A 

relevant clinical observa4on to this is that there is oren a discrepancy between intes4nal and 

systemic inflamma4on in the context of IBD, where pa4ents can have severe intes4nal inflamma4on 
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but rela4vely normal systemic inflammatory markers or vice versa. It would be of interest to correlate 

this with the route of drainage of intes4nal contents. 

6.2.2.2 Intes6nal mononuclear phagocytes 

We have iden4fied a subset of mononuclear phagocytes that are predominantly found in the fold 

region. These stand in contrast to the lamina propria macrophages oren studied from intes4nal 

biopsies, as well as the more recently characterised muscle layer associated macrophages associated 

with neurons and are self-maintaining (200–202). 

An obvious next step would be to deplete them to test the hypothesis that this subset of mononuclear 

phagocytes plays a specific role in prevent systemic spread of colonic contents. This would be 

interes4ng to compare to deple4ng all mononuclear phagocytes and mononuclear phagocytes from 

other loca4ons in the colon to see whether this phenocopies the result of deple4ng the specific 

subset that is located within the 4ssue folds. Different strategies exist to deplete mononuclear 

phagocytes. Colony-s4mula4ng factor 1 (CSF1) or CSF1 receptor (CSF1R) is crucial for the 

differen4a4on of macrophage popula4ons and deficiency of these factors lead to macrophage 

deficiency (203). Furthermore, CSF1 signalling is also required for the maintenance of macrophages 

in adult mice, and administering a blocking an4-CSF1R an4body depletes macrophages in a similar 

manner (204). We had the idea to administer the an4-CSF1R an4body by injec4on directly into the 

colonic fold to leverage the drainage paQern of the an4body to anatomically target the mononuclear 

phagocytes in the folds. However, we realised that the injec4on would only be able to target the folds 

that are visible to us and in the proximal colon during the intravital injec4on, and this would not be 

sufficient to target the en4re popula4on of fold-associated mononuclear phagocytes.  
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We iden4fied Lyve1 as a marker on the submucosal fold-associated macrophages in both mouse and 

human, in keeping with other studies (163). Lyve1 is also expressed on lympha4c capillaries, and we 

hypothesised that there may be some synergy in Lyve1 expression on macrophages and lympha4cs 

as a ligand for hyaluronic acid (205). Further experiments to test this could be done in Lyve1 deficient 

animals, which survive and have func4oning lympha4c vessels (206). Alterna4vely, Lyve1 itself may 

not be required for the protec4ve effect of these macrophages and just serve as a marker for their 

anatomical loca4on in the submucosa. In this case, using a Lyve1-Cre animal would be a way to target 

both the lympha4cs and macrophages, but to selec4vely deplete the Lyve1-expressing macrophages, 

this strain could be crossed to a Csf1r-flox animal so that only the macrophages expressing Lyve1 are 

depleted without affec4ng the lympha4cs.  

6.2.3 Intes:nal endothelial cell biology 

Oren, the main considera4on of endothelial cell biology in the context of immunity is their 

permeability and ability to recruit immune cells from the circula4on. Indeed, targe4ng this is the 

presumed mechanism of ac4on of vedolizumab, which blocks α4β7 integrin on leukocytes, which is 

normally used to enter intes4nal 4ssue via binding Madcam1 on intes4nal endothelial cells, and is a 

successful therapy in IBD (18). However, it is increasingly being appreciated that endothelial cells have 

further biological roles in addi4on to permeability and leukocyte recruitment. Endothelial cells have 

been shown to be environmental sensors and secretors of niche factors. For example, dietary 

metabolites such as aryl hydrocarbon receptor (AHR) ligands have recently been shown to be sensed 

by intes4nal endothelial cells (207). Furthermore, single-cell sequencing of endothelial cells across 

organs has revealed significant endothelial diversity (208). However, the specific role of the lympha4c 

endothelial cell-specific factors has received rela4vely less focus to blood endothelial cells.  
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In the context of inflamma4on, a paper highlighted the importance of endothelial cell-specific sensing 

of interferon-gamma in contribu4ng to intes4nal inflamma4on, as when the interferon-gamma 

receptor signalling was deleted specifically in endothelial cells, this ameliorated experimental  DSS 

coli4s (157). As the Cre drivers used in these studies target both blood and lympha4c endothelial 

cells, it is important to consider whether some of the effect was mediated by changes in interferon-

gamma sensing in lympha4c endothelial cells, which wasn’t directly addressed by the authors.  

We showed that the lympha4c endothelial cells of the colon resided in dis4nct loca4ons, and one 

specific area was beneath the epithelial stem cell niche. Recent interest has been drawn to these cells 

as studies have highlighted that intes4nal lympha4c endothelial cells that lie near the crypt base are 

able to secrete factors, termed ‘lymphangiocrine factors’ that can support the stem cell niche (53, 55, 

209). From our work, we aim to con4nue understanding the lympha4c-specific factors that are 

generated and especially if this has any link to the 4ssue fold structure that is observed to be lined by 

lympha4c endothelial cells. 

6.2.4 Tissue niches 

The intes4ne is comprised of repea4ng crypt units in the colon, and crypt-villus units in the small 

intes4ne (210, 211). The intes4ne stem cell niche is well-described with more differen4ated epithelial 

cells towards the top of the crypts and a stromal cell layer suppor4ng the niche immediately beneath. 

We believe that we have described a novel niche in the intes4ne, which is the 4ssue fold. This niche 

has a dedicated subset of mononuclear phagocytes for immunosurveillance and a dis4nct bed of 

lympha4c vessels. Furthermore, there are numerous lymphoid aggregates that are specifically 

associated with the fold units.  
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When intes4nal 4ssue is examined histologically, it is made up of repea4ng crypt units. We believe 

that we have uncovered another repea4ng unit of the colon, which is the 4ssue fold. This can only be 

appreciated on larger-scale imaging and so this is why it may have been overlooked un4l now. When 

studying intes4nal immunity histologically it is possible to get significant findings by repea4ng 

experiments and averaging the results over many samples, but we believe that if we can target 

histological analysis to comparable units of the intes4ne, it may be possible to have more homologous 

groups and thus make it more straigh8orward to iden4fy differences between groups.  

The closest previous descrip4on to the fold-niche is from a microbial perspec4ve from the luminal 

side of the colon. Using laser-capture microdissec4on techniques it has been understood that the 

microbial popula4ons that are associated with the folds are quite dis4nct to that found in the main 

lumen of the colon (212). 

6.2.5 Tissue ou_low across organs 

The idea of 4ssue drainage is important as if there is a choice of ou8low pathways this could impact 

on the immune response depending on where cells and an4gens drain to. The meningeal lympha4cs 

and glympha4cs are an example, where it was thought for a long 4me that there was no lympha4c 

drainage of these structures. When this discovery was made there was a paradigm shir in the 

understanding of neuroimmunology (213). More recently, it has been hypothesised that Alzheimer’s 

disease, where there is a build-up of amyloid beta pep4des (214) can be alleviated by s4mula4ng the 

lympha4c clearance of these proteins.  

We believe that the 4ssue ou8low from the colon has been similarly overlooked and that by taking 

this step to uncover this pathway, we will be able to further examine ques4ons related to immune 
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func4on. In the colon, there may be build-up of analogous inflammatory substances that may have 

pro-inflammatory effects from the submucosa. Indeed, as evidenced in histological sec4ons of 

ulcera4ve coli4s, it appears that disease spread is from the submucosal space, and so it would be of 

great relevance to profile what is in these spaces in health and inflamma4on, and to understand 

whether lympha4c clearance would assist in reducing inflamma4on.  

Targe4ng specific substances for lympha4c clearance is an unmet challenge, as of course simply 

increasing the lympha4c vessel number by s4mula4ng with pro-lymphangiogenic factors would not 

necessarily result in any differen4a4on of what is drained from the 4ssue. Furthermore, one 

detrimental consequence of lympha4c drainage is in fact the priming of immune responses against 

the an4gens that drain from the colon. What dictates whether pro-inflammatory or regulatory 

adap4ve immune responses occur in the draining lymph node is s4ll not fully established, and it would 

be important to consider whether other substances could be administered alongside s4mula4ng 

lympha4c drainage to ensure that a tolerogenic response would occur.  

Another contras4ng example of 4ssue drainage is that from the liver. The liver has a rich blood supply 

but how this is parsed and the degree to which it drains out of the liver via the blood vessels versus 

the liver lympha4c vessels is understudied (215–217). It would be very interes4ng to characterise the 

contents that drains to the blood versus lympha4cs and understand whether this changes in disease 

states such as cirrhosis. The research findings from our work will serve as an interes4ng comparator 

to 4ssue drainage in other sites such as the brain and the liver as outlined here. 
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6.3 Overall conclusion of the thesis 

This thesis has highlighted the lympha4c anatomy and ou8low pathway of inters44al fluid from the 

colon for the first 4me. The regional drainage paQerns are dis4nct to the colon and this understanding 

can be built upon to further study 4ssue immunity. The techniques developed during this thesis will 

be undoubtedly helpful to further study the colonic 4ssue in 3D as well as to appreciate the role of 

the deeper structures of the colon in the context of IBD pathogenesis, which cannot be readily studied 

with the use of colonic biopsy. We will con4nue to progress with the study of the colonic 4ssue in 

health and disease and deciphering the lympha4c ou8low has s4mulated new ideas for clearance of 

inflammatory components that may speed up the resolu4on of inflamma4on in IBD and help those 

pa4ents who do not respond to the therapeu4cs that are currently available. 
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