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Abstract 

The efficient functioning of the immune system is dependent on the coordinated 

movement and positioning of immune cells. These cells patrol the body and 

facilitate the clearance of pathogens, whilst maintaining self-tolerance and 

inducing adaptive immunity. The coordinated migration of cells into and within 

tissues is mediated by chemokines, a family of small chemotactic cytokines that 

are potent inducers of cellular movement. Chemokines and their cognate 

receptors have been shown to play key roles in health, and in a broad spectrum of 

diseases.  

After their secretion, chemokines can be controlled by proteases and interactions 

with atypical chemokine receptors that structurally resemble conventional 

chemokine receptors but cannot couple to the signaling pathways that they use.  

Instead, they are thought to degrade, transport or buffer extracellular chemokines 

to regulate their access to cells bearing conventional chemokine receptors. 

However, their functions in vivo remain to be fully defined. CCRL1, a member 

of the atypical chemokine receptor family, binds to CCL19, CCL21 and CCL25 

and is proposed to be a scavenger of these chemokines. Post-translational 

regulation of these chemokines is important because their interactions with 

cognate, conventional receptors CCR7 and CCR9, are critical for the 

development and functioning of the immune system. The work in this thesis 

primarily explores the importance of CCRL1 in regulating CCR7 ligands, but 

also considers the impact of protease-mediated ‘clipping’ on the function of 

CCL21 and other extended chemokines.  

Whilst in vitro evidence, and a growing body of in vivo evidence, supports the 

idea that CCRL1 serves an important role in the chemokine control, the true 

biological function of CCRL1 remains unclear. Therefore, the principal aim of 

this thesis was to further our understanding of the biology of CCRL1, mainly 

through the characterisation of CCRL1-deficient mice. Firstly, the effect of 

CCRL1 deletion on dendritic cell (DC) migration from the skin was investigated. 

Four distinct subsets of migratory DCs were examined in skin-draining lymph 

nodes at steady state and after induction of cutaneous inflammation. Under 
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inflammatory conditions, skin-derived DCs were identified by FITC painiting or 

by photoconverting the skin of Kaede transgenic mice. CCRL1 deficiency was 

found to result in a specific reduction in the abundance of Langerin+ skin-derived 

DCs in inguinal lymph nodes at rest, and although the initial inflammation-

driven arrival of DCs at skin-draining lymph nodes showed no requirement for 

CCRL1, DCs that took longer to reach these organs were substantially reduced in 

CCRL1-deficient mice. All DC subsets were affected, but overall it was 

epidermal Langerhans cells that showed the greatest requirement for CCRL1. 

Defective DC arrival at lymph nodes was accompanied by DC retention in 

resting and inflamed skin, and these cells struggled to leave CCRL1 deficient 

skin in ex vivo ‘crawl out’ assays. Further experiments demonstrated that, as 

expected, DC arrival at lymph nodes draining inflamed skin was heavily 

dependent on CCR7 in the models being used, and that increased levels of 

bioavailable CCL19 and CCL21 accompanied CCRL1 deficiency in inflamed 

skin. This suggested CCRL1 regulates chemokine to prevent DCs from 

becoming disorientated in the skin and failing to efficiently egress this tissue. I 

hypothesised that dysregulation of CCL19 rather than CCL21 may be 

particularly significant because of its greater diffusivity, and strikingly, 

inflammation-driven DC migration defects observed in CCRL1 deficient mice 

were completely reversed by genetic deletion of CCL19 in the same animals. 

To place these findings in an anatomical context, expression of CCRL1 in skin 

and lymph node was explored using CCRL1+/gfp ‘knock-in’ receptor mice and 

anti-CCRL1 antibodies. In skin, CCRL1 was abundantly expressed by 

keratinocytes, and found on lymphatic endothelial cells (LECs) that are traversed 

by migrating DC as they leave the skin. In lymph nodes draining the skin, LECs 

in the supcapsular sinus (SCS) were strongly CCRL1+. Although some 

leukocytes were found to express very low levels of eGFP in CCRL1+/gfp, the 

data suggested that CCRL1-mediated scavenging of CCL19 by keratinocytes and 

LECs facilitates CCR7-driven DC migration from resting and inflamed skin. 

CCRL1 expression in other secondary lymphoid tissues was examined and its 

role in regulating leukocyte populations residing in or around the SCS was 

explored. As in the inguinal lymph node, CCRL1 was restricted to the SCS LECs 

in other lymph nodes, such as the mesenteric lymph nodes that drains the 
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intestine. In the spleen, endothelial cells lining venules adjacent to the white pulp 

marginal zone specifically expressed CCRL1. The overall cellularity and 

microanatomy of lymph nodes and the spleen appeared normal in CCRL1-

deficient mice, as was the recruitment of CCR7+ cells into the spleen two hours 

after adoptive transfer. However, NK cells, iNKT cells and γδ T cells, which are 

thought to reside in intrafollicular regions, were less abundant in CCRL1-

deficient inguinal and mesenteric lymph nodes, although they were present at 

normal frequency in the spleen. CD169+ macrophages are intimately associated 

with CCRL1+ endothelial cells in the spleen. CCRL1 deficiency had no clear 

impact on these cells in the inguinal lymph nodes, and only resulted in a small 

increase in the abundance of these cells in the spleen, without obviously affecting 

their position. Strikingly, however, in mesenteric lymph nodes, CD169+ 

macrophages, and LECs with which they associate, were far more abundant 

when CCRL1 had been deleted and were aberrantly distributed throughout the 

lymph node parenchyma. The reason this phenotype is restricted to the 

mesenteric lymph node is unclear, but it might be related to the fact the intestine, 

unlike other non-lymphoid tissues, is an abundant source of CCL25. This, along 

with the immunological implications of these observations, requires further 

investigation. 

There is a lot of evidence that macrophages regulate lymphangiogenesis. The 

close association between LECs and CD169+ macrophages in lymph nodes, and 

the phenotype in CCRL1-deficient mesenteric lymph nodes, stimulated 

experiments to explore functional interactions between these cells. Inflammation 

in the footpad induced lymphangiogenesis in draining popliteal and inguinal 

lymph nodes. When clodronated liposomes were used to specifically deplete 

macrophages from the popliteal lymph node of WT mice, lymphangiogenesis 

appeared suppressed while it continued unabated in the inguinal lymph node 

where the CD169+ macrophage population was intact. WT and CCRL1-deficient 

mice responded similarly, and although preliminary, these data suggest that 

CD169+ macrophages play an important role in stimulating lymph node 

lymphangiogenesis. 

In addition to the CCRL1 studies above, other mechanisms that might regulate 

chemokines after their secretion were explored. Work published at the beginning 
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of my PhD showed that CCL21, which carries an extended C-terminus that 

anchors it to the extracellular matrix, can be cleaved by bone marrow-derived 

DCs (BMDCs) to release a more freely diffusible version. These findings were 

reproduced here using in vitro-derived human or mouse DCs. DCs were far 

better at cleaving CCL21 than other leukocytes, and they could also cleave 

CCL2, a pro-inflammatory chemokine with an extended C-terminus. 

Interestingly, a truncated version of CCL21 was detected in mouse secondary 

lymphoid tissues. It was larger than the version generated by BMDCs in vitro, 

and the nature of its truncation is not clear, but this shows that CCL21 processing 

occurs in vivo. If this form of CCL21 is more diffusible than the full-length 

protein, then it might be more available for regulation by CCRL1. However, 

neither forms of CCL21 were more abundant in CCRL1-deficient secondary 

lymphoid tissues than equivalent tissues from WT mice. 

CCR7 plays a critical role in directing DC egress from tissues, their entry into 

lymph nodes, and their movement within these tissues. The work presented in 

this thesis provides evidence of two mechanisms that regulate CCR7 ligands: 

CCRL1-mediated CCL19 scavenging and DC-mediated CCL21 cleavage. It 

reveals that, under certain circumstances, CCRL1 is critical for facilitating DC 

egress from peripheral tissues to the lymph nodes, and plays an indispensible role 

in regulating LECs and CD169+ macrophages in lymph nodes. These studies 

extend our understanding of CCRL1 and the chemokine networks at work in 

lymph nodes and other tissues, and form the foundation on which to explore the 

immunological importance of the regulation of extracellular chemokines. 
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  The following abbreviations are used in this thesis: 

 

AF647 Alexafluor647 

Ag Antigen 

αGalCer α-galatosylceramide  

AMPs Antimicrobial peptides 
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APC Allophycocyanin 

APCs Antigen presenting cells 
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CD Cluster of differentiation 

cDC Conventional dendritic cell 
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DC Dendritic cell 

dDCs Dermal dendritic cells 

DETCs Dendritic epidermal T cells 

DN Double negative 

DNA Deoxyribonucleic acid 

DSS Dextran sodium sulphate 
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HEV High endothelial venule 
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1 Introduction 

1.1 General Introduction 

The immune system is composed of a complex array of cells, organs and cellular 

mediators that function to provide the host with protection against disease and 

infection. The immune system must protect against viral, bacterial and fungal 

pathogens that are hard-wired to circumvent many of the immune system’s 

strategic defence mechanisms. It needs to do this whilst imposing minimal 

damage to the host itself. To add to this complexity, the immune system can fight 

tumours, repair wounds and clear dysfunctional cells but must also tolerate 

innocuous particles that enter the body. In the broadest sense, the immune system 

can be divided into innate and adaptive arms. The innate immune system is 

equipped to quickly recognise and respond to pathogenic insult and tissue 

damage through pattern recognition receptors (PRRs) encoded in the germline. It 

is populated by cells that have an inbuilt ability to control, destroy and clear 

pathogens and initiate and regulate processes of tissue repair. It provides fast 

immune protection against invading pathogens and helps to prevent their 

systemic dissemination. Often the innate response is insufficient to kill and clear 

the invading pathogen, and instead acts to control infection during the lag phase 

required for the establishment of the antigen-specific adaptive arm of the 

immune response. This typically develops 4-7 days after infection. The adaptive 

arm of the immune system is composed of a combination of highly specialised 

cells and components each of which is specific for a very limited range of 

antigens carried by the host or invading microorganisms. These antigen specific 

cells mature via a series of somatic mutations in their antigen-sensing receptors 

that equips them with high affinity receptors for a specific but highly limited 

repertoire of antigens.  

The activation of adaptive immune cells requires their interaction with antigen 

presenting cells (APCs) that link the innate and adaptive arms of the immune 

system. This activation leads to the development of immune effector cells and 

molecules that regulate the cells of the innate immune system to shape their 

ability to fight pathogens and repair damaged tissues. It also leads to the 
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generation of memory cells that are capable of swift and robust responses should 

the host encounter the antigen again. These cells are instrumental in providing 

efficient protection from re-infection, and are critical cellular mediators of 

effective vaccination strategies. The power of the immune system provides 

protection from pathogens but needs to be carefully controlled to avoid tissue 

damage and autoimmunity. This is achieved by regulatory immune cells and 

immunosuppressive molecules that actively counteract the inappropriate 

activation of the immune system and ensure that homeostasis is restored after 

deployment of immune attack. The concerted activation and regulation of 

immune cells and immune mediators ensures that, in a healthy individual, 

pathogens are efficiently eliminated with minimal collateral damage. 

To facilitate many of the aforementioned processes, leukocytes must be brought 

in contact with each other in lymphoid organs in order to propagate adaptive 

immune responses. These tissues are highly organised to provide a niche for 

immune cell development. All leukocytes originate in the bone marrow and then 

enter the blood. T cells then mature in the thymus whereas B cells mature in the 

bone marrow but undergo further maturation in the spleen. After their 

development and maturation, T cells and B cells localise in lymph nodes, the 

spleen and other secondary lymphoid tissues. These tissues provide a niche for 

the concentration and presentation of antigen and the interaction of APCs with 

antigen-specific T cells and B cells. Localisation of cells to these organs, and 

regions within them, is facilitated by guidance cues that orchestrate the spatial 

and temporal positioning of APCs and antigen specific T cells and B cells. These 

guidance cues are detected by appropriate surface receptors that translate the 

message via intracellular signalling pathways to initiate cell movement in a 

coordinated and directional manner, propelling receptor-bearing cells to 

particular locations. To ensure the correct homing of cells, peripheral tissues 

such as the skin and gut have a particular ‘address’ that attracts cells bearing the 

specific receptors for those molecules. The receptor repertoire of a leukocyte 

determines its homing properties and is a key aspect of its function.  

Cells regulate their surface receptor expression in order to facilitate their 

movement to and from the periphery and also to guide them to specific 

microanatomic regions in lymphoid organs and other tissues. This receptor 
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switching along with discrete expression of chemotactic molecules within lymph 

nodes helps to establish distinct lymphoid microenvironments that contain 

specific populations of cells, such as the B cell follicles and T cell zones. It is 

essential that cells are able to properly sense directional cues and move 

appropriately in order to mount an adaptive immune response and so they must 

express the appropriate receptors at the appropriate time. As there are a multitude 

of small chemical mediators present in the lymph node directing the movement 

of various cell types, it can be appreciated why it is necessary that this complex 

system of locomotive cues be tightly regulated to prevent aberrant cellular 

movement and localisation. 

After the recognition of antigen in lymphoid tissues, differentiated antigen 

specific T cells and B cells switch their surface receptors in order to move to 

other locations in the lymphoid tissue or to home to peripheral sites to perform 

effector functions. Subsequently, a small proportion of these cells will remain 

after the contraction of the effector T cell and B cell populations in order to form 

a pool of high affinity memory cells that are involved in protection against 

secondary infection. The localisation of these memory cells depends on 

expression of surface receptors for migratory cues. Some memory T cells transit 

through the blood and peripheral tissues patrolling the body, whereas others 

traffic through lymphoid tissues like naïve T cells. Similarly, antigen-specific B 

cells differentiate into plasma cells, switch their surface receptors to allow them 

to migrate to the bone marrow where they remain for extended periods of time 

producing high affinity antibodies. Alternatively, activated B cells can 

differentiate into memory B cells that are able to live for long periods of time 

circulating through secondary lymphoid tissues and that respond quickly upon 

secondary exposure to antigen. Plasma cells and memory B cells will produce 

high affinity antibodies as they have undergone somatic hypermutation (SHM) 

and affinity maturation, in structures called germinal centres that form within 

secondary lymphoid tissues. 

Receptor switching and cellular homing must be tightly controlled in order to 

ensure the proper positioning of cells during development, homeostasis, immune 

surveillance, tolerance and memory. Chemokines are small, secreted proteins 

that play a critical role in directing leukocyte migration by interacting with 
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receptors that decorate leukocyte surfaces. Their function is subject to various 

levels of regulation that help ensure that leukocyte localisation is precisely 

controlled. A breakdown of this control can lead to aberrant cellular localisation. 

This thesis will investigate the role of an atypical chemokine receptor that is a 

member of a family of proteins that have been described as having the ability in 

vitro and in vivo to regulate chemokine abundance and localisation. In this 

introduction I will discuss the development and organisation of the immune 

system with a specific focus on chemokines and chemokine receptors and the 

key immunological roles these molecules play.  
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1.2 Lymph Node Structure and Function 

Lymph nodes and other secondary lymphoid tissues are essential for the 

concentration of immune cells and antigen in order to initiate and propagate 

adaptive immune responses1-5. The architecture and organisation of the lymph 

node is represented in (Figure 1.1).  
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Figure 1.1: The structure of the lymph node.  

The lymph node is surrounded by a fibrous capsule (shown in orange) overlying the subcapsular 

sinus (SCS) that is fed with lymph draining in via lymphatic vessels originating in peripheral 

tissues. Within the SCS region lies a specialised population of CD169+ macrophages that 

sequester antigen and pathogen entering via the SCS. CD169+ macrophages are also present in 

the medulla of lymph nodes, which is also home to populations of antibody-producing plasma 

cells. B cells are positioned within follicles that lie underneath the SCS. These follicles contain 

follicular dendritic cells (FDCs) that are involved in antigen presentation to B cells, and are sites 

where germinal centres develop. T cells are positioned in the medullary regions (paracortex) that 

are also home to antigen presenting cells including DCs. The regions between B cell follicles 

(interfollicular regions) are populated by DCs and T cells, but also contains populations of 

innate-like lymphocytes such as NK cells.  Soluble antigen, immune complexes, pathogens and 

DCs arrive at the lymph node by way of the afferent lymphatic vessels whereas B cells and most 

T cells arrive via the HEVs. If a T cell does not encounter its cognate antigen it exits the lymph 

node via the efferent lymphatic vessels, which is also the route by which lymph leaves the lymph 

node. The efferent lymph often contains antibodies released by lymph node plasma cells and it 

eventually drains back into the blood at the thoracic duct 
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The lymph node is compartmentalised into specific zones to increase its 

efficiency in bringing together naïve T or B cells with appropriate APCs. B cells 

are located in B cell follicles that are situated underneath the SCS that is located 

just beneath the lymph node capsule. Under steady-state conditions these 

follicles contain naïve and memory B cells. T cells are located in a specialised 

lymph node compartment known as the T cell zone. Within this region are APCs, 

most importantly DCs, that present antigen to naïve T cells in order to induce 

tolerance or initiate adaptive immune responses. This compartmentalisation into 

B cell follicles and T cell zones is only possible due to the discrete expression of 

chemokines and other molecules within the B cell follicles and T cell zones. 

These cues only attract cells with the specific cognate receptors and thus help to 

establish lymph node compartmentalisation. This also occurs in the spleen, 

which is discussed in section 1.8, and other secondary lymphoid tissues such as 

Peyer’s Patches (PP). 

It is essential that antigen be delivered to the lymph node in a timely and efficient 

manner. To achieve this, lymphatic vessels draining from peripheral sites carry 

antigen-loaded APCs and soluble lymph-borne antigen to the lymph node. The 

passage of small lymph-borne molecules into the lymph node parenchyma occurs 

via a system of fibroblastic reticular cells (FRCs)6 that form an interconnected 

network – the conduit system. Lymph node resident DCs are able to survey the 

contents of the conduits to acquire antigen and present it to T cells in the T cell 

zones. In order to bring together naïve T cells and antigen loaded DCs, the FRCs 

secrete small chemoattractant molecules7. Therefore, the FRCs act as a physical 

network on which T cells can migrate during their “random walk” behaviour 

when in search of their cognate antigen. Only low molecular weight molecules 

(<70kDa) can travel in the conduit system. Thus, antigen is excluded from entry 

to the T cell zone based on size, so the conduit system also acts as a form of 

lymph node filter. Chemokines can drain from inflamed tissues found upstream 

of the lymph node and then travel down the conduits and be presented on high 

endothelial venules (HEVs) and thus influence the entry of leukocytes to lymph 

nodes. Other small inflammatory mediators, such as cytokines like TNFα, can 

also enter lymph nodes from peripheral tissue via this route. Within the FRC-rich 

T cell zone, initiation of T cell responses occurs. During this time, important 
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decisions are being made. These decisions define the fate of the responding T 

cell – the balance between tolerance and immunity, migratory potential and the 

type of T cell that will be induced. These decisions are driven by the 

characteristics of the APCs and are thought to be influenced by the FRC network 

facilitating the concentration of soluble lymph-borne antigen that can be sampled 

by lymph node resident APCs 8-11.  

The conduit system extends into B cell follicles and delivers low molecular 

weight antigen that can be picked up by cognate B cells. B cell follicles lack 

FRCs but contain a distinct cell population termed FDCs that enwrap the 

conduits and are responsible for the attraction and retention of B cells by 

secreting B cell chemoattractant molecules. They are also important secretors of 

B cell activating and survival factors including B cell activating factor (BAFF), 

IL-6 and IL-112. FDCs also play important roles in antigen acquisition and 

retention within B cell follicles13-15. They do so by acquiring immune complexes 

from non-cognate B cells via their complement receptors and recycling them on 

their surface for display to cognate B cells. In contrast to the FRC network that 

shuttles low molecular weight antigen from the SCS into the T cell area, FDCs 

do not extend to the SCS region. Instead they are positioned deep within 

follicles. The reason for this is unclear but it might ensure that they are protected 

from interactions with macrophages and DCs and so that opsonised antigen can 

be displayed on their surface for longer periods of time without being removed 

by phagocytes. The mechanisms underpinning the relay of larger antigens from 

the SCS to FDCs remain to be fully understood.  

The SCS is a very important region within the lymph node and is home to a 

variety of immune cell types each with a specific function16. As this is the entry 

point for viruses, bacteria and antigen, it is essential that these pathogens are 

appropriately contained at this site. This job belongs to a specialised population 

of CD169+ macrophages that are positioned between LECs on the floor of the 

SCS. These cells act to limit pathogen dissemination in lymph nodes whilst 

constantly sampling lymph arriving in the subcapsular sinus17. They are poorly 

phagocytic and instead antigen is captured and decorates the surface of these 

cells. It is thought that these macrophages constantly deliver antigen to B cells 
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moving within the underlying follicles17 and these B cells may transport and 

deposit this antigen to FDCs18,19.  

As mentioned previously, the antigen that arrives by way of the afferent 

lymphatics can be soluble, particulate, or cell-associated. Under steady state 

conditions, immature DCs in peripheral tissues constantly sample their 

immediate environment for “self antigen” and constitutively traffic by way of the 

lymphatic network to draining lymph nodes, and finally into T cell zones. Here 

they play an important role in deleting auto-reactive T cells, and so are important 

players in the maintenance of peripheral tolerance to self antigen20-22. DCs 

located at peripheral sites can also encounter foreign antigen and pathogen. In 

this case, they internalise antigen, become activated, and transit to draining 

lymph nodes. Collecting LECs express chemoattractant molecules that attract 

DCs into lymphatic vessels, and chemoattractants also drive the extravasation  of 

DCs out of lymphatic vessels into the parenchyma on the lymph node. Once 

inside the lymph node, DCs must position themselves within the T cell zones in 

order to present their antigen payload to naïve T cells via their MHCII molecules 

(or MHCI when the DCs are capable of cross-presentation). Chemoattractant 

molecules largely orchestrate this behaviour and the FRC network facilitates DC 

migration within a lymph node and plays an important role in increasing DC-T 

cell “contacts”.  

Unlike the entry of tissue-derived DCs that transit via the lymphatic system, the 

entry of lymphocytes into lymph nodes occurs mainly from the blood as it passes 

through HEVs that are present in the T cell zones of the lymph node and at the 

T/B boundary23. Extravasated lymphocytes are directed to specific regions of the 

lymph node by chemoattractant molecules that are specific for B cells and T 

cells. Lymphocytes that do not encounter their cognate antigen within 12-18 

hours of entering the lymph node exit by way of the efferent lymphatics and then 

continue on their quest to encounter cognate antigen by moving from lymph and 

into the blood where they are carried to other secondary lymphoid tissues. 

Sphingosine-1-phosphate (S1P) regulates exit of both T and B cells. S1P is an 

extracellular ligand for a group of G-protein coupled receptors including S1PR1. 

S1PR1 drives the egress of lymphocytes from lymph nodes by way of the 

efferent lymphatics 24,25. S1P levels are much lower in the lymph node compared 
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with the lymph and blood. S1PR1 on lymphocytes in the lymph and blood is 

desensitised by the high levels of S1P, and therefore these cells become 

unresponsive to S1P. Once they enter lymph nodes, their responsiveness to S1P 

is slowly re-established and eventually reaches a level at which lymphocytes 

become responsive to S1P in the lymph and then egress out of the lymph node 

into efferent lymphatics. This cycling between sensitisation and desensitisation 

allows lymphocytes to overcome retention signals they encounter in secondary 

lymphoid organs25.  

1.3 The Cellular Orchestra of the Lymph Nodes 

After birth, all leukocytes originate in the bone marrow and mature in primary 

lymphoid organs such as the thymus for T cell maturation and the bone marrow 

for B cell maturation and all other leukocyte subsets. Lymph nodes and other 

secondary lymphoid tissues provide a niche for the concentration of mature 

lymphocytes and also many other leukocyte subsets each with specific functions. 

These leukocytes are unique in their ontogeny, function, location and mode of 

activation. I will next outline the functions of specific leukocyte subsets that are 

found in lymph nodes and which will be studied in this thesis. 

1.3.1 DCs 

Dendritic cells are a group of heterogeneous APCs that are highly efficient at 

activating or tolerising naive T cells and thus initiating adaptive immunity and 

peripheral tolerance, respectively. DCs can be defined based on their 

functionality but also on their development, activation and localisation. Classical 

DCs (cDCs) are so-called based on Ralph Steinman’s first observations and 

characterisation of a cell he termed the dendritic cell in the late 1970s26,27. More 

recently, researchers have uncovered a new type of DC, the plasmacytoid DC 

(pDC). These DCs more closely resemble plasma cells in terms of their 

morphology and are potent secretors of type I interferons28,29. Both DC subsets 

are derived from common progenitors but perform distinct immunological 

functions. Another type of DC subset, FDCs, are found in B cell follicles, but 

these cells are not derived from hematopoietic stem cells like cDCs, but instead 

are of mesenchymal origin30-32. FDCs are non-migratory and make up the 
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stromal component of germinal centres (GCs)13,32-34. For the purposes of this 

thesis, I will not describe the role of FDCs further, however, the role of each of 

the other DC subsets mentioned above are outlined below.  

1.3.1.1 Development of DCs 

In mice, all DCs except FDCs, develop from common myeloid progenitors in the 

bone marrow and all subsets share expression of the integrin molecule CD11c 

and MHC class II molecules. It is known that both pDCs and cDCs develop from 

haematopoietic stem cells that give rise to multipotent progenitors. These cells 

can then give rise to both common myeloid progenitor (CMP) cells and common 

lymphoid progenitor (CLP) cells. cDCs, on the whole, complete their 

differentiation in the periphery, although a small population of fully 

differentiated cDCs is present in the bone marrow. cDCs can be grouped into 

CD8α+ or CD8α- cDCs and both subsets are capable of polarising T cells via 

secretion of factors such as IL-1222,35-37. However, only CD8α+ DCs possess the 

capacity to cross present exogenous antigen on MHC class I molecules and thus 

prime CD8+ T cells, making them important in the initiation of adaptive immune 

responses to tumours and viruses38-46. As DCs have a high turnover rate and thus 

short life span, especially following activation, it is essential that DCs are 

constantly replenished in peripheral lymphoid tissues. The growth factor fms-like 

tyrosine kinase-3 ligand (Flt3L) is pivotal for the differentiation of pre-cDCs and 

pDCs, with Flt3L-deficient animals showing a deficiency in all DC subsets.  

Also, Flt3L injection into mice results in an expansion of both cDCs and pDCs. 

A decrease in cDC numbers in the spleen and other lymphoid tissues results in an 

increase in Flt3L in the blood and consequently an increase in the frequency and 

differentiation of pre-cDCs triggering a restoration of cDC numbers in these 

lymphoid tissues. In addition, under inflammatory conditions monocytes can also 

contribute to the DC populations in lymphoid tissues by differentiating into 

“inflammatory” DCs47,48. 
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1.3.1.2 Classical DCs 

cDCs refers to all DCs that are not pDCs or FDCs. cDCs are positioned 

throughout the periphery in lymphoid and non-lymphoid tissues. Within non-

lymphoid tissues such as the skin, lung and gut, they function to sense and 

respond to pathogenic insult as well as playing a role in tolerance20,49-51. They do 

so by internalising antigen and presenting it on MHC molecules whilst 

concomitantly migrating to draining lymph nodes 52-55. Antigen is then presented 

to T cells in lymph nodes and this initiates adaptive immunity to pathogen or 

ignorance to self-antigen during tolerance. cDCs are sometimes referred to as 

professional APCs due to several key attributes. They have well evolved antigen 

capturing and processing capabilities and have the capacity to produce 

costimulatory molecules and cytokines. They also display a very efficient ability 

to migrate to lymph nodes and also to T cell zones of lymph nodes during 

homeostasis and inflammation. These characteristics endow DCs with superior T 

cell priming capabilities compared with other APCs and they have the ability to 

fully activate naïve T cells.  

Immature cDCs home to sites of insult and injury guided by their expression of 

chemokine receptors that recognise inflammatory chemokines released by the 

damaged tissue. Once at the site of insult or injury, DCs sample their 

environment and acquire antigen. They can also be stimulated via their toll-like 

receptors (TLRs) by pathogen associated molecular patterns (PAMPs) and 

danger associated molecular patterns (DAMPs) which in combination with 

cytokines, increase DC activation and drives the expression of co-stimulatory 

molecules. After antigen acquisition and activation, these cells become less 

phagocytic, their morphology changes, and they increase their antigen presenting 

capabilities. cDCs have a high turnover rate in their immature state that is 

shortened by their activation56. This feature may act to limit the duration of 

antigen presentation and T cell responses to antigen. 

Tissue-migratory cDCs are located in lymph nodes and migrate to these sites by 

way of the afferent lymphatics. These cells constitutively traffic from non-

lymphoid tissues where they are loaded with antigen, and shuttle to T cell zones 

in lymph nodes for presentation of antigen to naïve T cells. This process can be 
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increased in response to tissue inflammation57,58. Under steady-state conditions, 

migratory cDCs are distinguished from lymph node resident DCs by their higher 

MHC-II expression. However, during inflammation, it is necessary to include 

other markers for the definitive segregation of migratory and resident DCs 

because resident DCs can upregulate their MHCII expression during 

inflammation.  

Lymph node resident cDCs mature in secondary lymphoid tissue from precursor 

cells that enter the lymph node via HEVs, and spend their lives within these 

organs. CD8α+ DCs represent approximately 20-40% of lymph node resident 

cDCs37. These DCs, unlike CD8+ T cells, express the CD8α transcript and 

protein and not the CD8β protein. These CD8α+ DCs also express CD24, 

CD205, CD11c, MHCII, CD103 and CD45. The lymph node is also home to a 

population of DCs that express the integrin CD11b, but that lack CD8 

expression. This DC subtype predominates and forms the largest proportion of 

the lymph node resident cDCs37. As mentioned previously, immature DCs are 

highly phagocytic and dendritic in morphology, which means they are excellent 

at capturing antigen that drains into the lymph node via the afferent lymphatic 

vessels. These DCs acquire antigen from the conduits, become activated, 

upregulate co stimulatory molecules and then activate naïve T cells37,59-61.  

1.3.1.3  Plasmacytoid DCs 

Since their first characterisation in 199962, our understanding of pDCs has 

increased substantially. First described as a rare subset of lymphocytes due to 

their similarity in morphology to plasma cells and their expression of B cell 

markers, such as B220, pDCs are now known to make up a rare population of 

DCs. In the absence of a pDC specific marker, it is conventional to identify these 

cells based on expression of markers such as CD11c, B220, PDCA-1, Siglec-H 

and Ly6C. They are morphologically and functionally distinct from conventional 

DCs. pDCs migrate into lymph nodes via HEVs facilitated by their constitutive 

expression of L-selectin and specific chemokine receptors63-65. Typically they 

account for 0.3-0.5% of cells in secondary lymphoid organs but show higher 

representation in the gut, blood and bone marrow29. The cardinal characteristic 
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attributed to pDCs is their ability to produce and secrete large amounts of IFN-α 

after viral infection and they are though to be able to produce up to 1000-fold 

more IFN-α than any other cell type66. This is because pDCs express TLR7 and 

TLR9 allowing them to sense endosomal single stranded RNA and cytosine 

phosphate guanine (CpG)28,29,67. IFN-α has direct anti-viral effects and is a 

potent mediator of viral clearance. Furthermore, as IFN-α is a key inducer of 

cytotoxicity in NK cells and CD8+ T cells, it provides a bridge between the 

innate and adaptive immune responses29,68-70.  

1.3.2 Lymph Node Resident Macrophages 

Macrophages are found in all tissues of the body and each population of tissue-

resident macrophages perform a specific function in their tissue of residence. 

Generally, a macrophage is considered to be highly phagocytic cell that is 

adapted and equipped to respond swiftly to pathogenic insult71,72. Based on 

intranodal location and the expression of certain cell surface markers, three 

subpopulations of macrophages can be identified in resting peripheral lymph 

nodes. These are referred to as subcapsular sinus macrophages (SSMs), 

medullary sinus macrophages (MSMs) and medullary cord macrophages 

(MCMs) These populations of cells are discussed in more detail later, but 

together they are essential for the recognition and transportation of lymph borne 

particulate antigen to B cells, T cells and DCs as well as the production of 

cytokines and chemokines. Collectively, these features contribute to innate and 

adaptive immune responses in the lymph node. CD169+ macrophages can be 

easily identified on lymph node sections via immunohistochemical staining with 

anti-CD169 antibody. CD169 is also known as Siglec-1 and is a member of the 

sialic acid-binding lection (Siglec) family 73-76. CD169 is found not only on SCS 

macrophages, but also on medullary macrophages, bone-marrow macrophages 

and can be induced on inflammatory monocytes74.   

1.3.2.1  Subcapsular Sinus Macrophages 

A convergence of studies has led to important advances in our understanding of 

the role of lymph node macrophages during infection. In particular, it is now 
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clear that SCS macrophages are permissive to viral infection and are crucial in 

mounting anti-viral responses in vivo17,77. Depletion of macrophages with 

clodronated liposomes can lead to the systemic dissemination of virus and 

increased morbidity17,77 emphasising the crucial role that they play in the 

containment of pathogen spread. Their function as lymph node “gate keepers” is 

facilitated by their positioning in these tissues. The roof of the SCS is composed 

of the type IV collagen-rich lymph node capsule, important for shielding the 

inside of the lymph node from the surrounding environment. The inside of the 

capsule is lined with LYVE-1+ LECs (Figure 1.2). The floor of the SCS is also 

composed of a population of LYVE-1+ LECs sandwiched between a dense upper 

layer of extracellular matrix and an underlying layer of marginal reticular cells 

(MRCs) 78,79. 

 

Figure 1.2: The SCS region of the lymph node.  

The lymph node is surrounded by a fibrous capsule overlying the SCS. The SCS is composed of a 

type IV collagen with LECs decorating the ceiling and floor. Within the SCS region situated 

above marginal reticular cells and below LECs on the floor of the SCS lies a specialised 

population of CD169+ macrophages. These cells are found above B cell follicles and in 

interfollicular regions and sequester antigen and pathogen entering via the SCS (see text for 

further details).  

The SCS floor is lined with a highly specialised population of CD169+ CD11b+ 

F480- SCS macrophages. These macrophages form a dense layer of cells at this 

key barrier site 17. SCS macrophages protrude across the lymphatic lining and 
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extend their cellular processes into the SCS to sample lymph, whilst remaining 

anchored to the lymphatic lining via their “tails”. These macrophages are poorly 

phagocytic, and have been described as being specialised in presenting 

particulate antigen to B cells. Lymph node resident B cells acquire antigen from 

SCS macrophages via complement receptors and Fc receptors17,18,80,81. CD169+ 

SCS macrophages have been described as having a very poor capacity to 

internalise and degrade opsonised antigen and are also permissive to viral 

infection 17,80,82. As well as augmenting B cell responses to pathogen, a recent 

study by Kastenmuller et al, eloquently exemplified the important relationship 

that exists between SCS macrophages and innate-like lymphocytes during the 

induction of innate immune responses in the lymph node. They showed that SCS 

macrophages, when activated by Pseudomonas aereginosa, produce a cocktail of 

cytokines including inflammasome-generated IL-18. This in turn leads to the 

activation of a strategically positioned population of iNKT cells, CD8+ T cells 

and γδT cells lying in the interfollicular areas in close proximity to the SCS. 

These cells secrete IFNγ that bestows CD169+ macrophages with antimicrobial 

resistance 83. Cellular interactions within the SCS/interfollicular region of the 

lymph node are very interesting. Innate-like T cells such as γδ T cells and iNKT 

cells 19,83,84 are of critical importance for viral protection and for limiting spread 

of pathogen throughout the lymph node and are positioned at these sites81.  

1.4 Medullary Macrophages 

Medullary sinuses are fluid-filled spaces that are lined by LECs that are patrolled 

by MSMs. These sinuses are linked to the SCS to form one continuous network 

of sinuses linking afferent and efferent lymphatic vessels. When visualised on 

lymph node sections, MSMs appear closely situated to LYVE-1+ LECs often 

appearing as part of the sinus wall. In fact, macrophages residing within the 

medullary sinus are also reported to express LYVE1 85-87, although this is still 

contentious. Medullary sinuses contain lymphocytes and small numbers of 

plasma cells that are egressing the lymph node. The medullary region of the 

lymph node represents a small portion of the lymph node during rest however 

upon peak of plasma cell response to infection this region increases in size. 

Furthermore, during the course of an immune response, cells such as DCs from 
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peripheral tissues enter this region carrying antigen and thus during infection this 

area is densely packed with cells 88. The main role of the medulla is to clear 

pathogen and antigen from the lymph; to support the expansion of plasma cells; 

and then to facilitate the transport of antigen-specific antibodies by way of the 

efferent lymphatics 89. MSMs are involved in phagocytosis and the clearance of 

lymph borne pathogenic material. They are distinguishable by their expression of 

CD169+ and F480+ as well as other markers such as SIGNR1, DC-SIGN, Mac1 

and MARCO.  

Medullary sinus macrophages also play a role in sensing and acquiring lipids, 

much like macrophages positioned throughout the periphery. Interestingly, in 

mesenteric lymph nodes, these macrophages play an important role in the 

clearance of short chain fatty acids. Indeed, in mice deficient in angiopoietin-

like-4 (angptl4), which are unable to process and regulate short chain fatty acids, 

there is a massive expansion in the size of the mesenteric lymph nodes and they 

contain numerous lipid laden F480+ macrophages and giant cells90. The interplay 

between the unique environment of the mesenteric lymph nodes and CD169+ 

macrophages will be a theme that I explore in detail later in the Results chapters 

of this thesis. 

The parenchymal regions between medullary sinuses are referred to as 

“medullary cords”. Within this site are macrophages, lymphocytes, DCs and 

often blood vessels. Medullary cord macrophages (MCMs) play an important 

role in the provision of trophic support to plasmablasts and plasma cells, and aid 

in the clearance of dying plasma cells. In rats, these macrophages are 

recognisable due to the presence of small lysosomes, and are distinct from 

medullary sinus macrophages by having homogenous vesicles and low acid 

phosphatase. MSMs and MCMs can also be distinguished based on their 

phagocytosing capabilities. After injection of labelled antigen, the major site of 

antigen localisation is in medullary regions whereas cortical regions are 

practically free from antigen. This probably represents the fact that MSMs are 

more efficient at capturing and internalising antigen compared with MCMs. 

Isolation of MCMs showed that they are major producers of A PRoliferation-

Inducing Ligand (APRIL) within this region of the lymph node 75,91.  
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Overall MCMs and MSMs appear to play distinct roles within the lymph node 

although their characterisation and distinction is not often clear. Better 

characterisation, including the identification of subset-specific markers would 

help the future identification and characterisation of each population. 

1.5 Innate-like Lymphocytes in Interfollicular Regions of 

Lymph Nodes 

There are innate-like lymphocytes in lymph nodes that are found in 

interfollicular regions and that functionally interact with SCS macrophages. 

These cells are studied in this thesis in relation to deletion of CCRL1 at the SCS. 

1.5.1 γδ  T cells 

γδ T cells belong to a group of innate like T cells that contain γδ TcRs instead of 

αβ TcRs. They are found in secondary lymphoid organs and the blood where 

they constitute a relatively low percentage (3-5%) of total lymphocytes92. 

Strategically positioned at the lymph node subcapsular sinus and interfollicular 

regions (Figure 1.1), these cells are known to be an early source of innate IL-17 

production in various autoimmune conditions such as rheumatoid arthritis93-95. 

This early source of IL-17 coupled with their production of IL-21, initiates 

responses mediated by conventional TH17 cells. They are not MHC restricted and 

do not require CD4 or CD8 co-receptors for antigen recognition. These cells are 

highly represented in mucosal and barrier tissues such as skin and the small 

intestine lamina propria96-98. They account for around 50% of total intraepithelial 

lymphocytes in the gut, and play an important role in gut immunology92. γδ T 

cells bridge the gap between innate and adaptive immune responses, which is 

why they are termed innate-like lymphocytes. Furthermore they express a limited 

repertoire of TCR V-region genes. They have been described as major players in 

the defence against Staphylococcus aureus (S.aureus) infection in the skin99 as 

well as Listeria monocytogenes infection in the liver84 and Mycobacterium 

tuberculosis (M.tuberculosis) infection in the lung100.  

Some γδ T cell subsets have been shown to express MHCII molecules as well as 

co-stimulatory molecules such as CD28 and so they can act as antigen presenting 
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cells101,102.  They have also been implicated in cross presentation of antigen to T 

cells103, in addition to promoting the cross presentation of DCs104,105. This 

highlights their role in bridging innate and adaptive immune responses.  

1.5.2 Invariant Natural Killer T (iNKT) cells 

iNKT cells were first described as conventional T cells expressing NK cell 

markers that recognised CD1d restricted glycolipid antigens106-108. Similar to γδ 

T cells, iNKT cells have been described as a rich source of IL-17 associated with 

protection against infection and are also known to be positioned beneath the SCS 

and within interfollicular regions of lymph nodes109 (Figure 1.1). iNKT cells are 

described as playing protective roles during microbial infection but have also 

been described as playing harmful roles in autoimmune diseases69,110,111. They 

have αβ TCRs that undergo somatic recombination and selection in the thymus. 

Unlike conventional T cells, iNKT cells respond very rapidly to danger signals 

and as such are said to be in a  “poised effector state”. The lipid antigens for 

iNKT cells identified so far fall into two groups; ceramide-based glycolipids 

(glycosphingolipids) and glycerol based lipds (such as membrane phospholipids). 

The first, and best-described ligand for iNKT cells is α-galatosylceramide 

(αGalCer), a derivative from a marine sea sponge and a member of the ceramide-

based glycolipids108,112. iNKT cells respond to αGalCer presented in the context 

of CD1d molecules on the surface of APCs. This CD1d restriction has allows 

these cells to be identified using lipid-loaded CD1d tetramers. They represent 

around 1-2% of lymphocytes in the mouse spleen and around 20-30% of 

leukocytes in the liver113-115. Within the liver they patrol liver sinusoids and on 

activation release a cocktail of pro-inflammatory cytokines. iNKT cells can be 

divided into TH1- and TH2-like cells depending on their secretory cytokine 

profile109,110,116. Within the liver and spleen, TH1 iNKT cells predominate and 

secrete IFN-γ after activation117. TH2 iNKT cells are found in the lung and 

secrete IL-4, IL-9 and IL-13118. Finally, a population of Th17-like iNKT cells 

predominate in the skin, lungs and peripheral lymph node119,120. They produce 

IL-17A and express the chemokine receptor CCR6. Within the liver, iNKT cells 

produce IL-4 and IFN-γ in response to αGalCer, and rapidly produce chemokines 
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that attract Gr1+ CD11b+ cells including neutrophils and monocyte-derived 

cells84,121.  

1.5.3  NK cells 

NK cells were originally discovered in the 1970s and characterised by their 

ability to kill tumour cells122. It is now clear that NK cells are equipped with an 

armoury capable of tackling more than just tumour cells. NK cells contribute to 

the innate immune defence against intracellular viruses such as 

cytomegaloviruses (CMV)123. They carry an array of receptors that have the 

capacity to sense and differentiate between normal and transformed cells as well 

as detecting virally-infected cells. NK cells are most abundant in the liver, blood 

and spleen although they are also present to a lesser extent in the lymph nodes123. 

NK cells are poised to defend by constitutively expressing IFNγ transcript, 

although stimulation by type-I interferons IFNα and IFNβ or pro-inflammatory 

cytokines such as IL-12, IL-15 or IL-18 is needed for their full maturation. 

Activation of NK cells by these pro-inflammatory mediators induces the release 

of IFNγ and perforin that is stored in granules. In many instances it is cDCs that 

are the source of pro-inflammatory mediators that activate the NK cell to 

produce IFNγ. This IFNγ then acts on the cDCs to increase their effector 

functions and so both cell types are involved in an amplification loop. 

Interestingly, a newly described partnership has been detailed between NK cells 

and CD169+ macrophages. In this study it was shown that CD169+ SCS 

macrophages are the primary mediators of NK cell activation in response to 

lymph-borne viral particles124. Furthermore these macrophages facilitate the 

accumulation of these NK cells at the SCS, and depletion of macrophages by 

administration of clodronated liposomes abolishes NK cell localisation at the 

SCS124. Thus, during infection, these macrophages are critical for the recruitment 

of NK cells and defence against virus. Understanding the relationship between 

CD169+ macrophages, NK cells and γδ T cells within the SCS of the lymph node 

is therefore potentially very interesting. 
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1.6 Lymph Node Development 

As described above, the recruitment of cells to lymph nodes is largely driven by 

chemoattractants that direct the movement of leukocytes expressing the cognate 

receptors. Similarly, the development of lymph nodes depends on the discrete 

and controlled expression of chemotactic guidance cues that mobilise and 

coordinate the movement of the cells that initiate and drive lymph node 

development (Figure 1.3). Mice with defective lymph node development display 

aberrant adaptive immune responses demonstrating the importance of these 

organs in the immune system. 
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Figure 1.3 Schematic of lymph node development.  

(A) Retinoic acid produced by neurons induces production of the chemokine CXCL13 in 

neighboring mesenchymal cells.  CXCL13 is then detected by lymphoid tissue inducer (LTi) 

precursor cells and drives their egress from the blood and migration towards the mesenchymal 

cells. The clustering of LTi precursor cells promotes the ligation of the cytokine TRANCE with 

its receptor TRANCER and so signaling via TRANCER ensues. (B) TRANCE-TRANCER 

interactions induces the expression of lymphotoxin α1β2 on the LTi precursor cells resulting in 

their maturation into mature LTi’s.  LTα1β2 on LTi cells interacts with LTβR on stromal 

organizer cells. The stromal organizer cells then produce chemokines CXCL13, CCL19 and 

CCL21 as well as adhesion molecules ICAM1 and VCAM1. (C) Production of chemokines 

promotes the recruitment of more haematopoietic cells that then form a cluster. This cluster then 

matures and develops into a mature lymph node. Figure adapted from Van de Pavert and Mebius, 

20105. 

 

In the embryo, lymph node development occurs at the same time as lymphatic 

vascularisation (which is described in Section 1.7). The systematic formation of 

lymph nodes occurs within a tight developmental window beginning with the 

development of the mesenteric lymph nodes at around embryonic day 9-10 (E9-

E10). This is followed by the brachial lymph nodes at E13, axillary lymph nodes 

at E15, inguinal lymph nodes at E16, and finally the popliteal lymph nodes at 

E17 125 126. Cytokines, including members of the TNF family of cytokines largely 
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drive this developmental process and TRANCE and IL-7 are particularly 

important players in lymph node organogenesis 127,128. TRANCE (TNF-related 

activation-induced cytokine, also known as RANKL/OPGL/ODF or TNFSF11) 

along with its receptor TRANCE-R and TRAF-6, a key member of the TRANCE 

signalling pathway, are all required for the development of lymph nodes. In 

mice, deletion of either TRANCE, TRAF-6 or TRANCE-R results in a complete 

loss of lymph node development although Peyer’s patches (PPs) and the spleen 

develop normally 129,130,131. In the case of PP development, IL-7 replaces the 

function of TRANCE. TRANCE is expressed by pre lymphoid tissue inducer 

cells (pre LTi’s) that are recruited to sites of lymph node development by the 

chemokine CXCL13 which is induced in mesenchymal cells by retinoic acid 

released by neurons at the site of lymph node development132. TRANCE 

promotes the survival and differentiation of pre-LTi’s to mature lymphoid tissue 

inducer cells (LTis) and up-regulates the expression of LTα1β2 on the surface of 

these cells 129,133. It interacts with LTβR on mesenchymal cells to trigger their 

differentiation and induce expression of chemoattractant molecules and cell 

adhesion molecules that are important for recruitment of LTi’s 133,134,135,136. Like 

TRANCE, IL-7 is also able to induce expression of LTα1β2 on LTi cells and 

plays a role in the development and expansion of LTi cells from common 

lymphoid progenitor cells 130. 

1.7 Organisation, Structure and Function of the Lymphatic 

Network 

I have outlined the development and architecture of lymph nodes, and the 

immunological importance of cells that reside within them. In order for lymph 

nodes to perform their function, antigen and APCs must be efficiently delivered 

from peripheral tissues. This job is performed by lymphatic vessels. The 

lymphatic system is a network of vessels comprised of small blind-ended 

capillaries and larger collecting vessels that drain from most soft tissues of the 

body. Lymphatic vessels can be found in all vascularised tissue in the body 

except brain and bone marrow. Primary/initial lymphatic vessels are principally 

involved in collecting tissue fluid. These vessels are composed of LECs 

containing button-like junctions137. Bodily movement such as breathing and 
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muscle contraction establishes lymph flow. This movement propels the fluid in a 

unidirectional fashion until it reaches larger collecting lymphatic vessels that 

contain a series of valves that prevent the backflow of lymph fluid. These vessels 

are often covered in smooth muscle cells, the contraction which also helps to 

propel lymph along the vessels.  

Afferent lymph is a cocktail of protein, lipids, macromolecules, pathogens and 

pathogen-derived antigens as well as immune cells such as DCs. An important 

function of the lymphatic system in the intestine is the absorption of fatty acids. 

Lymph is filtered through a series of lymph nodes positioned throughout the 

lymphatic network. Most of the protein and lipids are recycled and returned to 

the venous circulation through the thoracic duct and finally back to circulation 

via the subclavian vein. However, one of the most important roles of the 

lymphatic network is to facilitate the migration of APCs from tissues to lymph 

node in order to present their antigen to lymphocytes. This migration of DCs is 

not a passive process but involves the adherence of DCs to the wall of initial and 

collecting lymphatic vessels before they are then carried by lymph flow in larger 

lymphatic vessels52. Soluble antigen, immune complexes, bacteria and viruses 

can also transit by way of the lymphatic system and enter draining lymph nodes 

via the conduit system6. In this way the lymphatic vasculature performs a dual 

immunological function. It acts a highway for cellular transport between 

peripheral lymph nodes and also as a courier system for the delivery of antigen 

and antigen bearing cells that drain from peripheral sites. Moreover, the 

lymphatic vasculature recycles tissue fluid and prevents lymphoedema. 

The precise origins of LECs lining these vessels are still not fully understood but 

it is thought that they originate from endothelial cells in the cardinal vein around 

E8.5138. Blood vasculature develops from embryonic mesoderm in a process 

known as vasculogenesis. This early development involves a series of 

morphological and transcriptional changes to give functional specialisation. 

Lymphatic vasculature is derived from blood vasculature and the differentiation 

into LECs is thought to be initially driven by the transcription factor CoupTFII 

followed by expression of the transcription factor Sox18 at day E9.0139. Sox18 

drives the expression of the transcription factor Prox1, considered to be the 

lymphatic cell lineage commitment “master switch” 126,140-143. Subsequently, 
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these pre-committed cells go through a series of transcriptional changes. This 

involves the up regulation of various LEC genes and the down regulation of 

venous endothelial cell markers. The result is that cells then bud-off from the 

cardinal vein to form primitive structures termed “lymph sacs” and superficial 

lymphatic vessels 141,144. Cells from these lymph sacs then migrate outwards and 

form new vessels. Cells exit the vein at various points in a dorsolateral fashion so 

that ultimately the lymphatic vasculature develops from anterior to posterior 
125,145. These early lymphatic vessels then undergo remodelling and will 

eventually give rise to the postnatal lymphatic network. However, differences 

exist in the development of the lymphatic system between species. In fish, the 

lymphatic system does not have valves or lymph nodes125,146 whereas mammals 

do, while birds have more primitive lymphatic valves and lack lymph nodes147. 

Amphibians and reptiles have lymphatic hearts that pump lymph through the 

lymphatic vasculature whereas fish, birds and mammals largely rely on muscle 

contractions and movement for the flow of lymph, although larger vessels have 

smooth muscle layers that aid in lymph flow.  

The formation of new LECs does not stop at birth, and inflammation and 

tumours can drive the formation of new lymphatic vessels, a process referred to 

as lymphangiogenesis 85,148-150. The origins of new LECs remain unclear, and the 

dogma is that either new LECs occur from pre-existing lymphatic vessels or 

from progenitors emanating from the bone marrow.  An emerging body of work 

also points to macrophages as major contributors to lymphangiogenesis (Figure 

1.4) 85,86,148,150,151. Macrophages are one of the most prominent cell types 

involved in the initiation, orchestration and propagation of chronic inflammation. 

As such, their presence is closely associated with the formation of new lymphatic 

vasculature. Lymphangiogenesis can be triggered by macrophage-derived 

inflammatory mediators including members of the vascular endothelial growth 

factor (VEGF) family, including VEGF-A, VEGF-B and VEGF-C147,152-154.  

VEGF-C operating through VEGFR3 plays a particularly prominent and specific 

role in lymphangiogenesis while other VEGF family members also stimulate 

blood vessel growth. Interestingly, as well as contributing to the formation of 

these vessels by secretion of inflammatory mediators, some reports suggest that 
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macrophages can also differentiate into lymphatic endothelial cell progenitors 

(LECP) 155,156 (Figure 1.4).  

 

 

Figure 1.4: Possible methods of lymphatic vessel expansion during inflammation.  

Lymphatic vessels are thought to expand in a variety of ways, one of which is de-novo expansion 

(1). The expansion of these vessels can be influenced by macrophages that lie in very close 

contact with them; such is the case for CD169+ macrophages in peripheral lymph nodes. It is still 

unclear whether macrophages incorporate within newly forming lymphatic branches or if they are 

simply trafficking through these vessels (2). Macrophages secrete a variety of pro-

lymphangiogenic factors such as VEGF-A/C and D (5) that support expansion of these vessels. 

M-LECP (3) and LECPs (4) can contribute to the expansion of lymphatic vessels by guiding the 

budding of newly forming branches and integrating within newly forming vessel walls (see text 

for further details). 

Early LECPs are bone marrow-derived and express both lymphatic cell markers 

as well as myeloid markers 156,157. These cells can, upon stimulation with 

inflammatory cytokine, differentiate into LECs. Evidence for this differentiation 

includes the upregulation of LEC markers such as Prox1 and LYVE-1 and the 

downregulation of stem cell or progenitor markers. LECPs can be derived from 
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many progenitor types, although several studies point to CD11b+ monocytes as 

being the main source. Recently, macrophage lymphatic cell progenitor cells (M-

LECPs) have been characterised by in vivo analyses and visualisation of cells 

expressing both myeloid/macrophage markers (CD11b) and lymphatic specific 

markers (LYVE-1, VEGFR-3 or Prox1). Thus, as M-LECPs express markers of 

both macrophages and LECs, the term ‘M-LECP’ refers to LECPs that are 

macrophage and not monocyte/bone marrow progenitor derived 85,87,148 . Studies 

into macrophage driven lymphangiogenesis have been conducted in models of 

inflammation, including corneal injury and LPS-induced peritonitis 158,159 and M-

LECP incorporation into nascent lymphatic vessels has been examined. During 

LPS-induced peritonitis, it is claimed that up to 80% of new LECs had an M-

LECP origin158. Furthermore, in several cancer studies, there have been reports 

that tumour associated macrophages (TAM) positive for myeloid markers CD11b 

and F480, co-express the LEC marker LYVE-1 suggesting that they can become 

part of the lymphatic vessel walls 87,160-162 . However, further work is required to 

determine if these cells actually become components of the lymphatic vessel 

wall. Nevertheless, it is clear that macrophages are implicated as regulators of 

lymphangiogenesis. Moreover, it is tempting to speculate that, due to their close 

proximity to LECs in lymph nodes, macrophages may be important contributors 

to lymphangiogenesis and lymphatic endothelial cell phenotype in these organs. 

Conversely, it is conceivable that LECs could regulate the positioning and 

function of lymph node macrophages. Part of the experimental work described in 

this thesis explores the relationship between these two cell types. 

1.8 The Spleen - Structure and Function 

Lymphoid organs such as the spleen and PPs have similarities to lymph nodes 

but differ in the method of antigen delivery. PPs contain specialised microfold 

cells (M cells) that sample antigen directly from the intestinal lumen and deliver 

this antigen to underlying APCs. These APCs then activate B cells and T cells 

that in turn travel to the mesenteric lymph nodes and the immune response is 

amplified. These T and plasma B cells then express receptors that home them to 

the small intestine via the thoracic duct and once in the intestine they perform 

their effector functions. The spleen is also unique in its architectural organisation 
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and route of antigen delivery. The spleen is separated into two regions, the red 

and white pulp with the white pulp architecture similar to B cell and T cell zones 

found in lymph nodes163.  

 

Figure 1.5: The structure of the spleen.  

The spleen is anatomically distinct from the lymph node and is divided into red pulp and white 

pulp (A). White pulp harbours T cell and B cell populations and is encompassed by the marginal 

sinus and the marginal zone. Entry into the white pulp is facilitated by bridging channels as 

indicated (B). The marginal zone (C) surrounds the white pulp and contains a population of 

metallophilic CD169+ macrophages that are functionally related to CD169+ macrophages that line 

the SCS of lymph nodes (C). A second macrophage population called marginal metallophilic 

macrophages is found adjacent to the marginal sinus (see text for further details). 

 

The spleen does not contain afferent lymphatic vessels or M cells for antigen 

delivery purposes and instead antigen is delivered via the blood that passes 

through the marginal sinus. Bridging channels, narrow corridors that extend 

between red pulp and white pulp, are thought to facilitate cellular entry into the 

white pulp from splenic venules (Figure 1.5 B). They are rich in FRCs that 
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produce the chemokine CCL21 and this guides CCR7+ T cells into periarteriolar 

lymphoid sheaths (PALS). The red pulp contains a network of veins that bestows 

the spleen with important blood filtering capabilities. Within this region arterial 

blood is pumped in and arrives at splenic cords present in the red pulp. These 

cords are open-ended and are composed of reticular fibres and fibroblasts164. 

They are home to large populations of F480+ macrophages that assist in the 

spleen’s blood filtering capabilities, removing old erythrocytes and recycling 

iron165,166. Furthermore, by sequestering iron, these macrophages starve 

pathogens that depend on iron for growth. In addition to red pulp macrophages, 

the spleen is home to marginal zone macrophages (MZMs) and marginal 

metallophillic macrophages (MMMs) both of which reside near the marginal 

sinus at the edge of the white pulp (Figure 1.5 C). MZMs and MMMs can be 

distinguished by expression of SIGNR1 and CD169 respectively, and in many 

respects these macrophages are functionally similar to the lymph node 

macrophages discussed earlier (Section 1.3.2). Both MZMs and MMMs have 

roles in the capture of antigen, viruses and microbes from the blood. MZMs have 

also been shown to regulate retention of MZ B cells. MMMs have been shown to 

produce large amounts of type I interferon after viral infection167.  

The white pulp is home to T and B cell compartments that are organised in a way 

that closely resembles the structure of lymph nodes. Splenic T cell zones are 

home to both CD8+ and CD4+ T cells as well as DCs and contain a network of 

FRCs upon which the T cells move164.  Splenic B cell follicles mirror lymph 

node B cell follicles and contain a network of FDCs. As in lymph nodes, 

chemical guidance cues direct the movement and localisation of B cells and T 

cell in the splenic white pulp and are important for the establishment of discrete 

B cell and T cell zones. 

Collectively, the lymphoid tissues described above help to contain the spread of 

pathogens and facilitate the propagation of adaptive immune responses. These 

tissues function by bringing together APCs, pathogen, immune complexes, 

antigen and effector cells to expel foreign bodies. However, immune responses to 

pathogens are often initiated in peripheral tissues where pathogen enters the host. 

These peripheral tissues contain a unique and highly specialised array of innate 

and adaptive immune cells that protect the host from pathogen and that are 
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critical for maintenance of self-tolerance. This thesis explores the role of immune 

cells present in the skin, and how these cells migrate to lymph nodes during 

homeostasis and inflammation. 

1.9 The Skin 

The skin is the largest organ in the body and forms a key interface between the 

body and the external environment. As such, the skin needs to be equipped with 

an array of defense mechanisms to prevent infection and limit the spread of 

pathogens that breach this barrier site. Defending the body across the entirety of 

this large organ presents its own unique challenges and requires the interplay 

between immune sentinels, effector cells and non-immune mechanisms to protect 

against microbial, physical and chemical insult. The skin contains two main 

compartments, the epidermis and the dermis with each compartment harbouring 

distinct populations of leukocytes. The epidermis is primarily composed of 

keratinocytes and develops from ectoderm during embryonic development168,169. 

Keratinocytes provide structural support and act as scaffolding. They also 

produce chemoattractant molecules and help shape the response to exogenous 

antigen. Furthermore keratinocytes produce the stratum corneum that is present 

in the outer most layer of skin and which is water impermeable. Residing within 

the epidermis is a population of dendritic cells called Langerhans cells. During 

homeostasis, Langerhans cells are the only DC population present in the 

epidermis although other leukocytes, such as T cells, are present. Specialised 

intraepithelial lymphocytes (IELs) called dendritic epidermal T cells (DETCs) 

are localised in the epidermis97,170,171. Making up the majority of these cells in 

mice and humans are γδT cells that contribute to the epidermal immune system 

and wound repair. Lying underneath the epidermis is the dermis, a sparsely 

populated tissue home to fibroblasts and a variety of immune cells including 

macrophages, T cells, NK cells and DCs. The dermal DC (dDC) populations 

within this location are more heterogeneous than those found in the epidermis172-

174. All these distinct skin resident DC lineages are capable of migrating to lymph 

nodes to propagate peripheral tolerance to skin derived self-antigens and to 

initiate immune responses to exogenous pathogen-derived antigens. In the 

dermis, T cells are situated in very close proximity to postcapillary venules just 
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below the epidermal/dermal barrier. Memory T cells predominate with a roughly 

50:50 mix of CD4 and CD8 T cells175,176.  

1.9.1 Skin DCs 

Langerhans cells were considered to be the predominant dendritic cell type in the 

skin that transports antigen to draining lymph nodes. However, recently the 

complexity of the skin DC compartment has become apparent and multiple DC 

populations have been identified in the dermis (Figure 1.6). For the purposes of 

this thesis, I will describe skin resident DCs as being either Langerhans cells or 

dermal DCs (dDCs). Within this dDC population there exist different subsets that 

can be identified by flow cytometry using a combination of intracellular and 

surface markers. 
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Figure 1.6: The structure and DC composition of the skin.   

The skin is anatomically arranged into distinct compartments with the epidermis and the dermis 

forming the two main compartments. Within both the epidermis and the dermis are distinct 

populations of DCs, identifiable by their expression, or lack of expression, of various surface 

markers. Langerhans cells reside within the epidermis and express CD11c, MHCII, Langerin, 

CD11b, EpCAM, CD24 and lack CD103 expression. The dermis is home to four DC populations 

that all express CD11c and MHCII but that differ in their expression of Langerin and CD103.  

1.9.2 Epidermal Langerhans Cells 

Langerhans cell precursors first populate the epidermis at E18 and proliferate in-

situ. They are among the first DCs to come into contact with exogenous antigen 

and pathogens. Unlike classical DCs, Langerhans cells are a self-renewing 

population of DCs that are radio-resistant. They are in direct contact with 

keratinocytes and extend their dendrites horizontally and vertically to increase 

their antigen capture capability. They are easily identifiable by their anatomic 

location, the presence of characteristic Birbeck granules, and because they are 

the only cell that expresses MHCII in the epidermis. Markers of Langerhans cells 

include CD11c, MHCII, EpCAM, Langerin and CD11b 59,177,178. Notably 

Langerhans cells lack CD103 expression. This is important, as it is now known 
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that Langerin, once considered a Langerhans cell specific marker, is also 

expressed by other cutaneous DC populations. Therefore, during analysis by 

flow cytometry, lack of CD103 but expression of CD11c, Langerin and MHCII 

can identify a population of Langerhans cells. For the purposes of this thesis I 

identify Langerhans cells as being CD11c+, MHCIIhi, Langerin+ and CD103-.  

Langerhans cells constitutively migrate from the skin to lymph nodes carrying 

self-antigen and thus are likely to be involved in the maintenance of peripheral 

tolerance. Similar to classical migratory DCs, Langerhans cells localise in T cell 

zones of lymph nodes and present their antigen on MHCII molecules. After 

topical application of chemical irritants, such as FITC, their migration from the 

skin is enhanced179. It remains to be elucidated whether Langerhans cells 

propagate or dampen immune responses. One group has reported that 

Langerhans cells are unable to generate a protective CD8+ T cell response to 

HSV-1180, whilst others have shown by Langerhans cell depletion that they are 

required to prevent disproportionate contact hypersensitivity (CHS) responses 

indicating a role for Langerhans cells in tolerance181. However, Batf3-/- mice, that 

lack CD103+ dermal DCs but retain Langerhans cells, develop normal CHS 

responses 182.  Other work using K5.mOVA mice, in which keratinocytes express 

a membrane form of OVA, Langerin+ CD103+ dermal DCs were reported to be 

the only skin DC subset able to cross present OVA in vitro and in vivo183. They 

were also described as the only skin DC population to transport keratinocyte 

antigen and present it to CD4+ T cells.  Furthermore, in adoptive transfer 

experiments, OVA-specific naïve T cells transferred into K5.mOVA mice were 

shown to differentiate into Treg-cells183. In bone marrow chimera experiments in 

which only radioresistant Langerhans cells or radiosensitive migratory dDCs 

expressing CD205 had access to the antigen, it has been deduced that Langerhans 

cells are as efficient as Langerin+ dDCs at inducing Treg differentiation184. Taken 

together, these observations have made the field of skin-DC biology confusing, 

and further experiments are needed to clarify and distinguish between the roles 

of dermal DCs and Langerhans cells in adaptive immunity. Much of the 

contradiction and controversy regarding the role of Langerhans cells in immune 

responses has arisen due to earlier reports mistakenly identifying dDC 

populations as Langerhans cells. In 2007, Valladeau and Saeland described 
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Langerin as a Langerhans cell-specific marker185. This inspired the genetic 

engineering of Langerin-eGFP and Langerin-DTR mice for the study of 

Langerhans cells. Langerin-DTR mice contain a human diphtheria toxin receptor 

driven by the expression of the Langerin gene, that allows for the selective 

depletion of Langerin+ cells after the injection of diphtheria toxin into these 

mice. Langerin-GFP mice express eGFP under the control of the Langerin 

promoter and so all Langerin+ cells express eGFP. However, as mentioned 

previously, it is now understood that a population of dDCs also express 

Langerin. Moreover, Langerin is also expressed by DCs at other anatomical sites 

such as the spleen and the lung186. Therefore, conclusions drawn about epidermal 

Langerhans cells in publications utilising Langerin-GFP and Langerin-DTR mice 

strains must be treated with some caution.  

The kinetics of Langerhans cell arrival at skin draining lymph nodes in response 

to cutaneous inflammation are well characterised. Typically, Langerhans cells 

arrive later than dDCs, and do not reach the lymph node until around 72 hours 

after the induction of inflammation187. This is probably due to the time that these 

cells need to cross the basement membrane and connective tissue that separates 

the epidermis from the dermis, and to migrate towards, and into, lymphatic 

vessels in the skin. In contrast dDCs are positioned in the dermis much closer to 

skin lymphatics therefore their journey time is much shorter187. During 

constitutive trafficking and also during inflammation Langerhans cells are guided 

from the skin to skin-draining lymph nodes by interacting with chemotactic 

cytokines released by lymphatic vessels54,188,189.  These are discussed in more 

detail in Section 1.12. 

1.9.3  Dermal DCs 

The dermis is home to a variety of DC subtypes, identifiable by their expression 

of surface markers. The most simplified classification of dDCs is based on 

Langerin expression along with CD11c and MHCII expression, which subdivides 

them into Langerin+ dDCs and Langerin- dDCs. In contrast to Langerhans cells, 

Langerin+ dDCs in adults are bone marrow-derived. Like Langerhans cells, 

Langerin+ dDCs migrate to skin-draining lymph nodes constitutively and also in 

response to inflammation172,187,190. Typically, they arrive in the lymph node 
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around 18 hours after challenge187. They are also in a high state of flux and are 

constantly replaced by blood monocytes190. dDCs colonise particular 

microanatomical niches within the paracortical zones of the skin-draining lymph 

nodes. It is thought that both Langerin+ and Langerin- dDCs migrate to draining 

lymph nodes after hapten sensitisation however, only Langerin+ CD103+ dDCs 

can cross present antigen to CD8+ cytotoxic T cells191.  

The dermis is also home to a population of pDCs that are rare in healthy skin but 

have been implicated in diseases such as psoriasis192. Skin pDCs, through their 

expression of TLR9, have been to shown to respond to self-DNA released by 

dying cells and which is coupled to cathelicidin LL37193. This can result in the 

breakdown of tolerance to self-DNA and secretion of type I interferon by the 

pDCs and the consequent activation of the adaptive immune response. The 

current model of pDC involvement in psoriasis therefore is focused on this 

interaction of LL37 with self-DNA. The model proposes that skin trauma results 

in the release of self-DNA from dying/damaged cells that then couples to LL37. 

These LL37/self-DNA complexes are then acquired and taken up by pDCs that 

become activated via TLR9 to produce type-I interferon that subsequently 

activates autoreactive T cells in the skin. This activation of autoreactive T cells 

then propagates the development of psoriasis.  

Collectively, these studies reveal the complexity of the DC network present in 

the skin that gives rise to a diverse range of immunological responses. These 

DCs are of paramount importance in maintaining peripheral tolerance to skin-

derived self-antigens, and play a key role in the induction of protective immune 

responses to pathogens entering the skin. However, they can also be the driving 

force behind the propagation of immune pathologies in diseases such as 

psoriasis.  

1.9.4 Skin Resident T cells 

The skin is home to a large heterogeneous population of T cells and in humans 

contains around twice as many T cells as the blood. Skin resident T cells are 

thought to play an important role in skin immune homeostasis and pathology. 

Skin resident memory T cells are positioned in the epidermis and provide the 



 63 

first line of defence against secondary antigen challenge. In the epidermis, CD8+ 

αβ T cells predominate, most of which are memory cells, and these cells are in 

close contact with epidermal Langerhans cells.  

The three main CD4+ T helper cell subsets (TH1, TH2 and TH17) can be found in 

the skin during inflammation. TH1 cells are commonly associated with 

autoimmunity such as psoriasis194-196 whereas TH2 cells are thought to be linked 

to allergic diseases such as atopic dermatitis197,198. However recently, 

characterization of TH17 cells have shown these cells to be involved in both 

aforementioned conditions challenging our understanding of the propagation of 

these diseases98,195,199. More recently, cutaneous CD4+ memory T cells have been 

shown to be composed of recirculating memory T cells and a population of T 

cells that remain in the skin175. These T cell populations are phenotypically and 

functionally distinct from each other in terms of surface antigen expression, 

positioning and effector functions.  

The skin is also home to populations of unconventional T cells, namely γδ T 

cells and iNKT cells. γδ T cells in the skin of mice perform a variety of 

functions, including negatively regulating skin cancer and inflammation98,200-202. 

However less is known about the role of these unconventional T cells in humans. 

It is known that in patients with melanoma, leprosy, psoriasis and cutaneous 

leishmaniasis that the number of γδ T cells is increased, suggesting that these 

cells may be involved in these skin conditions. Additional roles for these cells 

include wound repair and the secretion of growth factors, such as keratinocyte 

growth factor (KGF). They also contribute to microbial defense by producing 

antimicrobial peptides (AMPs), including cathelicidins171. iNKT cells were first 

described in the plaques of human psoriasis patients203. Although in normal skin 

keratinocytes express very low levels of CD1d molecules, in the plaques of 

psoriasis patients expression of CD1d is significantly increased204. This would 

suggest that self-derived glycolipid antigen can be presented in the context of 

CD1d molecules to iNKT cells that in turn could activate neighbouring 

keratinocytes. In this way iNKT cells might contribute to pathology in psoriasis. 

During infection it has been proposed that iNKT cells are specialised in 

recognising bacterial-derived glycolipids. In this context, iNKT cells may 
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function as immune sentinels and play a protective role in the skin against 

microbial colonisation. Collectively it is clear that both conventional and 

unconventional skin resident T cells play an important role in the defence of the 

skin against pathogen dissemination but also in mediating pathologies that arise 

in various skin conditions. 

This section of the introduction has explored the structure and function of 

secondary lymphoid tissues, particularly the lymph node, and described the 

different leukocyte populations that are present in the skin. Throughout, it is 

clear that the migration of leukocytes between, and within, these tissues, is a 

fundamental process critical for the correct functioning of the immune system. In 

the next section, I explore key molecules involved in directing cell migration, 

namely the chemokine family. 

1.10 Chemokines 

Chemokines are small, secreted chemotactic cytokines that mediate their effects 

via G protein-coupled receptors (GPCRs). They play an important role in 

immune homeostasis135, inflammation205, embryogenesis206 and cancer 

metastasis207. They are instrumental in driving lymphoid tissue 

compartmentalisation, regulating the localisation of cells, and directing the 

migration of leukocytes into and within lymphoid tissues. Chemokines regulate 

the development of the immune system, and play a central role in driving innate 

immune responses, adaptive immune responses, tolerance and memory. The 

chemokines identified to date fall within one of four sub-families (CC, CXC, XC 

and CX3C) defined by positional variations of conserved cysteine residues 

(Figure 1.7). Chemokine proteins have a highly conserved secondary structure 

although they can vary considerably in amino acid sequence208. The primordial 

function of chemokines was probably to regulate embryogenesis and stem cell 

migration. Modern day vertebrates have evolved to possess over 40 chemokines 

and 18 chemokine receptors, and there is a high degree of promiscuity amongst 

chemokines and their receptors209. There is considerable variation between 

species. For example, chemokines CCL12, CCL6 and CCL9 are found in mice 

but not in humans whereas CCL3L1, CCL23, CCL18, CCL13 and CXCL8 are 

found in humans but not in mice. Chemokines can be broadly classified into two 
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groups depending on whether they play a role in basal homeostatic cellular 

trafficking or are induced in response to inflammatory stimuli and regulate cell 

migration during inflammation. However, it is now becoming clear that there 

exists some crossover within this over-simplified classification210. Notably 

however, chemokine and chemokine receptor promiscuity exists primarily within 

the inflammatory group of chemokines and chemokine receptors (Figure 1.8). 

Chemokines usually activate signal transduction after binding their cognate 

receptors, but some chemokines are natural chemokine receptor antagonists 

(Figure 1.8 B), and this can be introduced into a chemokine after protease 

mediated clipping (Section 1.10.2) 

 

Figure 1.7: The human chemokine network.  

Human chemokines receptors and their corresponding chemokines are grouped according to their 

agonistic binding patterns (A) and their antagonistic pairings (B). There are four subfamilies of 

chemokines CC, CXC, C and CX3C chemokines, each of which are shown. The diagram above 

was adapted from Rot et al, Annual Reviews of Immunology 2004210. 
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1.10.1 Inflammatory and Homeostatic Chemokines  

Inflammatory chemokines (Figure 1.8) recruit leukocyte effector cells to specific 

areas of pathogen invasion, inflammation and tissue damage. Generally, 

inflammatory chemokines are not normally expressed at significant levels during 

basal conditions although ‘inflammatory’ chemokines that bind to CCR2 have 

been demonstrated to drive bone formation and monocyte release from bone 

marrow at rest211,212. Upon inflammation, inflammatory chemokines are 

abundantly produced by leukocytes and tissue cells that participate in the 

inflammatory response. Inflammatory chemokine receptors and chemokines are 

generally considered to be promiscuous, with each receptor capable of binding 

many chemokines and each chemokine acting as a ligand for many receptors. 

CCL5 is an example of a versatile inflammatory chemokine able to act on at least 

three chemokine receptors (CCR1, CCR3 and CCR5). 
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Figure 1.8: Homeostatic, inflammatory and ‘dual function’ chemokines.  

Chemokines and their corresponding receptors fall within two broad groups: 

Constitutive/Homeostatic (yellow boxes) and Inducible/Inflammatory (green boxes). Some 

chemokines are also described as playing a role in the homeostatic migration of cells and also the 

migration of cells during inflammation and are termed “dual function” (blue boxes). This figure 

is adapted from Rot et al, Annual reviews of Immunology 2004210. 

 

With the discovery of the homeostatic chemokines came a better understanding 

of how chemokines orchestrate the organisation and function of the immune 

system by acting as ‘master regulators’ of cellular localisation and movement. 

Homeostatic chemokines (Figure 1.8) are generally constitutively expressed 

under basal conditions and mediate tissue-specific homing of leukocytes, as well 

as being involved in lymphorganogenesis (Section 1.6) and steady-state 

trafficking of leukocytes, such as DCs. Homeostatic chemokine/receptor 

interactions are less promiscuous than those seen between inflammatory 

chemokines and their receptors.  The interaction of CCL19 and CCL21 with 

CCR7, and CCL25 with CCR9, represent prototypic homeostatic partnerships. 
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These chemokine/receptor pairings are of particular relevance to this thesis and 

their function within the immune system will be discussed in depth later in this 

Introduction.  

It is becoming increasingly clear that some chemokines are able to function as 

both homeostatic and inflammatory chemokines and as such are termed ‘dual 

function’ chemokines (Figure 1.8). These chemokines play a role in the 

localization and homing of cells during homeostasis but are also upregulated in 

certain contexts during inflammation to facilitate cellular migration. In fact, the 

classification of chemokines as ‘inflammatory’ or ‘homeostatic’, while useful in 

pinpointing the dominant context in which individual chemokines operate, is 

somewhat archaic and it is possible that most chemokines contribute to a greater 

or lesser extent to homeostatic and inflammatory leukocyte trafficking. 

1.10.2 Protease Regulation of Chemokine Function 

Chemokines can be cleaved by several means to give rise to smaller truncated 

versions of full-length chemokine. Protease clipping of chemokine N-terminus 

can produce chemokines with increased, decreased or unchanged activity for 

their cognate receptor. Furthermore, chemokine clipping can lead to the 

introduction of antagonist activity or alter receptor specificity. In the case of 

CCL4, proteolytic cleavage of two N-terminal residues by CD26 influences how 

the resulting chemokine fragment interacts with chemokine receptors CCR1 and 

CCR2, however CCL4/CCR5 interactions are unaffected 213,214. Many 

chemokine are secreted and soluble, but CXCL16 and CX3CL1 are expressed in 

membrane bound forms, anchored in the plasma membrane via mucin-like stalks. 

It is understood that proteases can cleave these chemokines so they can be shed 

from the cell surface allowing them to behave like soluble chemokines and 

inducing chemotaxis in responding leukocytes instead of cellular adhesion. 

1.10.3 Chemokine Interactions with Glycosaminoglycans (GAGs)  

Generally, in order for chemokines to mediate their biological function, they 

must be secreted and then diffuse from their source in order to be sensed by 

leukocytes. To perform such a task, chemokines must be soluble and remain in 

this state. However, chemokines are known to interact with sulphated sugars 
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known as glycosaminoglycans (GAGs)215-220. These sugars include chondroitin 

sulphate and heparan sulphate, both of which are expressed on the surface of 

most cells. GAGs decorate the surface of cell walls and the extracellular matrix 

and it is here that they bind chemokine. Due to the diverse array of binding 

motifs that chemokines use for GAG binding, there exists a degree of specificity 

of GAG molecules for binding to chemokine221. These sulphated sugar molecules 

are involved in the immobilisation and presentation of chemokines. It has also 

been suggested that GAG molecules may be involved in the transcytosis of 

chemokine from basal to apical endothelial cell surfaces222. As yet, it is still 

unclear as to the nature of chemokine signalling via GPCRs when they are 

coupled to GAGs. However, as haptotaxis, haptokinesis and extravasation do not 

occur efficiently without GAG immobilisation of chemokine, it can be inferred 

that chemokines can signal when bound to GAG molecules. 

The importance of GAG molecules to the functionality of chemokines has been 

exemplified by studies looking at mutated chemokines disrupted specifically at 

GAG binding domains. These chemokines have been shown to lack function in 

vivo218,223. Chemokine mobilisation and immobilisation mediated by GAGs could 

also be a key mechanism by which chemokine is either ‘seen’ or ‘unseen’ by 

leukocytes. Uncoupling of chemokine from GAGs could reveal a previously 

unseen chemokine to leukocytes in the direct microenvironment. However, 

detachment of chemokines from GAGs could remove chemokine from 

immobilised locations, causing the chemokine to dissipate from this localised site 

and thus interacting leukocytes are no longer able to sense it. It is known that for 

the rolling adhesion of leukocytes along endothelial cell surfaces and their 

subsequent diapedesis, chemokine immobilisation on GAGs is necessary (a 

process discussed in more depth later (Section 1.12)). This has been shown 

experimentally whereby leukocytes were shown to display a more rapid degree 

of integrin activation and adhesion in response to immobilised chemokine on the 

surface of endothelial cells compared with soluble chemokine. This also explains 

how leukocytes are able to sense chemokine in the vasculature, without the 

chemokine being washed away by the blood.  
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1.11 Chemokine Receptors 

The specific effects that chemokines exert on a cell are mediated through their 

interactions with their cognate receptors209,210,224, which are 7-transmembrane 

spanning GPCRs (Figure 1.9), They are part of the rhodopsin family of GPCRs, 

the largest of the five GPCR families described.  

 

 

Figure 1.9: Schematic of a chemokine receptor.  

Chemokine receptors are 7-transmembrane proteins that contain a canonical DRYLAIV motif in 

the second intracellular loop that aids coupling to heterotrimeric G proteins. Chemokine binding 

occurs via the four extracellular domains and induces intracellular signaling mediated with 

heterotrimeric G proteins. Glycosylation and tyrosine sulphation of the N-terminus of the 

receptor increases the negative charge in this region and aids in interactions with positively 

charged regions of the chemokine. 
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chemokines they bind (thus CCR chemokine receptors bind CC chemokines and 

so forth) and numbered according to when they were discovered. We generally 

think of chemokine receptors being faithful to their corresponding subfamily of 

chemokine ligand, that is to say that CC chemokine receptors bind only CC 

chemokines and so on209. However, this is not strictly true for all of the 

chemokine receptors, and we now understand that there is some degree of cross-

family interaction and that some chemokine receptors are not faithful within their 

own chemokine family. For example, CCR3 can bind agonistically to CCL5, 7, 

11, 13 15, 24 and 26 but can also bind antagonistically to CCL8, CXCL9, 10 and 

11 (Figure 1.7).  

Chemokines receptors are typically around 350 amino acids long with three 

extracellular and three intracellular hydrophilic loops, along with an intracellular 

carboxy terminus which contains important serine (ser) and threonine (thr) 

residues that are important for desensitisation and internalisation of the 

receptor225-227 (Figure 1.9). A disulphide bond forms between the first two 

extracellular loops of the chemokine receptor and between loop 3 and the N-

terminal tail. The extracellular N-terminal region of the chemokine receptor, 

which is rich in charged amino acid residues and sulphated tyrosines, is 

important for tethering its chemokine ligand to allow it to engage chemokine to 

engage transmembrane domains with its N-terminus (Figure 1.9). This leads to a 

conformational change in the receptor that initiates signal transduction. The 

intracellular loops couple to the signal transduction machinery of the cells and 

the DRYLAIV amino acid motif in the second intracellular loop of the receptor 

is of particular importance in this process and perpetuates coupling of the 

activated receptor to heterotrimeric G-proteins228-230.  

As mentioned previously, chemokine receptors are often promiscuous with 

regards to the ligands they bind, with many of the pro-inflammatory chemokine 

receptors binding to more than one chemokine ligand (Figure 1.7). In contrast, 

receptors for homeostatic chemokines are restricted to one or two chemokines. 

This has lead to the suggestion of chemokine receptor redundancy within the 

inflammatory chemokine receptor network. Others argue that the ability of 

chemokine receptors to bind many ligands is a selective advantage to the host 

and is a result of evolutionary pressure from pathogens, many of which have the 
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capability to disrupt components of the pro-inflammatory chemokine networks. 

Therefore, by having chemokine receptors that bind to multiple ligands and 

ligands that bind multiple receptors, robust responses to pathogens are ensured 

and the attraction of effector cells is maintained in order to mediate pathogen 

clearance.  

Chemokine receptors and other GPCRs have been shown to homo and hetero-

oligomerise: for example CCR5 homo-oligomerises, and CCR2 and CCR5 

hetero-oligomerise. This is thought to influence the signalling events that 

proceed after ligand binding and can affect the strength of signalling. 

Interestingly, some atypical chemokine receptors have been shown to hetero-

oligomerise with classical chemokine receptors and the significance of this 

pairing will be discussed later in this thesis. 

1.11.1 Chemokine Receptor/Ligand Interactions and Signalling 

Chemokines are known foremost for their capacity to induce cell migration. 

Indeed chemokines were named because of their ability to induce chemotaxis in 

vivo: chemotactic cytokines. However this is an over simplification of their role 

and does not fully explain the multitude of effects that chemokines can impose 

on cells. Downstream effects after chemokine receptor/ligand interactions 

include integrin activation, adhesion, migration, cell survival and respiratory 

burst231-233. All of these effects are achieved by intracellular signalling after 

chemokine ligand binding to GPCRs. Directed cellular migration requires actin 

polymerisation which induces cellular polarity within the cell whereby the cell 

adopts a “leading edge” known as a pseudopod and a “tail” known as a 

uropod234-236. Chemokine receptor signalling ultimately results in the 

rearrangement and remodelling of the cytoskeleton of the responding cell that 

accounts for the induction of cellular motility and the morphological changes of 

the cell. Intracellular signalling induces cellular polarisation whereby the cell 

clusters its chemokine receptors at a leading edge and simultaneously reorganises 

adhesion molecules such as ICAM-1 and ICAM-3 to a trailing edge237 Further 

work on the dynamics of pseudopod establishment has revealed that pseudopods 

are not formed specifically during chemotaxis, but are also present during 

chemokinesis, or random cell movement238. It has been shown that should the 
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chemokine gradient a cell is sensing be reversed, the cell then re-establishes its 

pseudopod to the tail region, or maintains its current pseudopod but completes a 

U-turn to sense the new established gradient. This idea displays the idea that 

pseudopods are specialised structures involved in the sensing of chemokine 

gradients by leukocytes. This dynamic process of cytoskeletal remodelling and 

motility is mediated by small GTPases including RhoA and Rac239.  

Both chemokine and chemoattractant receptors use heterotrimeric G-proteins in 

order to transduce signals intracellularly. These G-proteins are comprised of α, 

β, and γ subunits. Gα subunits can exist both as trimeric complexes with Gβγ or 

as free entities independent of β and γ subunits. G-protein coupled chemokine 

receptor activation by chemokine ligand results in a conformational change in the 

receptor. The GPCR acts as a guanine nucleotide exchange factor (GEF) for Gα 

subunits, which release GDP, binds GTP and activates downstream signalling 

cascades240-242. However, it is probably the free βγ heterodimer that mediates 

much of the downstream signalling after GPCR activation243.  

Upon chemokine receptor ligation with its cognate chemokine ligand, the 

receptor/ligand complex is usually internalised244,245. Under basal homeostatic 

conditions chemokine receptors undergo internalisation and 

degradation/recycling, however chemokine binding induces a greater degree of 

internalisation and intracellular trafficking of the receptor. Receptor down-

modulation results in a reduction in the expression of chemokine receptors on the 

cell surface and is a well-characterised process seen across the GPCR 

superfamily. The method by which the receptor undergoes internalisation can 

take two forms: clathrin-mediated endocytosis or lipid raft caveolae-dependent 

internalisation. While some chemokine receptors may utilise one form of 

internalisation, others can take advantage of both pathways, and the cellular 

background is likely to influence the route of internalisation taken by a particular 

receptor. Binding of chemokine to the receptor induces phosphorylation of ser-

thr residues in the intracellular C-terminal tail of the receptor and this leads to the 

inhibition of G-protein coupling and consequently receptor desensitisation246. 

Additionally, the phosphorylation of these ser and thr residues is an important 

step for the recruitment of β-arrestin. β-arrestins link the receptor to adaptin-2 
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(AP-2)247, which facilitate the internalisation of the receptor via association with 

clathrin and clathrin-coated pits. These clathrin-coated pits ‘pinch off’ to form 

clathrin-coated vesicles that enter the early endosomal compartment inside the 

cell. Evidence shows that β-arrestins may also mediate intracellular trafficking of 

the receptor, and it is now emerging that β-arrestins acts as a scaffold for the 

activation of intracellular signalling events from the internalised receptor/ligand 

complexes248. Clathrin-independent methods of internalisation have also been 

described and include lipid rafts and caveolae structures, which are rich in 

cholesterol. Caveolae mediated chemokine internalisation has been described for 

chemokine receptors CCR2, CCR4 and CCR5 as well as for some atypical 

chemokine receptors245,249-251. 

1.12 Mechanisms of Chemokine-Driven Cell Migration 

Leukocyte egress from the blood and entry into tissues is dependent on 

chemokines and chemokine receptors. The migration of cells from the blood is 

considered to be a multistep process involving selectins, integrins and 

chemokines working in unison to facilitate the egress of leukocytes from the 

blood and entry into the tissues.  

 

 



 75 

 

Figure 1.10: Chemokine-mediated leukocyte extravasation from the blood.  

The multi-step rolling, adhesion and egress of leukocytes from the blood involves selectins, 

chemokines, integrins and cell adhesion molecules. Selectin expression on the leukocyte 

promotes tethering and rolling of the leukocyte along the wall of the blood vessel by interacting 

with peripheral node addressin (PNad, CD34). Chemokine receptors on the leukocyte recognise 

their chemokine ligand presented via glycosaminoglycan molecules (GAGs) such as heparan 

sulphate. This leads to the activation of integrin molecules on the leukocyte such as LFA-1 that 

then interact with cell adhesion molecules on the endothelial cell surface such as ICAM-1. This 

results in the firm adhesion of the leukocyte to the wall of the blood vessel. After the arrest of the 

leukocyte, it then squeezes through tight cell junctions in a process known as transendothelial 

migration. 

 

First, leukocytes begin rolling on the surface of the activated blood endothelium, 

a process governed by the expression of selectins expressed on the leukocytes. 

These selectins bind with low affinity to CD34 on the surface of the blood 

endothelium252-255 slowing down the passage of the leukocyte through the blood 

(Figure 1.10). Cytokines can drive the expression of integrins on the surface of 

the leukocytes whilst at the same time driving the expression of integrin ligands 

on endothelial cells. Thus, cytokines help to induce the correct surface receptor 

repertoire on leukocytes and endothelial cells to support the tethering and 

slowing down of leukocytes. Integrin binding results in a high affinity interaction 
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that further slows down the leukocyte (Figure 1.10). Chemokines are expressed 

by blood endothelial cells and are presented to the leukocyte bound to GAG 

molecules. Once the leukocyte senses the chemokine it results in a 

conformational change in the structure of integrin molecules expressed by the 

leukocyte giving them a higher affinity for their ligand which is a prerequisite for 

firm adhesion and tissue entry254,256-258. The final stage involves the 

transmigration of the leukocyte between endothelial cells (paracellular) (Figure 

1.10). Alternatively, and more rarely, the leukocyte can migrate through the 

endothelial cells, a process referred to as transcellular migration.  

The importance of chemokines in facilitating integrin activation is exemplified 

by inhibition of chemokine receptor signalling via treatment with pertussis toxin 

and also from the analysis of chemokine receptor deficient mice. The inhibition 

or loss of chemokine receptor signalling results in a failure of integrin activation 

and so cells do not extravasate 259,260. Once cells extravasate, they have to 

migrate through a 3-dimensional environment of interstitial matrix, such as that 

found in the parenchyma of secondary lymphoid tissues or the dermis of the skin. 

This migration is largely driven by chemokines though other chemoattractants 

such as leukotrienes also play an important role261. The migration of leukocytes 

in these environments is much more dynamic than that described for leukocyte 

extravasation in the blood (Figure 1.10). In the aforementioned scenario, 

leukocytes firmly adhere to blood endothelium, whereas in tissues such as lymph 

nodes, leukocytes loosly adhere to FRCs and move in a variety of ways in 

response to chemokines.  Chemokines are the main orchestrators of cell 

movement in lymph nodes and help to establish B cell follicles and T cell zones. 

To establish distinct lymph node compartments that contain rapidly moving 

lymphocytes that do not mix, the lymph node is enriched with FRCs and FDCs 

that form a 3D matrix promoting the movement of T cells and B cells, 

respectively. Homeostatic chemokines such as CCL21 are immobilised on the 

lymph node FRCs and their associated extracellular matrix, by interacting with 

GAG molecules. These immobilised chemokines  trigger the random or directed 

movement of lymphocytes. 
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Figure 1.11: Examples of leukocyte movement by haptotaxis and haptokinesis.  

(A) During a model of sterile liver injury, a gradient of CXCL2 guides neutrophils to the site of 

injury. The CXCL2 gradient stops around 150µm from the necrotic core and is replaced by a 

gradient of formyl-methionyl-leucyl-phenylalanine (fMLP) that is probably released by dying 

cells. Therefore, CXCR2+ neutrophils switch to formylated peptide receptor 1 (FPR1)-guided 

attraction in order to cluster around the damaged focus. Neutrophils adhere to and migrate in the 

vasculature in a chemokine directed fashion, therefore neutrophils are said to migrate 

haptotactically in this model262. (B) CCL19 and CCL21 in lymph nodes elicit an increase in T 

cell motility without the presence of concentration gradient. In this case, T cells randomly move 

along FRCs by haptokinesis263.  

 

Histological and intravital microscopy analysis has shown that T cells, B cells 

and DCs migrate along the lymph node stromal scaffolding, suggesting that these 

cells preferentially use stromal cells as guidance tracks for their migration within 

a lymph node164,263,264. Further analysis by intravital microscopy has shown that 

migratory behaviour within the lymph node can quickly change. For example, it 

has been shown that CD8 T cells swarm towards recently activated DCs and 

CD4 T cells suggesting a rapidly changing chemokine gradient is responsible in 
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orchestrating this behaviour265. In this scenario, it is unlikely that immobilised 

chemokine is driving the movement of CD8 T cells and it is more likely that cells 

use a combination of both soluble and immobilised chemokines to drive their 

migration. Cells can move in response to chemokine by either haptotaxis, 

haptokinesis or chemotaxis (Figure 1.11). Haptotaxis refers to the directed 

movement of cells and involves integrin-mediated attachment of cells to 

surfaces. It has recently been shown that neutrophils in the liver 

microvasculature sense intravascular chemokine gradients and migrate by 

haptotaxis towards a site of sterile hepatic injury (Figure 1.11 A). In this model 

of chemically induced sterile liver injury, CXCR2+ neutrophils sense 

intravascular gradients of CXCL2 and migrate to the injury zone. Once 

neutrophils approach the site of necrosis, they then sense formylated peptides 

(fMLPs) that are released directly by the injury site using FPR1. Interpretation of 

fMLPs and chemokines drives neutrophil recruitment to injury sites in a 

haptotactic manner. The concept of haptotaxis has also been demonstrated for 

DC migration in the dermis. In this scenario, gradients of CCL21 promote 

haptotactic movement towards lymphatic vessels266. In a similar study using two-

photon intravital microscopy, neutrophil swarming in the skin was shown to be 

driven by chemotaxis which is driven by leukotriene expression267. Chemotaxis 

is the directed movement of cells along a soluble chemokine gradient that does 

not involve integrin mediated cellular adhesion but instead involves the 

protrusive flowing of the actin cytoskeleton. Haptokinesis refers to the random 

movement of cells along a surface and involves integrin-mediated attachment of 

cells to surfaces. In lymph nodes, T cells and DCs have been shown to move 

along FRCs by haptokinesis (Figure 1.11 B). Interestingly, a study by Sixt and 

colleagues has shown how DCs are able to incorporate both chemotaxis and 

haptokinetic movements by sensing immobilised CCL21 for movement and 

using soluble CCL21 gradients to steer their migration268. The importance of 

these findings will be discussed later in this thesis when considering the function 

of CCR7 (Section 1.13.1). 
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1.13 CCR7 and CCR9: archetypical homeostatic chemokine 

receptors. 

The chemoattractant properties of chemokines were first discovered by the 

description of neutrophil migration in a chemotaxis assay using IL-8 (now 

renamed CXCL8)269. Since then the importance of chemokine-driven migration 

has been well described by many others. Central to this thesis are the chemokines 

CCL19, CCL21 and CCL25. CCL19 and CCL21 are ligands for the CCR7 

receptor while CCL25 operates through CCR9. All three of these chemokines 

bind to CCRL1, the atypical chemokine receptor that is the principal focus of this 

thesis. 

1.13.1 CCR7 

CCR7 exerts its function by interacting with CCL19 and CCL21 and is important 

for the homeostatic recruitment of leukocytes to secondary lymphoid organs. 

Naïve T cells and B cells are programmed to continually migrate between 

secondary lymphoid organs in a process that is largely driven by CCR7 

interacting with CCL21 produced in lymphoid tissues and anchored to the 

surface of HEVs. Tissue-derived migratory DCs also require CCR7 to enter 

lymphatic vessels, and to traverse the floor of the SCS from the lymph into the 

lymph node parenchyma. Although both CCL19 and CCL21 bind to CCR7, 

CCL21 is sufficient, in the absence of CCL19, to drive DC migration and entry 

into lymph nodes and the recruitment of lymphocytes from the blood270. Once in 

the SCS, DCs migrate along gradients of CCL21 produced by FRCs, and thus 

DCs are guided into the T cell zones of lymph nodes. CCR7+ T cells also sense 

immobilised CCL21 produced by FRCs and migrate from HEVs to localise in 

the T cell zones. Once brought together in the T cell zone, activated DCs 

carrying the appropriate antigen interact with T cells to propagate adaptive 

immune responses. Although both CCL19 and CCL21 bind to CCR7 with 

similar affinity, one study has shown that CCL19 is able to provide survival 

signals to T cells but CCL21 does not271. Other experiments have shown that 

DCs will preferentially migrate towards bound CCL21 if presented with equal 

amounts of CCL19 and CCL21272. Therefore, both chemokines bind to CCR7 
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and induce unique responses suggesting that both CCL19 and CCL21 are 

required to support normal T cell migration, localisation and survival. 

Early work using CCR7-deficient mice exemplified the importance of CCR7 in 

driving leukocyte migration to lymphoid tissues by showing that loss of CCR7 

reduced T cell entry into lymph nodes, and to a lesser degree, B cell entry into 

these organs88. As a consequence, these mice have reduced lymph node 

cellularity and abnormal lymph node architecture with the absence of clearly 

defined B cell follicles and T cells zones.  Recent work has shown that CCR7-

dependent DC migration also controls lymph node size and structure. In this 

study the authors showed that DCs mainly enter lymph nodes by transmigrating 

through the floor of the SCS whereas naïve T cells in the lymph mainly enter via 

medullary sinuses. DCs when migrating via the SCS induce local changes in the 

structure of the lymphatic vessels and promote the entry of T cells via this site in 

a CCR7-dependent manner53. This phenomenon is lost when CCR7 is absent on 

DCs. In the same study, the authors showed the dependence on CCR7-mediated 

signaling by DCs and T cells for directed migration into T cell zones. WT and 

CCR7-deficient mice contain comparable numbers of DCs in their peripheral 

non-lymphoid organs however numbers of migratory DCs within lymph nodes of 

CCR7-deficient mice is dramatically reduced. This indicates that CCR7 plays no 

appreciative role in the recruitment of DC progenitors to peripheral sites such as 

skin and mucosa but is required to drive the migration of semi-mature DCs from 

these sites to lymph nodes. Loss of CCR7 results in enhanced immune responses 

in these animals that is attributed to the aberrant positioning of FoxP3+ Tregs in 

the lymph node273.  The importance of CCL21 guidance cues in mediating DC: T 

cell contacts has also been exemplified by the loss of CCR7. Studies in CCR7-

deficient mice show that these mice have reduced DC motility of around 50%, 

and around a 30% reduction in velocity with a similar result noted for T cells274. 

For CD4+ T cells, intranodal motility of these cells is reduced in the absence of 

CCR7 signaling either by deletion of the receptor itself or its ligands. plt/plt mice 

were used to explore  the impact that loss of CCL19 and CCL21 has on CCR7+ 

leukocyte migration to lymph nodes and their movement within these organs.  

plt/plt (paucity of lymph node T cells) mice harbour a spontaneous deletion of 

CCL19 and CCL21a (CCL21-ser) in secondary lymphoid organs while CCL21b 
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(CCL21-leu) found in non-lymphoid tissues, remains intact275-277. Adoptive 

transfer of WT CD4+ T cells along with systemic administration of CCL21 

restored T cell motility in the lymph nodes of plt/plt mice274. plt/plt mice also 

show reduced numbers of T cells and DCs in lymph nodes and models using skin 

sensitisation have shown that DCs display defective trafficking to skin draining 

lymph nodes.  

Similar to the lymph node, chemokines CCL19 and CCL21 dominate in the 

spleen and control the movement of lymphocytes. This is exemplified by loss of 

these chemokines in plt/plt mice that leads to defective accumulation of T 

lymphocytes in the white pulp277. In a similar fashion to the way in which cells 

transmigrate from blood into tissues, cells traversing the marginal zone do so in 

an active fashion involving integrins and chemokines. The marginal zone is a 

unique and interesting environment containing narrow corridors that extend 

between red pulp and white pulp and that are thought to facilitate cellular entry 

into the white pulp from splenic venules (Section 1.8).  These bridging channels 

are rich in FRCs and these cells have been shown to secrete CCL21. This 

chemokine therefore is proposed to guide CCR7+ cells into PALS164.  

CCR7 and CCL21 are fundamental to the development and function of the 

thymus278-280. The thymus is a primary lymphoid tissue involved in the 

development of thymocytes into mature T cells. The expression of CCL21 within 

the thymus is widespread and found in both the cortex and medullary regions. 

CCR7 is expressed by double negative thymocytes (CD4- CD8-) and single 

positive thymocytes (CD4+ CD8- or CD4- CD8+) and guides these cells through 

both regions of the thymus. Early thymic precursors and late stage thymocytes 

depend on CCR7 for their migration and as such CCR7 functions to control 

multiple stages of thymocyte development280,281. Multiple models involving 

single gene KO and multiple gene KOs have shown that CCR7, CCR9 and 

CXCR4 work in synchrony to drive the migration of bone marrow derived 

thymic precursors to the thymus278,280,282-284. Inside the thymus, CCR7 is 

important for the outward migration from the corticomedullary junction of 

double negative 2 thymocytes (lineage-, CD44+, CD25+, and CD117+) to the 

cortex281. This was shown in plt/plt mice and CCR7-deficient mice with both 

mouse strains displaying an accumulation of double negative 2 and double 
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negative 3 (lineage-, CD44- and CD25+) cells at the corticomedullary junction. 

Together, studies using these mice have shown that CCR7-deficient and plt/plt 

mice show abnormal thymus morphology and that CCR7-deficient mice display 

low numbers of thymocytes275,279,285. Studies conducted in CCR7-deficient mice 

have also shown that these mice also develop spontaneous autoimmunity286. It 

can be appreciated that as CCR7 plays such a critical role in guiding developing 

thymocytes throughout the entirety of the thymus that deletion of CCR7 would 

have a profound impact on the generation of conventional T cells, Tregs and 

deletion of autoreactive T cells. 

Recently, the interaction between CCL21 and CCR7 was shown to be more 

complex than once thought. CCL21 is extended at the C terminus and highly 

charged residues within this region facilitate chemokine interactions with heparin 

sulphate molecules and GAGs that decorate the surface of cells. In contrast, 

CCL19 lacks a C terminus extension and as such is an obligate soluble 

chemokine. Both CCL21 and CCL19 are capable of binding to CCR7 to induce 

cellular movement. However, Schumann and colleagues reported in 2010 via a 

series of ex vivo and in vitro experiments that CCL21, can, upon culturing with 

mature DCs, become truncated to produce a smaller soluble fragment that retains 

its capacity to induce chemotaxis in CCR7+ cells268 and behaves in a manner 

similar to that of CCL19 (Figure 1.12).  
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.  

Figure 1.12: Cleavage of full-length CCL21 chemokine.  

The above diagram is a proposed model of the significance of DC mediated cleavage of CCL21 

chemokine in vivo. DCs entering a lymph node recognise immobilised flCCL21 that decorates 

the surface of FRCs. DCs then move along FRCs via haptokinesis. These DCs are termed 

‘pioneer’ DCs. Pioneer DCs then cleave the C-terminus of CCL21 to create a soluble CCL21 

fragment that diffuses from its site of production. Soluble CCL21 steers the movement of DCs 

that subsequently enter the lymph node by inducing the chemotactic movement of these cells. 

The soluble fragment also attracts mature DCs entering the lymph node by way of the SCS 

lymphatics. 

 

In this study, the authors show that DCs carry an as yet unknown protease that 

has the capacity to cleave the C-terminus of CCL21 and create a soluble CCL21 

fragment. From their observations made in vitro, the authors suggest what may 

occur mechanistically in vivo. They hypothesise that soluble CCL21 diffuses 

from the source inside the lymph node and attracts responding mature DCs into 

the lymph node parenchyma and migration towards the T cell zone (Figure 1.12). 

In this study they were also able to show that DCs sense CCL21 and move via 

haptokinesis but then their movement becomes directional upon sensing of 

truncated soluble CCL21 generated by other DCs. This sensing of truncated 

CCL21 (tCCL21) along with the recognition of immobilised CCL21 causes the 
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DCs to move via haptokinesis but with the tCCL21 fragment steering the 

direction of DC migration. This paper detailed for the first time the ability of 

haptokinetic and chemotactic movement to occur within the same system. The 

results from this study open up the possibility that other C-terminally extended 

chemokines may be cleaved to produce a chemotactically active fragment from a 

normally immobilised haptotactic or haptokinetic chemokine. This is a theme I 

will explore later in the Results chapters of this thesis. 

1.13.2  CCR9 

Parallels can be drawn between the roles described for CCR7 and what is known 

about CCR9. Like CCR7, CCR9 directs the migration of leukocytes to and from 

discrete immune compartments. Specifically, CCR9 is important in the intestinal 

immune system and drives the migration of leukocytes to the small intestine. 

CCR9 is also involved in the maturation and positioning of thymocytes.  

CCR9 is expressed on thymocytes at various stages throughout their maturation. 

CCR9+ thymocytes are guided through the thymus by recognising CCL25, the 

only known ligand for CCR9, which is produced by thymic epithelial cells 

(TECs)287. It is known that CCR9 specifically drives the migration of thymocyte 

progenitors from the bone marrow as well as driving DN thymocytes from the 

cortex to the medulla278,287,288.  

Both CCR9 and CCR7 are important for the migration of pDCs20,289-293. It has 

been shown that CCR7 is upregulated on pDCs following activation with TLR 

ligands and this facilitates their extravasation into lymph nodes via HEVs. This 

has been demonstrated in CCR7-deficient mice in which experiments have 

shown that irrespective of activation state, CCR7 null pDCs have a reduced 

propensity to localise in secondary lymph nodes, whereas their homing to bone 

marrow and spleen is unaffected. CCR9+ pDCs migrate to the small intestine 

during homeostasis and inflammation289. In CCR9 deficient animals, the number 

of pDCs in the lamina propria of the small intestine is reduced, whereas the 

number of pDCs in secondary lymphoid organs is unaffected289. Almost all pDCs 

express high levels of CCR9 and this drives their constitutive trafficking. Further 

experiments involving adoptive transfer of WT and CCR9-deficient pDCs has 
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also revealed a role for CCR9 in the recruitment of pDCs from the blood to the 

small intestine289. CCR9+ pDCs reportedly have tolorogenic properties. It was 

been shown by two separate groups that CCR9+ pDCs are able to induce the 

generation of IL-10 secreting Tregs from naïve T cells. Furthermore, Hadeiba et 

al. describe a role for CCR9+ pDCs in reducing the severity of graft versus host 

disease by suppressing the generation of IL-17 producing T cells20.  

T cells that encounter antigen in lymph nodes undergo a series of reprogramming 

events during which they change their homing properties by changing their 

chemokine receptor and integrin expression. Imprinting of cells within lymph 

nodes is unique to the specific lymph nodes in which the cell resides. The 

mesenteric lymph node has a unique microenvironment and is home to a 

specialised population of DCs that allows for the imprinting of gut homing 

receptors upon T cells294,295. The continual migration of leukocytes to and from 

the small intestine lamina propria is of paramount importance to efficient 

immune surveillance and also for the induction of tolerance towards commensal 

bacteria and food antigens. DCs and macrophages within the small intestine 

lamina propria continuously sample and uptake antigen from the intestinal 

lumen. DCs then use CCR7 to travel from the small intestine lamina propria via 

the afferent lymphatic vessels to arrive at the MLN where they present their 

antigen to T cells296. T cells recognise the antigen via their cognate TcRs and 

become activated. The imprinting of small intestine lamina propria homing 

receptors can only occur via the interaction of T cells with specialised retinoic 

acid producing DCs297-299. These DCs are able to induce the expression of CCR9 

and the integrin α4β7 on the T cell by releasing retinoic acid, a vitamin A 

metabolite. These DCs are equipped with the ability to induce these receptors by 

high expression of retinal dehydrogenase (RALDH), an enzyme that converts 

dietary vitamin A to retinoic acid. Both CCR9, via interactions with CCL25, and 

α4β7, via interaction with MAdCAM-1, home the T cell to the small intestine 

lamina propria. Compared to WT animals, β7-deficient mice and CCR9 deficient 

mice contain reduced numbers of T cells in the small intestine lamina 

propria287,300. Finally, retinoic acid is also required for driving CCR9 and CCR10 

expression on IgA secreting plasmablasts which drive the migration of these cells 

to the small intestine lamina propria (CCR9) and large intestine (CCR10)301. It 
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has been shown that vitamin A-deficient mice lacked intestinal IgA-secreting 

cells and that retinoic acid is required for the homing of these cells and for their 

ability to secrete IgA301. Therefore taken collectively, these reports illustrate the 

importance of the mesenteric lymph node microenvironment in shaping the 

repertoire of surface receptors, that homes leukocytes to the small intestine 

lamina propria.  

This body of work shows how both CCR7 and CCR9 driven processes are of 

fundamental importance to the development and homeostasis of the immune 

system and play key roles in the induction of adaptive immunity.   

1.14 The Atypical Chemokine Receptor Family  

I have described how chemokines are important regulators of leukocyte 

migration in vivo and as a consequence how they act as key components of the 

immune system. As such chemokines and their receptors must be tightly 

controlled at transcriptional, translational and post-translational levels to prevent 

aberrant localisation and recruitment of leukocytes. Over the past 10-15 years it 

has become increasingly clear that a separate group of receptors, known as 

atypical chemokine receptors, function in a non-classical way to ‘conventional’ 

chemokine receptors and play a role in regulating chemokines and their 

receptors. At present, atypical chemokine receptors include Duffy Antigen 

Receptor for Chemokines (DARC), D6, CXCR7, and CCRL1 (also known as 

CCX-CKR). CRAM (chemokine receptor on activated macrophages) may 

represent an additional member to this family of receptors but controversy exists 

over its ability to bind to CCL19. Therefore, for the purposes of this thesis, I will 

describe only the functions of DARC, D6, CXCR7 and CCRL1. 

Collectively, atypical chemokine receptors structurally resemble conventional 

chemokine receptors but are unique in their function. Although not all uniform in 

terms of the mechanisms by which they function, it is known that they do not 

initiate classical chemokine receptor signalling upon ligand binding. It has been 

proposed that they may function to exert post-translational control over 

chemokines, and possibly regulate co-expressed conventional chemokine 

receptors. Evidence has supported the view that some of the atypical chemokine 
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receptors, such as D6, are chemokine scavengers, able to internalise and degrade 

large quantities of extracellular chemokine by continuously cycling to and from 

the cell surface whilst resisting chemokine-induced receptor desensitisation. 

Other atypical chemokine receptors, such as DARC, appear to act to buffer 

chemokine levels in vivo and may be involved in transporting chemokines across 

microoanatomical barriers such as endothelial cell layers lining blood vessels. 

Therefore, this family of atypical chemokine receptors is able to mediate post-

translational control of extracellular chemokines in different ways. This thesis 

will examine the control of the chemokine ligands for CCR7 and CCR9 by the 

atypical chemokine receptor CCRL1. First, the other members of the atypical 

chemokine family are discussed. 

1.14.1  D6 

D6 belongs to the atypical chemokine receptor family due to its ability to 

scavenge large quantities of chemokine whilst showing an inability to become 

desensitised. Furthermore, D6 does not activate classical signalling pathways 

after chemokine binding. The first characterisation of D6 expression was from 

Northern blot analysis showing that human placenta has the highest expression of 

D6 in humans302. It subsequently emerged that this was due to its strong 

expression by fetal trophoblasts303. D6 has also been shown to be expressed by 

lymphatic vessels in human skin, lung and gut and by lymph node afferent 

lymphatics, although D6 expression is absent from lymphatic vessels in other 

organs304-308. D6 expression has also been reported on human pDCs, B cells, 

cDCs, macrophages and mast cells309,310. 

D6 is currently thought to function as a chemokine scavenger that binds, 

internalises and degrades 12 inflammatory CC chemokine ligands in humans 

(CCL3, CCL3L1, CCL4, CCL4L1, CCL5, CCL7, CCL8, CCL11, CCL13, 

CCL14, CCL17, and CCL22)302,311-313. This is thought to help dampen and 

resolve inflammatory responses by controlling leukocyte migration. Mouse D6 

has more limited ligand specificity314,315. Work carried out on transfected cell 

lines has shown that over time D6 can remove large quantities of inflammatory 

CC chemokines from the extracellular milieu by rapid constitutive internalisation 

and degradation316. Experiments have also shown that after internalisation, 
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chemokines are dislodged from D6 and targeted for degradation, while the 

receptor can recycle and be re-expressed on the cell surface for further 

chemokine binding, a process driven in a ligand-independent manner317.  

The absence of a reliable D6 antibody has hampered attempts to characterise D6 

expression in mice. However, D6 mRNA is readily detectable in the lung, liver 

and placenta of the mouse303,315, and data from the Immunological Genome 

Project (Immgen, www.immgen.org) and from work done by Malhotra et al has 

described D6 expression on mouse lymph node LECs318. In addition, fluorescent 

chemokine uptake assays have been used to show expression of functional D6 

protein by innate-like B cells and at low levels by some other leukocyte 

subsets314,319,320 . 

Due to the expression of D6 on LECs in barrier tissues, it has been implicated as 

a key regulator of inflammatory chemokine at these sites. It has been reported 

that D6 functions on these cells to sequester excess inflammatory chemokine 

from the lymphatic surface in order to promote tissue flow and the proper egress 

of leukocytes from peripheral sites 306,321,322. In the absence of D6, leukocytes are 

held up in lymph nodes and surrounding skin lymphatic vessels due to 

presentation of excess inflammatory chemokine by LECs and this leads to 

lymphatic congestion. As a consequence, DCs from peripheral sites such as the 

skin are hindered in their ability to localise in secondary lymph nodes leading to 

defective initiation of adaptive immune responses306. 

Although D6 is described as an inflammatory chemokine scavenging receptor, 

D6-deficient mice have some phenotypes at rest. D6 is expressed on innate like 

B cells including body cavity B1 B cells and MZ B cells in the spleen. In D6-

deficient mice at rest the numbers of B1 cells is reduced compared with WT 

animals314. Furthermore, D6-deficient mice have lower levels of circulating 

class-switched antibodies specific for phosphorylcholine which are generated 

from innate-like B cells314. Rather than loss of chemokine scavenging, these 

defects are probably linked to the observation that B1 cells have an increased 

responsiveness to CXCL13, a chemokine that drives the localisation and 

migration of CXCR5+ B1 cells. The reason for this increased responsiveness is 

unclear but the data suggest that D6 is able to suppress the activity of co-
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expressed conventional chemokine receptors. In addition, D6-deficient mice 

display defects in inflammatory monocyte egress from the bone marrow as well 

as producing monocytes phenotypically distinct from WT counterparts323. The 

migration of Ly6Chi monocytes from the bone marrow is enhanced in D6-

deficient mice and this is probably due to dysregulation of CCR2 chemokine 

ligands323. Inflammatory monocytes express high levels of CCR2 and this is 

important for their release into the blood212.  

Induction of inflammatory responses in D6-deficient mice has demonstrated the 

reduced capacity of these animals to resolve inflammation. In many of these 

studies levels of D6 associated chemokines are elevated in the inflamed tissues 

of D6-deficient mice. D6-deficient mice have an increased susceptibility to gut 

and skin tumours324,325. Furthermore, D6 has been described as a key player in 

resolving cutaneous inflammation induced by topical application of phorbol 

esters or by CFA injection, with D6-deficient animals displaying an enhanced 

pathology compared to WT counterparts304,326,327. Transgenic expression of D6 in 

keratinocytes conferred an increase in protection against cutaneous inflammation 

and inflammation-driven papilloma formation. Collectively, these studies 

highlight the crucial role D6 plays at barrier sites in terms of controlling the 

levels of inflammatory chemokine and, as a consequence, inflammation and 

tumour formation326. Research has also shown that D6-deficient mice are more 

susceptible to M.tuberculosis328 with aberrant leukocyte accumulation in the 

lungs, mediastinal lymph nodes, kidneys and liver ultimately leading to an 

increase in mortality. However, loss of D6 did not affect bacterial load. D6-

deficient mice are more sensitive to liver damage after carbon tetrachloride-

induced acute liver damage and have an exaggerated DC and eosinophil infiltrate 

during models of allergic lung inflammation329,330. D6-deficient mice carrying 

D6-deficient pups are more susceptible than WT counterparts to undergo 

inflammation-associated miscarriage induced by LPS or antibodies against 

phospholipids331. It has also been shown that fetal D6 aids the survival of mouse 

embryos transferred into allogenic hosts303. 

In many of the aforementioned studies, levels of D6-binding chemokines were 

elevated in the inflamed tissues of D6-deficient mice compared with WT mice. 

This would support the idea that D6 functions as a chemokine scavenger to 
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restrict the recruitment of inflammatory leukocytes. As levels of D6 are often 

elevated in inflamed tissues, it is possible that D6 is induced to help resolve 

inflammation by controlling chemokine-driven leukocyte migration.  

1.14.2 Duffy Antigen Receptor for Chemokines (DARC) 

Originally described in the 1950s as the molecular determinant of the Duffy 

blood group antigen, DARC was further classified in the 1990’s as a receptor for 

inflammatory chemokines. There are three major polymorphisms in humans that 

give rise to the Duffy blood groups. DARC is present on erythrocytes and is 

known to be the cellular entry point for the malarial parasite Plasmodium Vivax 

(P.vivax) 332. It is thought that this has driven the emergence of the DARC null 

phenotype, which is particularly prevalent amongst the sub-Saharan African 

population. Individuals with this phenotype possess a mutation in the promoter 

of both their alleles that disrupts a binding site for the GATA-1 transcription 

factor333. The result is the loss of DARC specifically from erythrocytes, although 

expression remains on other cells. These individuals are protected from infection 

from P.vivax. Interestingly, they also display benign neutropenia334-336. 

Therefore, DARC may control the bioavailability or biodistribution of DARC-

binding chemokines to regulate the dynamics of neutrophil generation and/or 

departure from the bone marrow.  

DARC, similar to other atypical chemokine receptors, plays an important role in 

chemokine homeostasis. DARC is able to bind some, but not all, inflammatory 

chemokines including those from both CC and CXC subfamilies. Its expression 

is confined to red blood cells (RBCs), venular endothelial cells and Purkinje cells 

in the brain as well as kidney and lung endothelial cells. It is positioned at sites 

of high leukocyte extravasation, such as HEVs and post capillary venules337-339. 

As the levels of DARC on red blood cells are approximately 15nmol per litre of 

human blood, and even higher in mice, the capacity of these cells to bind 

chemokines is substantial. 

The lack of the DRYLAIV motif in the second cytoplasmic loop renders the 

receptor ‘silent’338 and no detectable signalling has been reported to be induced 

upon chemokine binding to DARC. It is postulated that DARC on RBCs acts as a 
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chemokine ‘sink’ sequestering available chemokine and altering chemokine 

concentrations in the blood339. Evidence supports the idea that DARC also acts as 

a chemokine buffer in the blood by holding chemokine in a bound state on the 

surface of RBCs during inflammation. When inflammation subsides and plasma 

chemokine levels are reduced by DARC-independent mechanisms, DARC-

bound chemokines are released ensuring that leukocyte recruitment is robust and 

targeted by preventing chemokine-induced receptor down-regulation on 

leukocytes. 

On endothelial cells, DARC appears to support chemokine activity, and in 

transfection models, DARC was shown to be essential for the optimum migration 

of leukocytes340. This phenomenon can be explained by transcytosis. It is thought 

that DARC on endothelial cells binds and internalises chemokine, and then the 

chemokine/receptor complex is transported to the opposite side of the cell where 

the chemokine is presented to leukocytes251. This discovery has further added to 

the complexity of the chemokine networks and their regulation, and has 

challenged our thoughts of how atypical chemokine receptors function to control 

chemokines.  

1.14.3  CXCR7 

Another chemokine receptor grouped alongside the ‘atypical receptors’ is 

CXCR7 (formerly known as RDC1). Until the discovery of CXCR7, it was 

thought that CXCR4 and CXCL12 formed a monogamous relationship, partly 

because the phenotypes of mice deficient for one or other of these genes were so 

similar. In fact, CXCR7 has a stronger affinity for CXCL12 than the classical 

signalling receptor CXCR4 and also has the ability to bind to CXCL11, a 

chemokine that operates through CXCR3341. Studies conducted in CXCR7-

deficient mice have shown that it is critical for heart formation during 

embryogenesis and indeed most CXCR7-deficient mice die within a few days of 

birth due to cardiac defects including thickened semilunar valves and ventricular 

septal defects341,342. CXCR7 is able to homodimerise and heterodimerise with 

CXCR4343 and in its heterodimeric form CXCR7 is able to regulate the 

subcellular localisation of CXCR4 to modulate biological effects mediated by 

CXCL12 engagement with CXCR4344.  
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CXCR7 transcripts are detectable in many tissues of adult mice although it is not 

yet known if this correlates with protein expression. Protein expression has been 

found in mouse fetal liver cells341 and studies conducted using knock in reporter 

mice describe expression in osteocytes345. CXCR7 has also been shown to be up 

regulated in tumours and emerging neovasculature346,347. Furthermore, CXCR7 

has been described to play a role in stem cell localisation348, tumour cell 

migration349 and the regulation of CXCL12-induced leukocyte migration344. 

There still remains a debate over whether CXCR7 should be grouped alongside 

the atypical chemokine receptors. Indeed it has been shown that CXCR7 can 

induce increased cellular adhesion as well as promoting cell proliferation341. 

CXCR7 has been reported to activate MAP kinases through β-arrestins after 

ligand binding, suggesting that it may be better placed alongside the classical 

chemokine receptors. 

The first described role for CXCR7 in vivo comes from studies conducted in 

zebrafish, in which investigators highlighted a key role for this receptor in 

embryogenesis125,350,351. Two CXCR7 genes are constitutively expressed in 

various tissues during embryogenesis in fish. The receptor is expressed in facial 

motor neurons and also in the lateral line352. Collective cell migration along the 

lateral line requires CXCR7 and CXCR4 to work in synchrony to direct the 

proper migration of cells350. At the leading edge, CXCR4 facilitates cell 

migration whereas CXCR7 is expressed on trailing cells and ensures these cells 

lose sensitivity to CXCL12. This partnership ensures the proper deposition of 

cells along the lateral line that eventually give rise to neuromasts which are 

mechanoreceptive organs. In this system it has been proposed that CXCR7 

functions to control CXCR4 signalling and regulation.  

In the embryo, CXCR4 and CXCL12 are also critical for neuronal development 

and progenitor cell survival. Within this system, CXCR7 is expressed alongside 

CXCR4 and is crucial for the migration of interneurons349,353. As mentioned 

previously, chemokine receptor desensitisation can limit the migration of cells 

and prevent aberrant responses to chemokines. It is proposed that CXCR7 

functions in neuronal development to prevent the desensitisation of CXCR4 by 

regulating CXCL12 abundance and thus cells retain responsiveness to 
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CXCL12354. However, in another related study it was reported that CXCR7 and 

CXCR4 transmit distinct signals that are required for optimal migration355. 

CXCR7 is expressed by tumour cells, especially in lymphomas and 

sarcomas341,346,356,357. Additionally, CXCR7 immunoreactivity has been reported 

in multiple human neoplasms including liver, thyroid, breast, cervix, colon 

pancreas, gall bladder and lung. There is strong anti-CXCR7 immunoreactivity 

on tumour vasculature however the role of CXCR7 at this site is not fully 

understood. In vitro studies as well as mouse models have identified CXCR7 as 

an important mediator of tumour cell proliferation, survival and 

metastasis346,355,356.  

1.14.4  CCRL1 

Compared with the other atypical chemokine receptors, CCRL1 is less well 

characterised. In 2000 a novel human chemokine receptor was identified by 

Gosling and colleagues from analysis of databases of expressed sequence tags 

(EST)358 and named ChemoCentryx Chemokine Receptor (CCX-CKR) in 

reference to the company that first discovered it. CCRL1 shares some homology 

to other CC chemokine receptors, particularly CCR7 and CCR9. Human and 

mouse CCRL1 has a high affinity for homeostatic chemokines CCL25, CCL19 

and CCL21359 (half-maximal inhibitory concentration (IC50 of 10-20nM)). 

Human CXCL13 also binds to human CCRL1 albeit with much lower affinity 

(IC50 >100nM). Based on in vitro studies describing the ligand specificity of 

CCRL1, and in vivo studies describing increased CCL21 protein in CCRL1-

deficient animals during inflammation, it is hypothesised that CCRL1 functions 

in vivo by scavenging extracellular CCL19, CCL21 and CCL25. Similar to the 

role of D6, it is possible that CCRL1, after chemokine binding, targets CCL19, 

CCL21 and CCL25 for degradation whilst consequently recycling to the cell 

surface for further chemokine binding (Figure 1.13). 
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Figure 1.13: Model of CCRL1-mediated chemokine internalization.  

The atypical chemokine receptor CCRL1 binds to CCL19, CCL21 and CCL25 chemokines but 

fails to initiate classical intracellular chemokine signaling cascades.  It is proposed that CCRL1 

constitutively traffics to and from the cell surface targeting chemokine ligand for degradation. 

However, direct evidence for this mechanism of action is currently lacking. 

 

Following on from early expression studies, more recently Heinzel and 

colleagues have expanded understanding of where CCRL1 is expressed in vivo 

by generating CCRL1-eGFP reporter mice360. These mice were generated by 

replacing part of the coding sequence of CCRL1 with GFP. They therefore 

express GFP under the control of the CCRL1 promoter and so GFP identifies 

cells that have an active CCRL1 promoter. The group reported expression of 

GFP on cortical thymic epithelial cells, cells in the subcapsular region of 

secondary lymphoid organs, and keratinocytes in the skin. However, they did not 

report expression of GFP in heart tissue (which is reported to express high levels 

of CCRL1 transcripts using molecular techniques358,359) nor did they find 
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expression on CD45+ leukocytes as determined by flow cytometry analysis, 

although data from the ImmGen Project (www.immgen.org) shows germinal 

centre B cells express CCRL1 transcript. The GFP+ cells in the SCS of secondary 

lymph nodes are thought to be LECs, and according to microarray studies, these 

cells have been shown to express CCRL1 transcripts318. It is also notable that 

GFP+ cells in the intestine also appear to be lymphatic vessel-like structures. 

Thus far, the understanding of the biological functions exerted by CCRL1 in vivo 

are somewhat limited. CCRL1 does not appear to play a role in the embryonic 

development of the mouse as we and others have generated CCRL1-deficient 

mice and detect no obvious developmental abnormalities. Despite binding to 

CCL19 and CCL21, there are no dramatic changes in lymph node cellularity 

although it is reported that CCRL1-deficient mice contain fewer migratory DCs 

in skin-draining lymph nodes at rest360. This finding is interesting, because as 

discussed in section (Section 1.13.1), migratory DCs rely on CCL21/CCR7 for 

their steady-state migration from the periphery to draining lymph nodes and to 

traverse the floor of the SCS. Expression of CCRL1 in the skin and at the SCS 

could function to control biodistribution and bioavailability of CCL19 and 

CCL21 to provide optimal chemokine signals to CCR7+ DCs although direct 

evidence of this is lacking. 

Unsurprisingly due to the chemokines bound by CCRL1, deletion of the receptor 

is reported to have an effect on the adaptive immune response. One group has 

studied the impact of loss of CCRL1 expression on the development of 

experimental autoimmune encephalomyelitis (EAE) in mice and reported that 

these animals develop a more rapid onset of central nervous system (CNS) 

pathology.  This was associated with elevated serum levels of CCL21361.  In the 

same study they found elevated levels of both CCL19 and CCL21 in the lymph 

nodes of these mice. Interestingly however, the earlier onset of autoimmunity 

was attributed not to increased activation of T cells in the lymph node but as a 

result of aberrant TH17 generation in the spleen. CCRL1-deficient mice had 

elevated expression of IL-23 transcripts in the spleen, a cytokine is known to 

drive the expansion of TH17 cells.  The mechanisms underpinning this enhanced 

TH17 response in CCRL1-deficient mice during EAE remain to be elucidated.  
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During the course of my PhD studies, the same group also described a role for 

CCRL1 in fine-tuning the behavior and migration of thymic precursors to the 

developing thymus362. They showed that CCRL1-deficient mice displayed 

abnormal thymocyte localisation and abundance leading to loss of central 

tolerance, and this predisposes them to autoimmunity, with aged CCRL1-

deficient mice spontaneously developing a Sjogren’s-like autoimmune disease. 

However, studies conducted on homozygote CCRL1-GFP reporter mice (which 

lack CCRL1 expression) did not find thymic defects. The reasons behind these 

discrepancies remains to be resolved in future investigations and the impact of 

CCRL1 deficiency on thymic function remains a controversial issue. 

Other reports point to potential roles of CCRL1 in the protection against the 

formation breast cancer363. Interestingly, it appears that disease free-survival of 

patients is associated with high co-expression of CCRL1, D6 and DARC363. This 

is an interesting example of atypical chemokine receptors working in synergy, 

and may hint to the importance that lies in co-expression of atypical chemokine 

receptors within the same tissue. 
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1.15 AIMS 

The chemokine family is critically important for the proper migration of cells 

throughout development and during the course of immune homeostasis, 

inflammation and the induction of adaptive immune responses. Due to it’s ligand 

specificity, CCRL1 could broadly impact the immune system in areas such as 

development and immune function. CCRL1 is already emerging as a regulator of 

adaptive immune responses with key papers published in recent years detailing 

its role in adaptive immunity. 

Therefore, based on previous studies and on going investigations within the lab, I 

focused my investigations on characterising the impact of CCRL1 deficiency on 

the mouse immune system. As one of the principal roles of CCL21 is to direct 

DC migration from the periphery, I sought to examine in detail the role of 

CCRL1 in coordinating DC migration to peripheral lymph nodes. I explored the 

impact of CCRL1 deletion on DC migration during inflammation using contact 

sensitisation assays and models of cutaneous inflammation. It was anticipated 

that these investigations would enhance our understanding of how CCRL1 

coordinates DC migration and may explain why CCRL1-deficient mice have 

aberrant adaptive immune responses. 

I also set out to explore the binding of CCRL1 to post-translationally modified 

chemokines. A report by Schumann and colleagues published at the beginning of 

my thesis reported that CCL21 could be proteolytically cleaved by mature DCs 

to produce a chemotactically active truncated, soluble fragment of CCL21. The 

enhanced diffusivity of this version of CCL21 might make it be particularly 

important target for putative regulation by CCRL1. I was interested in 

understanding the mechanism of this truncation and also to explore if DCs and 

other leukocytes interact with other C-terminally extended chemokines to 

produce shortened truncated forms.  

I also focused on understanding interactions between cells residing at the SCS 

region of the lymph node and interfollicular regions. The SCS is home to 

CCRL1-expressing cells and I hypothesised that CCRL1 may affect the 

interactions, numbers and positioning of cells residing within or near the SCS. 
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Therefore, I characterised cells present within or near the SCS at rest and also 

during inflammation. These studies developed my interest in the significance of 

interactions between lymph node LECs and SCS macrophages. I investigated this 

by examining the expansion of lymphatic cells that occurs during inflammation 

and the role that SCS macrophages play in lymphangiogenic process. I was also 

interested to see how loss of CCRL1 expression affects expansion of these cells.  

1.16 Hypotheses 

Based on the discussions above, the following hypotheses were formulated: 

1) CCRL1-mediated regulation of CCL19 and/or CCL21 regulates the 

migration of DCs to lymph nodes during inflammation. 

2) Leukocytes can cleave immobilised chemokines to release soluble versions 

that are regulated by CCRL1 and other atypical chemokine receptors. 

3) CCRL1 regulates leukocyte abundance and distribution in the subcapsular 

and interfollicular regions of lymph nodes. 

4) SCS macrophages control lymphangiogenic responses in lymph nodes during 

inflammation. 

 

Progress was made in addressing each of these hypotheses, however, over the 

course of the experimental work, some projects developed more successfully and 

formed the principle focus of my efforts. These studies are described in Chapters 

3-5. All work was conducted at the University of Glasgow, except for studies 

using CCR7-deficient mice, which were undertaken by myself at MGH, Harvard 

Medical School, Boston, MA. During my time at MGH I also learned how to 

utilise kaede transgenic mice for cellular migration studies.  

The results are discussed in depth in the Discussion section (Chapter 6) where I 

link the different arms of this project and present a comprehensive picture of our 

current understanding of the function of the atypical chemokine receptor CCRL1. 
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Chapter Two 

Materials and Methods 
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2 Materials and Methods 

2.1 Animals 

CCRL1-deficient mice were generated in Professor Rob Nibbs’s lab as described 

elsewhere364. These animals were bred and maintained under specific pathogen 

free conditions (SPF) at the Beatson Research Facility located in the University 

of Glasgow. Wild-type C57B/6J (WT) mice were bought in from Harlan and 

housed at the Beatson for all experiments.  

D6-deficient mice were generated by others304 and bred on a C57B/6J 

background at the Beatson Institute for Cancer Research, Glasgow, under SPF 

conditions. 

Kaede transgenic mice were obtained from Dr. Osami Kanagawa365 (RIKEN 

Institute), rederived at Taconic, and then bred at Massachusetts General Hospital 

(MGH).  

CCR7-deficient mice on a C57B/6J background were obtained from the Jackson 

Laboratory, and were housed at MGH under SPF microisolator environment. 

Strain name: B6.129P2(C)-Ccr7tm1Rfor/J, stock number: 006621. 

CCR7 KO kaede transgenic mice on a C57B/6J background were generated in 

the Luster lab and housed at MGH under an SPF microisolator environment.  

CCRL1-deficient kaede transgenic mice were generated in our lab by crossing 

C57Bl6 CCRL1-deficient mice with C57Bl6 kaede transgenic WT mice in order 

to produce mice with the desired genotype. These mice were then housed at the 

CRF, Glasgow, under SPF conditions. 

CCRL1+/gfp transgenic mice were a kind gift Thomas Boehm360. CCL19-deficient 

mice on a C57B/6J background were a kind gift from Sanjiv Luther271 

(Universite de Lausanne). CCRL1-deficient x CCL19-deficient mice were 

generated in our lab and maintained on a C57B/6J background.  

All procedures were conducted in accordance with the UK Home Office 

regulations and they were designed in order to comply with the necessary project 
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and personal licenses and had received ethical approval from the University of 

Glasgow ethics committee. The institutional care and use committee at MGH 

approved all animal studies conducted at MGH. Male animals were used 

throughout and typically animals were used at 6-10 weeks of age, and age 

matched within all experiments. Animals were sacrificed by CO2 asphyxiation or 

cervical dislocation, as appropriate. 

2.2 Genotyping of Genetically-Modified Mice  

When genotyping was required, tail-tips were removed using a scalpel blade by 

CRF staff then stored in 1.5mL eppendorfs at 4°C. Tail tips were incubated in 

1.5mL eppendorf tubes at 55°C in 100 µl lysis buffer (5mM EDTA, 0.1mg/mL 

Proteinase K, 0.2% SDS, 100mM Tris.HCl, 200mM NaCl) for 5 hours on a 

heating block with gentle shaking. Tubes were then heated to 95°C for 5 minutes 

before 500µl of distilled water was added. Tubes were then centrifuged at 13,000 

rpm for 5 minutes in a microcentrifuge to remove cellular debris. The genomic 

DNA-containing supernatant was used in a standard PCR reaction. 45µl of 

Prealiquoted ABgene PCR master mix “Reddymix” (Applied Biosystems) was 

used to carry out the PCR reaction. For each tailtip sample, 2.5µl of the primer 

mix along with 2.5µl of the template genomic DNA was added to each tube of 

the Reddymix. The three components were mixed using a pipette, pulsed using a 

microcentrifuge and then transferred to a PTC-200 Peltier Rhermal Cycler (MJ 

research). The PCR products for each sample were then electrophorised for 

1.5hours at 100V on a 2% agarose gel containing 10µl SYBR safe (Invitrogen). 

In order to assess the product size of each sample, 10µl of HyperLadder I 

(Bioline) was added to a well in the gel and the size of the sample PCR product 

compared to the various sized bands. DNA in the gel was visualised using a UV 

transilluminator. 

Kaede mice were genotyped by harvesting peripheral blood from tail veins. After 

red blood cell lysis, cells were stained with Viaprobe, resuspended in FACS 

buffer and analysed by flow cytometry for kaede green positivity. 



 102 

2.3 Animal Procedures 

 

2.3.1 Induction of Skin Inflammation 

Mice were shaved on the lower back 24 hours prior to administration of topical 

irritants. The mice were then treated with 12-O-tetradecanoylphorbol-13-acetate 

(TPA - Invitrogen) that was suspended at a concentration of 50µM in acetone. 

150µl of the 50µM TPA was applied to the dorsal skin using a p200 pipette. 

Mice were then challenged dorsally 24 hours later with 150µl of fluorescent 

isothiocyanate isomer I (FITC - Sigma) and sacrificed 24, 72, 96, 120 and 144 

hours later for analysis by RT-QPCR, Western Blot, Immunohistochemistry, 

flow cytometry and ELISA.  In some experiments, TPA&FITC were painted 

together and tissues harvested 24 hours later. 

2.3.2 Injection of CFA Into the Ear / Foot Pad 

Complete Freunds Adjuvant (CFA) (MD Bioscience) at 4mg/mL was added to 

an equal amount of PBS (1:1) and emulsified using a tissue homogeniser to 

create a paste. 50µl was injected intra-dermally into the ear to induce skin 

inflammation.  

Alternatively, 50µL of a 4mg/mL CFA emulsion was injected into the paw of 

mice with and without pre-administration of clodronated liposomes in order to 

induce lymphatic vessel expansion in popliteal and inguinal lymph nodes. 

2.3.3 Photo-conversion of Kaede Transgenic Mice 

Kaede transgenic mice were shaved on the lower back skin, anaesthetised and 

then the dorsal skin was exposed for 5 minutes to a U.V light (420 nm) using a 

Bluewave LED visible light-curing unit (Dymax Figure 2.1). The light unit was 

equipped with a 420 nm filter (Andover). In order to ensure consistency between 

photo-conversions, the light was placed at a distance of 7 cm above the dorsal 

flank and held in place with a stand clamp. As was reported in the literature, 

exposure to violet light does not affect leukocyte proliferation, induce IL-1β 
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mRNA expression or affected leukocyte chemotaxis towards the chemokine 

CCL21365. 

            

Figure 2.1: Photoconversion of kaede transgenic mice.   

Kaede transgenic mice express kaede green protein under the control of the β-actin promoter. 

Upon flashing the skin with an ultraviolet light for 5 minutes, kaede green cells residing in the 

exposed back skin switch to expressing kaede red protein. This is an irreversible switch from 

green to red. 

2.3.4 In vivo Macrophage Depletion by Injection of Clodronated 

Liposomes 

Macrophages were depleted in vivo using clodronated liposomes (Encapsula 

Nano Sciences). Mice were injected into the hind paw with 30µl of 5mg/mL 

clodronated liposomes buffered at pH 7.4, and then left for different periods of 

time, up to a maximum of two weeks, after which draining popliteal lymph nodes 

and inguinal lymph nodes were harvested for analysis. Control mice were 

injected with 30µl of PBS or 30µl of 5mg/mL control Fluoroliposomes  

(Encapsula Nano Sciences). Fluoroliposomes contain a PE dye instead of 

clodronate and allow the cells that engulf and internalise the liposomes to be 

identified and tracked. 
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2.3.5 Adoptive Transfer of Splenocytes 
 

Spleens were harvested from WT mice, single cell suspensions made by mashing 

the spleens through 70µm filters (BD Bioscience) and red blood cells depleted by 

incubating samples with 5mL of red blood cell lysis buffer (Sigma) for 5 minutes 

at room temperature (RT). Cells were then washed in 40mL of complete RPMI 

medium (CRM) containing 10% fetal calf serum (FCS), 5% L-glutamine and 5% 

penicillin/streptomycin, centrifuged at 400g for 5 minutes and cells resuspended 

in CRM. Splenocytes were incubated with 2.5mM CellTracker™ Red (CMTPX) 

(Invitrogen) for 30 minutes at 37oC in CRM. Cells were washed in 10mL of 

CRM, centrifuged at 400g for 5 minutes and adjusted to 107 cells/mL in PBS. 

100µl of labeled splenocytes were then injected intravenously into the tail vein of 

WT and CCRL1-deficient mice. 1 or 2 hours after injection, spleens were 

harvested, snap frozen in OCT compound and stored at -80oC for subsequent 

analysis. 

2.4 Sample Handling and Preparation 

2.4.1 Isolation of Leukocytes from Lymphoid Tissues 

Peripheral lymph nodes were harvested, placed into ice-cold complete-RPMI 

media (CRM), mechanically disrupted using a surgical blade (Swann-Morton) 

and incubated in 1.5mL eppendorf tubes at 37oC with 1mL of 1mg/mL 

Collagenase D (Roche) in HBSS (Invitrogen) for 45 minutes with gentle 

agitation. Collagenase D is needed in order to retrieve DC populations that 

adhere to fibroreticular surfaces.  

Spleens were harvested into tubes containing ice-cold CRM, cut into 5mm2 

chunks using scissors, and placed in 1.5mL eppendorf tubes. To this was added 

1mL of 1mg/mL collagenase D (Roche) in HBSS (Invitrogen). Spleens were 

incubated for 45 minutes, with gentle agitation at 37oC. 

Peripheral lymph nodes and spleens were then passed through 70µm filters (BD 

Bioscience) and homogenised using a 1mL syringe plunger and washed through 
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with CRM to give a single cell suspension. For spleen, an additional step in the 

preparation of the samples was undertaken in which red blood cells were lysed 

by adding 4mL of red blood cell lysis buffer (Sigma) to the samples and then 

incubating for 5 minutes at RT. Samples were then flooded with 20mL of CRM, 

vortexed and then centrifuged at 400g for 5 minutes. Resulting cell pellets were 

then further analysed. 

2.4.2 Isolation of Leukocytes from the Skin 

Shaven mouse dorsal skin was harvested from mice and stored in 5mL of CRM 

and placed on ice. The skin was cut into ∼5mm2 pieces using surgical dissection 

scissors and incubated in 7mL RPMI-1640 containing 1mg/mL Collagenase D 

(Roche) 0.5mg/mL Dispase (Sigma) and 0.05mg/mL DNAse I (Invitrogen) for 

1.75 hours. 3mL of fresh media containing the aforementioned enzymes was 

added after 30 minutes and then after 1 hour. The skin and supernatant were 

passed through a 70µm filter (BD bioscience) using a 2mL syringe plunger (BD 

bioscience) and flushed through with CRM. The flow-through was collected in a 

50mL Falcon tube (BD Bioscience) and centrifuged at 400g for 5 minutes. The 

resulting pellet was then washed with fresh RPMI-1640 media, centrifuged at 

400g for 5 minutes, the supernatant discarded and the cell pellet re-suspended in 

chilled fresh RPMI-1640 and stored at 4oC for subsequent analysis.  

2.4.3 Skin Crawl-out Assay 

Shaved skin was excised from the backs of mice. Adhering fat and connective 

tissue was gently scraped away using a scalpel, and the skin cultured in 6 well 

tissue culture plates (Costar) containing CRM supplemented with 20ng/mL 

granulocyte colony stimulating factor (GMCSF) (Peprotech). Skin was cultured 

for 72 hours to allow DCs to migrate and collect in the media. After 48 hours, 

3mL of fresh CRM was added. Cells that had crawled out the skin and into the 

media were harvested by centrifuging the CRM for 5 min at 400g. At the same 

time, the skin that remained was digested as described previously (Section 2.4.2), 

and the resulting single cell suspension stained with the appropriate FACS 

antibodies. Skin crawl out cells were stained with the same panel of antibodies. 
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Total skin crawl out cells as well as total cells remaining in the skin were 

analysed by flow cytometry.  

2.5 Separation of Leukocytes from Human Buffy Coats 

Peripheral blood mononuclear cells (PBMCs) were purified from buffy coats by 

first diluting the blood 1:2 in PBS. Approximately 10mL of diluted blood was 

layered on top of Histopaque 1077 (Sigma) at room temperature, and then 

centrifuged at 400g for 20 minutes, also at RT. The mononuclear cell layer was 

then carefully removed using a 10mL pipette and transferred into a 15mL Falcon 

tube. The cells were washed in 10mL of chilled PBS with 2% FCS, followed by 

centrifugation at 4°C for 5 minutes at 200g. This procedure was repeated until all 

cells from the same sample were pooled into a single tube. The number of cells 

was enumerated using a haemocytometer. Cells were diluted to the desired 

concentration and cultured at 37°C in 5% CO2 with the addition of cytokines and 

TLR agonists as described. 

 

2.5.1 Leukocyte isolation from Lymphoid Tissues by MACS 

Bead Separation 

This experimental technique is used to isolate particular cell subsets from a 

mixed cell population by the use of magnetic bead conjugated antibodies. Single 

cell suspensions of total lymph node cells were prepared as described previously 

(Section 2.4). Anti-CD90.2 or anti-CD19 coated microbeads (Miltenyi) were 

used to separate T cells and B cells respectively. Single cell suspensions were 

incubated in CRM containing microbeads as per manufacturers instruction. 

Briefly, cells up to a maximum of 1x107 cells were suspended in 40µl of MACS 

buffer (2nM EDTA, 0.5% BSA in PBS) and to this was added 10µl of antibody 

coated microbeads for 30 minutes at 4°C to allow binding to surface antigen. 

Cell suspensions were washed by centrifugation at 400g, re-suspended in 500µl 

of cold MACS buffer, transferred to an LS column (Miltenyi) and placed on a 

magnetic MACS separator (Miltenyi). The magnetically labelled cells were 
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added to the column. The negative fraction (the effluent) was allowed to flow 

through the column whilst the positive fraction (magnetically labelled B cells or 

T cells) adhered to the walls of the column – Positive selection. Adherent Cells 

were washed three times using MACS buffer as per manufacturer’s instructions 

to ensure only positive selected cells remained. After the negatively selected 

cells had passed through the column, ice-cold MACS buffer was added to the 

column, the column removed from the magnet, and the plunger depressed slowly 

to elute the positive fraction. Collected cells eluted from the column were then 

placed on ice for subsequent analysis. Cells from the effluent were kept for 

analysis by flow cytometry to show specific depletion of the positively selected 

cells from the negative fraction. 

2.5.2 Bio-available Chemokine Quantification – Punch Biopsies 

Dorsal skin was excised from mice and pinned out onto a cork dissection board 

using needle syringes. Biopsies of ~5mm in diameter were obtained by cutting 

the skin with a punch biopsy blade (Stiefel). A total of 10 biopsies/ portion of 

skin / mouse were retrieved. The biopsies were placed in a 1.5mL eppendorf tube 

containing 400µl of PBS containing protease inhibitor cocktail (Sigma) and 

incubated on a rotator for 5 hours at 4°C to allow chemokine to leach from the 

skin samples. After incubation, the tubes were centrifuged for 1 minute at room 

temperature at 10,000xg in order to pellet the skin and allow the supernatant to 

be harvested. Supernatants were then stored at -80°C for future analysis by 

ELISA. 

2.5.3 Tissue Embedding and Sectioning – Frozen Sections 

For frozen sections, tissues were harvested into cryomoulds (VWR) containing 

Tissue-Tek OCT Compound (Sakura), snap frozen in liquid nitrogen, and stored 

in the -80oC for subsequent sectioning. Samples were cut using a cryostat 

machine (Thermo Scientific) to a thickness of 8-10µm and mounted onto poly-L-

lysine microscope slides (VWR). For each slide, serial sections were made so 

that each slide contained three tissue sections. Sections were then fixed by 
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placing them in ice-cold acetone for 20 minutes in the -20°C freezer. Samples 

were stored at -80oC for subsequent immunofluorescent staining. 

2.6 Immunofluorescence Staining – Frozen sections 

Frozen tissue sections were brought to RT by placing the slides on tissue paper 

and thawing for 20 minutes. A wax ring was then drawn around each tissue 

section using a wax pen (Vector Labs). Sections were then blocked with block 

solution (PBS containing 1% BSA (Sigma) and 10% donkey serum (Sigma)). 

The serum used for the blocking step was dependent upon the species in which 

the secondary antibody was raised. Therefore, when primary antibodies raised in 

a rabbit were used, the blocking solution would contain rabbit serum. Whenever 

the secondary antibody was raised in a goat, donkey serum was used instead of 

goat serum as goat serum leads to a high degree of non-specific staining. Donkey 

serum provides a good reduction in non-specific staining across a variety of 

different species. Sections were blocked by adding 100µl of the block solution to 

each section and incubating for 20 minutes at RT, after which the block solution 

was gently removed my tapping the slide onto tissue paper. Residual block 

solution remained on the slide and to this was added 100µl of antibody cocktail 

containing the appropriate antibodies diluted to the correct dilution in PBS. 

Antibody staining was carried out at RT in the dark for 2 hours or alternatively at 

4oC overnight in a staining chamber depending upon the antibodies used. The 

tissue sections were then washed once in PBS containing 0.05% tween-20 

(PBST) (Invitrogen), allowed to dry, and then stained with DAPI nuclear stain 

(Vector Laboratories). It was noted that Vectashield hard-set mounting medium 

with DAPI led to auto-fluorescence therefore we used the soft set mounting 

medium with DAPI and sealed the slide with a cover slip and clear nail varnish. 

Sections were then immediately visualised using a Zeiss Axio Imager fluorescent 

microscope (Zeiss). 
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2.7 Image J analysis of Lymph Nodes 

Whole images of lymph nodes were generated by confocal microscopy using the 

tiling program software (Zeiss). Digital images were analysed using NIH ImageJ 

software. A CD169 or LYVE-1 ‘score’ was quantified for each individual lymph 

node and represented as a percentage of the total lymph node area (CD169-

positive area/whole lymph node area or LYVE-1-positive area/whole lymph 

node area). The mean lymph node scores were calculated and represented in a 

graph. 
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Ag/Ab Expression Supplier Concn Species/ 

Fluorophore 

LYVE-1 Lymphatic 

endothelial 

cells 

Macrophages 

R & D 1:200 Purified monoclonal  

Rat IgG2A 

CCRL1 

(CCX-

CKR) 

Undefined – 

as part of 

project 

Santa Cruz 1:50 Purified goat  

polyclonal IgG 

CD169 Macrophages AbD 

Serotec 

1:200 Rat IgG2A – FITC 

Rat IgG2A- AF647 

B220 B cells 

pDCs 

eBioscience 1:200 Rat IgG2a 

AF647 

CD3 T cells eBioscience 1:200 Rat IgG2B e450 

Rat IgG3 FITC 

CD11b Macrophages 

Monocytes 

DC subsets 

Neutrophils 

Langerhans 

cells 

eBioscience 1:200 Rat IgG2B 

eFluor 660 

EpCAM Langerhans 

cells 

DCs 

T cells 

eBioscience 1:100 Rat IgG2a 

APC 

MHCII Antigen 

presenting 

cells 

eBioscience 1:200 Rat IgG2a 

eFluor 450  

FITC 

IgD B cells eBioscience 1:200 Rat IgG2a 

eFluor 450 

  Table 1: Antibodies for immunofluorescent staining 
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2.7.1 Staining of Cells for Injection into Mice 

B and T cells were isolated from mouse spleens as described previously (Section 

2.5.1). Splenocytes were isolated from WT spleens as described previously. Cells 

were re-suspended at 5x106cells/mL in PBS containing 5% FCS and cultured at 

37°C in 5% CO2. Carboxyfluorescein succinimidyl ester (CFSE) (Invitrogen) 

was diluted from a 5mM stock solution to a concentration of 10µM and added to 

an equal volume of cell suspension. Cells were then mixed with the CFSE and 

cultured for 30 minutes. For CMTPX staining, the dye freely passes through the 

cell membrane and is then converted into a cell-impermeable form. For staining, 

a stock solution of 10mM was prepared by dissolving the lyophilized product in 

7.3µl Dimethyl Sulfoxide (DMSO) (Sigma). A working concentration of 10µM 

was prepared in serum free RPMI and added to an equal volume of cell 

suspension. After mixing, the cells were cultured for 30 minutes at 37°C, 5% 

CO2. After culturing the cells with the appropriate dye, they were washed once in 

CRM and re-suspended in PBS for injection.  

2.7.2 Preparation of Homogenates for ELISA / Western Blot 

Analysis 

The tissue of interest was immersed in Tissue Protein Extraction Reagent (T-

PER) (Thermo Scientific) containing complete, mini, EDTA-free protease 

inhibitor cocktail tablet (Roche) diluted 1:3 in distilled water. A steel bead 

(Qiagen) was then added into the eppendorf and the samples placed into a 

Tissuelyser LT homogeniser (Qiagen) for 7minutes to homogenise the tissue. 

After this time, tissue debris and the steel bead were excluded from the sample 

by centrifuging at 10000g for 5 minutes and the resulting supernatant harvested 

for further analysis or stored at -20°C. 

2.7.3 Quantification of Chemokine Concentrations by ELISA 

Chemokine protein levels were detected by using DuoSet ELISA kits (R&D 

Systems). To detect CCL19 or CCL21, ELISA plates (Corning) were coated with 

100µl of anti-CCL19 (2ug/mL R&D systems) or annti-CCL21 (4ug/mL R&D 
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systems) capture antibodies overnight at RT. Plates were then washed three times 

with PBS Tween (0.05%) before blocking with 300µl of reagent diluent 

(PBS/10%BSA) for 2 hours at RT. The plates were again washed 3 times with 

PBS Tween (0.05%) and incubated for 2 hours with serially diluted recombinant 

chemokine standards (R&D systems) in triplicate to allow for extrapolation of 

chemokine concentrations as per manufacturer’s instructions. At the same time, 

100µl of samples, in duplicate, were also added to the plate for 2 hours for 

assessment of chemokine protein concentrations. Plates were then washed 3 

times with PBS Tween (0.05%), and incubated with specific biotinylated 

detection antibodies (100ng/mL of anti-CCL19 (R&D Systems) or (50ng/mL of 

anti-CCL21 (R&D Systems) for 2 hours in reagent diluent at RT. Plates were 

washed and incubated with 100µl of streptavidin horseradish-peroxidase (1/200 

dilution (R&D systems) for 20 minutes at RT. Following a final series of washes 

with PBS Tween, plates were developed using tetramethylbenzidine (TMB) 

enzyme substrate (KPL), and the reaction stopped after 20 minutes by addition of 

sulphuric acid stop solution (R&D Systems). Plates were then read using a 

Sunrise microplate absorbance reader (Tecan) using Magellan software (Tecan). 

Samples concentrations were determined by extrapolating data from the standard 

curve and by using Magellan software. 

2.8 Molecular Methods 

2.8.1 Isolation of RNA  

Mouse tissues were dissected into cryovials, snap frozen in liquid nitrogen, and 

stored at -80oC for subsequent analysis. Tissue was allowed to thaw at R.T, then 

500µl of TRIZOL (Invitrogen) was added along with a stainless steel bead 

(Qiagen) and the samples were disrupted using a Tissuelyser LT machine 

(Qiagen). Samples were placed in the LT machine for a total of 7 minutes at 4°C. 

Samples were centrifuged and the supernatant harvested and then stored at -80oC 

or further processed using an Rneasy mini kit (Qiagen) as per manufacturer’s 

instructions.  
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2.9 Complementary DNA (cDNA) Synthesis 

Reverse transcription was carried out using an AffinityScript Multiple 

Temperature cDNA Synthesis Kit (Agilent) as per manufacturer’s guidelines. 

Briefly, 300ng-5µg of starting RNA for each sample was made up to 14.7µl by 

the addition of nuclease-free water and 1µl of oligo(dT) primer (0.5µg/µl). 

Samples were then incubated in a PTC-200 Peltier Thermal Cycler at 65oC for 5 

minutes and then 21oC for 10 minutes. These temperatures facilitate the removal 

of secondary structures in the RNA and allow the annealing of primers to the 

RNA, respectively. Next, a mastermix of the following components was made; 

1µl of AffinityScript Multiple Temperature reverse transcriptase, 1X 

AffinityScript RT buffer, 2mM dNTP mix and 20U RNase Block Ribonuclease 

Inhibitor. 4.3µl of the mastermix was added to each sample. Samples were 

incubated at 42oC for 5 minutes in order to initiate the reaction and then 55oC for 

1 hour and 70oC for 15 minutes (to extend the products and terminate the 

reaction respectively). After synthesis of the cDNA products, samples were 

usually used immediately for RT-QPCR analyses, or stored at -20oC for future 

analyses. 

2.10 TaqMan QRT-PCR 

Complimentary DNA (cDNA) samples were prepared as previously described. 

Each cDNA sample was assayed in triplicate in either a 96 well plate or a 384 

well plate. For each reaction, two controls were employed; no reverse 

transcriptase (-RT) control and no template control (NTC). NTC samples 

contained nuclease free water. All primers and TaqMan probes were purchased 

from Applied Biosystems. Those chosen generated products that spanned exon-

exon boundaries to avoid amplification from contaminating genomic DNA. Gene 

expression was normalised to TATA box binding protein (Tbp) and gene 

expression changes calculated using the 2-ΔΔCt method. 
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Target Gene Abbreviation Assay ID Amplicon 

length (B.Ps) 

Chemokine (C-C 

motif) receptor-like 1 

CCRL1 Mm02620636_s1 146 

Chemokine (C-C 

motif) ligand 19 

CCL19 Mm00839967_g1 79 

Chemokine (C-C 

motif) ligand 21 

CCL21 Mm03646971_gH 91 

Chemokine (C-C 

motif) receptor 7 

CCR7 Mm01301785_m1 78 

TATA box binding 

protein 

Tbp Mm00446973_m1 73 

Table 2: Gene probes for TaqMan 

2.11 SDS-PAGE and Western Blot Analysis 

Samples were either prepared from lymphoid tissue homogenates or from cell 

supernatants as described previously (Section 2.7.2). 20µl of sample was mixed 

with 5µl of x4 concentration loading buffer (Thermo Scientific) and 2.5µl of 

NuPAGE SDS sample reducing agent (Invitrogen). Each sample was incubated 

at 90oC for 10 minutes to ensure all proteins in the samples were in a linear form. 

Samples were centrifuged at 10,000 rpm in a microcentrifuge for 15 seconds, and 

20µl of each sample was loaded into a pre-cast 4-12% Bis-Tris acrylamide gel 

(Invitrogen). In order to assess the size of the protein band, 10 µl of Novex Sharp 

pre-stained Protein Standard (Novex) was added to a well in the gel. The 

standards consist of 12 proteins ranging from 3.5 – 250 kDa in size, each with 

their own unique colour. Samples were electrophoresed in MOPS or MES 

running buffer (Invitrogen) at 200V for 30 minutes. Proteins were transferred 

onto a nitrocellulose membrane (Whatman) using NuPAGE transfer buffer 

(Invitrogen) with 20% (v/v) methanol for 1hour at 100V. 

Following transfer, the membrane was washed using distilled water and then 

blocked overnight at 4°C (or for 2 hours at RT.) in PBST with 10% non-fat milk 
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protein (Marvel). Primary antibodies (anti-CCL19, anti-CCL21, anti-CCL25 and 

anti-CCL2 (R&D Systems) were added at 1:1000 dilution in 5% Marvel 

overnight at 4°C or in 5% Marvel for 2 hours at RT. Membranes were then 

washed 3x in PBST, 5 minutes per wash. Next, horseradish peroxidase (HRP)-

conjugated secondary antibody was added at a concentration of 1:5000 in PBST 

containing 5% Marvel for 1 hour at R.T. Membranes were then washed three 

times in PBST, 5 minutes per wash. Bound HRP was then detected by 

chemiluminescence with addition of either West-Pico or SuperSignal West-

Femto (Thermo Scientific) developing agents. For both detection methods equal 

volumes of solution A and solution B were pre-mixed in a bijou tube and then 

1mL of this solution was added to the nitrocellulose membrane and sealed within 

a plastic sandwich bag. The membrane was incubated for 1 minute and then 

excess solution poured off. Finally, membranes were placed within a fresh 

sandwich bag and then visualised by exposing the membrane to KODAK X-ray 

film. X-ray films were developed using an X-ray film processor. 

2.12 Generation of Leukocytes from Bone Marrow  

2.12.1 Generation of DCs using GM-CSF 

Mice were sacrificed and femur bones extracted by cutting through connective 

tissue to free them from adhering soft tissue and muscle. The femurs were cut at 

both ends using scissors and to one end of the bone, RPMI medium was injected 

allowing the bone marrow to flush out of the other extremity. The bone marrow 

was mashed using the plunger of a 1mL syringe, passed through a 70µM filter 

and the suspension centrifuged at 400g for 5 minutes to obtain a cell pellet. This 

pellet was re-suspended in 5mL of CRM and cells counted using a 

haemocytometer. The bone marrow cells (BMCs) were then re-suspended to 

3x106 cells/mL in CRM, and 1mL of this suspension was added to 9mL of CRM 

supplemented with GM-CSF at a concentration of 40ng/mL. Cells were cultured 

on ultra-low adherence Petri dishes (Corning) for 7 days with 20% of the media 

being replaced on day 3 and 5 with fresh GM-CSF supplemented CRM.  
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2.12.2 Generation of DCs using Flt3L 

CHO-Flt3L cells were a kind gift from Dr Simon Milling, University of 

Glasgow. These cells were cultured in T75 flasks in CRM, and cells were 

harvested twice weekly upon reaching 70-80% confluence and conditioned 

media (CM) containing Flt3L was harvested typically every 3 days. CM was 

filtered through a 0.2µm pore filter syringe. The amount of Flt3L in CM was 

determined by ELISA as per manufacturers instructions (R&D Systems). 

Isolation of bone marrow was conducted in the same way as described 

previously. 3x106 BMCs were cultured in CRM supplemented with 10% CM. 

Cells were cultured for a total of 9 days and on day 5 20% of the media was 

substituted with fresh CM. 

2.12.3 Activation of Dendritic Cells in vitro 

Bone marrow generated dendritic cells (BMDCs) (3 x 106) matured by either 

GMCSF or Flt3L were activated in vitro by the addition of TLR agonists. On day 

7 of culture for GMCSF matured DCs and on day 9 for Flt3l matured DCs, 

200ng of the TLR4 agonist Escherichia coli lipopolysaccharide (LPS) (Sigma) or 

200ng of the TLR 7 agonist R848 (Enzo life science) was added to the 10mL 

cultures for 48 hours to induce activation. Cells cultured without LPS/R848 were 

supplemented with fresh medium at this time and then cultured for 48 hours. 

Non-adherent cells were analysed by flow cytometry to assess the purity of the 

DC population as well as their activation status.  

2.12.4 Generation of Macrophages 

BMCs were isolated from femurs as in Section 2.12.1. BMCs were adjusted to a 

concentration of 3x106/mL in CRM. 1mL of this cell suspension was added to a 

60mm petri dish along with 9mL of CRM containing 40ng/mL M-CSF 

(Peprotech).  BMCs were cultured for 7 days with 20% of the media being 

replaced on day 3 with fresh M-CSF (40ng/mL) in CRM. Non-adherent cells 

were harvested and discarded and adherent cells harvested by adding ice cold 

PBS/1mM EDTA for ~ 5 minutes and then scraping the bottom of the petri dish 
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using cell scrapers (Costar). The adherent cells were analysed by staining cells 

with antibodies against F480 and CD11c and analysing by flow cytometry. 

CD11c- F480+ cells were considered to be macrophages. 

2.13 Chemokine Cleavage Assay 

1x105 leukocytes were cultured in flat-bottomed 96-well tissue culture plates 

(Costar) at 37oC in 5% CO2 in 100µl of CRM containing 150ng of CCL21, 

CCL19, CCL25 or CCL2 (R&D Systems) to assess DC mediated chemokine 

cleavage. Depending on the experiment, the DCs were cultured with the 

chemokines for 2, 4, 6, 8 or 16 hours. The plates were spun down at 400g for 5 

minutes, the supernatants harvested and stored at -20oC for future analyses. 

2.13.1 Staining of Leukocytes for Flow Cytometry Analysis 

Up to 4 x 106 cells in FACS buffer (PBS, 1%FCS, 0.02% sodium azide and 5nM 

EDTA) were aliquotted into FACS tubes (BD Bioscience) and centrifuged at 

400g for 5 minutes. Cells were re-suspended in 100µl of FACS buffer containing 

anti-mouse CD16/CD32 monoclonal antibody (Fc block) diluted at 1:100 (BD 

bioscience) for 15 minutes at 4oC to prevent non-specific binding of antibodies to 

Fc receptors. The cells were then centrifuged at 400g for 5 minutes, the 

supernatant aspirated and then stained with the antibody cocktail of interest. A 

list of antibodies used for the specific surface markers of interest is listed in  

(Table 3). All antibodies were used at 1:200 with the exception of CCR9 (1:50), 

CD169 (1:50), MHCII (1:400) and Langerin (1:100). In order to exclude dead 

cells during data analysis, the cells were treated with either Viaprobe 

(Invitrogen) or fixable viability dye AF780 (eBioscience). 7µl Viaprobe was 

added directly to the stained cells 15 minutes prior to running the cells through 

the flow cytometer. Prior to staining with fixable viability dye, cells were washed 

with PBS to remove any residual foetal calf serum from the FACS buffer as this 

interferes with cell staining by the fixable viability dye. 100µl of fixable viability 

dye was added to the cells at 1:1000 dilution for 30 minutes at 4oC in the dark. 

Cells were then centrifuged at 400g for 5 minutes washed in PBS and then re-

suspended in FACS buffer for subsequent analysis by flow cytometry.	  
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2.13.2  Intracellular Flow Cytometry Antibody Staining 

Cells were isolated, stained with antibodies against surface antigens as described 

in (Section 2.13.1), and labelled with fixable viability dye. Cells were 

permeabilised using a commercial permeabilisation kit (FixPerm kit  (BD 

Bioscience)). Briefly, cells were incubated in 100µl of cytofix / cytoperm (BD) 

in order to fix and permeabilse the cells. Cells were washed twice in permwash 

(BD), and the intracellular antibody was added at the correct dilution in 

permwash (BD) for 30 minutes at 4°C in the dark. Cells were washed twice in 

500µl of permwash (BD) and re-suspended in FACS buffer for analysis by flow 

cytometry. 
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Antibody 

Target 

Notes Expression Suppliers Conjugate 

Dyes 

CD11c Integrin 

Involved in 

phagocytosis 

Component of 

complement 

receptor 4 (CR4) 

DCs, 

Macrophages 

BD 

Biosciences 

 

PE,  

PeCy7 

PERCP 

APC 

CD11b Integrin, adhesion 

molecule 

Involved in 

phagocytosis 

Component of 

complement 

receptor 3 (CR3) 

Macrophages, 

Granulocytes 

DCs 

NK cells 

B cells 

eBioscience 

 

E450 

AF660 

PE 

MHCII Antigen 

presentation 

Antigen 

presenting 

cells 

eBioscience E450 

PeCy7 

CD86 Co-stimulatory 

molecule 

Antigen 

presenting 

cells 

BD 

Biosciences 

PE 

CD8a TCR co-receptor DCs and T 

cells 

BD 

Biosciences 

PECy7 

PE 

CD103 Intestinal and 

skin homing 

DCs, T cells, 

intraepithelial 

lymphocytes 

eBioscience APC 

Langerin 

(CD207) 

Type II 

transmembrane, 

C-type lectin 

receptor 

DCs, 

Langerhans 

cells 

BD 

Biosciences 

PE 

CD24 Cell adhesion 

molecule.  

DCs, B cells 

Granulocytes 

eBioscience PERCP 
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Antibody 

Target 

Notes Expression Suppliers Conjugate 

Dyes 

CD205/ 

DEC-205 

C-type lectin.  DCs, 

Langerhans 

cells 

pDCs 

NK cells 

eBioscience PECy7 

NK1.1 NK cell receptor 

NK cell 

activation 

NK cells, 

iNKT cells 

Biolegend PECy7 

PERCP-

Cy5.5 

CD3 TCR signaling 

complex 

T cells eBioscience FITC 

e450 

PERCP 

CD4 TCR co-receptor T cells, DCs BD 

Biosciences 

 

Pacific blue 

APC 

CD19 BCR co-receptor B cells eBioscience E450 

 

B220 Protein Tyrosine 

phosphatase 

B cells, NK 

cells 

eBioscience PECy7 

AF647 

LY6C Glcoprotein 

T cell activation 

Monocytes 

Macrophages 

Granulocytes 

T cell subsets 

BD 

Biosciences 

FITC  

APC 

LY6G Leukocyte 

migration 

Neutrophils eBioscience APC  

FITC 

GR1 Leukocyte 

migration 

Granulocytes  APC 

γδ  TCR T cell signaling γδ T cells Biolegend PERCP-

Cy5.5 

PE 

αβ  TCR T cell signaling αβ T cells Biolegend APC 
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Antibody 

Target 

Notes Expression Suppliers Conjugate 

Dyes 

DX5 Adhesion and 

migration 

NK cells, NK 

T cells 

BD 

Biosciences 

PE  

FITC 

F480 Glycoprotein Macrophages eBioscience PECy7  

e450 

CD127 Interleukin 7 

receptor 

T cells eBioscience AF647 

CD169/ 

MOMA1/ 

Sialoadhesin 

I-type lectin. 

Binds sialic acid 

Macrophages AbD-

Serotech 

Biolegend 

PE 

FITC  

AF647 

CD44 Adhesion 

molecule 

Leukocte 

activation marker 

Activated T 

cells 

eBioscience PERCP 

FITC 

PE  

e450 

CD45 Common 

leukocyte antigen 

Leukocytes eBioscience 

BD 

Biosciences 

PERCP 

FITC,  

PE 

e450 

EpCAM Adhesion 

molecule 

Langerhans 

cells 

eBioscience APC 

LYVE-1 Type 1 

membrane 

glycoprotein 

Lymphatic 

vessels 

Macrophages 

BD 

Biosciences 

R&D 

Purified 

FITC 

CD1c Human 

glycolipid 

Antigen 

presentation 

Human DCs eBioscience PE 

 

CCR6 

 

Chemokine 

Receptor 

 

iNKT cells 

B cells 

DCs 

 

Biolegend 

 

Brilliant 

Violet 421 

Table 3: FACS Antibodies 
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2.14 Fluorescent CCL19 Chemokine 

Almac chemically synthesise fluoresecently labeled human chemokines with site 

specific labeled tags. The synthesis of the chemokines is such that high purity 

chemokines are produced with precise amino acid sequences. Human CCL19 is 

commercially available from Almac and is selectively labeled with an 

AlexaFluor 647 (AF647) tag on the C terminus.  This chemokine was used 

throughout this project, along with unlabeled human CCL19 for competition 

assays. The amino acid sequences of both chemokines are shown below. 

CCL19AF647 GTNDAEDCCL SVTQKPIPGY IVRNFHYLLI KDGCRVPAVV  

  FTTLRGRQLC APPDQPWVER IIQRLQRTSA KMKRRSSK(AF647®-NH2) 

 

CCL19  GTNDAEDCCL SVTQKPIPGY IVRNFHYLLI KDGCRVPAVV  

  FTTLRGRQLC APPDQPWVER IIQRLQRTSA KMKRRSS  

The AF647 dye was incorporated at the indicated position at a molar ratio of 1:1 

dye:chemokine. Labelling of CCL19 at the C-terminus leaves the N-terminus, 

which is important for its biological function, unmodified.  

2.15 Chemokine Uptake Assay 

Single cell suspensions were prepared as discussed previously (Section 2.4) and 

cells re-suspended in CRM for staining. Functional chemokine receptor 

expression was assessed by incubating cells with 200ng/mL of AlexaFluor-

tagged recombinant chemokine (Almac) for 1 hour at 37°C in CRM. After 1 

hour, cells are washed in fresh CRM, centrifuged for 5 minutes at 400g and then 

re-suspended in antibody cocktail as described in (section 1.15.1). To define 

specific uptake of the chemokine during analysis, control samples were 

incubated with fluorescently tagged chemokine along with x10 molar excess of 

unlabelled recombinant chemokine. In the case of receptor identification using 

CCL19AF647 uptake, cells were cultured with CCL19AF647 and x10 molar excess 

of unlabelled CCL19. As both the unlabelled CCL19 and CCL19AF647 share the 

same binding affinities for their cognate receptors, a x10 molar excess of CCL19 

should compete for binding to CCR7 and so the uptake of CCL19AF647 will be 
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reduced in these samples compared with samples not containing a x10 molar 

excess of unlabelled CCL19. Non-specific uptake of CCL19AF647 (by pinocytosis 

for example) will not be competed by excess unlabelled CCL19. 

2.15.1  Flow Cytometry Analysis 

Stained cells were analysed using a MACSQuant Flow cytometer (Miltenyi) or 

an LSRII (BD) and then data analysed using FlowJo software (Treestar Inc). 

During acquisition, different cell population parameters were determined using 

single stained cells or single stained beads (BD Bioscience). A single stained 

population was used to input the correct ‘compensation’ parameters on the 

machine, and adjust for ‘bleeding’ of certain fluorphores into other channels due 

to spectral overlap. Throughout all experiments, fluorescence minus one (FMO) 

controls were employed. FMOs are stained samples that lack only one of the 

antibody stains from the antibody cocktail of stains. For example, a FITC FMO 

sample will be stained with all other antibodies conjugated to their corresponding 

fluorescent dyes apart from the FITC conjugated antibody. During FlowJo 

analysis, FMO samples aid the correct drawing of gates. 

2.15.2  Flow Cytometry Gating Strategies 

For all flow cytometry samples analysed by FlowJo, cells were pre-gated using 

physical properties and viability before gating for particular surface markers. 

Thus, “Cells” were first identified based upon forward scatter (FSC) and side 

scatter (SSC) with anything below a certain size was deemed to be too small to 

be a cell. The events lying out with the “Cells” gate probably represent cellular 

debris or red blood cells in samples not treated with RBC lysis buffer. After 

gating on “Cells”, the samples were then assessed for viability by either using 

Viaprobe or Fixable viability dye. Cells positive for either Viaprobe or viability 

dye are dead, and so only cells that are negative are selected for subsequent 

analysis. Finally, cell doublets and higher order aggregates were excluded by 

plotting FSC area against FSC height. Any cells lying out with the “singlets” 

gate were excluded leaving only live single cells for subsequent analysis. After 

this pre-gating strategy, cells were analysed for specific markers depending upon 

the particular experiment being undertaken. The gating strategy for skin is shown 
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in (Figure 2.2 A-C) and compared with lymph node (Figure 2.2 D-F). The 

enzymatic digestion of the skin is different to that of the lymph node and 

involves a “cocktail” of various enzymes. As such there is a greater amount of 

cell death, and skin digests yield a higher proportion of debris.  

      

 

Figure 2.2: Gating strategy for analysis of flow cytometry data of skin + lymph node cells.  

Single cell suspensions were made from dorsal skins (A-C) and lymph nodes (D-F). Cells were 

stained for surface markers and with the live/dead discrimination dye. First cells were identified 

and cellular debris excluded based of forward scatter and side scatter (A+D). Next, dead cells 

were identified as being positive for the viability dye and also excluded (B+E). Finally, doublets 

were excluded based on their FSC-A vs. FSC-H characteristics as shown (C+F). The resulting 

singlet population was further analysed by gating for particular antibody-stained leukocyte 

populations, depending on the particular experiment. 
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2.16 Statistical Analyses. 

In all graphs, data are shown as the mean + standard error of the mean (SEM), as 

indicated in the figure legends. Comparisons between groups were analysed by 

unpaired two-tailed Student’s t test, one way ANOVA or two-way ANOVA with 

Bonferroni or Tukey’s post-test as appropriate, and as indicated in the figure 

legends. Values of p<0.05 were considered to be statistically significant. 

Throughout, any significance with a p value of 0.05 to 0.001 is denoted by *, of 

0.01 to 0.001 by **, and of below 0.001 as ***. All statistical analyses were 

performed using PRISM software (GraphPad Software, Inc). 
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3 The Role of CCRL1 in Coordinating DC Migration 

3.1 Introduction 

Chemokines are of fundamental importance to the orchestration of leukocyte 

migration and positioning. It is proposed that the atypical chemokine receptor 

CCRL1 is an important regulator of homeostatic CC chemokines that may fine-

tune the migratory behaviour of leukocytes, including DCs. Interestingly, 

investigations using CCRL1gfp/+ reporter mice have thus far shown that CCRL1 

is expressed in the skin and SCS of peripheral lymph nodes. Therefore, the 

expression of CCRL1 in vivo would suggest that it is ideally placed to play a role 

in controlling the levels of CCR7-associated chemokine ligands CCL19 and 

CCL21 at sites to regulate CCR7-directed DC migration. DCs largely depend on 

CCR7 for their migration from the periphery to the lymph node, as well as for 

their ability to traverse the floor of the SCS. Thus, to explore the role of CCRL1 

at these sites, I compared the migratory behavior of distinct skin-derived DC 

populations in WT and CCRL1-deficient mice. This body of work extends a 

previous report by Henizel and colleagues who have previously described a 

defect in basal DC migration360 and sheds new light on the migration of DC 

subsets out of inflamed skin and their appearance at draining lymph nodes. 

Furthermore, this work describes the role of CCRL1 in the skin, which, at the 

point of writing this thesis, had not been described in the available literature. 

3.2 WT and CCRL1-deficient Lymph Node DC Numbers at 

Rest 

Heinzel and colleagues described a reduction in CD11c+ MHCIIhi DCs in the 

skin-draining lymph nodes of CCRL1-deficient mice at rest360. Therefore, my 

initial focus was to quantify the total number of DCs in skin-draining inguinal 

lymph nodes of WT and CCRL1-deficient mice, and to subset them further based 

on various markers. At rest, the total cellularity of WT and CCRL1-deficient 

skin-draining lymph nodes was comparable (Figure 3.1 A). Migratory DCs were 

identified as CD11c+ MHCIIhi cells and lymph node resident DCs as CD11c+ 

MHCIIint  (Figure 3.1 B). Within these populations there are several subtypes of 
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DCs, and certain markers can delineate skin-derived dermal and epidermal DCs 

as well as lymph node resident DCs. Epidermal Langerhans cells were defined as 

CD11c+ MHCIIhi CD103- Langerin+ (Figure 3.1 D). Other skin-derived DCs in 

the CD11c+ MHCIIhi population include CD103+ Langerin+ dermal DCs, CD103+ 

Langerin- dermal DCs and a heterogeneous CD103- Langerin- DC population 

(Figure 3.1 D). As shown in (Figure 3.1 C), and in contrast to Heinzel et al, there 

were no statistically significant differences in the total number of CD11c+ 

MHCIIhi migratory DCs or CD11c+ MHCIIint resident DCs in skin draining 

inguinal lymph nodes, although there was a clear trend towards lower numbers of 

migratory DCs in CCRL1-deficient lymph nodes at rest. However, analysis of 

DC subsets within the CD11c+ MHCIIhi population revealed a decrease in the 

total number of Langerhans cells (CD103- Langerin+) as well as CD103+ 

Langerin+ dermal DCs in the lymph nodes of CCRL1-deficient mice (Figure 3.1 

E). The remaining two skin DC populations (CD103- Langerin- and CD103+ 

Langerin-) were unaffected by loss of CCRL1 and their numbers in CCRL1-

deficient lymph nodes were similar to that of WT mice (Figure 3.1 E). Thus, 

CCRL1 is required to establish normal levels of specific subsets of migratory 

DCs in inguinal lymph nodes during steady-state conditions. 

The four populations of skin-derived DCs in inguinal lymph nodes express 

markers such as CD24 and CD205 that can identify further sub-populations in 

WT mice35,174. The large majority of CD103+ Langerin+, CD103- Langerin+ and 

CD103+ Langerin- migratory CD11c+ MHCIIhi DCs expressed similar levels of 

surface CD205 and CD24 (Figure 3.2 A-B). However, within the CD11c+ 

MHCIIhi CD103- Langerin- population variation in CD24 or CD205 expression 

identified three subsets. While compared to WTs all three subsets appeared less 

abundant in CCRL1-deficient inguinal lymph nodes, there were no statistically 

significant differences (Figure 3.2 C). Collectively, these results suggest that loss 

of CCRL1 results in a defect in specific skin-derived DC subsets at rest that is 

consistent with defective migration from the skin. 
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3.3 DC Migration in Response to Cutaneous Application of 

FITC 

Having characterised DC subsets in resting inguinal lymph nodes, numbers of 

skin-derived DCs in the inguinal lymph nodes 24 hours after topical application 

of FITC were calculated in WT and CCRL1-deficient mice. FITC painting labels 

skin-resident DCs and also induces DC mobiliation and migration out of the skin. 

Unfortunately, when analysing the data, it became apparent that the channel 

designated to CD11c had not been appropriately compensated when calibrating 

the machine. However, from the flow cytometry plots and previous experience of 

analysing these cells (Figure 3.1 B), it is clear where to draw the migratory DC 

gate based on high MHCII expression alone. MHCIIhi cells are almost 

exclusively migratory DCs. Thus, CD11b+ MHCIIhi cells were gated (Figure 3.3 

A-B). In order to draw FITC gates, samples from mice that received an acetone 

paint in place of FITC were gated on first (Figure 3.3 C). This gate was then 

applied to the FITC painted samples (Figure 3.3 A-B) for assessment of the FITC 

positivity of CD11b+ MHCIIhi cells. CD11b+ MHCIIhi FITC+ cells were 

enumerated (Figure 3.3 D). This showed that CCRL1-deficient mice had reduced 

numbers of CD11b+ MHCIIhi FITC+ migratory DCs in the skin draining inguinal 

lymph nodes. As the FITC is a tool for labeling migratory skin DCs, these data 

would again be consistent with defective DC migration from the skin. 

3.4 DC Accumulation in Skin-Draining Lymph Nodes After 

Skin inflammation 

Having characterised DC migration both at rest and after topical application of 

FITC, investigations were carried out to examine the migration of DCs from 

inflamed skin. To explore this, models of non-invasive skin inflammation by 

application of TPA were adopted. A single application of TPA induces a mild 

inflammatory response in the skin characterised by the rapid recruitment of 

neutrophils, followed by T cells and monocytes and which is typically resolved 

4-5 days later. After TPA painting, FITC was immediately applied to the 

inflamed skins in order to label skin DCs. Inflammation activates DCs and drives 

their expression of CCR7. Furthermore, inflammation will also drive the 
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expression of chemokines, therefore, I was interested to see whether resting 

phenotypes and phenotypes observed during FITC painting alone were present, 

exaggerated or lost after a more pronounced inflammatory insult. By 

concomitantly painting the back skin with TPA and FITC I was able to identify 

those cells that had migrated to the skin-draining lymph node from the skin. 

Throughout this thesis the phrase ‘TPA+FITC’ will be used to denote when TPA 

and FITC are applied together at the same time. 

First, total number of cells in the skin draining inguinal lymph nodes of WT and 

CCRL1-deficient mice was enumerated and no difference was found in the total 

lymph node cellularity (Figure 3.4 A). In addition, no differences in either 

CD11c+ MHCIIhi migratory DCs (Figure 3.4 B-C) or FITC+ migratory DCs were 

apparent (Figure 3.4 D-E) and there was no difference in the total number of 

CD11c+ MHCIIint resident DCs (Figure 3.4 B-C). Of note, the number of CD11c+ 

MHCIIhi migratory DCs was around 15 times higher for WT and 25 times higher 

for CCRL1-deficient mice after TPA+FITC compared with resting lymph nodes 

(Figure 3.1 C, Figure 3.4 C). This shows that the TPA+FITC model induces 

rapid mobilisation of DCs from the skin. Within the CD11c+ MHCIIhi FITC+ 

skin-derived migratory DC population, various subsets were identified based on 

CD103 and Langerin expression as before. Three dominant populations of DCs 

could be identified; CD103+ Langerin+, CD103+ Langerin- and CD103- Langerin- 

(Figure 3.5 A-B). There were few Langerhans cells (CD103- Langerin+) 

presumably because these cells have not had sufficient time to migrate from the 

epidermis to the lymph node. It is known that these cells have delayed kinetics 

with regards to egress from the skin and arrival in lymph nodes after 

inflammation187. Of the three populations of FITC+ DCs present in the lymph 

node, only the CD11c+ MHCIIhi FITC+ CD103+ Langerin- cells were 

significantly reduced in the lymph nodes of CCRL1-deficient mice compared 

with WT animals (Figure 3.5 E).  

In summary, these initial experiments demonstrate that: 

1. Langerhans cells are reduced in CCRL1-deficient skin draining lymph 

nodes at rest. 
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2. Fewer migratory DCs are present in the skin-draining lymph nodes of 

CCRL1-deficient mice 24 hours after FITC painting. 

3. Combined TPA + FITC painting results in only one subset of skin-

derived DCs (CD103+ Langerin- DCs) being reduced in abundance in the 

skin-draining lymph nodes of CCRL1-deficient mice. 

Taken together, it seemed unlikely that the DC phenotype seen during FITC 

painting was a result of the absence of DCs in the skin, because there were a 

large number of skin-derived migratory DCs in both WT and CCRL1-deficient 

skin-draining lymph nodes in the TPA + FITC model. 

24 hours after painting with TPA and FITC on the same day, FITC+ Langerhans 

cells were virtually absent from the lymph nodes of WT and CCRL1-deficient 

mice. This was presumably because they had insufficient time to migrate from 

the epidermis to the lymph nodes. By adjusting the model, we hoped that it 

would be possible to enumerate Langerhans cells in skin-draining lymph nodes. 

To this end, a 24 hour period was placed between the TPA and FITC applications 

and skin-draining lymph nodes harvested 24 hours later. It was anticipated that 

this model might label Langerhans cells en route to skin-draining lymph nodes, 

and that proved to be the case (see below). To distinguish this experimental 

approach from others used previously, it will be referred to as TPA-24-FITC 

hereafter. 

As in other models of skin inflammation, there was no difference in total lymph 

node cellularity between WT and CCRL1-deficient mice in this new 

experimental set up (Figure 3.6 A). Without gating FITC+ cells, when the 

number of CD11c+ MHCIIhi DCs in the inguinal lymph nodes was enumerated, it 

was clear that there was a significant reduction in these cells in the inguinal 

lymph nodes of CCRL1-deficient mice compared with WT mice (Figure 3.6 B-

C). This is in stark contrast to the results from the TPA+FITC model in which 

lymph nodes were analysed 24 hours after a concomitant TPA/FITC application. 

More CD11c+ MHCIIhi DCs are present in the inguinal lymph node in the 

TPA+FITC model that are present in the TPA-24-FITC model, but their numbers 

are unaffected by CCRL1-deficiency. When compared to the TPA+FITC model, 

there was a ~60% reduction in the number of migratory DCs (CD11c+ MHCIIhi) 
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in the inguinal lymph nodes of CCRL1-deficient mice compared with only a 

~20% reduction in the number of these cells in WT mice during the TPA-24-

FITC model (Figure 3.4 C, Figure 3.6 C). These data suggested that either a 

greater proportion of migratory DCs die in the lymph nodes of CCRL1-deficient 

mice between the two harvest time points used in the TPA+FITC and TPA-24-

FITC models, or that in the TPA-24-FITC model fewer DCs depart the skin of 

CCRL1-deficient animals. 

Indeed, the latter view was supported when the number of CD11c+ MHCIIhi cells 

that were FITC+ were enumerated, as these cells were significantly reduced in 

the lymph nodes of CCRL1-deficient mice (Figure 3.6 E). Compared to the 

TPA+FITC model, a larger proportion of CD11c+ MHCIIhi cells are FITC- 

presumably because they have left the skin before the application of FITC. Many 

of these cells will have departed the skin immediately after TPA painting when, 

according to results from the previous experiment, they leave comparably in WT 

and CCRL1-deficient mice (Figure 3.4). 

Next, in the context of the TPA-24-FITC model, FITC+ migratory DCs were 

analysed for CD103 and Langerin expression by flow cytometry (Figure 3.7 A). 

Four DC sub-populations could be readily identified and strikingly all were 

significantly less abundant in the skin-draining inguinal lymph nodes of CCRL1-

deficient mice than WT mice (Figure 3.7 A-E). Notably, a large population of 

Langerhans cells (CD103- Langerin+) was consistently found in the inguinal 

lymph nodes in the TPA-24-FITC model (Figure 3.7 A and D). This is in 

contrast to previous data from TPA + FITC co-application (Figure 3.5). 

Consistent with them being Langerhans cells, virtually all the CD11c+ MHCIIhi 

Langerin+ CD103- cells expressed CD24, and when these cells were enumerated 

they were significantly reduced in the skin-draining lymph nodes of CCRL1-

deficient mice in the TPA-24-FITC model (Figure 3.8 A-B). To confirm these 

observations, a new panel of antibodies was employed that identified Langerhans 

cells based on their expression of other markers. In the new antibody cocktail 

Langerhans cells were identified as being CD11c+ CD103- EpCAM+ CD11b+ and 

FITC-positivity was used to demonstrate that they had migrated from the skin 

after FITC application. By using this staining combination, a population of cells 

was identifiable with the surface phenotype of Langerhans cells (Figure 3.8 C). 
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In agreement with previous observations in the TPA-24-FITC model, these cells 

were less abundant in CCRL1-deficient skin-draining lymph nodes than WT 

counterparts (Figure 3.8 D). Moreover, this reduction in EpCAM+ cells was also 

evident when analysing inguinal lymph nodes by immunofluorescent staining 

(Figure 3.9 A-B). 

Collectively, these data show that whilst the initial wave of DCs driven from the 

skin by TPA appear relatively unaffected by loss of CCRL1, those leaving at 

later time points require CCRL1 for optimal migration to the skin-draining 

lymph nodes. 

3.5 Is Arrival of DCs in Lymph Nodes Delayed in CCRL1-

Deficient Mice? 

 Having described how populations of DCs are reduced in the skin-draining 

lymph nodes of CCRL1-deficient mice during a model of skin inflammation, 

investigations were undertaken to determine if this reduction reflects a delay in 

DC migration from the skin. If this were the case, we might expect to see an 

increased wave of DC migration in CCRL1-deficient mice relative to WT mice 

at a later time point. Thus, in the same TPA-24-FITC model, skin-draining 

lymph nodes were harvested 24, 72, 120 and 144 hours after FITC application. 

For each of the time points, CD11c+ MHCIIint ‘resident’ DCs and CD11c+ 

MHCIIhi DCs ‘migratory’ DCs were identified. Within the migratory DC 

population, FITC+ DCs were identified (Figure 3.10 A). The total number of 

resident DCs at each time point is the same between WT and CCRL1-deficient 

mice and their abundance appears to stay constant across the time points (Figure 

3.10 B). FITC+ migratory DCs were abundant in WT skin-draining lymph nodes 

24 hours after FITC application but their numbers tail off substantially at later 

time points (Figure 3.10 C). Only at the 24-hour time point is there a difference 

in the total number of FITC+ migratory DCs between WT and CCRL1-deficient 

mice. At each harvest time point, the FITC+ migratory DCs were divided into 

four populations based on CD103 and Langerin expression (Figure 3.11 A). 

Langerhans cells showed a specific influx to skin-draining lymph nodes 24 hours 

and 120 hours after FITC painting (Figure 3.11 A). However, the total number of 

Langerhans cells was only significantly different between WT and CCRL1-
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deficient mice at the 24-hour time point (Figure 3.11 B). The total numbers of 

CD103+ Langerin+, CD103+ Langerin- and CD103- Langerin- dermal DCs were 

all reduced in skin-draining lymph nodes from CCRL1-deficient mice compared 

with WT mice but only at the 24 hour time point (Figure 3.11 C-E). Thus, there 

appears to be a specific window in which CCRL1 controls the abundance of 

skin-derived DCs in draining inguinal lymph nodes. 

3.6 DC Migration Using Kaede Transgenic Mice 

In the previous experiments, FITC was included as a way of identifying DCs in 

the lymph node that were present in the skin at the time of FITC application. 

However, free-flowing FITC could conceivably travel to the skin draining lymph 

nodes and may be acquired by lymph node resident DCs. If these cells were to 

up-regulate their MHCII they would resemble migratory DCs, and this would 

make interpretation of results difficult. To address this potential criticism, kaede 

transgenic mice were obtained and crossed with CCRL1-deficient mice, 

therefore creating kaede+ CCRL1-deficient mice. Kaede mice carry a 

photoconvertible fluorescent protein in all their cells and are a useful tool for 

quantifying and tracking cell migration from one compartment to another. The 

background to kaede transgenic mice and photoconversion within these mice is 

described in the Methods and Materials section of this thesis.  

The experiment was set up as in the TPA-24-FITC model, except that instead of 

FITC painting, mice were flashed with a U.V light on the dorsal skin to induce 

photo conversion from green to red in the TPA-treated skin. As the FITC had 

been dissolved in acetone, mice were also painted with acetone at this point to 

mimic any effects that this solvent may have on driving skin inflammation. The 

results from this experiment were in agreement with the results from the TPA-

24-FITC experiment. Specifically, the total number of CD11c+ MHCIIhi kaede 

red+ migratory DCs was significantly reduced in the lymph nodes in the CCRL1-

deficient background (Figure 3.12 B). Moreover, virtually all kaede red+ cells in 

the skin-draining lymph nodes were CD11c+ MHCIIhi. Therefore, these cells are 

the predominant cell population to migrate from the skin to the lymph nodes in 

this model. As controls, unconverted kaede mice were used throughout these 

experiments (Figure 3.12 C).  
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The results from this experiment provided further evidence that the phenotype 

described earlier is a result of a failure of skin-resident DCs to depart the skin 

during inflammation rather than the result of lymph node resident DCs acquiring 

FITC antigen and up-regulating surface MHCII expression. Furthermore, it gave 

confidence that the method by which DC migration was characterised by labeling 

with FITC was appropriate and sensitive enough to make reasonable conclusions 

about the origins of DCs present in skin-draining lymph nodes. Additionally, the 

use of kaede mice also answers other criticisms, such as that previous 

observations were due to differential antigen uptake by CCRL1-deficient and 

WT DCs. As kaede conversion does not involve the acquisition of antigen then 

any possible defect in antigen uptake by CCRL1-deficient DCs would not affect 

the conversion of DCs from kaede-green to kaede-red.  

In summary, by using a variety of different approaches it is clear that the absence 

of CCRL1 can result in a reduction in the number of migratory DCs present in 

skin-draining lymph nodes after the induction of cutaneous inflammation. 

3.7 CCL19 Receptor Expression on Lymph Node Cells During 

TPA and FITC 

To date, CCRL1 has been described as having an expression pattern that is 

restricted to keratinocytes in the skin and LECs in the lymph node with no 

evidence for expression on leukocytes360. Therefore, to confirm these findings, 

an experiment was designed to test for expression of CCL19 receptors on DCs, 

the cell type that displays aberrant migration from the skin at rest and during 

inflammation. By using WT and CCRL1-deficient cells from the lymph node, it 

is possible to test for the expression of CCR7 and CCRL1 on these cells and thus 

conclude whether CCRL1 is expressed by leukocytes including DCs in the 

lymph node. 

Commonly for analysis by flow cytometry anti-CCR7 antibody would be used to 

identify cells expressing this chemokine receptor. However, anti-CCR7 

antibodies from different suppliers conjugated to different flurophores were 

tested and none were sensitive enough to reliably detect CCR7 expression on 

cells, including T cells that are known to express high levels of CCR7 (data not 
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shown).  Our lab has developed a method of detecting chemokine receptor 

expression by labeling cells with fluorescently tagged chemokine or chemokine 

tetramers319. This assay can be performed at 4°C to look for surface receptor 

expression or at 37°C to look at functional chemokine receptor expression by 

fluorescent chemokine uptake and internalisation. As the only known receptors 

for CCL19 are CCR7 and CCRL1, we can, by comparing WT and CCRL1-

deficient cells, demonstrate CCR7 expression using these types of assays. To this 

end, CCL19 surface receptors were detected by culturing WT and CCRL1-

deficient cells in the presence of CCL19 tetramers conjugated to the fluorophore 

PE and culturing them at 4°C. The method for this assay is outlined in the 

Materials and Methods section to this thesis. First, the surface expression of 

CCL19 receptors on CD11c+ MHCIIhi FITC+ cells and CD11c+ MHCIIhi FITC- 

cells was assessed (Figure 3.13 A). Virtually all these cells in these populations 

were CCL19 receptor positive and there was no difference in expression between 

WT and CCRL1-deficient FITC+ or FITC- migratory DCs (Figure 3.13 A). 

Similarly, no difference in CCL19 receptor expression was found between WT 

and CCRL1-deficient CD11c+ MHCIIint resident DCs and 65-70% of these cells 

were CCL19 receptor positive (Figure 3.13 B). Other populations identified 

include CD11c+ MHCII- cells (Figure 3.13 C), CD11c- MHCII- cells (Figure 

3.13 D) and CD11c- MHCIIhi cells (Figure 3.13 E). Although these cells are not 

definitively identified using other markers, the CD11c low MHCII- population is 

probably mainly composed of T cells consistent with their expression of surface 

CCL19 receptors (CCR7) (Figure 3.13 D). CD11c- MHCII+ cells in the lymph 

node will mainly be B cells and ~10% of these cells were able to detectably bind 

the CCL19 tetramers. All non-DC subsets did not display differential CCL19 

binding between WT and CCRL1-deficient mice. 

Collectively, these data confirm that migratory DCs express CCL19 receptors 

and that loss of CCRL1 expression does not affect the level of CCL19 receptor 

expression by any of the cell subsets examined. CCR7 is in all likelihood the 

receptor entirely responsible for CCL19PE binding in these assays. The data also 

indicate that lymph node leukocytes do not detectably express functional 

CCRL1, consistent with previous reports using CCRL1+/gfp mice360, and that 
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CCRL1 deficiency does not lead to a detectable change in the surface expression 

of CCR7. 

3.8 DC Migration During TPA and FITC is Largely Driven by 

CCR7 

It is widely reported in the literature that CCR7 propels DCs towards peripheral 

lymph nodes during insult, injury and inflammation, as well as during basal 

homeostatic conditions54,189. This is true for the migration of DCs from the skin 

in a variety of models52,54,58,366,367. Having confirmed that CD11c+ MHCIIhi 

migratory DCs in inguinal lymph nodes express high levels of surface CCL19 

receptors that we can infer are CCR7, I next set out to prove that CCR7 

specifically propels the migration of these DCs from the skin to lymph node 

during the TPA-24-FITC model. To do so, I repeated the TPA-24-FITC model in 

WT and CCR7-deficient mice. Strikingly, CD11c+ MHCIIhi FITC+ migratory 

DCs were virtually absent from the skin-draining inguinal lymph nodes of 

CCR7-deficient mice but were readably detectable in WT counterparts (Figure 

3.14 A-B).  

To confirm this result, kaede+ CCR7-deficient mice were utilised and compared 

with WT kaede+ cells that retain CCR7 expression. These mice were painted on 

the back skin with TPA, left for 24 hours and then photoconverted. As with 

previous experiments using kaede mice (Figure 3.12) acetone was applied to the 

skin at the same time as the photoconversion. The total number of CD11c+ 

MHCIIhi kaede red+ cells in the skin-draining inguinal lymph nodes was then 

assessed 24 hours later (Figure 3.14 C-D). In agreement with data from the TPA-

24-FITC model, skin-derived kaede red+ migratory DCs were virtually absent 

from the lymph nodes of CCR7-deficient mice yet were abundant in the inguinal 

lymph nodes of kaede mice that retained CCR7 (Figure 3.14 D). Interestingly, in 

both experiments depicted in Figure 3.14, there were clearly some migratory 

DCs present in the lymph node of CCR7-deficient mice, albeit kaede red-, 

suggesting that some steady-state migration of these cells from the skin is 

occurring in a CCR7-independent manner. Alternatively, resident DCs may 
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upregulate MHCII expression in CCR7-deficient mice leading to their 

classification as “migratory DCs”.  

Taken together, the data show that the migration of DCs form the skin in 

response to TPA-induced skin inflammation is critically dependent on CCR7 and 

this is regulated by CCRL1. 

3.9 CFA-Induced Skin Inflammation 

In order to investigate whether the defect in DC migration from inflamed skin 

was reproducible in another model of cutaneous inflammation, I assessed DC 

accumulation in lymph nodes after subcutaneous injection of CFA into the ear 

skin. As in the TPA model, ears were painted with FITC 24 hours after CFA 

injection to label DCs in the skin, and the draining cervical lymph nodes were 

harvested 24 hours later. 

First, the total cellularity of WT and CCRL1-deficient cervical lymph nodes was 

assessed and no difference was found between the strains (Figure 3.15 A). Next, 

total numbers of CD11c+ MHCIIhi migratory DCs was enumerated (Figure 3.15 

B-C). As before, the absolute numbers of migratory DCs was reduced in 

CCRL1-deficient cervical lymph nodes (Figure 3.15 C). These migratory DCs 

were further characterised based on their expression of CD103, Langerin and 

CD24 as well as their FITC positivity. First they were separated as before based 

on CD103 and Langerin expression (Figure 3.16 A-B). Although Langerin- DCs 

were readily detectable in both strains, Langerin+ DCs were rare in WT lymph 

nodes and virtually absent from CCRL1-deficient nodes. In fact, the relatively 

low expression of CD24 by Langerin+ CD103- DCs suggested that these may be 

Langerin- CD103- DCs contaminating the Langerin+ CD103- gate. Within these 

populations, cells were further characterised by assessing their CD24 expression 

and FITC positivity (Figure 3.16 A-B). CD24 expression was high on most 

CD103+ DCs while Langerin- CD103- DCs were uniformly CD24 low. This 

contrasts with observations made on resting inguinal lymph nodes where CD24+ 

and CD24- subsets were clearly identifiable amongst Langerin- CD103- DCs 

(Figure 3.2). Absolute numbers of CD103- Langerin+ FITC+ and CD103- 

Langerin- FITC+ migratory DCs were significantly reduced in the cervical lymph 
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nodes of CCRL1-deficient mice compared to WT counterparts (Figure 3.16 C). 

CD103+ Langerin+ FITC+ and CD103- Langerin- FITC+ DCs also appear to be 

reduced in CCRL1-deficient mice but this failed to achieve statistical 

significance (Figure 3.16 C). Results from this model are in general agreement 

with previous data in that there is defective accumulation of DC populations in 

draining lymph nodes after the induction of cutaneous inflammation.  

Thus, under certain circumstances migratory DC abundance in skin-draining 

lymph nodes is substantially reduced in CCRL1-deficient mice.  There are 

several hypotheses that might explain these observations: 

1) There are fewer DCs in the skin of CCRL1-deficient mice. 

2) There is a defect in DC departure from the skin of CCRL1-deficient mice. 

3) DCs have defective entry into skin-draining lymph nodes in CCRL1-

deficient mice. 

As shown by others, and confirmed here, DC migration from the skin to skin-

draining lymph nodes is coordinated by CCR7. CCR7+ epidermal and dermal 

DCs move into dermal lymphatic vessels under the direction of CCL21 

expressed by LECs52,57,366. They are carried in these vessels to skin-draining 

lymph nodes. CCRL1 has previously been shown to be expressed in the 

epidermis of CCRL1gfp/+ reporter mice. Therefore, due to the ligand specificity of 

CCRL1 it is reasonable to assume this atypical chemokine receptor may be 

important for the coordinated egress of DCs out of the skin via lymphatic 

vessels. CCRL1 is also reportedly expressed by cells in the SCS of the lymph 

node, and deletion of CCRL1 may affect the ability of DCs to traverse the floor 

of the SCS. To explore DC migration across the SCS is technically demanding, 

and is an area of CCRL1 biology that was under investigation by others in the 

field. Their work has recently been published368 and will be discussed in the 

Discussion section. 

My investigations into DC abundance in the lymph nodes led me to focus on DC 

numbers in the skin and their departure from the skin in order to relate these 

findings to their underrepresentation in skin-draining lymph nodes. 
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3.10 DCs in Resting Skin 

To investigate DCs in resting skin, the back skin of WT and CCRL1-deficient 

mice was excised and DC subsets examined by flow cytometry. The data are 

represented as percentages of total live cells rather than as a total cell count due 

to the variability in cell isolation from the digests and the variability in cell death 

between samples and experiments. This is because digestion of the back skin 

requires an enzyme digestion mix containing dispase, collagenase and DNase 

whereas lymph node digestion involves only collagenase. The incubation with 

skin digestion cocktail therefore leads to less cell viability (Figure 2.2). 

The initial aim was to ascertain if there were any obvious differences in the size 

of the leukocyte compartment of the skin. To do so, the percentage of CD45+ 

leukocytes in the single cell skin suspensions was determined  (Figure 3.17 A). 

The percentage of CD45+ leukocytes in CCRL1-deficient animals was 

comparable to WT controls. Therefore loss of CCRL1 does not result in a gross 

change in leukocyte abundance in the skin. 

Next, CD11c+ MHCII+ DCs were identified by flow cytometry and their 

proportions enumerated. There was no difference in the proportion of these cells 

as a percentage of total live cells (Figure 3.17 B-C).  This population of cells was 

then split up into four DC subsets based on CD103 and Langerin expression. 

Interestingly, the CD103+ Langerin+ DC population showed an increase in the 

skin of CCRL1-deficient mice, although the other three populations showed 

comparable proportions between WT and CCRL1-deficient mice (Figure 3.17 D-

G).  

Thus, the percentage of dermal CD11c+ MHCII+ CD103+ Langerin+ DCs in the 

skins of resting CCRL1-deficient mice is increased and this coincides with a 

decrease in these cells in the skin-draining inguinal lymph nodes at rest (Figure 

3.1). Interestingly, the percentage of Langerhans cells in the skin was not 

increased in CCRL1-deficient mice even though numbers of these cells are 

reduced in resting inguinal lymph nodes (Figure 3.1).  This indicates that at rest, 

Langerhans cells are unaffected by loss of CCRL1 in the skin but may be 

affected by loss of CCRL1 at other anatomical or cellular locations, such as at 

the SCS. Alternatively, defective departure from the skin may lead to changes in 
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the dynamics of the skin Langerhans cell population such that the number of 

these cells remains constant. 

3.11 DC Numbers in Inflamed Skin  

To investigate DC numbers in the skin during inflammation, single cell 

suspensions were prepared from WT and CCRL1-deficient skin that had been 

treated according to the TPA-24-FITC protocol. To ensure that skins of WT and 

CCRL1-deficient mice do not contain different amounts of leukocytes during 

TPA inflammation, skin samples were stained with antibodies against CD45 and 

the percentage of CD45+ cells amongst live cells was calculated. The percentage 

of live cells in the skin preparations was also calculated to confirm that TPA-

drive inflammation does not result in differences in cell viability between the two 

strains. Both the percentage of CD45+ cells in the live cell gate and the 

percentage of total live cells in the skin preparations were comparable between 

WT and CCRL1-deficient mice (Figure 3.18 A, B and C). Next, the percentage 

of DCs in the live cell gate was enumerated.  Interestingly, there was a higher 

percentage of CD11c+ MHCIIhi DCs in the skin of CCRL1-deficient mice than 

WT mice (Figure 3.18 D-E). Upon sub-dividing these cells based on CD103 and 

Langerin expression, it was clear that CD103+ DCs were virtually absent from 

inflamed skin in contrast to their abundance (~45%) in resting skin (Figure 3.18 

and Figure 3.19). Furthermore, there was a significant increase in percentage of 

CD103- Langerin+ DCs (Langerhans cells) in CCRL1-deficient skin compared 

with WT skin (Figure 3.19 A-B). The percentages of CD103+ Langerin+, CD103+ 

Langerin- and CD103- Langerin- dermal DCs were all unaffected by CCRL1 

deficiency (Figure 3.19 C-E). Therefore, during TPA-driven skin inflammation, 

Langerhans cells appear to be specifically retained in the skin of CCRL1-

deficient mice. It is notable that these cells were previously shown to be less 

abundant in the skin-draining lymph nodes of CCRL1-deficient mice in the same 

TPA-24-FITC model of skin inflammation. 

3.12 DC Migration From the Skin – ex vivo Analysis 

To further examine DC departure from the skin, skin ‘crawl out’ assays were 

performed. These in vitro assays are widely used to look at emigration of cells 
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from the skin. Without cannulating the skin draining lymphatic vessels and 

collecting the DCs in the lymph, something which is very technically demanding, 

this is an effective way to specifically examine the ability of DCs to enter dermal 

lymphatic vessels, a key step in their migration to skin-draining inguinal lymph 

nodes. To perform this experiment, dorsal skin was excised from WT and 

CCRL1-deficient mice, and the number of DCs that accumulate in the culture 

media over a period of three days was quantified. Cells in the skin after this 

incubation period were also enumerated. Interestingly, after 3 days in culture, the 

number of skin DCs that had emigrated from CCRL1-deficient skin and collected 

in the medium was significantly reduced compared to WT counterparts (Figure 

3.20 A-B). Conversely, the number of DCs that remain in CCRL1-deficient skin 

after 3 days of culture was significantly higher than those found in WT skin 

(Figure 3.20 C and D). 

Next, in order to further phenotype crawl-out DCs, cells were stained with anti-

EpCAM antibody (Figure 3.20 E). As cells migrating out of the skin are very 

scarce, it is not advisable to stain them for Langerin expression as Langerin 

staining involves an intracellular staining step and during this procedure many 

cells are lost. The number of CD11c+ EpCAM+ cells were enumerated as a 

percentage of total CD45+ crawl out cells. The percentage of CD11c+ EpCAM+ 

DCs was significantly reduced in the culture medium collected from CCRL1-

deficient skin explant cultures (Figure 3.20 F). This population of cells express 

two Langerhans markers, EpCAM and CD11c. Therefore, from my previous in 

vivo DC migration models during skin inflammation and from this ex vivo skin 

crawl out assay, these data show that Langerhans cells appear to be particularly 

prone to defective migration from the skin when CCRL1 is absent. 

3.13 Dysregulation of CCL19 and CCL21 in CCRL1-Deficient 

Skin. 

Next, the mechanisms responsible for defective DC migration in CCRL1-

deficient mice were explored. It was hypothesised that CCRL1 deficiency would 

lead to dysregulation of CCL19 and CCL21, and that this would result in the 

disorientation of CCR7+ DCs to interfere with their migration out of the skin. To 



 143 

examine this, CCL19 and CCL21 protein levels were quantified in WT and 

CCRL1-deficient skin by ELISA. 

We had access to lymph node lysates from plt/plt and CCL19-deficient mice, so 

in the first instance, these samples were used to ensure that the CCL19/CCL21 

detection methodologies were suitably specific. Thus, lysates were prepared from 

WT and CCRL1-deficient inguinal lymph nodes and compared with plt/plt and 

CCL19-deficient samples in ELISAs (Figure 3.21). Inguinal lymph node lysates 

were also prepared from animals treated according to the TPA-24-FITC protocol. 

CCL19 and CCL21 were readily detectable in all WT and CCRL1-deficient 

lymph nodes, and reassuringly both chemokines could not be detected in lymph 

nodes from plt/plt mice, and CCL19 was undetectable in CCL19-deficient lymph 

nodes (Figure 3.21 A-B). Thus the ELISAs being used show exquisite sensitivity 

for the chemokines they were designed to detect. 

Having confirmed the sensitivity and specificity of the ELISAs, CCL19 and 

CCL21 levels were quantified in the inguinal lymph nodes of WT and CCRL1-

deficient mice at rest and after the TPA-24-FITC model. Although there was a 

slight increase in both CCL19 and CCL21 in the resting lymph nodes of CCRL1-

deficient mice, this did not reach statistical significance (Figure 3.21 A-B). In the 

TPA-24-FITC model, no differences in the levels of CCL19 were found (Figure 

3.21 C) but surprisingly levels of CCL21 chemokine were significantly reduced 

in the inguinal lymph nodes of CCRL1-deficient mice (Figure 3.21 D). 

Next, samples were prepared from the skin. As the function of CCRL1 may be to 

control bio-available post-translational chemokine it was necessary to quantify 

the levels of bio-available chemokine rather than total protein. Thus, rather than 

preparing skin lysates, punch biopsies were taken from resting WT and CCRL1-

deficient back skins and levels of bio-available CCL19 and CCL21 that had 

leached from the skin into culture media over a period of 5 hours was quantified. 

No detectable differences in levels of CCL19 or CCL21 were detected in the 

resting back skin of WT and CCRL1-deficient mice (Figure 3.22 A-B). 

However, levels of bio-available CCL19 and CCL21 were both significantly 

increased in the skins of CCRL1-deficient mice treated according to the TPA-24-
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FITC protocol compared to equivalently treated WT mice (Figure 3.22 A-B). 

These data support the concept that CCRL1 acts as a scavenger for CCL19 and 

CCL21 and it is possible that an increase in bio-available CCL19 and CCL21 

protein in CCRL1-deficient mice could contribute to the altered migration of 

CCR7+ DCs from the skin of these animals.  

3.14 CCL19 Deletion Rescues Defects in DC Migration in 

CCRL1-Deficient Mice. 

Next, investigations to determine whether this increase in bioavailable CCL19 or 

CCL21 predisposes CCRL1-deficient mice to defective DC migration to lymph 

nodes. To do this, I planned to cross CCRL1-deficient mice with mice deficient 

in one or more of the chemokines that it is known to regulate.  CCL21-deficient 

mice have not been generated and plt/plt mice, as described in the Introduction to 

this thesis, show serious defects in cellular migration, containing fewer T cells 

and DCs in their lymph nodes as well as displaying aberrant DC migration 

during FITC painting. Thus, they are not ideal for the investigations as defects 

caused by CCRL1 deficiency may be masked by those caused by the plt 

mutation. Importantly, to my knowledge, CCL19 is reported to be largely 

redundant with regards to guiding the egress of DCs from the skin270. However, 

as CCL19 is a very soluble chemokine, I reasoned that compared with CCL21, 

CCL19 may be more prone to dynamic regulation by CCRL1. Thus, I decided to 

cross CCL19-deficient mice with CCRL1-deficient animals to allow me to 

explore the role of CCL19 in the aberrant migration of DCs to skin-draining 

lymph nodes in CCRL1-deficient mice during TPA-induced skin inflammation. 

CCL19-deficient mice (retaining CCRL1 expression) were included as controls 

throughout. 

TPA-induced inflammation was undertaken as before according to the TPA-24-

FITC mode in WT, CCL19-deficient, CCRL1-deficient and CCL19+CCRL1 

double deficient mice. Total lymph node cellularity was determined and DCs 

enumerated as before. There were no differences in total lymph node cellularity 

between the four strains (Figure 3.23 A). In agreement with my previous studies, 

the total number of CD11c+ MHCIIhi and CD11c+ MHCIIhi FITC+ migratory 
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DCs was reduced in the skin-draining inguinal lymph nodes of CCRL1-deficient 

mice compared to WT mice (Figure 3.23 B-C). There was no difference between 

WT and CCL19-deficient mice with regards to total number of migratory DCs or 

FITC+ migratory DCs in skin-draining lymph nodes, in agreement with reports in 

the literature that CCL19 is dispensable for DC migration from the periphery to 

lymph nodes270,276. Strikingly however, the reduced DC migration seen in 

CCRL1-deficient mice was rescued when CCL19 was absent (Figure 3.23 B and 

C).  As before, specific skin DC populations were identified by their differential 

expression of CD103 and Langerin (Figure 3.24 A). The reduction in the total 

number of FITC+ cells in the CD103- Langerin+, CD103+ Langerin+ and CD103- 

Langerin- DC populations seen in the skin-draining lymph nodes of CCRL1-

deficient mice was rescued by loss of CCL19 (Figure 3.24 B, D and E). ANOVA 

analysis of data on FITC+ CD103+ Langerin- DCs failed to reveal a statistically 

significant difference between WT and CCRL1-deficient mice, despite a clear 

trend towards CCRL1-deficient lymph nodes containing fewer of these cells. 

This was lost when CCL19 was absent (Figure 3.24 C). The number of DCs in 

each of the four populations was unaffected by the loss of CCL19 alone, with the 

total numbers of these DCs in CCL19-deficient mice comparable to WT 

counterparts.  

Therefore, collectively these data show that deletion of CCRL1 results in 

defective migration of skin DCs to skin-draining lymph nodes and this defect is 

largely dependent on CCL19. Thus, it appears that CCRL1-mediated regulation 

of CCL19 in inflamed skin plays a key role in facilitating the migration of skin 

DCs to draining lymph nodes. 

3.15 Expression of CCRL1 in Resting Inguinal Lymph Nodes 

Finally, I explored in more detail where CCRL1 is expressed in skin and lymph 

nodes. eGFP expression was first investigated in the inguinal lymph nodes of 

CCRL1gfp/+ mice. Lymph nodes were excised, frozen, sectioned and stained with 

antibodies. As Heinzel et al had seen eGFP in the SCS region of the inguinal 

lymph nodes360, anti-LYVE-1 antibody was used, as this should identify LECs 

lining the SCS. WT ‘non-eGFP’ mice were used as controls throughout to 

confirm true eGFP positivity. Strong eGFP signal was present in the SCS region 
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of the lymph node that largely co-localised with LYVE-1 staining (Figure 3.25 

A). From these data, it would suggest that CCRL1 is expressed by LECs lining 

lymphatic vessels in the SCS of secondary lymph nodes. Within the SCS, there 

are also cells present that express eGFP but do not stain for LYVE-1. In the 

medullary region of the lymph node, LYVE-1+ lymphatic vessels again showed 

eGFP expression (Figure 3.25 B). As in the SCS, eGFP+ cells not expressing 

LYVE-1 were found in the medulla (Figure 3.25 B). These cells were closely 

associated with lymphatic vessels. As expected, eGFP expression was absent 

from both the SCS and the medulla of WT mice lymph nodes (Figure 3.25 C and 

D). Further analysis of eGFP cells in the inguinal lymph nodes of CCRL1+/gfp 

mice by flow cytometry revealed a small population of CD45+ leukocytes that 

express CD11b and that also weakly express eGFP (Figure 3.25 E). This 

population was absent from WT mice, confirming the specificity of the eGFP 

reporter. Therefore, there is a very small population of CD45+ leukocytes in 

inguinal lymph nodes that express the myeloid marker CD11b and that are 

eGFP+ in CCRL1+/gfp mice. 

As eGFP expression in knock-in mice does not always correlate with protein 

expression, I next focused on staining lymph node sections with CCRL1 

antibody. By using this approach, CCRL1 protein could clearly be detected in the 

SCS of the lymph node. However, CCRL1 was not uniformly expressed within 

the subcapsular region of the inguinal lymph node and there were regions that 

did not express CCRL1 and regions that did (Figure 3.26 left hand panel). 

CCRL1 staining was absent from CCRL1-deficient control samples (Figure 3.26 

right-hand panel). The interdigitating pattern of expression seen in WT lymph 

nodes is very interesting. This expression pattern would suggest that a subset of 

LECs express CCRL1 and precisely why the lymph node should adopt such a 

mosaic-like expression on these cells is something currently being examined by 

others and myself in the lab. CCRL1+ cells were also found in non-SCS regions 

of the lymph node. Co-staining with LYVE-1 and CCRL1 was, at the time, not 

possible due to both antibodies being raised in the same species leading to cross-

reactivity. With the commercial availability of directly conjugated LYVE-1 

antibodies that work on frozen sections, this type of analysis is now possible and 

would be helpful in correlating the results from the CCRL1+/gfp mice. However, 
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without such analysis of LYVE-1 cells that demarcate medullary regions, we can 

speculate that the red CCRL1+ cells in non-SCS regions probably correspond 

with eGFP+ cells previously seen in the medullary regions of CCRL1+/gfp mice.  

3.16 CCRL1 Expression in the Dorsal Skin and Ear 

Next, eGFP expression and CCRL1 protein expression was investigated in the 

skin of CCRL1+/gfp and WT (eGFP negative) mice respectively. Although the 

primary focus in most experiments described in this chapter was to explore DC 

migration from dorsal skin, in one experiment I have investigated DC migration 

form the ear after CFA injection (Figure 3.8). As the ear is anatomically different 

from the back skin, it was important to investigate CCRL1 expression within the 

ear so as to draw appropriate conclusions with regards to CCRL1 guidance of 

DC egress from ear skin as well as back skin. 

First, CCRL1-eGFP expression was investigated in the dorsal skin of CCRL1+/gfp 

and CCRL1gfp/gfp mice. In agreement with reports from Heinzel and colleagues, 

eGFP expression was localised to keratinocytes in the epidermis and hair 

follicles in both CCRL1+/gfp and CCRL1gfp/gfp mice (Figure 3.27 B-C). eGFP 

signal was absent from WT control mice (Figure 3.27 A). Interestingly, eGFP 

signal was also detectable in cells in the dermis of both CCRL1+/gfp and 

CCRL1gfp/gfp skin Figure 3.27 A-C).  

To analyse CCRL1 protein expression, CCRL1+/gfp ear samples were stained 

with anti-CCRL1 antibody. eGFP expression was uniform across the full length 

of the epidermis and this correlated with staining using the anti-CCRL1 

antibody. Also, cells positive for anti-CCRL1 antibody staining also expressed 

eGFP in the dermis (Figure 3.27 D).  

To further characterise the CCRL1+ cells found in the dermis, ear samples from 

CCRL1+/gfp mice were stained with antibodies against LYVE-1, CD45, CD11b 

and MHCII. eGFP was found to colocalise with LYVE1 staining (Figure 3.28 

A). Therefore, as well as LYVE-1+ vessels in the lymph node, CCRL1 is also 

expressed by LYVE-1+ cells in the skin. These cells are likely LECs, and this is 

supported by the morphology of the CCRL1+ LYVE-1+ structures in the dermis. 
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Next, CCRL1+/gfp ear skin was stained with antibodies against MHCII, CD45 and 

CD11b. From these data, it can be concluded that there are leukocytes (CD45+) 

of the myeloid lineage (CD11b+) capable of presenting antigen (MHCII+) that 

express eGFP in CCRL1+/gfp skin (Figure 3.28 B). WT control samples were used 

to show the absence of eGFP expression in these samples (Figure 3.28 C). These 

eGFP+ cells express markers shared with the eGFP+ cells that I previously 

identified in inguinal lymph nodes (Figure 3.25 E). These cells were found to be 

CD11b+, which is a marker of cells from the myeloid lineage. This cell lineage 

includes cells such as monocytes, DCs and macrophages. As CD11b does not 

identify any specific myeloid cell population, eGFP+ cells in the skin were 

analysed by flow cytometry for expression of CD11c and MHCII, common 

markers of DCs. As I have described defects in the ability of DCs to migrate 

from the skin in CCRL1-deficient mice, it seemed conceivable that these cells 

express CCRL1. Gating cells first on CD11c and MHCII expression identified 

DCs in the skin that were then analysed for eGFP expression. In CCRL1+/gfp 

mice, a population of eGFP+ DCs was identifiably by flow cytometry and this 

population of cells was absent in WT counterparts. eGFP+ DCs accounted for 

~10% of the total CD11c+ MHCII+ DC population in CCRL1+/gfp mice. 

Taken together, these data show CCRL1 is expressed in the epidermis of the 

skin, hair follicles and cells residing in the dermis. Further analysis of dermal 

cells revealed that eGFP expression in the dermis of CCRL1+/gfp mice is confined 

to LYVE-1+ LECs and CD45+ CD11b+ MHCII+ APCs. Flow cytometry revealed 

that subsets of CD11c+ MHCII+ DCs express eGFP in CCRL1+/gfp mice. 

 

3.17 Summary 

Based on the data presented in this chapter, I conclude that: 

1. At rest, distinct subsets of skin-derived migratory DCs are less abundant 

in the inguinal lymph node of CCRL1-deficient mice than WT animals. 

2. CCR7 drives the migration of DCs to skin-draining lymph nodes during 

TPA-induced skin inflammation. 

3. CCRL1 is required to maintain DC arrival at skin-draining lymph nodes 

after the induction of cutaneous inflammation with TPA and CFA. 
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4. CCRL1 aids the egress of DCs from TPA-inflamed skin, and from skin 

explants. 

5. CCRL1 regulates the levels of bioavailable CCL19 and CCL21 are in the 

skin during TPA-induced inflammation. 

6. The absence of CCL19 corrects the defect in DC arrival at inguinal 

lymph nodes seen in TPA-inflamed CCRL1-deficient mice. 

7. CCRL1 is expressed by keratinocytes, LECs in the SCS and dermis, a 

subset of CD11b+ myeloid cells in the lymph node; and a small 

population of DCs in the skin. 
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Figure 3.1: Migratory DCs are reduced in the skin-draining lymph nodes of CCRL1 KO 

mice during steady state.  

(A) Total number of cells retrieved from WT and CCRL1 KO inguinal lymph nodes. (B) 

Representative flow cytometry plots of cells in skin-draining lymph nodes of WT (left) and 

CCRL1-deficient (right) during steady state gated for migratory and resident DCs. (C) Total 

number of CD11c+ MHCIIhi “migratory DCs” and CD11c+ MHCIIint “resident DCs”. (D) CD11c+ 

MHCIIhi migratory DCs subdivided based upon CD103 and Langerin expression. (E) Total 

number of cells in each DC sub-population. Data are representative of one out of three 

independent experiments with at least 3 mice per group. Data in graphs are presented as mean + 

SEM and were analysed using a Student’s t-test with * p < 0.05  ** p < 0.01. 
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Figure 3.2: CD24 and CD205 identify distinct cell subsets amongst CD103- Langerin- DCs 

in skin-draining lymph nodes.  

Single cell suspensions from resting WT and CCRL1 KO inguinal lymph nodes were prepared 

and incubated with antibodies to identify specific populations of DCs. WT (A) and CCRL1 KO 

(B) CD11c+ MHCIIhi lymph node cells separated according to CD103 and Langerin expression 

(central dotplot). CD205 and CD24 expression on each of these four populations of cells is 

shown in the four satellite dotplots. (C) The total number of each of the different DC populations 

within the CD103- Langerin- gate. Data are representative of 4 mice per genotype and the mean + 

SEM is shown. Data were analysed using one-way ANOVA and Tukey’s post test. No 

statistically significant differences were found between WT and KO samples for each DC 

population.  

  

)3#1%-E2F% !!"#$%&'%

"!G>#"!G>#

"!G># "!G>#

"!
G=

H#
"!

G=
H#

"!
G=

H#
"!

G=
H#

"!5=@#

0(
+&
.'
%+
#

0(
+&
.'
%+
#

"!5=@#

"!G>#

"!
G=

H#

"!G>#

"!
G=

H#

"!G>#

"!
G=

H#

"!G>#

"!
G=

H#

!1756M%!17LM% !1756M%!17L8% !17568%!17L8%

2*
3(
4#6
.4
4#6
*I

+3
#;<
5=

@ ?
#

0

5

10

15

20

WT KO

2=08@J<0,%>H%!1$$NM%I;!33G*%%%
!1$5K8%#JH@0=*H8%N0++B%

(%% D%

WT
KO

$% $%7% 7%

K% K%

$%
7%

K%

!%



 152 

 

Figure 3.3: FITC+ migratory DCs are reduced in skin-draining lymph nodes of CCRL1 KO 

mice after cutaneous FITC painting.  

WT and CCRL1 KO mice were shaved, topically painted with FITC in acetone, or acetone alone. 

24 hours later skin-draining inguinal lymph nodes were harvested and single cell suspensions 

prepared. The cell suspensions were incubated with antibodies against CD11b and MHCII. 

CD11b+ MHCIIhi DCs were identified in WT (A) and CCRL1 KO samples (B) and then, within 

both samples, FITC uptake was determined (right hand panels). FITC positive cells were 

determined by drawing gates on mice receiving acetone paints instead of FITC (C). The total 

number of CD11b+ MHCIIhi FITC+ DCs are shown in (D). Data are representative of 4 WT mice 

and 5 CCRL1-deficient mice.  Data in graphs are presented as the mean + SEM and were 

analysed using a Student’s t-test with p<0.05*. 
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Figure 3.4: Skin-draining lymph nodes contain the same numbers of migratory DCs after a 

concomitant TPA + FITC paint on the dorsal skin.  

WT and CCRL1 KO mice were shaved on the dorsal skin, left for 24 hours then concomitantly 

painted with TPA and FITC to induce skin inflammation and DC migration. 24 hours after TPA 

and FITC painting, the skin-draining inguinal lymph nodes were excised and single cell 

suspensions made and total cellularity determined (A). Cells were assessed for CD11c and 

MHCII expression by flow cytometry (B). The total number of migratory CD11c+ MHCIIhi DCs 

and CD11c+ MHCIIint resident DCs was enumerated and is shown in (C). Next, the number of 

FITC+ cells amongst WT and CCRL1 KO migratory DCs was determined (D) by drawing gates 

based on cells from mice receiving acetone in place of FITC. The total number of CD11c+ 

MHCIIhi FITC+ DCs is represented in (E). Data in graphs C and E are presented as mean + SEM. 

In A, the mean is indicated by the line amongst the individual data points. Data are from 5 mice 

per group and were analysed using a Student’s t-test, and no statistically significant differences 

found in the total lymph node cellularity or in any of the DC populations. 
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Figure 3.5: Skin-draining lymph nodes from CCRL1 KO mice contain fewer FITC+ CD103- 

Langerin- DCs after a concomitant TPA + FITC paint on the dorsal skin.  

WT and CCRL KO migratory DCs (CD11c+ MHCIIhi FITC+) were subdivided into different skin-

derived migratory populations. Three populations of DCs were identified after staining with 

Langerin and CD103 in both WT and CCRL1-deficient samples (A). Each of these three 

populations was quantified (C-E). Data in graphs are presented as mean + SEM from 5 mice per 

genotype and were analysed using a Student’s t-test with p<0.05*.  
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Figure 3.6: Skin-draining lymph nodes from CCRL1-deficient mice contain fewer 

migratory DCs than WT mice in the TPA-24-FITC model.  

The dorsal skin of WT and CCRL KO mice was shaved, painted 24 hours later with TPA, and 24 

hours after that with FITC. 24 hours after FITC painting the skin-draining inguinal lymph nodes 

were excised and single cell suspensions prepared for analysis by flow cytometry. Firstly total 

lymph node cells were enumerated (A). Next cells were stained for different surface markers, 

namely CD11c and MHCII to reveal DCs (B) and the total number of migratory DCs and resident 

DCs was then enumerated (C). These CD11c+ MHCIIhi migratory DCs were then assessed for 

FITC positivity by drawing gates based on mice that received acetone paints instead of FITC (D) 

and the total number of FITC+ migratory DCs enumerated (E). Data are from 14 WT mice and 13 

CCRL1 KO mice from 2 independent experiments. Data in graphs are presented as the mean + 

SEM and were analysed using a Student’s t-test with p<0.05* and p<0.001***. 
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Figure 3.7: CCRL1 deficiency is associated with a reduction in the abundance of all four 

migratory DC populations in the inguinal lymph nodes in the TPA-24-FITC model.  

The dorsal skin of WT and CCRL1 KO mice was shaved, painted 24 hours later with TPA, and 

24 hours after that with FITC. 24 hours after FITC painting the skin-draining inguinal lymph 

nodes were excised and single cell suspensions prepared for analysis by flow cytometry. After 

pre-gating on FITC+ Migratory DCs (CD11c+ MHCIIhi FITC+), cells were then separated by 

differential CD103 and Langerin expression to reveal four DC populations (A). The total number 

of each of these four DC populations is represented in (B, C, D and E). Data are representative of 

5-7 mice per group from 3 independent experiments. Data in graphs are presented as mean + 

SEM and were analysed using a Student’s t-test with p<0.05*.  
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Figure 3.8: CCRL1 deficiency leads to a reduction in Langerhans cells in skin-draining 

lymph nodes in the TPA-24-FITC model.  

The dorsal skin of WT and CCRL1 KO mice was shaved, painted 24 hours later with TPA, and 

24 hours after that with FITC. 24 hours after FITC painting the skin-draining inguinal lymph 

nodes were excised and single cell suspensions prepared for analysis by flow cytometry. After 

pre-gating on CD11c+ MHCIIhi CD103- Langerin+ Langerhans cells, DCs were then assessed for 

CD24 expression (A) and the total number of CD24 expressing Langerhans cells represented in 

(B). To confirm the identity of these cells as Langerhans cells, the same samples were stained for 

alternative antibodies against different antigens. DCs were first identified as being CD11c+ and 

FITC+. FITC positivity was determined by drawing gates on samples from mice receiving only 

carrier (acetone) instead of FITC. Within the DC population, CD103- EpCAM+ CD11b+ cells 

were identified (C) and the total number of these cells in WT and CCRL1 KO inguinal lymph 

nodes was enumerated (D). Data are representative of 4-7 mice per group from 3 independent 

experiments. Data in graphs are presented as mean + SEM, and were analysed using a Student’s 

t-test with p<0.05*. 
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Figure 3.9: EpCAM+ cells are less abundant in CCRL1 KO lymph nodes than in WT lymph 

nodes in the TPA-24-FITC model.  

The dorsal skin of WT and CCRL1 KO mice was shaved, painted 24 hours later with TPA, and 

24 hours after that with FITC. 24 hours after FITC painting the skin-draining inguinal lymph 

nodes were excised and snap frozen. 8-10µm frozen sections were cut using a cryotome and 

stained with anti-EpCAM antibody. WT inguinal lymph nodes (A) and CCRL1 KO inguinal 

lymph nodes (B) are shown at x100 magnification. Purple cells represent those cells that are 

EpCAM+ and green staining represents unbound FITC present in the lymph node. Images are 

representative of 5 mice per genotype. EpCAM+ cells are not obviously green due to the intensity 

of unbound FITC present in the lymph node. The strong fluorescent signal from unbound FITC 

swamps the FITC signal from EpCAM+ cells thus, giving the impression that the EpCAM+ cells 

are negative for FITC.  
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Figure 3.10: FITC+ migratory DCs are only reduced in the skin-draining lymph nodes of 

CCRL1 KO mice 24 hours post FITC painting.  

WT and CCRL1 KO mice were shaved on the dorsal flank and painted with TPA and FITC. The 

skin-draining inguinal lymph nodes were excised at various time points as indicated (A) and 

single cell suspensions made. Cells were gated for CD11c+ MHCIIint ‘Resident DCs’ and CD11c+ 

MHCIIhi FITC+ ‘Migratory DCs’. The total number of each of these DC populations is 

represented in (B and C). Data are representative of 3-6 mice per group from 2 independent 

experiments. Data are represented as the mean + SEM, and they were analysed using two-way 

ANOVA and Bonferoni post test with p<0.01**.  
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Figure 3.11: Langerhans cells and other migratory DC subsets are only reduced in the skin-

draining lymph nodes of CCRL1 KO mice 24 hours post FITC painting.  

WT and CCRL1 KO mice were shaved on the dorsal flank and painted with TPA and 24 hours 

later with FITC. The skin-draining inguinal lymph nodes were excised at various time-points as 

indicated and single cell suspensions prepared for analysis by flow cytometry. Cells were pre-

gated for CD11c+ MHCIIhi FITC+ ‘Migratory DCs’ and then separated into 4 populations based 

on expression of CD103 and Langerin (A). The total number of Langerhans cells (B) CD103+ 

Langerin+ dermal DCs (C) CD103- Langerin- dermal DCs (D) and CD103+ Langerin- dermal DCs 

(E) were calculated. Data are representative of 3-6 mice per group from 2 independent 

experiments. Data are represented as the mean + SEM and were analysed using two-way 

ANOVA and Bonferoni post test with p<0.05* and p<0.01**.   
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Figure 3.12: Kaede Red+ migratory DCs are reduced in numbers in CCRL1 KO skin-

draining lymph nodes after cutaneous TPA painting.  

WT and CCRL1 KO mice were shaved on the dorsal flank, left for 24 hours then painted with 

TPA and 24 hours later photoconverted on the dorsal skin. 24 hours after photoconversion the 

skin-draining inguinal lymph nodes were excised and single cell suspensions prepared for 

analysis by flow cytometry. Cells were stained for antibodies against CD11c and MHCII to 

identify DCs (A) and the total number of kaede red+ migratory DCs then enumerated (B). An 

unconverted kaede mouse was used as a control to allow for the gating of kaede red+ cells (C). 

Data are representative of 5 kaede mice and 5 CCRL1 KO kaede+ mice from 2 independent 

experiments. Graphs show the mean + SEM and data were analysed using Student’s t-test with 

p<0.05*. 
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Figure 3.13: Fluorescent CCL19 tetramer binding to lymph node cells.  

The dorsal skin of WT and CCRL1 KO mice was shaved, painted 24 hours later with TPA, and 

24 hours after that with FITC. 24 hours after FITC painting the skin-draining inguinal lymph 

nodes were excised and single cell suspensions prepared for analysis by flow cytometry. To 

assess expression of surface CCL19 receptors on various lymph node cell populations in WT and 

CCRL1 KO mice, cells were incubated at 4°C with CCL19PE tetramers. Several different cell 

populations were identified based on levels of expression of CD11c and MHCII and the 

percentage of cells positive for CCL19PE binding was calculated. (A) CD11c+ MHCIIhi (B) 

CD11c+ MHCIIint (C) CD11c+ MHCII- (D) CD11c- MHCII- (E) CD11c- MHCII+ cells were 

identified. As a control, cells were exposed to streptavidin PE alone (without CCL19-biotin) in 

order to allow gates to be drawn to identify CCL19-PE+ positive cells. Data are representative of 

the mean + SEM from 4 mice per group from 1 experiment.  
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Figure 3.14: CCR7 is essential for the successful migration of skin DCs to draining lymph 

nodes after TPA induced inflammation.  

(A-B) Dorsal skin of mice was shaved, TPA was applied 24 hours later, and FITC 24 hours after 

that. Representative flow cytometry plots of WT (left panel) and CCR7 KO (right panel) skin 

draining inguinal lymph nodes 24h post FITC paint for CD11c+ MHCIIhi FITC+ migratory DCs. 

(B) Total number of CD11c+ MHCIIhi FITC+ DCs in skin draining lymph nodes of WT and CCR7 

KO mice after FITC painting. Data are representative of the mean from 1 of 2 independent 

experiments with at least 5 mice per genotype. * p <0.05 (Student’s t-test). (C-D) Dorsal skin of 

kaede WT and kaede CCR7 KO mice was shaved and TPA was applied 24 hours later. 24 hours 

later skin was photoconverted using U.V light.  Representative flow cytometry plots of kaede WT 

(left panel) and kaede CCR7 KO (right panel) skin draining inguinal lymph nodes 24 hours post 

photoconversion for CD11c+ MHCIIhi kaede green+ kaede red+ migratory DCs. (D) Total number 

of CD11c+ MHCIIhi kaede green+ kaede red+ migratory DCs in skin draining lymph nodes of 

kaede WT and kaede CCR7 KO mice after photo conversion. Data from individual mice are 

shown as circles with the mean represented as a line. Results are from 1 of 2 independent 

experiments with 3 mice per genotype. *p<0.05 (Student’s t-test).  
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Figure 3.15: Migratory DCs are reduced in cervical lymph nodes of CCRL1 KO mice after 

CFA injection into the ear.  

One ear of WT and CCRL1 KO mice were injected with CFA and then 24 hours later, ears were 

painted with FITC. 24 hours later draining cervical lymph nodes were excised and single cell 

suspensions prepared for analysis by flow cytometry. First, total lymph node cells were 

enumerated (A).  Migratory DCs were then identified by staining with antibodies against CD11c 

and MHCII (B) and the total number of CD11c+ MHCIIhi migratory DCs calculated (C). Data are 

represented as the mean + SEM with 4-5 mice per group, and were analysed using Student’s t-

test with p<0.05*. 
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Figure 3.16: Specific DC subsets are reduced in cervical lymph nodes of CCRL1 KO mice 

after CFA injection into the ear.  

CFA was injected into the right ear of WT and CCRL1 KO mice that were and 24 hours later the 

same ear was painted with FITC and 24 hours after that draining cervical lymph nodes were 

harvested. Single cell suspensions were prepared and stained with a panel of antibodies for 

analysis by flow cytometry. After pre-gating on CD11c+ MHCIIhi DCs, cells from WT and 

CCRL1 KO lymph nodes were interrogated for CD103, Langerin, CD24 and FITC expression 

(A) and (B). The total number of cells in each DC population was determined (C). Data are 

represented as the mean + SEM with n = 4-5 mice per group. Data was analysed using a 

Student’s t-test with p<0.05* and p<0.01**.  
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Figure 3.17: CD103+ Langerin+ dermal DCs are increased in the skin of CCRL1 KO mice at 

rest compared with WT mice.  

Resting dorsal skin from WT and CCRL1 KO mice was harvested, enzymatically digested, and 

single cell suspensions prepared for analysis by flow cytometry. The percentage of CD45+ 

leukocytes was quantified (A). The percentage of CD11c+ MHCII+ DCs was calculated (B and 

C). DCs were then analysed for CD103 and Langerin expression to reveal four DC subsets. The 

percentage of Langerhans cells (D), CD103+ dermal DCs (E), CD103- Langerin- dermal DCs (F), 

and CD103+ Langerin- dermal DCs (G) in the CD11c+ MHCIIhi population was calculated. Data 

are represented as the mean + SEM from 1 of 2 independent experiments with at least 4 mice per 

group. Data were analysed using Student’s t-test with p<0.05* and ns = not significant. 
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Figure 3.18: The proportion of DCs in the inflamed skin of CCRL1 KO mice is increased 

compared with WTs (TPA-24-FITC protocol).  

WT and CCRL1 KO mice were shaved on the dorsal flank, left for 24 hours then painted with 

TPA and 24 hours later painted with FITC. 24 hours after FITC painting the back skin was 

excised and single cell suspensions prepared for analysis by flow cytometry. First, the percentage 

of live cells was quantified (A). The number of CD45+ leukocytes was enumerated (B and C). To 

assess the number of DCs present in the skin, samples were stained for CD11c and MHCII (D) 

and the percentage of CD11c+ MHCII+ DCs calculated (E). Data are representative of the mean + 

SEM from 1 of 2 independent experiments with 4 mice per group. Data were analysed using 

Student’s t-test with p<0.05*. 
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Figure 3.19: Langerhans cells are specifically retained in the inflamed skin of CCRL1 KO 

mice (TPA-24-FITC model).  

WT and CCRL1 KO mice were shaved on the dorsal flank, left for 24 hours, painted with TPA, 

and 24 hours later painted with FITC. 24 hours after FITC painting, the back skin was excised 

and single cell suspensions prepared for analysis by flow cytometry. After pre-gating for CD11c+ 

MHCIIhi migratory DCs, cells were analysed for CD103 and Langerin expression to reveal four 

populations of skin DCs (A). The percentage of each DC population was calculated and is 

represented (B-E). Data are representative of the mean + SEM from 1 of 2 independent 

experiments with 4 mice per group. Data were analysed using Student’s t-test with p<0.01** and 

ns = not significant. 
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Figure 3.20: Defective DC departure from CCRL1 KO skin.  

WT and CCRL1 KO dorsal skin was excised and cultured in complete media for three days to 

quantify the number of DCs that emigrate from the skin and accumulate in the medium. Crawl 

out cells were first classified as CD45+ and CD45- cells by flow cytometry. Within the CD45+ 

leukocyte population DC crawl out cells were identified (A). Skin preparations were analysed for 

DCs by staining for CD11c and MHCII expression (C). The total number of crawl out DCs is 

shown (B). Skin was harvested after the culture period and digested to give a single cell 

suspension. The number of DCs within this cell suspension was then calculated (D). Crawl out 

DCs were further analysed by examining expression of EpCAM (E) and the total number of 

CD11c+ EpCAM+ DCs was enumerated (F). Data are presented as the mean + SEM with 4-5 

mice per group. Data were analysed using Student’s t-test with p<0.01**, p<0.001***. 
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Figure 3.21: CCL19 and CCL21 protein in resting and inflamed inguinal lymph nodes.  

Resting inguinal lymph nodes were harvested from WT, CCL19-deficient and CCRL1 KO mice 

and chemokine levels assessed by ELISA. Lysates of lymph nodes from plt mice were provided 

by Prof A.Rot, University of Birmingham, UK. Levels of CCL19 protein (A) and CCL21 protein 

(B) in the inguinal lymph nodes. The dorsal skin of WT and CCRL1 KO mice were challenged 

with TPA and then 24 hours later challenged again with FITC. 24 hours after FITC challenge 

inguinal lymph nodes were harvested, homogenates made, and levels of CCL19 protein (C) and 

CCL21 protein (D) quantified by ELISA. Data are representative of one of 2 independent 

experiments and show the mean + SEM. Statistical analyses was undertaken using Student’s t-

test with P<0.01** and ns= not significant.  
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Figure 3.22: Bio-available CCL19 and CCL21 levels are increased in the inflamed skin of 

CCRL1 KO mice.  

The dorsal skin of resting WT and CCRL1 KO mice was harvested. Alternatively the back skin 

of WT and CCRL1-deficient mice was shaved, challenged with TPA, rested for 24 hours and 

then painted with FITC. 24 hours after FITC challenge the skins were excised. 10x5mm diameter 

circular punch biopsies were excised from resting and TPA-inflamed skins and then incubated for 

5 hours in PBS + protease inhibitor to allow chemokine to leach from the skin. After 5 hours the 

total CCL19 (A and C) and CCL21 (B and D) was quantified by ELISA. Data are representative 

of the mean + SEM from 1 of 2 independent experiments with 5 mice per genotype. Data were 

analysed using a Student’s t-test with p<0.05*. 
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Figure 3.23: Deletion of CCL19 rescues the migratory DC defect seen at rest in CCRL1 KO 

mice.  

WT, CCRL1 KO, CCL19 KO and CCL19-/- x CCRL1-/- mice were shaved on the dorsal skin and 

then 24 hours later painted with TPA. 24 hours later the back skin was painted with FITC and 

after a further 24 hours the inguinal lymph nodes were harvested to make single cell suspensions. 

The total lymph node cellularity was calculated from these cell suspensions (A). Samples were 

then stained using antibodies CD11c and MHCII to identify CD11c+ MHCIIhi migratory DCs 

across all four genotypes. The number of migratory DCs was then enumerated (B). To confirm 

that these cells are skin derived, FITC+ migratory cells were then identified (D) and the total 

number of these cells enumerated (C). Data are representative of the mean + SEM from 5 mice 

per genotype. Statistical analysis was performed using one-way ANOVA with Tukey’s post-test. 

p<0.05* p<0.01** and p<0.001***.                                                                                                                                                                                                                        
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Figure 3.24: Deletion of CCL19 rescues the migratory DC defects seen in CCRL1 KO mice.  

WT, CCRL1 KO, CCL19 KO and CCL19-/- x CCRL1-/- mice were shaved on the lower back and 

then 24 hours later painted with TPA. 24 hours later the back skin was painted with FITC and 

after a further 24 hours the inguinal lymph nodes were harvested to make single cell suspensions. 

Cells were stained and analysed by flow cytometry. Firstly cells were pre-gated on FITC+ 

migratory DCs and then stained with CD103 and Langerin antibodies to reveal 4 skin-derived DC 

sub-populations (A). The total number of CD103+ Langerin+ (B) CD103+ Langerin- (C) CD103- 

Langerin+ (D) and CD103- Langerin- (E) DCs were enumerated. Data are representative of the 

mean + SEM from 5 mice per genotype. Statistical analysis was performed using one-way 

ANOVA with Tukey’s post-test with p<0.01** and p<0.001***. 
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Figure 3.25: eGFP is expressed on LYVE-1+ lymphatic endothelial cells and cells associated 

with these vessels in the inguinal lymph nodes of CCRL1gfp/+ mice.  

Resting inguinal lymph nodes from CCRL1gfp/+ and WT mice were harvested, placed in OCT 

compound and then frozen on dry ice. 8-10µm frozen sections were cut using a cryotome in 

preparation for antibody staining. Sections were stained with DAPI (blue) and anti-LYVE-1 

antibody (red). eGFP is shown in green. CCRL1+gfp inguinal lymph nodes, showing the SCS 

region (A) and medullary region (B) of the lymph node are shown. WT inguinal lymph nodes 

showing the SCS region (C) and the medullary region (D) are shown. Non-LYVE-1+ eGFP+ cells 

in the lymph node of CCRL1+/gfp mice were then analysed further by flow cytometry using anti-

CD45 and anti-CD11b antibodies. WT mice were used as controls for eGFP expression (E).  For 

each immunofluorescent image, single coloured images and merged coloured images are shown 

(A-D). Images are representative of 4 mice per genotype. For flow cytometry data, pseudocolour 

dot plots are representative of 3 mice per genotype. 
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Figure 3.26: CCRL1 protein is expressed by cells residing at the SCS and medullary regions 

of inguinal lymph nodes.  

Resting inguinal lymph nodes were harvested from WT and CCRL1 KO mice, placed in OCT 

compound and frozen on dry ice. 8-10µm frozen sections were cut using a cryotome in 

preparation for antibody staining. Representative image of WT resting inguinal lymph node 

stained with anti-CCRL1 antibody (red) (left panel). Representative image of CCRL1 KO resting 

inguinal lymph node stained with anti-CCRL1 antibody (red) and DAPI (blue) (right hand panel). 

Images are representative of at least 3 mice per genotype. 
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Figure 3.27: CCRL1-eGFP is expressed by hair follicles and cells in the epidermis and 

dermis.  

Dorsal skin from resting WT (A) CCRL1+/gfp (B and D) and CCRL1gfp/gfp (C) mice was excised, 

placed in OCT compound and then frozen on dry ice. 8-10µm sections were then cut using a 

cryotome and directly imaged using a fluorescent microscope to localize eGFP expression. To 

localize CCRL1 protein expression, CCRL1+/gfp sections were stained with anti-CCRL1 antibody 

(red) (D right hand panel) and staining compared with eGFP expression (D left hand panel). 

Images are representative of 3-4 mice per genotype.  
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Figure 3.28: CCRL1-eGFP is expressed on lymphatic vessels and APCs in the ear.  

Ears were harvested from CCRL1gfp/+ and WT mice and placed in 4% PFA for 4 hours. Ears were 

then washed twice in PBS, placed in OCT compound and frozen on dry ice. 8-10µm sections 

were then cut using a cryotome and sections stained with DAPI and anti-LYVE1 antibody (A). 

Sections were also stained for anti-CD11b, anti-MHCII and anti-CD45 antibodies (B). WT 

sections were used as controls throughout for eGFP expression (C). eGFP+ cells in the skin were 

further analysed by flow cytometry by using anti-CD11c and anti-MHCII antibodies (D). WT 

mice were used as controls to confirm eGFP expression. Serial sections were imaged using a 

confocal microscope. Images are representative of 7 CCRL1+/gfp and 5 WT mice. Flow cytometry 

data are representative of 4 mice per genotype. 
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Chapter Four 

The Role of CCRL1+ Cells and 

CD169+ Macrophages at the SCS 
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4 CCRL1 and CD169+ macrophages at the SCS Region 

of the Lymph Node 

4.1 Introduction 

The experiments described in Chapter 3, explored the affect that deletion of 

CCRL1 had on the ability of CCR7+ cells to migrate from one anatomical 

location to another, both of which were shown to harbour CCRL1-expressing 

cells. These experiments demonstrated that deletion of CCRL1 results in loss of 

CCL19 regulation that leads to defective migration of DCs out of the skin, 

culminating in fewer skin DCs arriving at the draining inguinal lymph nodes. 

Cells such as T cells and DCs also require CCR7 for intranodal migration and 

positioning. It has been shown here (Chapter 3), and by others, that CCRL1 

expression in the lymph node is restricted to the SCS region. Therefore, in the 

next set of experiments, the focus shifted to investigating the role of CCRL1 in 

regulating the abundance and positioning of cells within the lymph node itself. 

The main focus was on cells known to be located near or adjacent to, CCRL1+ 

cells in the lymph node. In particular, these experiments investigated the effect 

that deletion of CCRL1 had on LECs and innate-like leukocytes found in SCS 

and interfollicular regions, respectively. In addition, CD169+ macrophages were 

studied in WT and CCRL1-deficient lymphoid tissues. These cells are positioned 

on the floor of the SCS where they are intimately associated with 

LECs85,86,151,158. The functional significance of this close physical interaction was 

also explored. 

4.2 The Localisation of CD169 Macrophages in WT Inguinal 
Lymph Nodes 

 

First, the positioning of CD169+ macrophages in the lymph node was 

investigated. In order to optimise staining techniques, the positioning of these 

cells in the inguinal lymph nodes was examined relative to LYVE-1+ cells 

(predominantly LECs), MHCII+ APCs and B220+ B cells. As expected, this 

showed that CD169+ macrophages are positioned on, or adjacent to the floor of 
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the SCS above B cell follicles and interfollicular regions of the lymph node 

(Figure 4.1). Some macrophages were also observed within the interfollicular 

areas at a distance from the SCS; and occasionally found within the B cell 

follicles themselves. Other sinuses deeper in the lymph node were also populated 

with CD169+ macrophages. Throughout the lymph node, the large majority of  

CD169+ macrophages were found amongst, or adjacent to, LYVE-1+ LECs.  

4.3 CCRL1 is Expressed Adjacent to CD169+ Macrophages 
 

I previously demonstrated that CCRL1 is expression at the SCS region of the 

lymph node360. Furthermore, a post-doc in our lab has shown that `60% of LECs 

in the inguinal lymph nodes of CCRL1gfp/+ mice express CCRL1. Also located at 

this region, is a population of CD169+ macrophages that extend processes into 

the SCS itself but remain anchored on the floor of the SCS by their “tails”. As 

such, these macrophages lie on or adjacent to CCRL1+ cells. To confirm that 

CCRL1 is not expressed by CD169+ macrophages, WT inguinal lymph nodes 

were stained with anti-CD169 and anti-CCRL1 antibodies and analysed by 

immunofluorescence. Whilst CCRL1 expressing cells and CD169 expressing 

macrophages are positioned at the SCS, there was no obvious co-expression of 

these markers on the same cell (Figure 4.2). It was apparent that macrophages are 

positioned underneath CCRL1+ cells, however to confirm that macrophages do 

not express CCRL1, functional uptake assays involving CCL19AF647 were 

undertaken. 

4.4 CD169+ Macrophages Express CCL19 Receptors, Probably 
CCR7 

 

As mentioned previously (Section 3.7), detection of CCR7 and CCRL1 by flow 

cytometry using conventional antibody staining is not sensitive enough to 

reliably detect CCR7+ or CCRL1+ cells. Instead, expression of CCL19 receptors 

on CD169 macrophages was examined by using fluorescently tagged CCL19, 

and culturing cells with the chemokine at 37°C. CD169+ macrophages in 

inguinal lymph nodes of WT and CCRL1-deficient mice were identified as 

CD11b+ CD169+ cells. In both WT and CCRL1-deficient lymph nodes, there was 
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a subset of CD11b+ CD169+ cells that was capable of internalising CCL19AF647 

(Figure 4.3 A). Uptake of CCL19AF64 was comparable between WT and CCRL1-

deficient macrophages, suggesting that CCRL1 is not expressed by these cells 

and was in keeping with previous findings (Figure 4.2). The uptake of 

CCL19AF647 was reduced after the addition of a 10-fold excess of unlabeled 

CCL19 competitor (Figure 4.3 B). This was encouraging as macrophages can 

non-specifically internalise extracellular material, including chemokines, by 

pinocytosis, thus, the knock-down in CCL19AF647 uptake demonstrates the 

reliability and specificity of this assay in detecting CCL19 receptors. The CCL19 

receptors expressed by a population of CD169+ macrophages is in all likelihood,  

CCR7, as CCRL1 and CCR7 are the only known receptors for CCL19.  

In summary, the results presented in these sections show that: 

1. CD169+ macrophages are found associated with LECs at the SCS region 

and also in deeper lymph node sinuses. 

2. CD169+ macrophages can be found in the interfollicular areas of the 

lymph node, above B cells follicles and more rarely, within B cell 

follicles. 

3. CCRL1+ cells are found adjacent to CD169+ cells as the SCS region of 

the lymph node, and macrophages form close contacts with CCRL1+ 

cells. 

4. Macrophages lack expression of CCRL1. 

5. CD169+ macrophages express CCL19 receptors, probably CCR7. 

4.5 CD169+ Macrophage Distribution and Number in Inguinal 
Lymph Nodes is Unaffected by CCRL1 Deficiency 

 

As CD169+ macrophages are situated within the area of the lymph node known 

to express CCRL1 (the SCS), the positioning and numbers of CD169 

macrophages was compared in WT and CCRL1-deficient inguinal lymph nodes. 

There was however, no gross defect in the positioning of CD169+ macrophages 

in CCRL1-deficient lymph nodes (Figure 4.4 A-B). Similarly, when these cells 

were enumerated it was found that their abundance in WT and CCRL1-deficient 

mice was comparable (Figure 4.4 C). Therefore, the absence of CCRL1 in the 
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inguinal lymph node does not result in aberrant CD169+ macrophage positioning 

or abundance at rest.  

4.6 Expansion of CD169+ Macrophages and LYVE-1+ Cells in 
Mesenteric Lymph Nodes of CCRL1-deficient Mice 

 

Next, CD169+ macrophages were studied in the mesenteric lymph nodes of WT 

and CCRL1-deficient mice. Mesenteric lymph nodes lie downstream of the small 

intestine, so they are likely to be in a more constant state of immune activity. 

Moreover, the small intestine is a dominant site of CCL25 expression which may 

conceivably be dysregulated in CCRL1-deficient mice. Thus, I reasoned that this 

unique environment might be particularly susceptible to regulation by CCRL1.  

First, the positioning of CD169+ macrophages in the mesenteric lymph nodes of 

WT and CCRL1-deficient mice was investigated by immunofluorescent staining 

(Figure 4.5 A-B). Strikingly, in the mesenteric lymph nodes of CCRL1-deficient 

mice, CD169+ macrophages were mislocalised and appeared more abundant 

(Figure 4.5 B). By using confocal microscopy along with tiling software, I was 

able to generate whole images of WT and CCRL1-deficient mesenteric lymph 

nodes (appendix). From these images, ImageJ software was used to enumerate 

the percentage of the total lymph node section occupied by CD169+ 

macrophages. Compared with WT mice, a far greater proportion of CCRL1-

deficient mesenteric lymph nodes were occupied by CD169+ cells (Figure 4.5 C). 

Immunofluorescent analysis of mesenteric lymph nodes also included a LYVE-1 

antibody to quantify the area occupied by LECs. As described in the 

Introduction, macrophages can support the expansion of lymphatic vessels by 

various means, particularly during inflammation. Therefore, LYVE-1 antibody 

staining was included to investigate whether macrophage expansion correlates 

with an expansion in LYVE-1+ cells. To this end, it was found that the expansion 

in CD169+ macrophages coincided with an increase in LYVE-1+ cells in the 

mesenteric lymph nodes of CCRL1-deficient mice. As such, the area of the 

lymph node occupied by LYVE-1+ cells was greater in CCRL1-deficient mice 

than in WT animals (Figure 4.5 D).  
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Flow cytometry was then used to examine if mesenteric lymph nodes of CCRL1-

deficient mice had increased numbers of CD169+ macrophages. At the time of 

conducting these experiments it was conventional to identify CD169+ 

macrophages as CD11b+ CD169+ cells as described previously for inguinal 

lymph nodes. However, an article published at this time described a more precise 

method for detecting these cells by flow cytometry369. In this publication, it was 

reported that T cells acquire membrane blebs from CD169+ macrophages during 

the preparation of single cell suspensions for flow cytometry. T cells can 

therefore masquerade as CD169+ macrophages making it difficult to differentiate 

between the two cell populations in post-acquisition analysis. Therefore, it is 

necessary to include T cell markers in the staining panel in order to exclude T 

cells from the analysis of CD169 macrophages. Using this approach, the total 

number of CD169+ macrophages in the mesenteric lymph nodes of WT and 

CCRL1-deficient mice was enumerated after exclusion of contaminating T cells 

(Figure 4.6 A). This revealed a statistically significant increase in the number of 

macrophages present in the mesenteric lymph nodes of CCRL1-deficient mice 

compared with WT animals (Figure 4.6 B) and supports the conclusions made 

from immunofluorescent analysis of mesenteric lymph nodes. 

In summary, the data show that: 

1) CD169+ macrophages are mislocalised in the mesenteric lymph nodes of 

CCRL1-deficient mice. 

2) The abundance of CD169+ macrophages is increased in the mesenteric lymph 

nodes of CCRL1-deficient mice. 

3) CD169+ macrophage mislocalisation and expansion coincides with an 

expansion of LYVE-1+ cells in the mesenteric lymph nodes. 

 

4.7 CCL19 Receptor Expression on CD169+ Macrophages 
Revisited 

 

Previously, CCL19 receptor expression on CD169+ macrophages isolated from 

inguinal lymph nodes was shown. However, as discussed, the correct 

identification of these macrophages requires the exclusion of T cells when 
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analysing results from flow cytometry. Therefore, to attempt to validate CCR7 

expression by CD169+ macrophages from mesenteric lymph nodes, CCL19AF647 

uptake by macrophages in the mesenteric lymph node was analysed after T cell 

exclusion. As T cells express high levels of CCR7 it was important to confirm 

that previous characterisation of CD169 macrophages as having functional 

CCL19 receptors was not a result of contamination by T cells. To this end, 

TcRβ+ cells were excluded before CD11b+ CD169+ cells were identified by flow 

cytometry (Figure 4.7 A). MHCII+ CCL19+ cells in the macrophage gates were 

then identified amongst samples containing CCL19AF647 alone and competition 

samples containing CCL19AF647+ 10-fold excess of unlabeled CCL19 competitor 

(Figure 4.7 B-C). In contrast to previous findings, only a small level of CCL19 

uptake by CD169+ macrophages was found (Figure 4.7 B). Although samples 

containing unlabeled CCL19 had slightly less CCL19AF647 uptake, results from 

this experiment would suggest that CD169+ macrophages isolated from 

mesenteric lymph nodes have little, if any, CCL19 receptor expression. To 

confirm the sensitivity and specificity of the assay, CCL19AF647 uptake by TcRβ+ 

T cells in the samples was also analysed. As expected, T cells showed a high 

level of CCL19AF647 uptake that was reduced when a 10-fold excess of unlabeled 

CCL19 was added (Figure 4.7 D) consistent with CCR7 expression by these 

cells. At the same time, mesenteric lymph node cells were analysed for CCR9 

expression using conventional antibody staining. CD169 macrophages were 

identified after exclusion of contaminating T cells and were found to lack 

expression of CCR9  (Figure 4.7 E).  

These data show that CD169+ macrophages do not express CCR9 or CCL19 

receptors. These observations emphasise the importance of the findings by Gray 

et al with regards to the correct identification of CD169 macrophages by flow 

cytometry369. These data also suggest that it is unlikely that the macrophage/LEC 

expansion seen in CCRL1-deficient mice is driven by excess chemokines 

activating CCR7 or CCR9 on the macrophages. 
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4.8 Characterisation of NK. iNKT and γδT cells in Mesenteric 
Lymph Nodes 

 

As CD169+ macrophages were dramatically affected by loss of CCRL1 in the 

mesenteric lymph node, I moved on to characterising populations of innate-like 

cells positioned close to the SCS within the interfollicular areas. Specifically, I 

was interested in cells known to interact with CD169+ macrophages, namely, T 

cells, γδ T cells, iNKT cells and NK cells.  

First, I was interested in enumerating conventional T cells and γδ T cells. Single 

cell suspensions of mesenteric lymph nodes were stained with antibodies against 

CD3, TcRβ and TcRγδ (Figure 4.8 A). In agreement with work from others in the 

lab, there was no difference in the absolute number of TcRβ+ CD3+ T cells in the 

mesenteric lymph nodes of CCRL1-deficient mice compared with WT 

counterparts (Figure 4.8 B). However, when the total number of γδ T cells 

(TcRβ- TcRγδ+) was enumerated (Figure 4.8 C), I found that they were 

significantly reduced in the mesenteric lymph nodes of CCRL1-deficient mice 

(Figure 4.8 D). The small intestine contains a large population of intra-epithelial 

γδ T cells and this phenotype may represent defective migration and/or entry of 

these cells into the mesenteric lymph node.  

Next, the number of NK cells in the mesenteric lymph nodes was calculated. NK 

cells were identified by flow cytometry by their lack of CD3 and TcRβ 

expression and their expression of NK1.1 (Figure 4.10 A). Furthermore, NK cells 

could be divided into subsets based on expression of CCR6 and DX5 (Figure 

4.10 A). Calculation of the total number of CCR6+ DX5- NK cells and CCR6- 

DX5+ NK cells revealed a small, but statistically significant reduction in the 

CCR6- DX5+ population of cells in CCRL1-deficient mesenteric lymph nodes 

(Figure 4.10 B-C). However the other NK cell subsets identified in the 

mesenteric lymph node were of comparable abundance between WT and 

CCRL1-deficient mice (Figure 4.10 B). 
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To conclude the analysis of resting mesenteric lymph nodes, iNKT cells were 

enumerated. iNKT cells were identified as CD3+ NK1.1+ and within this 

population, four subsets of cells were identified based upon DX5 and CCR6 

expression (Figure 4.10 A). There was a statistically significant reduction in the 

CCR6- DX5+ iNKT cell population in CCRL1-deficient mice, however the other 

three iNKT cell populations were comparable between WT and CCRL1-deficient 

mice (Figure 4.10 B-E). 

Thus, despite the evident expansion of LECs and CD169+ macrophages, resting 

CCRL1-deficient mesenteric lymph nodes contain WT levels of TcRβ+ T cells 

and only a small reduction in the size of the γδ T cell, NK1.1+ CCR6- DX5+ NK 

and CCR6- DX5+ iNKT cell populations. 

4.9 Characterisation of NK, iNKT and γδT cells in the Inguinal 
Lymph Node 

 

Numbers of innate-like cells residing within the interfollicular regions of 

mesenteric lymph nodes from CCRL1-deficient mice was affected by loss of 

CCRL1 such that their numbers were significantly reduced compared to WT 

mice. Although it was previously shown that loss of CCRL1 in the inguinal 

lymph node did not affect numbers or distribution of CD169+ macrophages, 

further investigation into innate-like cell numbers was undertaken.  

Next, to investigate whether changes in innate-like cell numbers in the 

mesenteric lymph node was related to changes in macrophages/LECs, similar 

flow cytometry analysis was undertaken on inguinal lymph nodes (where 

macrophages and LECs are normal in CCRL1-deficient mice). First, CD3+ 

TcRβ+ conventional T cells were enumerated (Figure 4.11 A) with no differences 

found in the abundance between WT and CCRL1-deficient mice (Figure 4.11 B). 

Next, non-conventional T cells, specifically γδ T cells (TcRβ- TcRγδ+) and iNKT 

cells (CD3+ NK1.1+) were investigated. (Figure 4.11 C and Figure 4.12 A). The 

absolute number of γδ T cells in the inguinal lymph nodes of CCRL1-deficient 

mice showed a statistically significant reduction at rest (Figure 4.11 D). This was 

similar to that seen in the mesenteric lymph node. Four populations of iNKT 

cells could be identified in the inguinal lymph nodes as in the previous 
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experiments with mesenteric lymph nodes (Figure 4.12 A). All iNKT cell subsets 

displayed a statistically significant reduction in the absence of CCRL1, except 

the CCR6- DX5- surface immunphenotype (Figure 4.12 B-E). Therefore, both 

innate-like T cell populations studied; γδ T cells and iNKT cells were reduced in 

the inguinal lymph nodes of CCRL1-deficient mice. Of the two populations of 

NK cells separated based on expression of CCR6 and DX5 (Figure 4.13 A), only 

the CD3- NK1.1+ CCR6- NK cells were significantly reduced in CCRL1-

deficient lymph nodes (Figure 4.13 B-C). 

In conclusion, populations of NK cells, γδ T cells and iNKT cells are reduced in 

the inguinal lymph nodes of CCRL1-deficient mice at rest. This would suggest 

that changes in the abundance of innate-like cells in the lymph node are not 

linked to changed in the distribution and abundance of CD169+ macrophages and 

LYVE-1+ LECs. Innate-like cells may instead be more directly influenced by 

loss of CCRL1-mediated chemokine scavenging from LECs in lymph nodes. 

These possibilities are discussed in more depth in the Discussion (Chapter 6). 

4.10 CCRL1 Expression and Function in the Resting  Spleen 

 

Alongside lymph node studies, I was also interested in examining fi CCRL1 is 

expressed in other secondary lymphoid tissues. The spleen is a unique secondary 

lymphoid organ that performs an important function in filtering the blood and 

supporting B cell responses163. It is anatomically and functionally distinct from 

lymph nodes, particularly regarding the route of antigen delivery. In contrast to 

lymph nodes, the spleen is devoid of lymphatic vessels and antigen is transported 

to the spleen via blood that passes through the marginal sinus. The marginal zone 

is home to a variety of leukocyte subsets and importantly, contains a population 

of CD169+ macrophages that are related to CD169+ macrophages found in, and 

around, lymph node sinuses75,76,370-372. Thus, even though the spleen lacks the 

cells that express CCRL1 in lymph nodes (LECs), the anatomical and cellular 

similarities between lymph nodes and splenic white pulp lead us to consider 

whether other cells expressed CCRL1 in the spleen. Moreover, the positioning 

and number of CD169+ macrophages in the spleen was of interest, particularly 

due to the observations made previously in mesenteric lymph nodes. At the same 
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time, the innate-like cells known to be affected by CCRL1 deficiency in lymph 

nodes were investigated in the spleens of WT and CCRL1-deficient mice. 

Interestingly, analysis of frozen sections from WT mice by immunofluorescent 

staining revealed strong expression of CCRL1 by cells lining splenic venules 

situated in the red pulp region adjacent to regions of white pulp (Figure 4.14 A-

B). Anti-CCRL1 staining was particularly strong in the endothelial cells lining 

venules located just outside the marginal zone. In many respects, this is 

anatomically similar to the expression of CCRL1 seen round the edges of lymph 

nodes. The expression of CCRL1 within this region does not directly co-localise 

with CD169+ macrophages or SIGNR1+ macrophages, although, as in the lymph 

nodes, these macrophages are found in close proximity to CCRL1 expressing 

cells. Weak staining with anti-CCRL1 antibody was found in cells present in the 

white pulp, however, their identity was not investigated further. Very little 

staining with anti-CCRL1 antibody was seen on frozen spleen sections from 

CCRL1-deficient mice showing the antibody to be specific (Figure 4.14 C). 

Unlike in the mesenteric lymph node, the positioning of CD169+ macrophages 

appears normal in the spleen of CCRL1-deficient mice and these cells are 

localised in ring like structures in both WT and CCRL1-deficient mice (Figure 

4.14 A-C). This was also the case for SIGNR1+ marginal zone macrophages 

(Figure 4.14 A-C). Although the positioning of CD169+ macrophages appeared 

normal in the spleens of CCRL1-deficient mice (Figure 4.14 A-C), their 

abundance in this organ was also investigated. Analysis by flow cytometry 

revealed that a higher percentage of cells in the spleens of CCRL1-deficient mice 

were CD169+ macrophages (Figure 4.16 A-B). Therefore, as in the mesenteric 

lymph nodes, deletion of CCRL1 appears to affect CD169+ macrophages 

abundance in the spleen.  

Next, cells known to express CCR7 were quantified in WT and CCRL1-deficient 

spleens. No difference in the abundance of conventional TcRβ+ T cells was 

found between WT and CCRL1-deficient spleens (Figure 4.17 A). Furthermore, 

when separated into CD4+ (Figure 4.17 B) and CD8+ (Figure 4.17 D) T cells 

there was no difference in the abundance of either T cell population between 

mouse strains (Figure 4.17 C and E). The same was true for B cells (Figure 4.17 
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F-G) and DCs (Figure 4.18 A-B). Therefore, the major CCR7+ cells in the spleen 

appear unaffected by loss of CCRL1. 

Next, the abundance of γδ T cells, NK cells and iNKT in WT and CCRL1-

deficient spleens was investigated, cells that have previously been shown to be 

affected by deletion of CCRL1 in the lymph node. NK cells were identified by 

flow cytometry as NK1.1+ TcRβ- (Figure 4.19 A). Although there was a trend 

towards a reduction in the percentage of these cells in CCRL1-deficient mice, 

this difference did not reach statistical significance (Figure 4.19 B). The same 

was true of γδ T cells (Figure 4.19 C-D) and iNKT cells (Figure 4.19 E-F). 

With such high expression of CCRL1 at the gateway to the white pulp, it was 

hypothesised that CCRL1 may function to control the kinetics of entry and/or 

positioning of CCR7+ leukocytes in the spleen. To test this, 5x106 CMTPX 

labeled splenocytes from WT mice were injected intravenously into WT and 

CCRL1-deficient mice. 1 or 2 hours after injection, spleens were harvested and 

the positioning of adoptively transferred splenocytes was assessed by fluorescent 

microscopy. After 1 hour, there were few labeled splenocytes in B cell areas of 

the spleens of WT and CCRL1-deficient mice. In both WT and CCRL1-deficient 

spleens, adoptively transferred splenocytes were found in non-white pulp regions 

of the lymph node juxtaposed to B cells (Figure 4.15 A-B). However, at 2 hours, 

the white pulp of the spleens in WT and CCRL1-deficient mice contained 

labeled splenocytes. These cells localised in B cell areas of the white pulp and to 

non-B cell areas of the white pulp, which we can infer are T cell areas (Figure 

4.15 C-D). However, as at the 1 hour time point, no gross differences in the 

localization of the transferred splenocytes was found between strains. Therefore, 

although these experiments were not developed further, they suggest that 

deletion of CCRL1 has no substantial affect on the positioning of adoptively 

transferred splenocytes in the spleen during the first few hours after transfer. 

Collectively, these data show that CCRL1 is specifically expressed by 

endothelial cells lining venules in the red pulp of the spleen. CCRL1 deficiency 

does not affect the frequency of DCs, T cells or B cells in this tissue, and does 

not appear to regulate leukocyte recruitment to the spleen. Despite being less 

abundant in lymph nodes, splenic NK cell, γδ T cell and iNKT cell populations 
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appear unaffected by loss of CCRL1. In contrast, CD169+ macrophages appear to 

be more abundant in the spleen of CCRL1-deficient mice than WT mice 

suggesting that CCRL1 regulates these cells both in both the mesenteric lymph 

node and the spleen. 

4.11 The Role of CD169+ Macrophages in Regulating 

Lymphangiogenic Responses in Lymph Nodes 

The data generated in the experiments above stimulated an interest in the 

functional relationship between LECs and CD169+ macrophages. These cells are 

intimately associated in lymph node sinuses, and macrophages are known to play 

key roles in regulating lymphangiogenic responses during inflammation in a 

variety of different tissues148,154,158,373.  Thus, I wondered if lymph node 

macrophages contributed to the lymphangiogenic response that develops in 

lymph nodes in response to cutaneous inflammation induced by agents such as 

CFA. Moreover, the specific expression of CCRL1 by lymph node LECs led me 

to consider whether this atypical chemokine receptor could also contribute lymph 

node lymphangiogenesis. To explore these ideas, macrophages were to be 

specifically depleted in the popliteal lymph nodes by subcutaneous injection of 

clodronated liposomes into the footpad. Clodronated liposomes act as ‘Trojan 

horses’ that deliver aqueous clodronate to phagocytic cells. Macrophages ingest 

these liposomes by phagocytosis and subsequently clodronate is released inside 

the cell to induce apoptosis. Therefore, this reagent is a useful and widely used 

tool for the specific depletion of phagocytes. Several days after clodronated 

liposome injection, mice were to be challenged in the same footpad with CFA to 

drive the expansion of lymphatic vessels in draining lymph nodes. Popliteal 

lymph nodes and inguinal lymph nodes would then be analysed by flow 

cytometry and immunofluorescent staining using anti-LYVE-1 antibody to 

identify LECs and examine expansion of the lymphatic sinus network of the 

lymph node. 
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4.11.1   CD169 Macrophages can be Depleted in the Popliteal 

 Lymph Node by Administration of Clodronated 

 Liposomes Into the Footpad 

First, to test the specificity and effectiveness of the clodronated liposomes for 

depletion of CD169+ macrophages in the popliteal lymph node, clodronated 

liposomes were injected subcutaneously into the footpad of WT mice. One week 

later, macrophage depletion in popliteal and inguinal lymph nodes was assessed 

by flow cytometry and immunofluorescence. Encouragingly, it was found that 

TcRβ- CD11b+ CD169+ macrophages had virtually disappeared from popliteal 

lymph nodes after clodronated liposome injection but remained in PBS-injected 

control mice (Figure 4.20 A-D). CD169+ macrophages also remained in the 

inguinal lymph nodes of clodronated liposome-treated animals and in the 

inguinal lymph nodes of PBS-treated mice (Figure 4.20 E-H), demonstrating that 

clodronated liposome injection into the footpad was useful for the specific and 

local depletion of CD169+ macrophages from popliteal lymph nodes.  

Fluorescent liposomes containing PE dye instead of clodronate were specifically 

and only internalised by CD169+ macrophages in popliteal lymph nodes, 

demonstrating the unique specificity of liposomes for macrophages in the lymph 

nodes (Figure 4.21 A-C). 

Next, clodronated liposomes were injected into the footpad of WT mice and the 

presence of CD169+ macrophages in the popliteal and inguinal lymph nodes 

assessed by flow cytometry and immunofluorescent staining 2 weeks post 

clodronate injection. In the inguinal lymph nodes, CD169+ macrophages could 

be identified by flow cytometry and immunofluorescent staining (Figure 4.22 A 

and C). Few, if any, CD169+ macrophages were found in the popliteal lymph 

node 2 weeks after clodronated liposome injection (Figure 4.22 B and D). This 

demonstrated that, in the absence of further challenge, CD169+ macrophages are 

not regenerated from bone marrow progenitors entering the lymph node from the 

blood and differentiating into these cells. This would be in line with the ontogeny 

of these cells as yolk sac-derived self-renewing cells374. Indeed, previous work 

has shown that CD169+ macrophages do not completely repopulate the popliteal 
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lymph node after clodronated liposome injection into the footpad until five 

months375. 

4.12 CD169 Macrophages are Required for Lymphatic 
 Vessel Expansion During CFA-induced Inflammation in 
 the Lymph Node. 

 

Having confirmed that CD169+ macrophages in the popliteal lymph node are 

sensitive to depletion with clodronated liposomes and remain absent for at least 2 

weeks after their depletion, investigations next focused on to characterising the 

impact of the depletion of macrophages on lymphangiogenic responses in the 

lymph node to challenge with CFA in the footpad. WT and CCRL1-deficient 

mice were injected with clodronated liposomes or PBS into the footpad and left 

to rest for 1 week, during which macrophages will be depleted from the 

clodronated liposome-treated group only. Then, mice were challenged in the 

same footpad with CFA. One week later, popliteal and inguinal lymph nodes 

were harvested and analysed by immunofluorescent staining to investigate the 

distribution of CD169+ macrophages and lymphatic vessels.  

As expected, the popliteal and inguinal lymph nodes of WT and CCRL1-

deficient mice that had received PBS instead of clodronated liposomes developed 

a profound lymphatic vessel expression in response to CFA injection and 

lymphatic sinuses lined with LYVE-1+ LECs were found throughout the lymph 

node parenchyma (Figure 4.23 A-B). Lymphatic vessel expansion was also seen 

in the inguinal lymph nodes of WT and CCRL1-deficient mice that had received 

clodronated liposomes, and no gross difference was observed between strains 

(Figure 4.25 A-B). As expected, at the dose of liposomes used, CD169+ 

macrophages were not depleted from this lymph node (Figure 4.25 C-D) 

although again these cells appeared less firmly associated with LYVE-1+ LECs 

in CCRL1-deficient mice than in WT counterparts. 

In contrast, popliteal lymph nodes of mice that received clodronated liposomes 

lacked CD169+ macrophages (data not shown) and appeared to have undergone 

far less expansion in their lymphatic sinus network (Figure 4.26 A-B) than 

animals that received PBS in place of the clodronated liposomes (Figure 4.23 C-
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D).) In fact, these inflamed lymph nodes contained lymphatic sinus networks that 

were broadly similar to those seen in naïve lymph nodes (data not shown). As 

before, this apparent reduction in lymphangiogenesis appeared to be unaffected 

by CCRL1 deficiency. 

Thus, although further work is required, these preliminary experiments indicate 

that depletion of lymph node macrophages can suppress inflammation-induced 

lymphangiogenesis in lymph nodes. 

4.13 Summary 
 

In this chapter I have shown that: 

1. CD169+ macrophages in the mesenteric lymph nodes of CCRL1-deficient 

mice are increased in abundance compared with WT counterparts and 

occupy more of the total lymph node area. 

2. LYVE-1+ cells are expanded in the mesenteric lymph nodes of CCRL1-

deficient mice and occupy a greater volume of the total lymph node 

compared with WT mice. 

3. In the mesenteric and inguinal lymph nodes, deletion of CCRL1 results in 

a small decrease in the size of the γδ T cell population, and reductions in 

the abundance of NK and iNKT cell subsets in the mesenteric lymph 

node. 

4. CCRL1 is expressed by endothelial cells lining splenic venules in the red 

pulp, but deletion of the receptor does not affect the early trafficking of 

CCR7+ cells into and within this organ 

5. Deletion of CCRL1 results in a steady state increase in the abundance of 

CD169+ macrophages in the spleen. 

6. CD169+ macrophages appear to be involved in lymphatic vessel 

expansion in the lymph node during CFA-induced inflammation. 

 

These results will be discussed further in the Discussion (Chapter 6) and 

placed in the context of existing literature in this area. 
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Figure 4.1: CD169+ macrophages are situated in the SCS region of the lymph.  

Naïve inguinal lymph nodes from WT mice were harvested, placed in OCT and frozen on dry ice. 

8-10µm frozen sections were cut and sections were then stained with anti-CD169, anti-LYVE-1, 

anti-MHCII and anti-B220 antibodies to reveal the distribution of CD169+ macrophages, LYVE-

1+ LECs, APCs and B cells respectively in WT lymph nodes. (A) Lymph node diagram 

indicating the region of the lymph node shown by immunofluorescent staining in (B-F). 

Individual images with each antibody stain are shown (B-E) and also as a merged image (F). 

Images are representative of lymph nodes from 10 mice. 
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Figure 4.2: CCRL1 is not expressed by CD169+ SCS macrophages.  

WT inguinal lymph nodes were harvested, placed in OCT, frozen on dry ice and then 8-10µm 

sections cut. Sections were stained with anti-CCRL1 (red) and anti-CD169 (blue) antibodies then 

imaged using a fluorescent Zeiss Axio Imager microscope. Images are representative of 4 mice. 
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Figure 4.3: CD169+ macrophages express CCL19 receptors.   

Single cell suspensions were prepared from resting inguinal lymph nodes harvested from WT and 

CCRL1-deficient mice. Cells were incubated with CCL19AF647 at 37°C in order to identify active 

CCL19 receptors. At the same time, cells were incubated at 37°C with a 10 molar excess of 

unlabelled CCL19 competitor to compete for fluorescent CCL19AF647 uptake and are shown 

above as “competition”. Cells were stained with anti-CD169 and anti-CD11b antibodies to 

identify macrophages and then analysed by flow cytometry.  Data are representative of 1 from 2 

independent experiments with at least 3 mice per experiment. 
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Figure 4.4: CD169+ macrophage distribution and abundance is normal in the inguinal 

lymph nodes of CCRL1-deficient mice.  

Naïve inguinal lymph nodes from WT and CCRL1-deficient mice were harvested, placed in OCT 

and frozen on dry ice.  8-10µm frozen sections were then cut using a cryotome. Sections were 

stained with DAPI and anti-CD169 antibody to reveal the distribution of CD169+ macrophages in 

WT (A) and CCRL1-deficient (B) inguinal lymph nodes. The total number of CD11b+ CD169+ 

macrophages was calculated in WT and CCRL1-deficient inguinal lymph nodes after analysis by 

flow cytometry (C). Images are representative of at least 4 mice per genotype. Flow cytometry 

analysis was undertaken on 10 WT and 9 CCRL1-deficient mice, and data show the mean 

(horizontal lines) for each genotype. Statistical analysis was undertaken using an unpaired 

Student’s t-test with no statistical significance found between genotypes. 
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Figure 4.5: Deletion of CCRL1 leads to an expansion of CD169+ macrophages and LYVE-1+ 

lymphatic vessels in the mesenteric lymph node.  

Mesenteric lymph nodes from resting WT and CCRL1-deficient mice were harvested into OCT 

and frozen on dry ice. 8-10µm sections were then cut and stained with DAPI, anti-CD169, and 

anti-LYVE-1 antibodies. Sections were then imaged using a fluorescent Zeiss confocal 

microscope. Single coloured images are shown for each antibody stain along with merged images 

of all antibody stains (A-B). Lymph nodes were analysed using ImageJ software to calculate the 

proportion of the total lymph node occupied by CD169+ cells (C) and LYVE-1+ cells (D). Each 

individual lymph node analysed for CD169 and LYVE-1 distribution is shown in appendix. Data 

are represented as the mean (horizontal lines) ±SEM amongst individual data points (circles). 

Statistical analysis was undertaken using an unpaired Student’s t-test with p<0.001*** and 

p<0.01**. Data are representative of at least 7 mice per genotype.  
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Figure 4.6: CCRL1 deficiency is associated with an increase in CD169+ macrophage 

abundance in the mesenteric lymph node.  

Single cell suspensions were prepared from resting mesenteric lymph nodes harvested from WT 

and CCRL1-deficient mice. Cells were stained with anti-CD45, anti-TcRβ, anti-CD11b and anti-

CD169 antibodies and then analysed by flow cytometry (A). After identification of SCS 

macrophages, the total number of these cells was then calculated (B). Data represent the mean 

(horizontal lines) amongst individual data points (circles) and are from n=5 WT and n=4 CCRL1-

deficient mice. Statistical analysis was performed using unpaired Student’s t-test with 

p<0.001***. 
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Figure 4.7: CD169+ macrophages do not express CCL19 receptors or CCR9.  

Lymph node single cell suspensions were prepared from resting mesenteric lymph nodes 

harvested from WT mice. Cells were stained with anti-CD11b, anti-CD169 and anti-TcRβ 

antibodies to identify SCS macrophages and then analysed by flow cytometry (A). Cells were 

incubated with CCL19AF647 at 37°C in order to identify active CCL19 receptors (B). At the same 

time, cells were incubated with 10 molar excess of unlabelled CCL19 competitor to compete for 

fluorescent CCL19AF647 uptake and are shown above as “CCL19 competition” (C). Control 

samples were included to look for uptake of CCL19AF647 with and without competition on CCR7+ 

T cells to assess the sensitivity and specificity of the assay (D). CCR9 expression was also 

assessed on CD169 macrophages by using conventional antibody staining and analysis by flow 

cytometry (E). Data are from 1 experiment with 5 WT mice. 
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Figure 4.8: Deletion of CCRL1 results in fewer γδ T cells in the mesenteric lymph node.  

Single cell suspensions were prepared from resting WT and CCRL1-deficient mesenteric lymph 

nodes. Cells were stained with anti-TcRβ+ anti-CD3 and anti-TcRγδ antibodies and analysed by 

flow cytometry (A and C). The total number of TcRβ+ CD3+ conventional T cells and TcRβ- 

TcRγδ+ γδ T cells were then enumerated (B and D). Data represent the mean (horizontal lines) 

amongst individual data points (circles) and are from 1 experiment with 7 WT mice and 6 

CCRL1-deficient mice. Statistical analysis was performed using unpaired Student’s t-test with  
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Figure 4.9: Deletion of CCRL1 leads to a reduction in NK1.1+ CCR6- DX5+ NK cells in the 

mesenteric lymph node. Single cell suspensions were prepared from resting WT and CCRL1-

deficient mesenteric lymph nodes. Cells were stained with anti-CD3, anti-NK1.1, anti TcRβ, anti-

CCR6 and anti-DX5 antibodies and analysed by flow cytometry (A). The total number of cells in 

the two dominant NK cell populations was then enumerated (B and C). Data represent the mean 

(horizontal lines) amongst individual data points (circles) and are from 1 experiment with 7 mice 

per genotype. Statistical analysis was performed using unpaired Students t-test with p<0.05*. 
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Figure 4.10: Deletion of CCRL1 leads to a reduction in NK1.1+ CCR6- DX5+ iNKT cells in 

the mesenteric lymph node.  

Single cell suspensions were prepared from resting WT and CCRL1-deficient mesenteric lymph 

nodes. Cells were stained with anti-CD3, anti-NK1.1, anti-CCR6 and anti-DX5 antibodies then 

analysed by flow cytometry (A). The total number of iNKT cells in each of the four populations 

defined by CCR6/DX5 were then enumerated (B, C, D and E). Data represent the mean + SEM 

from 1 experiment with 7 mice per genotype. Statistical analysis was performed using unpaired 

Student’s t-test with p<0.01**. 
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Figure 4.11: Deletion of CCRL1 results in fewer γδ T cells in the inguinal lymph node.  

Single cell suspensions were prepared from resting WT and CCRL1-deficient inguinal lymph 

nodes. Cells were stained with anti-TcRβ, anti-CD3 and anti-TcRγδ antibodies then analysed by 

flow cytometry (A and C). The total number of TcRβ+ CD3+ conventional T cells and TcRβ- 

TcRγδ+ T cells were then enumerated (B and D). Data represent the mean (horizontal lines) 

amongst individual data points (circles) and are from 1 experiment with 7 mice per genotype. 

Statistical analysis was performed using unpaired Student’s t-test with p<0.001*** and ns = not 

significant. 
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Figure 4.12: Deletion of CCRL1 leads to a reduction in subsets of iNKT cells in the inguinal 

lymph node.  

Single cell suspensions were prepared from resting WT and CCRL1-deficient inguinal lymph 

nodes. Cells were stained with anti-NK1.1, anti-CD3, anti-CCR6 and anti-DX5 antibodies then 

analysed by flow cytometry (A). The total number of each iNKT cell population was then 

calculated (B, C, D and E). Data represent the mean (horizontal lines) amongst individual data 

points (circles) and are from 1 experiment with 7 mice per genotype. Statistical analysis was 

performed using unpaired Student’s t-test with p<0.01** and p<0.001***. 
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Figure 4.13: Deletion of CCRL1 leads to a reduction in NK1.1+ CCR6- DX5+ NK cells in the 

inguinal lymph node  

Single cell suspensions were prepared from resting WT and CCRL1-deficient inguinal lymph 

nodes. Cells were stained with anti-CD3, anti-NK1.1, anti-TcRβ, anti-CCR6 and anti-DX5 

antibodies then analysed by flow cytometry (A). The total number of NK cells was then 

enumerated (B-C). Data represent the mean (horizontal lines) amongst individual data points 

(circles) and are from 1 experiment with 7 mice per genotype. Statistical analysis was performed 

using unpaired Student’s t-test with p<0.05*. 
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Figure 4.14: CCRL1 is expressed on splenic venules.  

Resting spleens were harvested form WT and CCRL1 KO mice, placed in OCT and frozen on 

dry ice. 8-10µm sections were then cut and stained with antibodies against CD169, CCRL1, 

SIGNR1 and CD3. Representative images from WT (A-B) and CCRL1-deficient (C) spleens are 

shown. A and B are identical images except that only anti-CCRL1 staining is shown in B.  A 

diagram of the spleen is shown in (D) to help orient the positioning of structures and cells within 

the spleen. Sections were imaged using a fluorescent Zeiss Axio Imager microscope. Images are 

representative of 4 mice per genotype. 
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Figure 4.15: Adoptively transferred WT splenocytes localise comparably in WT and 

CCRL1-deficient spleens.  

Splenocytes were isolated from WT spleens, labeled with CMTPX and 5x106 labeled cells in 

100µl of PBS were injected intravenously in the tail vein of WT and CCRL1-deficient mice. 

Spleens were then harvested 1 hour (A-B) and 2 hours (C-D) after injection, snap frozen in OCT 

compound and 8-10µm sections cut using a cryotome. Spleens were then stained with anti-B220 

antibody (pink) for the identification of B cells. CMTPX labeled splenocytes are shown in blue 

(A-B) for the 1 hour time point and yellow (C-D) for the two hour time point. Sections were 

imaged using a fluorescent Zeiss Axio Imager microscope. Images are representative of 3 mice 

per genotype per timepoint. 
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Figure 4.16: The percentage of CD169 macrophages is increased in the spleens of CCRL1-

deficient mice.  

Single cell suspensions were prepared from resting WT and CCRL1-deficient spleens. Cells were 

stained with anti-TcRβ, anti-CD11b and anti-CD169 antibodies then analysed by flow cytometry 

(A). The percentage of CD169+ macrophages was then enumerated (B). Data represent the mean 

(horizontal lines) amongst individual data points (circles) and are from one experiment with 5 

mice per genotype. Statistical analysis was performed using an unpaired Student’s t-test with 

p<0.05*. 
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Figure 4.17: Deletion of CCRL1 does not affect the abundance of T cells or B cells in the 

spleen.  

Single cell suspensions were prepared from resting WT and CCRL1-deficient spleens. Cells were 

stained with anti-CD4, anti-TcRβ, anti-CD8 and anti-CD19 antibodies then analysed by flow 

cytometry (B, D and G). The percentage of conventional T cells was then enumerated (A). The 

percentage of CD4 (C) and CD8 (E) T cells was calculated. The percentage of CD19+ B cells was 

calculated and is represented in (F). Data represent the mean +SEM from 1 experiment with 4 

mice per genotype. Statistical analysis was performed using unpaired Student’s t-test with ns = 

not significant. 
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Figure 4.18: Loss of CCRL1 does not affect the frequency of DCs in the spleen.  

Single cell suspensions were prepared from resting WT and CCRL1-deficient spleens.  Cells 

were stained with anti-CD11c and anti-MHCII antibodies then analysed by flow cytometry (A). 

The percentage of CD11c+ MHCII+ DCs was then calculated (B). Data represents the mean + 

SEM from one experiment with 4 mice per genotype. Statistical analysis was performed using 

unpaired Student’s t-test with ns = not significant. 
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Figure 4.19: The percentage of NK cells and iNKT cells is unaffected by loss of CCRL1 in 

the spleen.  

Single cell suspensions were prepared from resting WT and CCRL1-deficient spleens. Cells were 

stained with anti-NK1.1, anti-TcRβ, anti-TcRγδ anti-CD44 and anti-DX5 antibodies then 

analysed by flow cytometry (A, C and E). The percentage of NK cells (B) γδ T cells (D) and 

iNKT cells (F) was then calculated. Data represent the mean +SEM from one experiment with 4 

mice per genotype. Statistical analysis was performed using unpaired Student’s t-test with ns = 

not significant. 
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Figure 4.20: CD169+ macrophages are sensitive to local depletion in the lymph node by 

injection of clodronated liposomes.  

WT mice were injected with 30µl of clodronated liposomes into the right hind footpad and 30µl 

of PBS into the left hind footpad. 1 week later, draining popliteal and inguinal lymph nodes were 

harvested for flow cytometry (A,C,E and G) and immunofluorescent analysis (B,D,F and H). 

Popliteal and inguinal lymph nodes from PBS-injected footpads are labeled ‘control popliteal’ 

and ‘control inguinal’, respectively. Clodronate injected lymph nodes are termed ‘clodronate 

popliteal’ and ‘clodronate inguinal’, respectively. Single cell suspensions were made from 

inguinal and popliteal lymph nodes, stained with antibodies and analysed by flow cytometry for 

the presence of CD169+ macrophages (A,C,E and G). Expression of CD11b and CD169 was 

examined on TcRβ- cells.  Alternatively, lymph nodes were snap frozen in OCT, cut using a 

cryotome to give 8-10µm sections and then stained with anti-CD169 antibody. Sections were 

then imaged using a fluorescent Zeiss Axio Imager microscope (B,D,F and H). Data are 

representative of results from 3 individual mice. 
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Figure 4.21: Fluorescently labeled liposomes injected into the footpad are acquired by 

CD169+ macrophages in the popliteal lymph. 

WT mice were injected with 30µl of fluorescently-labeled liposomes into the right footpad. 1 

week later popliteal lymph nodes in the right leg were harvested into OCT compound and snap 

frozen. 8-10µm sections were then cut and stained with anti-CD169 antibody. Sections were 

imaged using a fluorescent Zeiss Axio Imager microscope. Images show CD169+ stained 

macrophages in green (A) and the localisation of the fluorescent liposomes in red (B). The 

merged image of (A) and (B) is shown in (C). Images are representative of at least 3 individuals. 
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Figure 4.22: CD169+ macrophages are absent from popliteal lymph nodes two weeks after 

injection with clodronated liposomes into the footpad.  

WT mice were injected with 30µl of clodronated liposomes into the right hind footpad. 2 weeks 

later, popliteal lymph nodes and inguinal lymph nodes from the right leg were harvested for flow 

cytometry (A-B) and immunofluorescent analysis (C-D). Single cell suspensions were made from 

inguinal and popliteal lymph nodes, stained with antibodies and analysed by flow cytometry for 

the presence of CD169+ macrophages (A-B). Expression of CD169 and CD11b were examined 

on TcRβ- cells. Alternatively, lymph nodes were snap frozen in OCT, cut using a cryotome to 

give 8-10µm sections and then stained with anti-CD169 antibody. Sections were then imaged 

using a fluorescent Zeiss Axio Imager microscope. Data are representative of results obtained 

from 3 individuals. 
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Figure 4.23: CFA injection into the footpad drives lymphangiogenesis in WT and CCRL1-

deficient popliteal lymph nodes. 

WT and CCRL1-deficient mice were injected with 30µl of PBS into the right footpad. 1 week 

later mice were then injected with 50µl of 4mg/mL CFA into the same footpad and animals 

allowed to rest for 1 week. Popliteal lymph nodes from the right leg of WT and CCRL1-deficient 

mice were harvested into OCT compound and snap frozen. 8-10µm sections were then cut and 

stained with anti-CD169 (green) and anti-LYVE1 (red) antibodies (A-D). Merged images 

showing CD169 and LYVE-1 on the same image are shown in E and F. Sections were imaged 

using a fluorescent Zeiss Axio Imager microscope. Images are representative of at least 3 mice 

per genotype. 
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Figure 4.24: CFA injection into the footpad drives lymphangiogenesis in WT and CCRL1-

deficient inguinal lymph nodes. 

WT and CCRL1-deficient mice were injected with 30µl of PBS into the right footpad. 1 week 

later mice were injected with 50µl of 4mg/mL CFA into the same footpad and animals allowed to 

rest for 1 week. Inguinal lymph nodes from the right leg of WT and CCRL1-deficient mice were 

harvested into OCT compound and snap frozen. 8-10µm sections were then cut and stained with 

anti-CD169, and anti-LYVE1 antibodies (A-D). Images A-D represent each individual antibody 

stain and images E and F show the merged stains on a single image. Sections were imaged using 

a fluorescent Zeiss Axio Imager microscope. Images are representative of at least 3 mice per 

genotype. 
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Figure 4.25: Clodronated liposome and CFA injection into the footpad induces 

lymphangiogenesis in the inguinal lymph nodes of WT and CCRL1-deficient mice.  

WT and CCRL1-deficient mice were injected with 30µl of clodronated liposomes into the right 

footpad. 1 week later, mice were injected with 50µl of 4mg/mL CFA into the same footpad and 

animals allowed to rest for 1 week. Inguinal lymph nodes from the right leg WT and CCRL1-

deficient mice were harvested into OCT compound and snap frozen. 8-10µm sections were cut 

and stained with anti-LYVE1 (A-B) and anti-CD169 (C-D) antibodies. Images E and F show the 

merged antibody stains on one single image. Sections were imaged using a fluorescent Zeiss 

Axio Imager microscope. Images are representative of at least 3 mice per genotype. 
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Figure 4.26: Macrophages are required for lymphangiogenesis in the popliteal lymph node 

of WT and CCRL1-deficient mice after CFA injection into the footpad. 

WT and CCRL1-deficient mice were injected with 30µl of clodronated liposomes into the right 

footpad to deplete macrophages in the draining popliteal lymph node. 1 week later, mice were 

then injected with 50µl of 4mg/mL CFA into the same footpad and animals allowed to rest for 1 

week. Popliteal lymph nodes from the right leg of WT (A) and CCRL1-deficient (B) mice were 

harvested into OCT compound and snap frozen. 8-10µm sections were cut and stained with anti-

LYVE-1 antibody. Sections were imaged using a fluorescent Zeiss Avio Imager microscope. 

Images are representative of at least 3 individuals per genotype. 
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Chapter Five 

Leukocyte-Mediated Truncation of 

C-terminus Extended Chemokines  
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5 Leukocyte-Mediated C-terminal Truncation of 

Chemokines  

5.1 Introduction 

Chemokines vary in size, charge, structure and function. Some chemokines are 

extended at the C terminus, facilitating their interactions with GAG molecules 

that decorate the surface of cells and the extracellular matrix. GAGs anchor 

chemokines on the surface of cells to facilitate leukocyte extravasation and 

interstitial haptotaxis and haptokinesis. A growing body of work has focused on 

characterising the post-translational modification of chemokines, including those 

modifications mediated by proteases released by leukocytes, cancer cells and 

other non-hematopoietic cells214,376-380. Processing of the N-terminal region of 

chemokines leads to the production of variants that have altered receptor 

specificity, affinity and activation properties213,376,381,382. Protease activity 

directed to the C-terminus of chemokines leads to the generation of 

chemotactically active, truncated forms of the native chemokine protein that have 

altered interactions with GAGs. One such chemokine, CCL21, has been studied 

by Schumann and colleagues and shown to be truncated in vitro by DCs383. The 

truncation of full length CCL21 (flCCL21) produces a soluble chemotactic 

fragment with reduced affinity for GAGs that is capable of inducing the 

chemotactic migration of CCR7+ cells. Soluble truncated CCL21 protein, referred 

to hereafter as truncated CCL21 (tCCL21), can also be found in vivo, although 

the mechanism underpinning its production remains unclear. Similarly, it is yet 

to be shown how DCs truncate flCCL21 in vitro. 

The biological significance of CCL21 cleavage is important to understand as the 

orchestration of adaptive immune responses relies heavily on the ability of 

CCR7+ cells to migrate in response to CCL21. Furthermore, understanding how 

tCCL21 is regulated by CCRL1 will help us to appreciate the full extent of the 

relationship between CCR7 and CCRL1. Moreover, as this receptor is able to 

bind to flCCL21, it is conceivable that this binding in some way facilitates 

chemokine truncation. Similarly, the binding of CCR7 to flCCL21 may be 

involved in mediating the truncation of this chemokine. 
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In this chapter, the focus of my investigations was to understand DC-mediated 

chemokine truncation. This body of work can be viewed as a continuation of the 

work published by Schuman and colleagues383. In this chapter I explore the 

truncation of other C-terminally extended chemokines by DCs of mouse and 

human origin, and look for the existence of truncated chemokines in vivo. Of 

direct relevance to investigations into the biological role of CCRL1, DC 

mediated truncation of CCL25 was explored. Possible mechanisms for the 

truncation of chemokine by DCs are investigated, as well as the kinetics of 

CCL21 cleavage in vivo over the course of an inflammatory response. The ability 

of other leukocyte subsets to mediate CCL21 truncation is examined, and the 

presence of tCCL21 in various lymphoid tissues is also explored.  

Collectively, these data shed new light on the truncation of C-terminus extended 

chemokines, and the role of leukocytes in mediating this process. 

5.2 Truncation of Full Length CCL21 Chemokine by DCs in 
vitro 

 

Following on from published research by Schumann and colleagues383, the initial 

aim was to confirm that in vitro-derived DCs have the ability to cleave flCCL21 

chemokine to produce tCCL21. As mentioned previously and demonstrated in 

Chapter 3, a small population of DCs expresses CCRL1, therefore, to investigate 

the truncation of flCCL21 by CCRL1+ DCs, bone marrow-derived DCs 

(BMDCs) were generated from WT and CCRL1-deficient animals and cultured 

with flCCL21. BMDCs were generated by culturing bone marrow with GMCSF 

for 7 days as described in the Materials and Methods section. These cells were 

then cultured with recombinant CCL21 and truncation assessed by Western 

blotting (Figure 5.1). From the results it was clear that both WT and CCRL1-

deficient BMDCs have the capacity to truncate CCL21 chemokine to produce a 

smaller ~8kDa protein from the 12kDa flCCL21 protein. The size of the tCCL21 

corresponds to the size of the tCCL21 seen in Schuman’s study383. Interestingly 

WT and CCRL1-deficient BMDCs were unable to truncate all of the 

recombinant flCCL21 to produce the ~8kDa fragment, and consistently a ~1:1 

ratio of flCCL21 to tCCL21 was observed (Figure 5.1). This ~1:1 ratio agrees 

with previous published data from Schumann and colleagues383.  
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Therefore, GMCSF-matured BMDCs have the ability to cleave CCL21, and 

CCRL1 is dispensable for DC-mediated cleavage of CCL21. BMDCs were 

unable to cleave all of the full-length CCL21 to produce the soluble fragment 

after 16 hours in culture. 

5.3 Chemokine Truncation - Non-Activated vs. Activated DCs 
 

As described in the Introduction, DCs undergo morphological and transcriptional 

changes upon activation with TLR ligands, such as LPS. Upon activation, DCs 

upregulate costimulatory molecules such as CD80/CD86, antigen presentation 

molecules such as MHCII and chemokine receptors such as CCR7. I was 

interested in assessing the impact that the maturation of BMDCs had on the 

cleavage of flCCL21 chemokine by BMDCs. To explore this, GMCSF-matured 

DCs were cultured with and without LPS for 24 hours, and 150ng of flCCL21 

was added to these cells and left to culture overnight. The next day, supernatants 

were harvested for assessment of chemokine truncation and the cells were 

examined by flow cytometry. As expected, LPS activation of BMDCs drove their 

maturation as determined by their higher expression of CD86 and MHCII 

compared with unstimulated BMDCs (Figure 5.2 A-B). However, this difference 

in activation did not affect the ability of BMDCs to cleave flCCL21 (Figure 5.2 

C). Both unactivated and LPS activated BMDCs cleave flCCL21 to produce 

tCCL21. Again, a substantial proportion of the flCCL21 remained uncleaved 

resulting in a ratio of ~1:1 flCCL21:tCCL21. 

5.4 Chemokine Truncation - GMCSF vs. Flt3-L Matured 
BMDCs 

 

It is commonly accepted that the generation of DCs from bone marrow cells by 

culturing with GMCSF or Flt3L can drive the formation of phenotypically 

distinct BMDCs. Furthermore, Flt3L is commonly used to generate pDCs in 

vitro. To investigate the different possible cleavage capabilities of DCs matured 

in both of the aforementioned conditions, Flt3L matured BMDCs were cultured 

with flCCL21 and its cleavage assessed by Western blotting.  
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BMDCs were generated by culturing bone marrow cells with Flt3L for 9 days, 

giving rise to CD11c+ MHCIIhi BMDCs with ~83% purity (Figure 5.3 A). These 

Flt3-L matured BMDCs were able to cleave flCCL21 (Figure 5.3 B). The 

cleavage of flCCL21 by Flt3L matured DCs mirrors that of GMCSF matured 

DCs, producing a ~1:1 mix of flCCL21:tCCL21. However, some lanes did 

appear to have more tCCL21 than flCCL21 therefore this ~1:1 ratio was only an 

approximation and not found within each replicate. Therefore, BMDCs generated 

by GMCSF or FLt3L are able to cleave CCL21 to the same degree. 

5.5 CCL21 Truncation by Human DCs 
 

Next, the ability of human DCs to truncate flCCL21 was examined. Human DCs 

were generated by culturing peripheral blood mononuclear cells from buffy coats 

with 100ng/mL GMCSF and 20ng/mL IL-4. Human flCCL21 was added to these 

cultures and its truncation assessed by Western blotting. As for the experiments 

involving mouse bone marrow-derived DCs, I compared flCCL21 cleavage with 

and without DC activation using LPS. Activation of DCs was assessed by flow 

cytometry, and LPS treatment was shown to upregulate CD86 expression 

although “media alone” DCs also showed high expression of CD86 (Figure 5.4 A 

and C). flCCL21 cleavage was assessed at two different time points, 7 hours and 

16 hours. As for mouse DCs, human DCs have the capacity to cleave flCCL21 

into tCCL21 (Figure 5.4 B and D). Furthermore, as seen previously for mouse 

DC cultures, LPS activation of DCs did not result in more CCL21 cleavage 

(Figure 5.4 B and D). Furthermore, longer incubation of DCs with CCL21 did 

not appear to lead to the generation of more tCCL21. Thus, by 7 hours, DCs had 

truncated much of the flCCL21 to produce tCCL21, and do not appear to 

truncate any more flCCL21 over the next 9 hours (Figure 5.4 C-D). Notably, a 

very small amount of tCCL21 is present in the ‘CCL21 alone” sample (Figure 

5.4 D). 

In summary, human DCs, like mouse DCs, fail to completely cleave flCCL21 to 

generate tCCL21. 
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5.6 Leukocyte-Mediated Chemokine Processing 
 

Although Schumann and colleagues have previously explored the ability of T 

cells, macrophages and B cells to cleave recombinant flCCL21 in vitro383 it was 

necessary to confirm this definitively before investigating the mechanism that is 

unique to DCs for the truncation of chemokine. To this end, the ability of other 

leukocyte populations to cleave flCCL21 was investigated by enriching T cells 

and B cells from the spleens of WT mice (Figure 5.5 A-B) and by generating bone 

marrow-derived macrophages (BMDMs) by culturing bone marrow cells with 

40ng/mL M-CSF for 7 days (Figure 5.5 D).  These cells were then cultured 

separately with 150ng of flCCL21 in vitro and their ability to cleave flCCL21 

was assessed by Western blot. Additionally, at the same time, BMDCs were 

cultured with flCCL21 as a positive control. Compared to BMDCs, B cells and T 

cells were unable to effectively cleave flCCL21 to produce tCCL21 although 

there was a faint secondary band that is smaller than flCCL21 in samples from T 

cells cultured with flCCL21 (Figure 5.5 C). This band correlated with the size of 

the tCCL21 fragment observed when flCCL21 was cultured without cells (Figure 

5.1, Figure 5.2 C, Figure 5.4 D). This band was clearer with longer exposure times 

of the film (data not shown) but the film had to be exposed for a long time and 

affected the clarity of the other protein bands. Notably, B cells and T cells appear 

to deplete flCCL21 from the medium, possibly via CCR7-mediated scavenging. 

BMDMs, when cultured with flCCL21, appear to convert flCCL21 to tCCL21, 

but also appear to consume the CCL21 (Figure 5.5 E). On the same blot, flCCL21 

and tCCL21 can be seen from samples of DCs + CCL21. Collectively, the data 

demonstrate that while BMDCs cleave flCCL21 to tCCL21, lymphocytes do not 

but can consume the chemokine, while macrophages appear to cleave flCCL21 

and consume CCL21. This experiment was undertaken in parallel with controls 

including culturing CCL21 in complete media alone and running a sample of 

CCL21 directly from the vial without culturing in media or with cells. The 

CCL21 sample that was ran on the gel without incubation with media or cells 

showed only the presence of the full length 12kDa fragment however chemokine 

that was cultured in complete media did show the presence of a faint CCL21 
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band the corresponded to the ~8kDa fragment found after DC culturing with 

CCL21 (data not shown). 

5.7 CCL21 Truncation by Lymph Node Cells 
 

In vitro work is useful for understanding processes such as chemokine cleavage 

in simplified systems as investigations are conducted in a readily controlled 

environment. However, GMCSF matured BMDCs does not fully represent the 

complete repertoire of DCs that are found in vivo. Therefore, to build on in vitro 

studies, single cell suspensions of lymph nodes were made and 6x105 cells in 

100µl cultured with flCCL21. This population of cells will include a variety of 

different lymph node resident cells including various DC subsets, and the results 

from this experiment will reveal if flCCL21 has the capacity to be truncated by 

primary cells derived directly from lymph nodes. First, the presence of DCs 

(CD11c+ MHCII+) in the lymph node cell suspensions was determined by flow 

cytometry (Figure 5.6 A). As expected, they account for a relatively small 

population of lymph node cells at rest. In vitro culture with CCL21, revealed that 

inguinal lymph node cells were able to cleave full length recombinant CCL21 in 

vitro generating a ratio of ~1:1 flCCL21:tCCL21 (Figure 5.6 B). Cells isolated 

from different secondary lymphoid tissues were also assessed for their ability to 

cleave flCCL21. In all samples from the 6 WT lymphoid tissues analysed the 

tCCL21 band was generated (Figure 5.6 C). 

Therefore, CCL21 can be cleaved by cells isolated from a variety of different 

WT lymphoid tissues.  

5.8 CCL21 Truncation in vivo 
 

Next, the presence of tCCL21 was examined in vivo. Schumann and colleagues 

previously reported the presence of tCCL21 in vivo383, however, they had to 

immunoprecipitate lymph node lysates in order to detect this protein. In the next 

set of experiments, mesenteric lymph nodes, axillary lymph nodes and spleen 

were harvested and the lysates analysed by Western blotting without 

immunoprecipitating. Due to the solubility of tCCL21, I reasoned that tCCL21 

may be more prone to regulation by CCRL1 compared with flCCL21, therefore, 
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WT and CCRL1-deficient tissues were prepared for analysis. I was able to detect 

a smaller chemokine fragment in a variety of tissues by preparing samples in this 

way (Figure 5.7 A). This fragment was of low abundance, and with longer 

exposures became more evident although background signal also increased (data 

not shown). No obvious difference in the abundance of tCCL21 was apparent 

between WT and CCRL1-deficient lymphoid tissues. However, there did not 

appear to be more flCCL21 in CCRL1-deficient samples from mesenteric and 

axillary lymph nodes compared to WT counterparts. Interestingly, the size of the 

tCCL21 protein found in vivo did not correspond to the size of in vitro-derived 

CCL21 produced by DC cleavage. In vitro derived tCCL21 had a molecular 

weight of ~8kDa, whereas the tCCL21 detectable in secondary lymphoid tissue 

lysates had a molecular weight of ~10kDa. 

5.9 CCL21 Truncation in vivo After the Induction of 
Inflammation 

 

During homeostasis, DCs represent a small proportion of total lymph node cells, 

however, inflammation drives the migration of these cells from peripheral tissues 

and leads to an increase in DC numbers in lymph nodes. This was described in 

Chapter 3 for DC migration from the skin during TPA inflammation whereby 

DC numbers in the lymph node were shown to peak at ~24 hours post TPA paint. 

Therefore, this model of skin inflammation was adopted in order to investigate 

whether more DCs in the lymph node correlates with increased truncation of 

flCCL21 to tCCL21. WT and CCRL1-deficient mice were painted on the dorsal 

skins with TPA to induce skin inflammation. 6, 24, and 48 hours after topical 

application of TPA, the skin-draining inguinal lymph nodes of WT and CCRL1-

deficient mice were harvested. Lymph node lysates were prepared from these 

samples and analysed for the presence of flCCL21 and tCCL21 by Western 

blotting anti probing with anti-CCL21 antibody (Figure 5.8 A-B).  From the 

results it was clear that tCCL21 was present in WT and CCRL1-deficient 

inguinal lymph nodes. However, as at rest, the size of this protein did not 

correspond to the molecular weight of DC-generated tCCL21. Moreover, the 

presence of tCCL21 at each time point appeared unaffected by CCRL1 

deficiency or by inflammation. 
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Thus, a truncated form of CCL21 is found in skin-draining inguinal lymph nodes 

but appears unaffected by skin inflammation, the number of DCs in the lymph 

node, or the deletion of CCRL1. 

5.10 Truncation of CCL21 Cannot be Mediated by DC-
Conditioned Medium or Competed by CCL19 

 

Next, the mechanism of DC-mediated truncation was investigated. Specifically, 

investigations were carried out to test whether truncation can be mediated by 

DC-conditioned medium. This may suggest that these cells secrete a soluble 

factor that mediates the truncation of flCCL21 to tCCL21. To test this, DCs were 

cultured in media for 16 hours and DC conditioned media then harvested. 100µl 

of BMDC conditioned media was added to each well of a 96-well plate, and to 

this was added 150ng of flCCL21. The samples were then left at 37°C for 16 

hours, and chemokine truncation was assessed by Western blotting to detect 

flCCL21 and tCCL21. flCCL21 cultured with BMDC conditioned media was not 

substantially cleaved to produce the smaller ~8kDa fragment seen previously for 

flCCL21 + BMDCs (Figure 5.8 A). This would suggest the BMDC contact with 

flCCL21 is required for its cleavage. To investigate whether this contact-

dependent truncation was mediated by CCR7, GMCSF-matured BMDCs were 

pre-incubated with 1.5µg of CCL19 (10 fold excess) for 16 hours to block CCR7 

binding sites. BMDCs were then incubated with flCCL21 for 16 hours and the 

presence of flCCL21 and tCCL21 detected by Western blot. From the results it 

was determined that DC truncation of flCCL21 is not mediated by CCR7 as 

tCCL21 was found in each of the 3 triplicate samples (Figure 5.8 B). However, to 

confirm this conclusively, it would be necessary to culture CCR7-deficient 

BMDCs with flCCL21 as it is likely that a 10-fold excess of CCL19 will not 

completely abrogate the binding of CCL21 to CCR7. 

5.11 Truncation of Other Chemokines With Extended C-
terminal Domains 

 

To explore the possible truncation of other C-terminally extended chemokine by 

BMDCs, we analysed the amino acid sequences of the chemokine family to 
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identify suitable candidates. Two possible chemokines were identified, CCL2 

and CCL25, both of which are extended at the C-terminus in mice. Interestingly, 

although CCL2 is extended at the C-terminus in mice, it is not in humans. 

Recombinant mouse CCL2 is commercially available as either flCCL21 or 

tCCL2. The full length version is available from PeproTech and the shorter form 

from R&D Systems (Figure 5.9 A). Full length PeproTech CCL2 corresponds to 

the sequence of mature CCL2 without the 23 amino acid signal peptide. R&D 

Systems CCL2 is 73 amino acids long and lacks the signal peptide as well as 

residues 96-148. 150ng of R&D Systems CCL2 and 100ng of PeproTech CCL2 

were analysed by Western blot using anti-CCL2 antibody and their molecular 

weights estimated by running molecular weight markers in a lane adjacent to the 

samples. From this experiment, it was shown that R&D Systems CCL2 has a 

molecular weight of ~8.5kDa and PeproTech CCL2 has a molecular weight of 

~13.8kDa (Figure 5.9 B). 

CCL25 with an extended C-terminus was purchased from R&D Systems. The 

amino acid sequence of this protein was the same as that encoded for by CCL25 

cDNA minus the 23 amino acid signal peptide (Figure 5.10). 

First, to assess BMDC mediated cleavage of flCCL2, flCCL2 from PeproTech 

was utilized. 6x105 GMCSF-matured BMDCs were cultured overnight in 100µl 

of complete media with 150ng of flCCL2 and the next day supernatants were 

harvested and assessed for the presence of flCCL2 and tCCL2. Results show that 

when cultured with BMDCs, virtually all the flCCL2 from PeproTech was 

cleaved to produce tCCL2 and was approximately the same molecular weight of 

~8kDa that was around the same molecular weight as CCL2 from R&D Systems 

(Figure 5.11 A).  

Next, the ability of GMCSF-matured BMDCs and M-CSF-matured BMDMs to 

truncate CCL25 was explored. BMDCs and BMDMs were generated as before. 

6x 105 BMDCs or BMDMs were incubated in 100µl of complete media 

overnight with 150ng of CCL25. The next day supernatants were harvested and 

analysed by Western blotting. When running the blots, a sample of recombinant 

CCL25 that had not been incubated in complete media or with cells, was ran at 

the same time to compare the size of any product observed. It was found that 
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BMDCs, when cultured with CCL25 do not cleave the protein to produce a 

truncated for of CCL25 detectable by Western blotting (Figure 5.9 A). Culturing 

of BMDMs also resulted in no detectable chemokine cleavage, but in fact the 

BMDMs appeared to consume the CCL25 as no chemokine was detected in the 

three triplicate wells (Figure 5.11 A). The samples were ran a second time on a 

new gel with the same result (data not shown).  
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5.12 Summary 
 

The results shown in this chapter demonstrate that: 

1. flCCL21 can be truncated by mouse BMDCs to produce a ~8kDa 

tCCL21  

2. Both immature and mature BMDCs can truncate flCCL21. 

3. Human DCs are able to truncate flCCL21 to produce a ~8kDa tCCL21 

protein in vitro. 

4. Mouse B cells, T cells and BMDMs are ineffective at truncating flCCL21 

in vitro and are able to consume extracellular CCL21.  

5. Cells isolated from mouse spleen and lymph nodes of WT mice can 

truncate CCL21 in vitro. 

6. A truncated version of CCL21 is present at low levels in the spleen and 

lymph nodes of WT and CCRL1-deficient mice  

7. flCCL21 appears to be differentially truncated in vitro and in vivo 

producing a ~8kDa fragment in vitro and ~10kDa fragment in vivo. 

8. BMDC-conditioned medium is unable to truncate flCCL21 in vitro and 

the generation of tCCL21 is probably not mediated by CCR7. 

9. Mouse BMDCs can truncate flCCL2 in vitro to produce a ~8kDa tCCL2 

protein but neither BMDCs nor Bone marrow-derived macrophages do 

not truncate CCL25. 

These observations are discussed in greater depth in the Discussion (Chapter 6). 
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Figure 5.1: WT and CCRL1-deficient BMDCs cleave full length CCL21 to produce a 

soluble CCL21 fragment.  

WT and CCRL1-deficient BMDCs were generated by culturing bone marrow cells with 40ng/mL 

GMCSF for 7 days. 6x105 BMDCs in 100µl of complete media were cultured with 150ng of 

mouse flCCL21 for 16 hours. Supernatants were harvested and the presence of tCCL21 examined 

by Western blotting. Molecular weight was determined by electrophoresing molecular weight 

markers in a lane adjacent to the test samples (representative molecular weight markers are 

shown on the left hand side of the blot). Lanes 1-3 show WT BMDCs cultured in triplicate from 

3 individual mice and lanes 4-6 represents show CCRL1-deficient BMDCs cultured in triplicate 

from 3 individual mice. Lane 7 is blank (but contains some spillover from Lane 8) and lane 8 

“CCL21 alone” represents a sample of flCCL21 ran without prior incubation in complete media 

or with cells. The approximate molecular weight of the two protein bands detected is indicated on 

the right hand side of the blot. 
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Figure 5.2: Unactivated and LPS-matured BMDCs truncate flCCL21 to the same degree.  

BMDCs were generated by culturing bone marrow cells with 40ng/mL of GMCSF for 7 days, 

after which they were treated with or without 1µg/mL of LPS for 24 hours. 150ng/mL of mouse 

flCCL21 was then added to each culture containing 6x105 BMDCs in 100µL of complete media 

and supernatants and cells harvested 16 hours later. Flow cytometry was used to analyse 

unactivated (A) or LPS-activated (B) BMDCs. Western blot of supernatants from these cultures 

probed with anti-CCL21 antibody (C). Molecular weight was determined by electrophoresing 

molecular weight markers in a lane adjacent to the test samples (representative molecular weight 

markers are shown on the left hand side of the blot). The approximate molecular weight of the 

two protein bands detected is indicated on the right hand side of the blot. Lanes 1-3 represent 

experimental triplicates from BMDCs + flCCL21, 4-6 represent LPS-matured BMDCs + 

flCCL21 and lane 7 represent flCCL21 only. 
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Figure 5.3: Flt3L-matured BMDCs mediate CCL21 truncation in vitro.  

BMDCs were generated by culturing bone marrow cells from WT mice for 9 days with Flt3L. 

The presence of CD11c+ MHCIIhi BMDCs was assessed by flow cytometry (A). 6x105 BMDCs 

in 100µL of complete media were cultured with 150ng of mouse flCCL21 for 16 hours. 

Supernatants were harvested from three biological replicates and the presence of flCCL21 and 

tCCL21 assessed by Western blot (B). Molecular weight was determined by electrophoresing 

molecular weight markers in a lane adjacent to the test samples (representative molecular weight 

markers are shown on the left hand side of the blot). The approximate molecular weight of the 

two protein bands detected is indicated on the right hand side of the blot.  
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Figure 5.4: flCCL21 chemokine is cleaved by human DCs, and this is unaffected by LPS 

activation.  

(A) Human PBMCs were incubated for 9 days with 100ng/mL of GMCSF and 40ng/mL of IL-4 

to drive the maturation of DCs. 6x105 DCs in 100µL of complete media were placed in each well 

of a 96 well plate, treated with or without 1mg/mL LPS for 24 hours and then 150ng of human 

flCCL21 was added. Supernatant was harvested 7 and 16 hours after flCCL21 addition. (A and 

C) Flow cytometry was used to analyse cultured cells grown in the absence (A) or presence (C) 

of LPS. Western blots, probed with anti-CCL21 antibodies, of supernatant taken 7 hours (B) or 

16 hours (D) after CCL21 addition. ‘flCCL21 alone’ samples represents recombinant flCCL21 

loaded onto the gel without prior incubation in complete media or complete media containing 

cells. For each condition, samples were done in triplicate representing three individual humans. 

Molecular weight was determined by electrophoresing molecular weight markers in a lane 

adjacent to the test samples (representative molecular weight markers are shown on the left hand 

side of the blots). The approximate molecular weight of the two protein bands detected is 

indicated on the right hand side of the blot. 
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Figure 5.5: flCCL21 can be truncated by DCs, T cells and macrophages.  

Flow cytometry plots showing B cells (A) and T cells (B) enriched from WT mouse spleens 

using magnetically-labeled bead isolation kits specific for CD19+ and CD3+ cells respectively. 

Macrophages and DCs were generated by culturing bone marrow cells for 7 days with MCSF or 

GMCSF respectively. (C) 6x105 T cells, B cells or DCs were individually cultured in the 

presence of 150ng of recombinant flCCL21 for 16 hours and the presence of flCCL21 and 

tCCL21 assessed by Western blot.  For each cell type, samples were done in triplicate 

representing 3 individual donor mice. (D) Representative flow cytometry profile of cells from M-

CSF treated bone marrow cultures. BMDMs were first identified as F480+, and within this 

population, MHCII+ and MHCIIhi BMDMs were present (E). Western blot analysis of 

supernatants from BMDC cultures (lanes 3 and 4) and BMDMs (lanes 5,6 and 7) probed with 

anti-CCL21 antibody. Lane 1 shows purified tCCL21 and lane 2 shows flCCL21 straight from 

the tube. 2 lanes for DC cultures + flCCL21 and 3 lanes for BMDMs + flCCL21 are shown 

representing 2 and 3 donor mice, respectively. Molecular weight was determined by 

electrophoresing molecular weight markers in a lane adjacent to the test samples (representative 

molecular weight markers are shown on the left hand side of the blots). The approximate 

molecular weight of the two protein bands detected is indicated on the right hand side of the blot. 
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Figure 5.6: tCCL21 is generated from flCCL21 by culture with cells from WT secondary 

lymphoid tissues.  

(A) Single cell suspensions were made from WT inguinal lymph nodes. Cells were stained with 

anti-CD11c, anti-MHCII and anti-CD86 antibodies and the presence of CD11c+ MHCII+ CD86+ 

DCs identified by flow cytometry. (B) 6x105 inguinal lymph node cells were cultured with 150ng 

of flCCL21 chemokine for 16 hours. The presence of flCCL21 and tCCL21 was assessed by 

Western blotting using anti-CCL21 antibody (B). 3 lanes for inguinal lymph node cell cultures + 

flCCL21 are shown representing 3 individual donor mice. (C) 6x105 cells from the spleen, 

popliteal, inguinal, mesenteric, axillary and cervical lymph nodes of WT mice were isolated and 

cultured with 150ng of flCCL21 for 16 hours. The presence of flCCL21 and tCCL21 was 

assessed by Western blot using anti-CCL21 antibody. Molecular weight was determined by 

electrophoresing molecular weight markers in a lane adjacent to the test samples (representative 

molecular weight markers are shown on the left hand side of the blots). The approximate 

molecular weight of the two protein bands detected is indicated on the right hand side of the blot. 
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Figure 5.7: tCCL21 is found in the spleen, mesenteric and axillary lymph nodes of WT and 

CCRL1-deficient mice and its abundance is unaffected by CCRL1-deficiency at rest or 

during skin inflammation.  

Spleen, mesenteric and axillary lymph nodes were harvested from WT and CCRL1-deficient 

mice and tissue homogenates were prepared. These homogenates were then assessed for the 

presence of flCCL21 and tCCL21 by Western blot using anti-CCL21 antibody. Lane 7 represents 

a sample from BMDCs+flCCL21 (A). Blots were stripped and re-probed for β-actin to assess 

protein loading (B). (C-D) Inguinal lymph nodes from WT and CCRL1-deficient (KO) mice were 

harvested 6, 24 and 48 hours after topical application of TPA on the dorsal flank. Lymph node 

homogenates were made and assessed for the presence of flCCL21 and tCCL21 by Western blot 

(C). Blots were stripped and re-probed for β-actin to assess protein loading (D). Molecular weight 

was determined by electrophoresing molecular weight markers in a lane adjacent to the test 

samples (representative molecular weight markers are shown on the left hand side of the blots). 

The approximate molecular weight of the three protein bands detected is indicated on the right 

hand side of the blot. 
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Figure 5.8: Cleavage of CCL21 is not mediated by CCR7 or DC-conditioned medium.  

BMDCs were generated by culturing bone marrow cells with GMCSF for 7 days. 6x105 BMDCs 

were cultured in 100µl of complete media for 16 hours in order to generate “BMDC conditioned 

media”. 100µl of BMDC conditioned media was cultured with 150ng of flCCL21 for 16 hours. 

The presence of flCCL21 and tCCL21 was assessed by Western blot using anti-CCL21 antibody 

(A). 6x105 DCs were cultured for 16 hours with (1.5µg) ‘10-fold excess’ of CCL19 to block 

CCR7 binding sites. These BMDCs were then cultured with 150ng of flCCL21 in 100µl of 

complete media for 16 hours and the presence of flCCL21 and tCCL21 detected by Western blot 

using anti-CCL21 antibody (B). Molecular weight was determined by electrophoresing molecular 

weight markers in a lane adjacent to the test samples (representative molecular weight markers 

are shown on the left hand side of the blots). The approximate molecular weight of the two 

protein bands detected is indicated on the right hand side of the blot. 
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Figure 5.9: There are two commercially available mouse CCL2 chemokines with different 

molecular weights.  

Recombinant CCL2 chemokine is commercially available from PeproTech and a C-terminally 

truncated form is available from R&D systems. (A) The amino acid sequence of “full length” 

CCL2, indicating the location of the signal peptide. CCL2 cDNA encodes a 148 amino acid 

precursor protein, and after cleavage of the signal peptide, yields a 125 amino acid mature 

protein. PeproTech CCL2 corresponds to the mature 125 amino acid protein without the signal 

peptide (A). CCL2 from R&D is 73 amino acids in length and lacks residues 96 – 148 (A). 100ng 

of recombinant CCL2 from PeproTech and 200ng of recombinant CCL2 from R&D were 

analysed by Western blot, probed with anti-CCL2 antibody. Molecular weight was determined by 

electrophoresing molecular weight markers in a lane adjacent to the test samples (representative 

molecular weight markers are shown on the right hand side of the blot). The approximate 

molecular weight of the two protein bands detected is indicated on the left and right hand side of 

the blot. 
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*&R&D#systems#CCL2#
*&Peprotech#CCL2#

*# *#

8.5kDa&

13.8kDa&

20#

15#

10#

3.5#

A&

B&



 241 

 

Figure 5.10: The amino acid sequence of full length mouse CCL25 and recombinant mouse 

CCL25 from R&D systems.  

Recombinant CCL25 chemokine is commercially available from R&D Systems. The amino acid 

sequence of “full length” CCL25, indicating the location of the signal peptide. CCL25 cDNA 

encodes a 144 amino acid precursor protein, and after cleavage of the signal peptide, yields a 121 

amino acid mature protein. R&D Systems CCL25 corresponds to the mature 121 amino acid 

protein without the signal peptide. 
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Figure 5.11: BMDCs cleave full length CCL2 but DCs and macrophages are unable to 

cleave CCL25.  

150ng of PeproTech CCL2 and 150ng of R&D Systems CCL2 was cultured in 100µl of complete 

media for 16 hours. Supernatant was then harvested and the presence of CCL2 detected by 

Western Blot using anti-CCL2 antibody (A Lanes 1-2). DCs were generated by culturing bone 

marrow cells with GMCSF for 7 days. 6x105 BMDCs were cultured with 150ng of PeproTech 

CCL2 for 16 hours and the presence of flCCL2 and tCCL2 was assessed by Western blot using 

anti-CCL2 antibody (A lanes 3). DC cultures are shown in triplicate representing 3 individual 

donor mice (B). CCL25 from R&D Systems was cultured for 16 hours in 100µl of complete 

media, supernatant harvested and then analysed by Western blot using anti-CCL25 antibody (B 

lane 1). BMDCs and macrophages were generated by culturing bone marrow cells with 40ng/mL 

GMCSF or 40ng/mL MCSF respectively, for 7 days. 6x105 BMDCs and 6x105 BMDMs were 

cultured separately with 100ng of CCL25 and the presence of flCCL25 and tCCL25 detected by 

Western blot using anti-CCL25 antibody (B 2 and 3). BMDC and BMDMs cultures are shown in 

triplicate representing 3 individual donor mice (B 2 and 3). Molecular weight was determined by 

electrophoresing molecular weight markers in a lane adjacent to the test samples.  
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Chapter Six 

Discussion 
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6 Discussion 
As the location of any immune cell is a critical component of its function, it is 

important to understand how immune cells move. To do so, we must have a firm 

understanding of chemokines and chemokine receptors, the main facilitators and 

regulators of cellular movement. Chemokines must be tightly controlled in order 

to prevent the aberrant localisation of immune cells that could be harmful to the 

host. The induction of cell movement is not the only function of chemokines. 

They can induce degranulation384,385, regulate cell survival231,341 and direct 

angiogenesis346,355 and these processes must also be properly regulated. 

Uncontrolled chemokine bioavailability could have a profound impact on the 

immune system. To prevent immune dysregulation, there is, within this highly 

heterogeneous network of chemokines and receptors, a family of atypical 

chemokine receptors that regulate the chemokine family and the immune system 

as a whole. These receptors are unified by their apparent inability to induce 

intracellular signaling after chemokine binding. One member of this family is 

CCRL1, which, like CCR7, is able to bind CCL19 and CCL21. CCRL1 also 

binds to the CCR9 ligand CCL25. In vitro and in vivo studies have led to the 

proposal that CCRL1 represents a novel way that CCL19, CCL21 and CCL25 

can be controlled at a post-translational level. 

When I began this thesis, much of our understanding of the scavenging capability 

of CCRL1 was derived from in vitro studies. However, from studies using in vivo 

models of disease, it is becoming clear that CCRL1 modulates adaptive immune 

responses. In the EAE model, CCRL1-deficient mice were shown to develop a 

more rapid onset of CNS pathology compared to WT counterparts361. 

Interestingly, CCRL1-deficient mice had also been described as having fewer 

migratory DCs in their skin-draining lymph nodes during homeostasis360. DCs 

are critical for the initiation of adaptive immune responses, and the maintenance 

of peripheral tolerance. Taking this into account, the initial aim of this project 

was to explore the impact of genetic deletion of CCRL1 on the migration of 

specific DC subsets. With the skin identified as one of the main peripheral sites 

of CCRL1 expression360, I focused on investigating the migration of skin-derived 

DCs to lymph nodes. In parallel, I also investigated the role of CCRL1 in the 

lymph node. Earlier studies involving CCRL1+/gfp reporter mice identified the 
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SCS of lymph nodes as an area of CCRL1 expression360and this expression 

appears to be restricted primarily to LECs. This important lymph node gateway 

acts as an entry point for leukocytes, including DCs, that traverse the floor of the 

SCS in a CCR7-dependent manner to gain entry into the lymph node, and finally, 

to migrate towards the parenchyma. I investigated the impact that deletion of 

CCRL1 had on cells resident within the lymph node. Specifically, I examined the 

positioning and abundance of tissue-resident CD169+ macrophages, that position 

within the SCS, medulla and interfollicular regions of the lymph node. As these 

macrophages form close contacts with CCRL1+ cells, I explored the abundance 

and positioning of CD169+ SCS macrophages and other cells that are located at 

or adjacent to the SCS region of lymph nodes. 

Whilst in vitro studies have shown that CCRL1 is capable of scavenging CCL21, 

at the beginning of this thesis, a paper was published describing the post-

translational truncation of flCCL21 by DCs to produce a tCCL21 protein383. This 

paper was the first to describe a dual role for CCL21 as being able to exert is 

chemotactic cues in both an insoluble and soluble form. The truncation of 

flCCL21 by leukocytes represents another way that bioavailable CCL21 can be 

controlled at a post-translational level. Thus, efforts were made to understand the 

mechanism of leukocyte-mediated truncation of flCCL21, and to compare 

truncation between mice and humans. These studies also extended to encompass 

the investigation into truncation of other C-terminus extended chemokines. 

6.1 Basal DC trafficking in CCRL1-deficient mice 

As mentioned previously, a study by Heinzel and colleagues published in 2007 

reported that, CCRL1-deficient mice have fewer migratory DCs in their skin-

draining lymph nodes than WT mice at rest 360. However, their characterisation 

of DCs was limited to CD11c and MHCII expression with migratory DCs 

defined as CD11c+ MHCIIhi 360. To expand on these findings, I employed a series 

of markers known to identify specific populations of DCs that emanate from the 

skin172,183,185,386. Surprisingly, and in contrast to reports by Heinzel, I found no 

difference in the total number of migratory CD11c+ MHCIIhi DCs in skin-

draining inguinal lymph nodes at rest, although I consistently found a trend 



 246 

towards lower numbers in the CCRL1-deficient mice. Notably, the difference 

seen by Heinzel and colleagues, although significant, was subtle, and the use of a 

larger group size in my studies may have resulted in a significant difference 

between strains. However, of note, a former PhD student from our lab was also 

unable to find any impact of CCRL1 deficiency on CD11c+ MHCIIhi cell 

abundance in skin-draining lymph nodes (C.Hurson 2010). Furthermore, the 

mouse strain used in the Heinzel study (FVB) was different to the strain I used 

(C57Bl6/J) and so this is another explanation for the inconsistency in results. 

However, when I fractionated migratory DCs based on expression of CD103 and 

Langerin, I found that there was a specific reduction in two DC populations; 

Langerhans cells and CD103+ Langerin+ dermal DCs. This was accompanied by 

an increase in CD11c+ MHCII+ DCs in the skin of CCRL1-deficient mice. As 

there was no difference in the percentage of live cells or CD45+ cells in the skin 

between WT and CCRL1-deficient strains, this showed that there was no gross 

changes in the cellularity or cell death in the skin. CD103+ Langerin+ dermal 

DCs were increased in abundance on the skin of CCRL1-deficient mice, 

indicating that their reduced abundance in the inguinal lymph nodes may be at 

least due in part to defective egress from the skin. This is possibly due to the loss 

of gradient formation in the skin, as CCL21 gradients in the skin have been 

shown to be instrumental for the guidance of DCs into lymphatic vessels266. All 

other DC subsets in the skin were unaffected by deletion of CCRL1 at rest, 

including Langerhans cells, which are under-represented in the inguinal lymph 

node at rest. Others have shown that Langerhans cells have a normal distribution 

and abundance in the epidermis of CCRL1-deficient mice compared with WT 

counterparts360. These cells are a self-renewing population of skin-resident DCs, 

therefore, it is possible that they are defective in their egress from the skin but 

their numbers are controlled locally. However, it is possible that these cells 

depart the skin normally, but they fail to enter the lymph nodes. The possible 

mechanisms at play during rest is represented in (Figure 6.1).  

A paper published towards the end of my studies demonstrated that CCRL1 is 

expressed by ceiling LECs (cLECs) in lymph nodes. These cells line the roof of 

the SCS, and were shown to support CCL21 gradient formation that emanates 

from the SCS and protrudes into lymph node interfollicular regions. This 
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gradient was shown to be required for the migration of DCs into the lymph node 

and towards T cell areas. Deletion of CCRL1 resulted in in higher levels of 

bioavailable CCL21 at the SCS and interfollicular regions. When 

intralymphatically injected BMDCs were enumerated in the lymph nodes of 

CCRL1-deficient mice, they were found to be held up within the SCS region of 

these mice, whereas they localised in T cell zones in WT mice. Furthermore, 

endogenous Langerin+ DCs were found to localise in the SCS region whereas 

these cells were virtually absent from the SCS of WT mice. This shows that 

CCRL1 expression at the SCS region of the lymph node guides the entry of skin-

derived DCs into the lymph node parenchyma. However, in the same study, the 

lymph node cellularity of CCRL1-deficient mice was found to be lower than WT 

animals. There was also less total B cells and T cells in the lymph nodes of 

CCRL1-deficient mice although the proportions of these cells were comparable 

to WT mice. These findings have not been reproduced in our lab, thus, these 

discrepancies require further investigation. It is possible that the animal facilitity 

that the mice are housed effects of the number of these cells. In any case, we 

must resolve the differences in the findings between the two labs. 

6.2 The Role of CCRL1 in Regulating DC trafficking during 

inflammation  

CCR7 drives the migration of DCs from the periphery during homeostasis but is 

also important during inflammation58,387. DCs up regulate CCR7 expression 

during activation in order to facilitate their migration towards lymph nodes189,366. 

To investigate DC migration during inflammation, a variety of simple models of 

skin inflammation were used, and in each model, defects in DC trafficking could 

be inferred from the data. Furthermore, I was able to show that CCR7 is required 

for the migration of DCs from the skin to the lymph node during these models, as 

genetic deletion of CCR7 resulted in very few DCs in the lymph nodes compared 

with WT mice. The first model undertaken involved painting the dorsal skin with 

FITC to induce DC mobilisation, and to track the migration of skin-derived DCs 

to the lymph node. The total number of FITC+ migratory DCs was reduced in the 

skin draining inguinal lymph nodes of CCRL1-deficient mice 48 hours after the 

application of FITC. Thus, mild skin inflammation results in a lower abundance 
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of skin-derived migratory DCs in the draining lymph nodes. This experimental 

set-up was also undertaken by Heinzel and colleagues, but lymph nodes were 

harvested 24 hours after the application of FITC. They found no difference in the 

number of migratory CD11c+ MHCIIhi DCs in the skin-draining lymph nodes. 

This shows that CCRL1 can control the migration of DCs from the skin during 

models of skin inflammation but only within a defined period of time. As there 

was a large number of skin-derived migratory DCs in WT and CCRL-deficient 

mice, it can be inferred that the reduction in FITC+ DCs in CCRL1-deficient 

animals after painting with FITC is unlikely to be attributed to there being fewer 

DCs in the skins of these animals. This is substantiated by the fact that I have 

demonstrated how, at rest, both strains contain comparable frequencies of DCs in 

the skin. Further work should be done to characterise FITC+ DCs in the lymph 

node based on Langerin and CD103 expression, as this staining combination was 

adopted in subsequent experiments involving TPA painting. By including these 

makers it would be possible to identify specific DC populations and determine 

whether all subsets are reduced after FITC painting or if the defect in DC 

migration is subset specific. Furthermore, analysis of the DCs in the skin during 

this model will help to relate any possible defects in DC subsets found in the 

skin-draining lymph nodes. 

Next, I investigated DC migration during a non-invasive, self-resolving, skin 

inflammation model involving the painting of the back skin with TPA. TPA 

painting induces an acute inflammatory reaction resulting in edema, erythema 

and infiltration of inflammatory leukocytes388. This is a common model of skin 

inflammation used both in the literature and in our lab and it has been used 

previously to explore skin inflammation in D6-deficient mice306. FITC was also 

painted onto the skin to identify DCs in the lymph node that had originated in the 

skin. 24 hours after TPA, a far greater number of migratory DCs were present in 

the lymph nodes of WT and CCRL1-deficient mice compared with numbers seen 

at rest. However, no difference in the abundance of CD11c+ MHCIIhi migratory 

DCs or FITC+ skin-derived migratory DCs was found when comparing CCRL1-

deficient mice with WT animals. One population of dermal DCs (CD103+ 

Langerin-) amongst the FITC+ migratory DC population, was found to be less 

abundant in the lymph nodes of CCRL1-deficient mice compared to WT 
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animals. Unsurprisingly, there were very few Langerhans cells in the lymph 

nodes of both mice strains. These cells take longer to migrate from the skin to 

lymph nodes after the induction of inflammation due to their positioning in the 

epidermis and the time it takes for them to migrate towards lymphatic vessels 

and to travel to the lymph node. Langerhans are present in the lymph node of 

WT and CCRL1-deficient mice at rest, but during the TPA model, as cells were 

pre-gated first on FITC+ cells, no Langerhans cells were detected in the lymph 

nodes of either strain. This is because FITC labeling identifies cells that migrate 

during inflammation and not cells that migrate constitutively. 

As Langerhans cells were reduced at rest, we were interested to explore the 

migration of these cells during inflammation. A period of 24 hours was placed 

between TPA and FITC application in an effort to allow sufficient time for 

Langerhans cells to migrate from the skin. FITC+ Langerhans cells were present 

in the lymph nodes of WT and CCRL1-deficient mice during this model. 

Moreover, this approach revealed much more striking phenotypes in CCRL1-

deficient mice than those observed when TPA and FITC were co-applied. The 

total number of migratory DCs in the lymph nodes of both WT and CCRL1-

deficient mice was significantly higher than at rest, but less than when 

TPA&FITC were painted on the same day. The reduction in total migratory DCs 

was probably a result of cells dying after their activation, something that occurs 

to limit disproportionate immune responses56. Furthermore, CCRL1-deficient 

DCs were ~60% reduced whereas WT DCs were only ~20% reduced. This led 

me to hypothesise that CCRL1-deficient DCs were hindered in their ability to 

migrate out of the skin during this model, were less able to acquire FITC or were 

more susceptible to apoptosis. Using kaede mice, I demonstrated that DCs did 

not have differential antigen uptake capabilities between WT and CCRL1-

deficient strains. I also showed that there was no difference in cell death between 

strains in cells examined from the skin or lymph nodes. However, the total 

number of migratory DCs, as well as each of the four skin-derived DC sub-

populations was specifically reduced in the lymph node of CCRL1-deficient 

mice during the TPA-24-FITC model. This coincided with an increase in 

CD11c+ MHCII+ DCs in the skin at this timepoint. Within this population, only 

Langerhans cells were found to be increased in abundance in the skin with other 
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DC subsets unaffected by genetic deletion of CCRL1. Similarly, in another 

model of skin inflammation induced by injection of CFA, migratory DCs were 

also reduced in the lymph node of CCRL1-deficient mice coinciding with a 

specific reduction in Langerhans cells and CD103+ Langerin+ dermal DCs. These 

results demonstrate that CCRL1 controls the migration of DCs during different 

models of skin inflammation but within a defined period of time. These results 

also show that Langerhans cells are particularly prone to regulation by CCRL1 

during inflammation resulting in their impaired localisation in skin-draining 

lymph nodes. This is because these cells are trapped in the skin and do not egress 

properly from this tissue by way of the lymphatic vessels. Further analysis of the 

skin involving ex vivo skin-crawl out assays showed that DCs have a reduced 

propensity to crawl out from skin explants of CCRL1-deficient mice with 

significantly less DCs accumulating in the culture medium compared with WT 

counterparts. At the same time, CD11c+ DCs showed a higher abundance in the 

skin after the crawl out assay. Furthermore, there was a specific reduction in the 

egress of cells expressing markers of Langerhans cells. Taken together, these 

data would indicate that Langerhans cells have an impaired ability to egress the 

skin during inflammation.   

There are several theories to explain why CCRL1 is only able to control DC 

migration from the skin within a defined period of time. The induction of skin 

inflammation with TPA induces the production of CCL19 and CCL21 by stromal 

cells and DCs in the skin. However, this takes time, and so, when TPA and FITC 

are painted at the same time, there is only a moderate increase in the 

bioavailability of these chemokines. In contrast, in the TPA-24-FITC model, 

bioavailable levels of CCL19 and CCL21 are increased, and are higher in 

CCRL1-deficient mice than WT counterparts. In WT mice, CCRL1 can control 

levels of these chemokines and maintain gradients, thus, cells are guided 

directionally towards lymphatic vessels in the skin. In CCRL1-deficient mice, 

CCL19 and CCL21 scavenging capabilities are lost, bioavailable chemokine 

levels increase, and gradient formation is diminished. As a consequence, DCs 

meander in the skin, moving in a non-directed fashion and possibly downregulate 

CCR7 expression due to receptor desensitisation coupled with the extended 

length of time spent in the skin. Together, these possibilities would account for 
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the accumulation of DCs in the skin (Figure 6.2). At the later timepoints, 

bioavailable levels of CCL19 and CCL21 were found to be comparable between 

WT and CCRL1-deficient mice (data not shown). This would indicate that 

CCRL1-independent mechanisms control the bioavailability of these chemokines 

at later timepoints. Furthermore, chemokines have a short half-life, and so 24 

hours after TPA painting may represent the peak of chemokine production, after 

which, chemokine protein is degraded. At rest, CCRL1 has been shown to be 

expressed by cLECs in the lymph node. Therefore, it is possible that the DC 

subsets that were found to be unaffected in their abundance in the skin of 

CCRL1-deficient mice during inflammation may be affected by deletion of 

CCRL1 at the SCS of the lymph node. Further work that focuses on the 

migration of skin-derived DC populations into the lymph node during 

inflammation are required to understand the effect of CCRL1 deletion on their 

entry into lymph nodes.  

It was unsurprising that Langerhans cell should be specifically affected by the 

loss of CCRL1 in the skin due to their positioning within the epidermis, as it is 

within this region that CCRL1 is expressed. We can make a firm ascertain that 

CCRL1, by virtue of its described role in vitro and from the data I have 

presented, functions within this region to control the proper and timely migration 

of Langerhans cells out of the skin. For future experiments, it would be 

informative to look at the level of CCR7 expression on Langerhans cells form the 

skin. It is possible that the increase in CCL19 and CCL21 bioavailability in this 

tissue leads to receptor desensitisation and so in CCRL1-deficient mice 

Langerhans cells may express less surface CCR7. These cells are known to take 

longer to depart the skin during inflammation187, so in the models used they are 

exposed to excessive bioavailable CCL19 and CCL21 for longer which could 

conceivably lead to CCR7 desensitisation and downregulation. It would also be 

interesting to investigate the positioning of these cells in the skin. We would 

expect that in CCRL1-deficient mice these cells will be positioned at or close to 

the epidermis, whereas in WT mice they may be closer to the lymphatic vessels 

in the dermis. This would provide further evidence that CCRL1 functions in the 

epidermis to establish chemokine gradients, guiding Langerhans cells towards 

lymphatic vessels in the dermis. 
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The fact that Langerhans cells show a specific migratory defect from the skin 

during models of skin inflammation is useful for the design of future 

experiments. Langerhans cells are known to initiate inflammatory immune 

responses to bacteria389 and regulate contact hypersensitivity (CHS) 181,390. 

Furthermore, these cells have been shown to play a crucial role in anti-viral 

immune responses whilst maintaining tolerance to commensal bacteria51,114,391-

394. Therefore, in future experiments, it would be interesting to employ different 

models to investigate the affect that the aberrant migration of Langerhans cells 

from the skin has on the adaptive immune response. Specifically, mice could be 

challenged in the skin with viruses such as herpes simplex virus (HSV), human 

immunodeficiency virus (HIV) or varicella zoster virus (VZV) as these viruses 

have been used and described by others180,190,393,395. As Langerhans cells are 

described as playing a role in the initiation of the immune response to all these 

viruses, we would expect that the adaptive immune response would be affected 

by loss of CCRL1, and thus Langerhans cell migration from the skin. Similarly, 

as Langerhans cells regulate CHS, we could sensitise mice with 

dinitrofluorobenzene (DNFB) and then measure ear swelling after challenge with 

DNFB as a read out of the elicitation phase of CHS. We may expect that, as 

Langerhans cells have been described as negatively regulating CHS, that 

CCRL1-deficient mice would have exaggerated ear swelling over WT mice. In 

the TPA-24-FITC model, FITC+ migratory DCs were reduced in the inguinal 

lymph nodes of CCRL1-deficient mice by ~50%. Therefore, as these cells are not 

completely absent in CCRL1-deficient mice, it would be interesting to 

investigate how a reduction in the abundance of these cells in the lymph node 

correlated with T cell responses. To answer this, we could transfer OT-I or OT-II 

transgenic T cells into WT and CCRL1-deficient mice and challenge in the skin 

with cutaneous OVA painting, after painting with TPA for 24 hours. We would 

expect that due to the fewer numbers of DCs in CCRL1-deficient mice, that these 

animals would undergo less T cell priming and thus we would expect to see less 

T cell proliferation in CCRL1-deficient animals. These types of experiments are 

planned for the future to help give us a functional read out of aberrant DC 

migration in CCRL1-deficient mice. It is hoped that these experiments will paint 

a clearer picture of the affect that deletion of CCRL1 has on the adaptive 

immune response. 
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Finally, these models represent acute inflammatory responses, however, it would 

be interesting to investigate the migration of DCs from the skin during a model 

of chronic inflammation. We can assume that chronic inflammation may drive 

the sustained production of CCL19 and CCL21, and in mice lacking CCRL1, this 

may lead to an exaggerated defect in DC migration than that seen during the 

short-term skin inflammation models used here. 
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Figure 6.1. Proposed mechanism of DC migration from the resting skin of WT and CCRL1-

deficient mice.  CCRL1 is expressed by keratinocytes and LECs and coordinates the migration 

of DCs from the skin to the lymph node. At rest, specific populations of skin-derived DCs are 

held up in the SCS in CCRL1-deficient mice and their abundance in the lymph node is reduced. 

CCRL1 scavenges CCL21 at the SCS to coordinate the migration of DCs across the floor of the 

SCS. Loss of CCRL1 expression at the SCS results in accumulation of CCL21 leading to the loss 

of CCL21 gradients. This may also be true for CCL19. 
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Figure 6.2: Proposed mechanism of CCRL1-guided DC exit from the skin during 

inflammation. CCRL1 is expressed by keratinocytes and LECs and coordinates the migration of 

all DC subsets from the skin to the lymph node during inflammation. TPA&FITC painting 

induces the production of CCL19 and CCL21 in the skin. These chemokines are not scavenged in 

CCRL1-defificient mice leading to an increase in their bioavailaility. In CCRL1-deficient mice, 

skin DCs are exposed to high levels of CCL19 and CCL21 which desinsitises CCR7 on these 

cells. DCs that reach the SCS do not enter the lymph node properly due to dysregulated gradients 

of CCL21, and possibly CCL19. The result is fewer migratory DC subsets in the lymph nodes of 

CCRL1-deficient animals.  
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6.3 The Role of CCRL1 at the SCS 

In Chapter 4, I focused on characterising the affect that deletion of CCRL1 had 

on the abundance and positioning of cells within the lymph node. CCRL1 was 

shown by others360,368, and in Chapter 3, to be expressed by LECs lining the SCS 

of the lymph node. A population of lymph node resident CD169+ macrophages 

closely associate with CCRL1 expressing cells in these tissues. Due to the close 

relationship between these cells, the functional consequences of CCRL1 deletion 

were explored, specifically in relation to these macrophages. This chapter also 

examined the affect of CCRL1 deficiency on innate-like T cells that are often 

found in the interfollicular regions of lymph nodes, as well as characterising 

CCRL1 expression in the spleen and the recruitment of CCR7+ cells to this 

organ. Finally, due to their intimate association with LECs in lymph nodes, 

macrophage-driven lymphangiogenesis during inflammation was explored in 

CCRL1-deficient mice and WT animals. 

6.3.1 CD169+ SCS macrophages 

First, the expression of CCRL1 in lymph nodes was explored using anti-CCRL1 

antibody, and colocalisation with CD169 assessed. I found no CCRL1+ CD169+ 

cells, leading me to conclude that CD169 macrophages are CCRL1-. This agrees 

with published observations360 and data from Immgen (www.Immgen.org). I 

reasoned that CCRL1 may function in the lymph node to control the positioning 

and and/or the abundance of CD169+ macrophages. This led us to explore if 

these cells express CCR7. If they do, then CCRL1-mediated regulation of 

CCL19 and CCL21 at the SCS might be involved in preventing the aberrant 

localisation of macrophages, keeping them anchored at this microanatomical 

region. Indeed, initial chemokine uptake assays with fluorescent CCL19 

suggested that CD169+ macrophages express CCR7. However, subsequent to 

these experiments, a paper was published describing a new method for 

identifying these cells by flow cytometry. In the paper, the authors describe how 

T cells acquire membrane blebs from macrophages during the digestion of 

lymphoid tissues to obtain single cell suspensions. Therefore, flow cytometry 
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analysis requires the inclusion of T cell specific markers to exclude 

contaminating T cells from macrophage gates in post acquisition analysis. When 

we revisited this experiment and included T cell exclusion markers, we found 

few, if any macrophages internalised CCL19, suggesting that these cells are not 

in fact CCR7+. Moreover, there was no difference in CD169+ macrophage 

positioning or abundance in inguinal lymph nodes from WT and CCRL1-

deficient mice. However, to our surprise, we found an obvious defect in 

macrophage abundance in the mesenteric lymph nodes of CCRL1-deficient mice.  

Absence of CCRL1 resulted in more CD169+ macrophages in the mesenteric 

lymph node compared with WT counterparts, as determined by 

immunofluorescent staining and flow cytometry. Furthermore, this coincided 

with an expansion in the abundance of LYVE-1+ LECs. Although the 

mechanisms remains unclear, it is possible that, because mesenteric lymph nodes 

drain the small intestine, in which CCL25 chemokine is highly expressed, 

dysregulated CCL25 draining into the mesenteric lymph node from the small 

intestine in CCRL1-deficient mice is the cause of this defect. It is possible that 

excess CCL25 from the small intestine travels in the lymph and arrives in the 

mesenteric lymph node driving the expansion of CD169+ macrophages. 

However, we would then perhaps expect macrophages to express CCR9, but 

analysis by flow cytometry using anti-CCR9 antibody did not substantiate this. 

Furthermore, evidence for CCL25 dysregulation in the small intestine of 

CCRL1-deficient mice, is lacking, although it would merit future analysis. 

However, commercially available ELISA kits fail to reliably detect CCL25 

protein, as confirmed by a comparison of WT and CCL25 deficient mice (Prof. 

Rob Nibbs, personal communication). Therefore, with lack of any clear evidence 

to suggest involvement of CCR7 or CCR9 expression on these cells, and lack of 

tools to quantify CCL25 protein, there was no obvious mechanism to explain 

why CD169+ macrophages were affected by deletion of CCRL1. It would be 

interesting to explore whether macrophage expansion in the mesenteric lymph 

nodes was seen in mice doubly deficient for CCL25 and CCRL1. These mice 

have not been engineered but this may be something that our group explores in 

the future. 
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Another theory to explain these observations is that there may be a lymph-borne 

factor that specifically drives the proliferation of CD169+ macrophages. To 

address this, we could cannulate lymph draining from the mesenteric lymph 

nodes of CCRL1-deficient mice and then inject this into the footpad of WT mice. 

We could then assess whether injected lymph drives CD169+ macrophage 

expansion in the draining popliteal lymph node, which, at rest, has normal 

numbers and positioning of CD169+ macrophages in WT and CCRL1-deficient 

mice. In future experiments, it would also be interesting to explore whether this 

defect in CD169+ macrophages is present during development or if it is only 

present in the adult mouse. In adults, the gut flora may drive the mislocalisation 

of these cells by affecting the small intestine environment to alter the mesenteric 

lymph nodes. If this were the case, we could examine the mesenteric lymph 

nodes of WT and CCRL1-deficient germ-free mice. In fact, we considered 

whether the microflora in our animal facility may specifically drive this defect in 

mesenteric lymph node macrophages. However, CCRL1-deficient mice 

rederived at the Beatson Institute, and housed in SPF conditions, also exhibited 

this phenotype (data not shown). 

Inguinal lymph nodes appeared normal in terms of macrophage localisation and 

number, and this was also true of popliteal and axillary lymph nodes (data not 

shown). Therefore, the results demonstrate that a facet of the gut immune system 

appears to specifically drive macrophage expansion in CCRL1-deficient mice. A 

previous PhD student in the lab explored the role of CCRL1 in the gut. She 

found that in the mesenteric lymph nodes of CCRL1-deficient mice there are 

few/if any pDCs. Moreover, she found that CCRL1-deficient mice could not be 

orally tolerised (E.Anderson, 2010). It would be interesting to explore if this 

defect in pDCs is related to defects I observed in CD169+ macrophages. 

Interestingly, I also found in a small study that pDCs were significantly reduced 

in the liver of CCRL1-deficient mice, and that eGFP expression was detectable 

by flow cytometry on a liver stromal cell population in CCRL1+/gfp mice (data 

not shown). Therefore, there is clear evidence to suggest that CCRL1 expression 

in the gastro-intestinal tract regulates leukocyte abundance and positioning. 

Coinciding with the expansion of CD169+ macrophages in the mesenteric lymph 

nodes of CCRL1-deficient mice, was an expansion of LYVE-1+ LECs. Although 
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it is difficult to ascertain the mechanism underpinning the expansion of these 

cells, macrophages probably play a large part in this. Macrophages are known to 

produce large quantities of VEGF which drives lymphangiogenesis147,148. 

Furthermore, these cells have been described as playing roles in promoting 

vascularisation in tumors85,87,150 and driving lymphangiogenesis during models of 

inflammation85,86,158,373. As CD169+ macrophages are more abundant in the 

mesenteric lymph nodes of CCRL1-deficient mice, this could predispose these 

animals to an expansion in LYVE-1+ LECs. It would be interesting to explore the 

gene expression profile of CCRL1-deficient and WT CD169+ macrophages to 

look for differential expression of proangiogenic factors. Due to their prominent 

role in lymphangiogensis during inflammation, this may explain why these cells 

have a specific effect in mesenteric lymph nodes. These lymph nodes, as 

mentioned previously, are constantly exposed to antigen, commensal bacteria 

and soluble inflammatory mediators draining from the small intestine. This is in 

contrast to other lymph nodes such as inguinal lymph nodes and popliteal lymph 

nodes that are only exposed to transient inflammation in response to insult in the 

skin. An alternative explanation is that chemokine dysregulation plays a direct 

role in driving the expansion of LECs in the mesenteric lymph node of CCRL1-

deficient mice. Chemokines CXCL12 and CXCL1 have been shown by others to 

drive angiogenesis of endothelial cell precursors396. Furthermore, tumour 

conditioned Gr1+ CD11b+ myeloid cells have been shown to promote 

angiogenesis by secreting CCL2 and CXCL16397. This highlights the role of 

leukocytes and chemokines in driving lymphangiogenesis. Furthermore, 

chemokines and chemokine receptors that are of direct relevance to this thesis, 

CCL21 and CCR7, have been shown to play a direct role in the process of 

lymphatic vessel expansion. In a model of pancreatic cancer, this receptor ligand 

pairing has been described as playing a role in mediating microvessel density and 

microlymphatic vessel density in tumours398. Thus, chemokine dysregulation in 

CCRL1 deficient mice may directly enhance LEC expansion and this may even 

precede the increase in CD169+ macrophages in mesenteric lymph nodes. It is 

possible that CD169+ macrophages secrete these chemokines and support the 

expansion of LYVE-1+ lymphatic vessels in CCRL1-deficient mice. Gene 

expression could also be investigated in LECs isolated from WT and CCRL1-

deficient mesenteric lymph nodes. It is possible that deletion of CCRL1 affects 
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the gene expression profile of mesenteric lymph node LECs. Microarray analysis 

of FACS sorted LECs would help us to study this. 

Collectively these data show that gastro-intestinal tract appears to be particularly 

permissive to regulation by CCRL1. Currently, a post-doc in our lab is working 

to characterise the relationship and consequences of the previously described 

observations. It is hoped that these preliminary findings, together with her 

findings, will help to shed new light on the role of CCRL1 in the immune system 

of the gut. 

6.4 Innate-like lymphocytes 

Recent publications have detailed the interplay between NK cells, CD169 

macrophages, gamma delta T cells and innate like CD8+ T cells at the SCS 

during infection 83,124. I was therefore interested to see how the absence of 

CCRL1 affected these cells.  

Compared to WT mice, the inguinal lymph node of resting CCRL1-deficient 

mice contained fewer NK cells, iNKT cells and γδ T cells, although only specific 

populations of iNKT cells were affected by the deletion of CCRL1. In the 

mesenteric lymph nodes of CCRL1 deficient mice, I found a reduction in the 

frequency of γδ T cells and subsets of iNKT cells. Therefore, cells known to 

reside within the SCS of lymph nodes appear to be affected by deletion of 

CCRL1. It would be interesting to investigate the expression of CCR7 or CCR9 

on all of these cell populations and examine whether deletion of CCRL1 ligands, 

such as CCL19, corrects this defect in CCRL1-deficient mice. It would also be 

interesting to challenge CCRL1 deficient mice with bacteria or virus that is 

specifically targeted to reach mesenteric lymph nodes. As there is a profound 

degree of CD169 macrophage expansion in these lymph nodes, alongside 

reduced numbers of innate like cells involved in the restriction and clearance of 

virus and bacteria, it would be interesting to investigate the response mounted in 

these mice to challenge compared to WT mice. We would assume that these 

mice would show aberrant responses to virus or bacteria challenge, as CD169+ 

macrophages and innate-like lymphocytes have been shown to be critical for the 

clearance of bacteria and viruses17,77,83,124. 
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6.5 The Spleen 

The spleen is a unique lymphoid tissue both in terms of its architecture and its 

primary role within the immune system. The function of the spleen is to monitor 

and respond to foreign antigen and pathogens in the blood and is instrumental in 

the filtration of the blood163,165,166,399. It is anatomically distinct from lymph 

nodes as it contains no afferent lymphatic vessels and thus it senses and acquires 

antigen in the marginal zone region164,165,370. In my anatomical mapping of 

CCRL1 expression, I found strong anti-CCRL1 immunoreactivity on cells lining 

vessels in the red pulp of the spleen Staining for CD169 macrophages and 

CCRL1 expressing cells revealed a very close pattern of staining with regards to 

both markers, although there was no colocalisation. Thus, as in the lymph node, 

CCRL1+ cells lie closely apposed to CD169+ macrophages in the spleen. 

Moreover, deletion of CCRL1 results in a small increase in the proportion of 

CD169+ macrophages in the spleen. Consistent with earlier findings by members 

of our group, no other differences in leukocyte populations were found at rest in 

the spleen of WT and CCRL1-deficient mice. Furthermore, I found that the 

absence of CCRL1 did not affect the early recruitment of CCR7+ leukocytes into 

the spleen. Therefore, with the exception of CD169+ macrophage numbers, the 

cellularity of the spleen appeared comparable with WT animals. Similarly, the 

gross anatomy of the spleen in CCRL1-deficient mice was similar to WT 

animals. These data demonstrate that at rest, CCRL1 deficiency in the spleen 

leads to no gross abnormalities in cell number or positioning. It would now be 

interesting to investigate immune responses in the spleen after challenge, as 

preliminary data from our lab suggests that the spleens of CCRL1-deficient mice 

become excessively enlarged during a model of lung inflammation (Dr Asquith, 

personal communication). Similarly, elevated levels of IL-23 transcripts were 

found in the spleen of CCRL1-deficient mice in the EAE model, and attributed to 

the earlier onset of disease 361. 

6.6 Macrophage driven lymphangiogenesis 

Macrophages are important in the propagation of lymphatic vessel expansion in a 

variety of contexts, including inflammation147,162. Other studies have detailed 
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how macrophages can contribute to lymphatic vessel expansion by integrating 

within newly forming vessel walls86. To investigate the role that CD169+ 

macrophages play in mediating the expansion of LECs, I depleted macrophages 

in the popliteal lymph node by injection of clodronated liposomes into the 

footpad. I then injected CFA into the footpad 1 week after clodronated liposome 

depletion in order drive lymphatic vessel expansion. Mice depleted of 

macrophages did not undergo lymphatic vessel expansion in the popliteal lymph 

nodes whereas in the same mice, inguinal lymph nodes, which are not depleted 

of macrophages, undergo a massive expansion in lymphatic vessel density. Mice 

that did not undergo clodronated liposome-mediated macrophage depletion 

underwent expansion of lymphatic vessels in the popliteal lymph node. This 

would suggest that macrophages are needed to drive the expansion of lymphatic 

vessels in lymph nodes during inflammation. In future experiments, whole 

images of lymph nodes could be generated using this software which would 

allow us to quantify the area occupied by LYVE-1+ LECs using image j 

software, as done in previous experiments. 

The mechanisms that mediate macrophage-driven lymphangiogenesis in 

response to inflammation still need further investigation. Results from 

preliminary experiments suggest that CCRL1 deletion does not affect LEC 

expansion in the popliteal lymph node after injection of CFA into the footpad. 

Enumeration of LECs by flow cytometry would help to substantiate these 

preliminary findings. The functional consequences of exaggerated lymph node 

lymphangiogenesis also needs further investigation. We may expect that an 

increase in antigen delivery might coincide with an increase in lymphatic vessels 

in these lymph nodes, which may lead to an increase in T cell priming. This 

could be examined by studying T cell proliferation in mice challenged with OVA 

after adoptively transferring OTII T cells, and in which the extent of 

lymphangiogenesis in the lymph node has been altered by macrophage depletion 

or perhaps by CCRL1 deletion, as is the case in mesenteric lymph nodes. 

6.7 Chemokine Truncation by DCs 

The basis of my investigations into chemokine cleavage by DCs stems from an 

earlier paper published in 2010 by Michael Sixt’s group who describe how 
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BMDCs are able to cleave flCCL21 268. This paper showed for the first time the 

presence of tCCL21 that retained its ability to induce chemotaxis in CCR7+ cells. 

Furthermore, since the publication of this paper it is appreciated that CCL21 has 

a dual role in mediating cellular movement by inducing haptotaxis and 

haptokinesis. tCCL21 is free from GAG binding domains and so acts like CCL19 

in that it can diffuse from the source of production to attract CCR7+ cells. 

Together, tCCL21 and CCL19 mediate chemotaxis whereas flCCL21 induces 

haptotaxis, haptokinesis and adhesion in CCR7+ cells. 

Importantly, these data looking directly at chemokine function are linked to the 

behaviour of DCs of which a significant proportion of this thesis is dedicated. As 

the ability to truncate flCCL21 was shown to be a feature unique to DCs383, there 

is a direct link between DCs and the shaping of the chemokine network. As my 

characterisation of DC migration in CCRL1-deficient mice revealed a defect in 

DC trafficking during rest and inflammation, it was conceivable that this may 

coincide with a reduction in the truncation of CCL21 in vivo.  

I showed that BMDCs are able to cleave flCCL21 chemokine in vitro to produce 

a smaller tCCL21 protein. This was not a new finding but it confirmed the earlier 

report by Schuman and colleagues268. There was no detectable difference in the 

ability of GMCSF and FLt3L matured BMDCs to cleave flCCL21, showing that 

phenotypically different DCs share the ability to cleave flCCL21.  

I explored the ability of BMDCs to cleave chemokine after LPS-induced 

activation. DCs adopt a less dendritic morphology whilst upregulating 

costimulatory molecules and chemokine receptors, including CCR7, upon 

stimulation with LPS. However, I found that activation does not affect the ability 

of BMDCs to cleave flCCL21 and does not result in more or less production of 

the tCCL21 fragment. It is possible that other TLR ligands or inflammatory 

agents such as TNF may promote the truncation of flCCL21 by BMDCs by 

inducing different changes in the DC. Furthermore, it is difficult to generate truly 

‘immature BMDCs’ in vitro. This was clear when comparing the activation 

markers of LPS-stimulated and unstimulated BMDCs. Whilst LPS stimulation 

upregulated the expression of activation markers MHCII and CD86, expression 

of these markers was relatively high on unstimulated BMDCs. Taking this into 
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account, it may be that LPS stimulation leads to a subtle increase in BMDC- 

mediated CCL21 cleavage that is not detectable due to the difficulties in 

preparing genuinely immature BMDC cultures as comparisons.   

To test whether CCR7 is involved in the recognition of flCCL21 chemokine and 

facilitates subsequent truncation, I incubated BMDCs with an excess of CCL19 

chemokine in order to saturate CCR7 binding domains and to induce receptor 

desensitisation. I then cultured BMDCs with flCCL21 chemokine and found that 

BMDCs retain their ability to cleave flCCL21 to produce tCCL21. Therefore, I 

concluded that cleavage was probably occurring independently of CCR7. It 

would be useful to confirm these findings by culturing CCR7-deficient BMDCs 

with flCCL21 and quantifying the presence of tCCL21. Unfortunately the CCR7-

deficient mouse strain was only available during my summer placement at MGH. 

However, as we had generated data to suggest that BMDCs truncate flCCL21 

independent of CCR7, we did not pursue this further. It is known that cells are 

able to secrete proteases that act to cleave chemokines to produce soluble 

chemokine fragments 378,379,400,401. However, I was able to demonstrate that 

truncation of flCCL21 chemokine requires direct contact with DCs and flCCL21 

rather than a protease released by the DCs.   

6.8 Leukocyte-Mediated Chemokine truncation 

I was interested to discover whether the ability to cleave flCCL21 chemokine 

was a feature unique to BMDCs. Surprisingly, I found the presence of a faint 

tCCL21 band from cultures of purified splenic T cells and B cells incubated with 

flCCL21. However, it was clear that T cells and B cells are unable to cleave 

flCCL21 chemokine to the same degree as BMDCs. I also cultured MCSF 

matured BMDMs with flCCL21 and then compared chemokine truncation with 

that of BMDCs. I found that BMDMs are able to cleave flCCL21 to produce a 

smaller tCCL21 fragment. Interestingly, macrophages appeared to consume 

CCL21 from the culture media. This is possibly mediated by phagocytosis, 

although direct evidence for this is lacking. 
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6.9 In vivo Truncation 

Having shown that cells matured in vivo have the capacity to cleave flCCL21, I 

moved on to quantifying the presence of tCCL21 in lymph node homogenates. I 

was able to detect a truncated version of CCL21 in popliteal, inguinal, axillary, 

mesenteric and cervical lymph nodes as well as the spleen from WT mice. It was 

unsurprising to find tCCL21 in all lymphoid tissues investigated as in each of 

these tissues there are resident DCs, migratory DCs, and high levels of flCCL21. 

However, the size of the CCL21 fragment found in lymphoid tissues, including 

lymph nodes, was different to that produced in vitro in BMDC cultures. The 

reason for this is not clear, but suggested that BMDCs do not recapitulate the 

CCL21 processing that occurs in vivo. I found that levels of tCCL21 in vivo 

appear to be unaffected by deletion of CCRL1 in lymph nodes or in the spleen 

suggesting that CCRL1 cannot regulate tCCL21 abundance. Furthermore, the 

presence of tCCL21 was unaffected by TPA-induced skin inflammation between 

WT and CCRL1-deficient mice or by the number of DCs in the lymph node. 

Although DCs are the most potent cells at truncating flCCL21, it is possible that 

other factors mediate this in vivo. T cells and B cells were shown to truncate 

flCCL21 in vitro, and as these cells comprise the majority of cells in lymphoid 

tissues, it is possible that they are principally responsible for flCCL21 truncation 

in vivo.  Similarly, not all of the flCCL21 in vivo or from in vitro cultures is 

converted to tCCL21. Therefore, there is a factor that limits the truncation of 

flCCL21 to tCCL21, however, this remains to be elucidated. There are fewer 

migratory DCs in CCRL1-deficient inguinal lymph nodes during TPA-induced 

inflammation, however this reduction was not be sufficient to reveal detectable 

differences in the presence of tCCL21. It would be interesting to explore the 

presence of tCCL21 in lymph nodes of CCR7-deficient mice, which have a more 

profound migratory DC defect during rest and inflammation189. Furthermore, 

DCs can be specifically depleted in CD11c-DTR transgenic mice402-405, and these 

mice would be useful to explore the loss of DCs in the lymph node and how this 

impacts the abundance of tCCL21. As other leukocyte subsets have the capacity 

to truncate flCCL21, albeit to a lesser extent than DCs, we would expect that 

there would be less tCCL21 in CD11c-DTR mice, but that flCCL21 truncation 

would not be completely ablated in these animals. 
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DCs were also shown to be able to truncate CCL2. However, both BMDCs and 

BMDMs were not able to truncate CCL25. Interestingly, when incubated with 

recombinant CCL25, macrophages appeared to consume CCL25 and degrade the 

chemokine from the culture medium. The truncation of flCCL2 to produce a 

tCCL2 fragment is interesting, and has implications for other members of the 

atypical chemokine receptor family. D6, a member of this family, is known to 

bind to flCCL2, however, as yet, it is not known whether D6 can recognise 

tCCL2. Similarly, post-translational modifications of chemokines can change 

their receptor affinity. Therefore, when characterising the binding of chemokine 

receptors and atypical chemokine receptors to chemokines, we must consider the 

binding of shortened truncated forms of the full length chemokines. 

My description of DC-mediated chemokine truncation has revealed some 

important observations. I have shown the presence of tCCL21 in vitro and in 

vivo. Furthermore I have shown that truncation of flCCL21 is mediated largely 

by DCs, although T cells, B cells and macrophages are able to truncate flCCL21 

to a lesser extent. I have also shown that flCCL2 can be cleaved by BMDCs to 

produce tCCL2. Although I investigated various possible mechanisms for DC- 

mediated chemokine truncation, I was unable to elucidate the mechanism by 

which DCs truncate chemokine. It still remains to be seen if CCRL1 scavenges 

tCCL21. However, there were no differences in the abundance of tCCL21 in 

lymphoid tissue lysates from CCRL1-deficient mice compared with WT animals. 

It is important to answer this question in future experiments, and this may be 

achieved by in vitro assays involving CCRL1-transfected cells. Demonstration of 

the presence of tCCL2 chemokine in tissues would also be important to show in 

order to demonstrate that these findings had implications in vivo. To answer this 

question, it would be necessary to look during inflammation as levels of flCCL2 

are low in lymphoid tissues at rest, and presumably levels of tCCL2 would be 

low also.  

6.10 Future Directions 

Future experiments are necessary to provide insight into the function of CCRL1 

in vivo. CCRL1 clearly facilitates DC migration form the skin to the lymph node 
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under certain circumstances, and ongoing experiments in our lab are attempting 

to characterise the movement of DCs in the skin and their entry into lymphatic 

vessels, as well as assessing T cell priming in CCRL1-deficient mice. The 

successful completion of these experiments will help to generate a clearer picture 

of the in vivo role of CCRL1 during adaptive immunity. The functional 

consequence of CD169+ macrophage and LEC expansion in mesenteric lymph 

nodes of CCRL1-deficient mice is another aspect of this study requiring further 

investigation. Experiments are being designed that will target delivery of bacteria 

or antigen to the mesenteric lymph node to measure the response mounted by 

innate like T cells and macrophages. Finally, the ability of CCRL1 to scavenge 

tCCL21 needs to be addressed. Assays involving CCRL1-transfected cells for the 

assessment of extracellular tCCL21 scavenging could be used to study this. The 

successful completion of all these studies will greatly enhance our understanding 

of CCRL1 function, and the regulation of bioavailable chemokine, and may 

provide opportunities to effectively target aspects of CCRL1-controlled 

chemokine networks for therapeutic purposes.  
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7 Appendix 

 

 

Figure 7.1: LYVE-1 distribution in WT mesenteric lymph nodes.  

Mesenteric lymph nodes from resting wild type (WT) mice were harvested into OCT and frozen 

on dry ice. 8-10µm sections were cut and then stained with anti-LYVE-1 antibody. Sections were 

imaged using a fluorescent Zeiss confocal microscope.  
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Figure 7.2: LYVE-1 distribution in CCRL1-deficient mesenteric lymph nodes. 

Mesenteric lymph nodes from resting CCRL1-deficient (KO) mice were harvested into OCT and 

frozen on dry ice. 8-10µm sections were then cut and stained with anti-LYVE-1 antibody. 

Sections were then imaged using a fluorescent Zeiss confocal microscope.  
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Figure 7.3: CD169+ macrophage distribution in WT mesenteric lymph nodes. 

Mesenteric lymph nodes from resting wild type (WT) mice were harvested into OCT and frozen 

on dry ice. 8-10µm sections were then cut and stained with anti-CD169 antibody. Sections were 

then imaged using a fluorescent Zeiss confocal microscope.  
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Figure 7.4: CD169+ macrophage distribution in CCRL1-deficient lymph nodes. 

Mesenteric lymph nodes from resting CCRL1-deficient (KO) mice were harvested into OCT and 

frozen on dry ice. 8-10µm sections were then cut and stained with anti-CD169 antibody. Sections 

were then imaged using a fluorescent Zeiss confocal microscope.  
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