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Abstract 

 

The kinetics and dynamics of dendritic cell (DC)-T cell interactions in the lymph node (LN) 

are thought to be critical in initiating and regulating immune responses in both health and 

disease. DCs are localised in lymphoid and non-lymphoid tissues and effector and memory T 

cells continually migrate between both sites. However, the relationship and degree of 

interaction between the non-lymphoid site of tissue inflammation and the draining lymph 

node (DLN) remains relatively uncharacterised. This thesis aimed to develop novel in vivo 

model systems that would allow identifiable antigen specific T cells and DCs and their 

interactions in the tissue site of inflammation and DLN to be imaged and characterised using 

multi-photon laser scanning microscopy (MPLSM). This thesis describes the development of 

a novel model, in which a LN is transplanted into the murine ear pinna. Analysis of the 

structural organisation, cellular populations and functionality of the transplanted LN (tLN) 

revealed that the model provides a fully functional lymphoid organ, vascular and lymphatic 

supply in a convenient location for in vivo MPLSM. Moreover, this thesis describes the 

development of an imageable site of tissue inflammation in the ear pinna, that when 

combined with the tLN, should facilitate future studies of DC-T cell interactions in a non-

lymphoid tissue site of inflammation and its DLN, by MPLSM. Thus, the systems developed 

in this thesis should allow some unanswered questions to be addressed, including whether T 

cells require to see antigen presented by DCs at the tissue site of inflammation or back in the 

DLN to initiate, maintain or regulate an immune response. A better understanding of the 

relationship between DC-T cell interactions at the tissue site of inflammation and the DLN, 

will hopefully provide novel therapeutic targets in circumstances of autoimmunity and 

inflammatory disease and facilitate improved targeting of current therapies.  
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Chapter 1  
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1.1  Summary 

 

 

 
The mammalian immune system has evolved to provide defence against invading pathogens 

and cancer (1). A complex, yet integrated collection of molecules, cells and organs, 

encompass a dynamic system, consisting of both innate and adaptive components, which 

work in concert to provide a highly protective immune response capable of specifically 

recognising and eliminating almost any potential antigen it may encounter (2). The complex 

interactions that take place between antigen presenting dendritic cells (DCs) and CD4+ T 

cells in the secondary lymphoid organs are central to the adaptive immune system’s ability to 

generate a protective immune response to foreign invaders and to maintain peripheral 

tolerance to self (2-8).  

 

The introduction of the imaging technique, multi-photon laser scanning microscopy 

(MPLSM), has offered a wealth of knowledge as to how DCs and T cells interact in the 

lymph node (LN) in vivo and the frequency and duration of these interactions are thought to 

be critical in initiating and potentially regulating the course of an immune response (2, 4, 6, 

8-14). However, while it is widely assumed that adaptive immune responses are initiated in 

the LN draining the site of tissue injury, this is not entirely clear as recent data has emerged 

to suggest a novel pathway of immune activation in the tissue, particularly in secondary 

immune responses (15-18). DCs are localised in lymphoid and non-lymphoid tissues and 

effector and memory T cells continually migrate between both sites (19-24). However, the 

relationship and degree of interaction between the tissue site of inflammation and the 

draining LN (DLN) during the course of an immune response remains poorly understood. 

Whether T cells interact with antigen presenting DCs at the tissue site of inflammation to 

initiate, maintain or regulate a response will have fundamental implications for the targeted 

treatment of chronic inflammatory diseases with pathology focused at tissue sites and for the 

generation of novel therapeutic targets. A lack of real time imaging of the tissue site of 

inflammation has slowed progress in this field and this thesis therefore aims to establish 

novel in vivo model systems that will allow DC-T cell interactions to be visualised and 
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characterised at and between the tissue site of inflammation and the DLN during the 

induction and maintenance of immune responses in vivo by MPLSM.  

 

1.2 Innate and Adaptive Immunity 

 
 

The mammalian immune response confers protection against invasive pathogens through a 

multi-layered system of non-specific (innate) and specific (adaptive) responses. The innate 

immune response is an evolutionarily ancient, highly conserved system that provides rapid, 

non-specific defence against infection, without the generation of immunological memory. 

The levels of innate defence include physical barriers, antimicrobial agents and inflammatory 

cells, such as neutrophils, macrophages and DCs (25). In contrast, the adaptive immune 

response, which is mediated by T and B lymphocytes, is characterised by its antigen 

specificity; diversity; self/non self recognition and immunological memory (26). Although 

slower to respond on primary encounter of an invading pathogen, the adaptive immune 

response generates immunological memory, which provides a more rapid and more effective 

response upon secondary infection (27). However, the innate and adaptive immune systems 

are not mutually exclusive, with many cells of the innate arm of the immune response acting 

to trigger and actively participate in the effector mechanisms of the adaptive response. For 

example, DCs that acquire antigen at the tissue site of inflammation in a non-specific 

manner and present it to antigen specific T cells, act as a bridge between the innate and 

adaptive arms of the immune response (24). 

 

1.3 T cells  

 

T lymphocytes are crucial for the development of almost all protective and pathological 

immune responses and as a result, have been described as the ‘conductors of the 

immunological orchestra’, due to their numerous roles in both regulating and actively 

participating in adaptive and cell mediated immune responses (28, 29). For T cells to carry 

out their functions effectively, they must respond specifically to foreign antigen in the form 
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of short peptides, which are presented in the context of self major histocompatibility 

complex (MHC) molecules on the surface of antigen presenting DCs (30, 31). T cells 

recognise and respond to antigen through the use of their highly diverse cell surface 

receptors, which are generated somatically by random gene rearrangement to provide each T 

cell with a structurally unique antigen receptor (32, 33). This process occurs during T cell 

development in the specialised microenvironment of the thymus, and can theoretically yield 

up to 1018 different specificities (34). However, due to the random nature of this process, 

auto-reactive specificities are often generated. Thus, to ensure that only T cells capable of 

recognising foreign peptides in the context of self MHC molecules are selected for survival, 

developing T cells expressing a newly rearranged TCR undergo a strict programme of 

positive and negative selection in the thymus (35, 36). 

 

The TCR is a heterodimeric complex of integral membrane proteins and according to 

different forms of the TCR they express, T cells can be broadly characterised into two 

distinct lineages.  The first of these is the gamma delta (!") T cell lineage, which represents 

only a small population of T cells and are the first to develop in the thymus (37). Secondly, 

the alpha beta (#$) T cell lineage represents the majority T cells and can be further 

subdivided on the basis of cell surface expression of the co-receptors CD8 and CD4, which 

play key roles in T cell signalling and adhesion to the MHC molecule during peptide 

recognition (38). CD8+ and CD4+ T cells carry out distinct functions, CD8+ T cells recognise 

peptides in the context of MHC class I and offer protective immunity by killing pathogen 

infected or dysregulated host cells (39). In contrast, CD4+ T cells recognise peptides in the 

context of MHC class II and function as ‘helper’ cells by playing a central role in directing 

and actively participating in humoral and cell mediated immune responses. CD4+ T cells 

interact with B cells to facilitate their production of high affinity antibodies; induce 

macrophages to develop enhanced microbicidal and cell recruitment activity; support the 

generation of CD8+ T cell memory and produce cytokines and chemokines to enhance and 

direct immune responses (40-43). 
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1.4 The importance of T cell migration 

 

LNs selectively localise and trap antigen and antigen presenting cells trafficked there via 

tissue draining afferent lymphatics and are thought to be the primary location in which DCs 

can introduce antigen to the adaptive immune system (44). Each specificity of antigen 

specific T cell is present at a low frequency (<1 per 100,000) and the immune system must 

ensure that rare lymphocytes, bearing the appropriate antigen receptor, are located in the 

right LN at the right time to encounter their requisite antigen and respond appropriately (45, 

46). Lymphocyte recirculation helps overcome this issue by ensuring the continuous 

migration of naïve lymphocytes between the LNs, allowing them to scan the body for their 

cognate antigen in a process known as ‘immune surveillance’. When T cells specifically 

recognise a pMHC complex in the context of co-stimulation (see below and figure 1.3), 

antigen recognition results in the clonal expansion and differentiation of antigen specific T 

cells. Following their activation in the LN, effector T cells migrate from the LN into sites of 

inflammation where they can mediate protective immunity (47). Moreover, memory T cells, 

which have been previously activated to clear an invading pathogen can also readily enter 

non-lymphoid sites and function to patrol the tissues in case of future attack (9, 48, 49). 

Thus, both effector and memory T cells have direct access to the tissues where tissue 

resident DCs or newly recruited monocyte derived DCs are present (50). However, while it 

is well established that both DCs and T cells can be found within inflamed and non inflamed 

tissues, the kinetics and dynamics of their interactions in non lymphoid tissue sites during a 

protective immune response or chronic inflammatory condition are poorly defined (18, 51-

53). What is clear, is that cellular migration between the tissue site of inflammation and DLN 

is continuous. For example, an animal model of a chronic inflammatory disease with 

pathology focused at a non-lymphoid tissue site, can be transferred from one animal to 

another by transferring a suspension of CD4+ T cells isolated from the LN draining the site 

of pathology (54). This result serves to demonstrate the continual cellular communication 

between the LN and the local tissues. Moreover, immune responses already established at 

non-lymphoid tissue sites, can be significantly attenuated by blocking the exit of T cells from 

the LN using the immuno-modulatory agent, FTY720 (55-57). This high-affinity agonist of 

the sphingosine 1-phosphate receptor 1 is in phase III clinical trials in renal transplantation 

and has been shown to prolong graft survival by reducing CD4+ T cell infiltration into 
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transplanted organs and to inhibit disease progression in animal models of chronic 

inflammatory pathology (55-57). In conclusion, T cell migration is essential for the initiation 

of immune responses in the LN and for the targeted delivery of effector and memory T cells 

to the tissue site of inflammation or to a site of immune pathology. Moreover, cellular 

migration between the LN and the tissue site during an ongoing immune response appears 

to be continuous. However, to what extent T cells rely on this for their maintenance and 

regulation and what role DCs play in this either at the tissue site of inflammation or back in 

the DLN is not clear. Moreover, whether these events only occur in dysregulated, chronic 

inflammatory responses, is unknown.  

 

1.5 Lymphocyte recirculation 

 

Experiments in mice engineered to lack secondary lymphoid organs and the molecules 

regulating movement in and between them, have established their critical role in mammalian 

adaptive immunity and the dependence of almost every aspect of their function on cell 

migration (58-61). Mice deficient for IL-7R# or LT$R, critical receptors in the development 

of LNs (see below), display an absence of LNs and as a result an inability to generate 

protective immune responses (58, 59). Moreover, mice deficient in the chemokines or 

adhesion molecules required to mediate lymphocyte migration into the LN, such as 

CCL19/21 and ICAM-1/2 respectively, have a significant reduction in the number of 

lymphocytes within the LN and are compromised in their ability to initiate a protective 

immune response (60, 61). Furthermore, blocking the migration of activated effector T cells 

from the LN using the drug FTY720, which acts as an agonist of S1P1 receptor, prevents 

their ability to mediate protective immunity (62). Consequently, defects in LN development 

and the ability of cells to migrate to and from them, result in severe immunodeficiency and 

serve to demonstrate the importance of migration for the initiation of protective immune 

responses in the LN and their delivery to inflamed tissue sites.  

 

Classic experiments by Gowans and co-workers outlined the phenomenon of lymphocyte 

recirculation and its key role in the generation of a protective immune response. Their 

discovery followed a study in 1950 in which Mann and Higgins employed the use of a 
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technique, first described in 1948, for the collection of lymph and lymphocytes from the 

thoracic duct of un-anaesthetised rats (63). Their findings revealed that, although very large 

numbers of lymphocytes could initially be collected from a thoracic duct fistula, continuous 

drainage for several days resulted in a sharp decline in the output of cells (63). Moreover, if 

all the cells from the fistula were continuously reinfused into the blood, the output of 

lymphocytes would remain constant (64). As a result, Gowans questioned the fate of 

lymphocytes following their departure from the lymphatic circulation and began to re-

examine the initial assumption that lymphocytes existed in a static system. Consequently, 

Gowans postulated that the recirculation of lymphocytes from the blood to the lymph was 

the most appropriate explanation, however, his proposals were first met with caution and his 

findings were not readily accepted until a collaboration with Knight on an elegant 

experiment in 1964. Their key contribution was to re-infuse lymphocytes labelled with 

tritiated compounds back into the blood, in an attempt to trace the elusive pathway of the 

‘disappearing’ lymphocytes (65). Determining their location by autoradiography at various 

time points after intravenous infusion, the labelled cells behaved as predicted by migrating 

from the blood into the cortex of the LNs, while later reappearing in large numbers in the 

thoracic duct lymph. Thus, in 1964, the recirculation pathway was delineated and 

lymphocytes did not disappear, but instead continually reappeared in the lymph as they 

followed a circular route of migration in a highly dynamic process, crucial for the generation 

and dispersal of effector and memory lymphocyte populations (see figure 1.2) (65).   

 

1.6 LN structure and organisation 

 

LNs are highly evolved, structurally complex organs consisting of a variety of cell types, 

which together function as a surveillance system to collect and present antigens from local 

tissues in an appropriate manner to lymphocytes of the immune system. LNs are surrounded 

by a capsule and the complex micro-architecture and cellular populations of the LN are 

supported by a network of endothelial and stromal cells, see figure 1.1 for diagram (66-69). 

Immediately beneath the LN capsule is the subcapsular sinus, into which tissue draining 

afferent lymphatic vessels empty their content, delivering molecules, antigens and antigen 

presenting cells from the local tissue. A population of macrophages line the subcapsular 
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sinus and function to filter infiltrating debris (70-72). Broadly a LN can be divided into 2 

principal regions of cellular activity, which are guided and maintained by a set of specific 

chemo-attractant factors, known as chemokines. The chemokine CXCL13 maintains the B 

cell follicular region on the outer edge of the LN. The follicles contains B220+ B cells and a 

network of stromal follicular dendritic cells (FDCs) (73-75). The chemokines CCL19 and 

CCL21 organise the inner T cell area, known as the paracortex, which contains CD4+ and 

CD8+ T cells and subsets of DCs anchored to a network of stromal fibroblastic reticular 

cells (FRCs). The efficient generation of an antigen specific immune response is directly 

dependent on the organisation and segregation of the T and B cell populations within the 

LN (76-78). The site-specific expression of homeostatic chemokines by distinct stromal cell 

populations also controls the movement of B and T cells within secondary lymphoid tissue 

(60, 79, 80).  

 

The non-haematopoietic cell types of the LN can be divided into subsets on the basis of 

their location, function and phenotype. The stromal cell subsets that make up the 

parenchyma of LN, include FRCs and FDCs, while the endothelial subsets that supply blood 

and lymph flow through the LN, include vascular endothelial cells and lymphatic endothelial 

cells. Reticular networks have been observed in LNs for more than 100 years, however, the 

cellular components of these only began to be characterised in the 1960s (81-84). FRCs 

produce and surround collagen-rich reticular fibres, forming an enclosed conduit structure 

that is separate and distinct from the parenchyma of the lymphoid tissue. Small molecules, 

such as chemokines and antigens, can enter the conduit network in LNs from the tissue 

draining afferent lymph and are delivered rapidly to T cell zones and HEVs (67). Molecules 

of high molecular mass cannot enter the conduit lumen and instead are trapped by 

subcapsular sinus macrophages. This functional exclusion of large molecules and particles 

restricts and filters the types of signal delivered by the FRC conduits. LN resident DCs form 

a stable organised network by adhering to and extending their dendrites between FRCs in 

the T cell zone (85, 86). This allows the DCs to sample antigens, transported though the 

conduit system from tissue derived lymph, and present them to T cells (87, 88). FRCs, can 

be differentiated from other lymphoid stromal cells by their expression of the glyco-protein, 

podoplanin (also known as gp38) and can be readily identified by their production of the 

chemokines CCL19 and CCL21, which are crucial for maintaining the organisation of the T 
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cell zones (60, 89). FDCs were confusingly named after DCs on the basis of their 

morphology; however, these cells are non-haematopoietic in origin and form the principal 

stromal cell type of the B cell region. FDCs form a dense network and function to capture 

and present antigens to B cells (90, 91). Moreover, they are responsible for the production of 

the chemokine CXCL13, critical to maintaining the integrity of the B cell follicles (75, 92).  

 

Vascular and lymphatic endothelial cells are the other non-haematopoietic cell types that are 

abundant in the LN. The vascular endothelial cells of the blood vessels that supply the LN 

are referred to as high endothelial venules (HEVs) and differ from conventional endothelial 

cells by their specific expression of several proteins, which increase their adhesive properties 

for recirculating lymphocytes, such as the vascular cell adhesion molecule (VCAM-1) and the 

chemokine CCL21 (93, 94). Lymphocytes enter the LN from the blood through these 

HEVs, which are often positioned in regions between T and B cell areas of the LN (83, 95). 

Similarly, lymphatic endothelial cells express various adhesion molecules and the chemokine 

CCL21, which are involved in cell entry into the lymphatics and function to drain antigen 

and cells from the local tissue as previously discussed (96). Altogether the distinct cellular 

organisation and stromal support network of a LN provide an environment critical for the 

development of adaptive immune responses and for the homeostatic maintenance of 

lymphocyte populations (97, 98).  

 

1.7 LN development 

 

LNs form sequentially in a complex process during the embryonic stages of development in 

the mouse. At day 10.5–11.5 of embryonic development, cells from the anterior cardinal vein 

start to bud and sprout, forming lymph endothelial cells under the guidance of the 

homeobox gene, Prox-1 (99-102). The newly formed lymph endothelial cells then separate 

from the anterior cardinal vein and form a lymph sac at approximately day 11.5–12.5 of 

embryonic development. From the lymph sac, the LN and lymphatic vasculature develop, 

following independent pathways of development, guided by distinct transcription factors. 

LNs develop through recruitment and interaction of lymphoid tissue inducer (LTi) cells, 

from fetal liver progenitors, and mesenchymal organiser cells, which congregate in the LN 
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anlagen (103). The LTi cells express lymphotoxin #1$2 (LT #1$2), which allows them to 

specifically interact with the corresponding lymphotoxin $ receptor (LT$R) of the 

mesenchymal organiser cells (101, 104). This key cellular interaction activates a signalling 

cascade resulting in the expression of adhesion molecules and homeostatic chemokines, such 

as the B and T cell chemo-attractants CXCL13 and CCL21 (104, 105). This stimulating 

microenvironment initiates a positive feedback loop, leading to further cell recruitment and 

clustering and to the development of characteristic lymphoid structures such as high 

endothelial venules (HEVs) (105). As a result, the LN acquires the cellular components and 

structural features characteristic of a developed LN and defects of the molecules involved in 

the recruitment and signalling cascades of these cells, such as the LT$R, lead to a failure in 

the development of peripheral LNs (58). 

 

1.8 Dendritic cells  

 

The activation of a protective and highly specific adaptive immune response, requires a 

system that can survey, decipher and quickly respond to insults, such as infection, in an 

appropriate manner (106). DCs participate in all of these important activities and are 

specialised in the uptake, processing and presentation of antigens to T cells. DCs continually 

sample their environment for antigens in peripheral tissues and periodically migrate from 

non lymphoid tissue sites to the LNs via tissue draining afferent lymphatics under the 

guidance of the chemokines CCL19/21, which bind to and stimulate their migration through 

the CCR7 receptor (107, 108). Once in the LN, DCs can present tissue acquired antigens in 

the form of pMHC complexes to re-circulating T cells (109). The maturation status of the 

DC is thought to be influential in determining the outcome of antigen encounter by a T cell 

on the surface of a DC in the LN (110). DCs express germline encoded, pattern recognition 

receptors that are capable of recognising and sensing highly conserved molecular patterns of 

infectious agents, such as molecules important in microbial survival known as ‘danger 

signals’ in the tissue (25). For example, a family of transmembrane proteins, known as the 

Toll like receptors bind directly to ligands such as lipopolysaccharide (LPS) of gram negative 

bacteria and double stranded DNA of viruses (111-113). Stimulation of these receptors 

triggers intracellular signaling and gene transcription through the NF-KB pathway, which 
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results in the maturation of the DC. Mature DCs downregulate endocytosis and stop 

sampling their environment for antigens (114). They transiently increase their synthesis and 

transport of MHC class II molecules and increase their efficiency of antigen processing, 

which gives rise to the rapid accumulation of a high number of pMHC II complexes at the 

cell surface (109, 114, 115). Moreover, their expression of co-stimulatory molecules (see 

below) is enhanced and their production of cytokines, such as IL12 is upregulated (24, 109). 

Consequently, mature DCs are highly efficient at stimulating and activating T cells in the LN. 

In contrast, antigen presentation by immature DCs, which have not encountered a ‘danger 

signal’ in the tissue and have therefore not undergone the maturation process, do not have 

the capacity to effectively prime T cell responses. Instead, antigen presentation by immature 

DCs has been implicated in the induction of T cell tolerance, either by inducing T cell 

unresponsiveness/‘anergy’ or the induction of regulatory type T cells. However, DCs 

stimulated by a ‘danger signal’ up-regulate the co-stimulatory molecules required for effective 

T cell activation such as CD40 and CD80/86 (see figure 1.3), and can therefore induce the 

activation and differentiation of antigen specific T cells. Thus, through their ability to 

present antigen in a variety of contexts, DCs can induce the clonal expansion and 

differentiation of CD4+ T cells or their clonal anergy and are therefore key initiators and 

crucial regulators of the adaptive immune response (22, 116, 117).  

 

The key role of DCs in the initiation of immune responses, was conclusively demonstrated 

using the diphtheria toxin experimental system, in which the expression of the diphtheria 

toxin receptor (DTR) in mouse DCs was induced under the control of the CD11c promoter 

(118, 119). This system allowed the specific depletion of DCs in vivo, by injection of 

diphtheria toxin, which would bind to and kill DTR expressing CD11c+ DCs. This model 

was first used to link DCs to the priming of immunity to Listeria monocytogenes and liver-stage 

Plasmodium yoelii and showed that in their absence, protective immune responses were not 

efficiently generated (119). Subsequent studies extended this approach to emphasise the role 

of DCs in the initiation of immunity and the generation of secondary immune responses 

(120-127).  

 

DCs were first observed in skin sections in the late 1800s, and were initially mistaken for 

cells of neurological activity and not fully characterised until the 1970s (116). Since their 
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discovery, DCs have emerged as a complex group, consisting of a number of unique subsets, 

with distinct and overlapping functionalities (23, 128). Broadly DCs can be categorised into 

four major subgroups, the plasmacytoid DCs (pDCs), the monocyte-derived inflammatory 

DCs, the CD11b+ DCs and the CD11b– DCs. Several DCs fall into the CD11b+ DC group, 

including the CD4+ and CD4–CD8– lymphoid tissue resident DCs; skin resident CD11b+ and 

Langerhans DCs; and CD11b+CD103+ DCs of the gut. The CD11b– DC group includes 

lymphoid resident CD8#+ DCs and the CD103+ langerin-positive DCs of the skin, lungs and 

other tissues. Broadly, these four subgroups can be characterised on the basis of function, 

with pDCs being associated with the production of type I interferon, anti-viral responses 

and the balance between tolerance and immunity (129-131). Monocyte derived inflammatory 

DCs are thought to play an important role in the control of events in inflamed non lymphoid 

tissues, including antigen presentation and the initiation of local secondary responses (18). 

Finally, CD11b+ DCs stimulate CD4+ T cell responses while CD11b– DCs cross present 

antigens to and prime cytotoxic CD8+ T cells (132-134).  

 

1.9 T cell activation  

 

T cell activation requires two signals generated from the DC, the first of which is specific 

recognition of pMHC complex by the TCR (signal 1), and the second is co-stimulation 

provided by cell surface molecules expressed on the activated DC (signal 2) . The T cell 

receptor (TCR) complex has 6 transmembrane protein subunits, including the #$ 

heterodimer of the TCR and the % " & ! chains of the associated CD3 molecule (33, 135). 

The #$ subunit is responsible for the specific recognition of the pMHCII complex while the 

CD3 molecule is responsible for the transmission of the signal into the cell via specialised 

tyrosine phosphorylation motifs, known as ITAMs (Immunoreceptor Tyrosine-based 

Activation Motifs) on the intracellular portion of the % " & ! chains (135). Upon specific 

engagement of the TCR by a pMHCII complex presented on the surface of a DC, the Src 

family kinase Lck becomes activated and proceeds to phosphorylate the ITAMs on the 

% " & ! subunits of the TCR (136). Phosphorylated ITAMs promote the recruitment and 

subsequent activation of another tyrosine kinase, ZAP-70, which phosphorylates and 

activates numerous downstream signalling pathways which contribute to the activation of 



 14 

transcription factors, calcium mobilisation and cytoskeletal reorganisation and ultimately 

result in cellular proliferation, differentiation, cytokine production (3). However, T cell 

activation is regulated by various co-stimulatory receptors expressed on the surface of 

activated DCs and signaling through the TCR alone results in a non-responsive state (anergy) 

in which T cells are refractory to re-stimulation (137, 138). Engagement of such co-

stimulatory molecules augments intracellular signaling pathways initiated by TCR stimulation 

and triggers distinct signaling pathways critical, critical to ensuring T cell activation, 

proliferation and differentiation (see figure 1.3) (3). CD28, which engages CD80/86 on 

activated DCs, is considered to be the most important co-stimulatory receptor expressed on 

naïve T cells and its stimulation provides essential signals that enhance the production of the 

proliferation and survival cytokine, IL-2 and prevents the induction of anergy and cell death 

(25, 139-141). In addition, stimulation of CD28 promotes expression of several other co-

stimulatory molecules including OX40 and ICOS which play an important role in memory T 

cell formation and in the regulation of T cell dependant antibody responses in the germinal 

center reaction, respectively (142). Co-stimulatory molecule expressed on T cells, such as 

CD40L, can stimulate and enhance DCs in their ability to fully stimulate T cell activation. 

Following TCR stimulation, T cells upregulate CD40L which stimulates signaling through 

CD40 on the surface of DCs and leads to their enhanced expression of MHC molecules, 

CD80/CD86 and to their production of cytokines, such as IL12, all of which contribute to 

the induction of T cell proliferation and cytokine production (143). Thus, T cell signaling 

and activation by DCs is a two-step process that requires the recognition of a specific 

pMHCII complex and reciprocal signaling via co-stimulatory molecules, which ensure the 

full functional activation of the T cell. 

 

1.10 T cell differentiation  

 

Following engagement of the TCR by the appropriate pMHCII complex, CD4+ T cells 

proliferate and differentiate into a wide variety of effector subtypes, characterised on the 

basis of cytokine secretion (144). CD4+ T cells can differentiate into at least two functional 

classes of cell during an immune response: Th1 cells, which secrete IFN! and Th2 cells 

which secrete IL-4 (145, 146). Th1 cells mediate immune responses against intracellular 
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pathogens and in humans play a particularly important role in resistance to mycobacterial 

infections. In contrast, Th2 cells mediate host defense against extracellular parasites including 

helminths. However, both subsets have been implicated in pathological responses, such as 

autoimmunity and allergy, respectively (147). A number of models have been proposed to 

explain how naïve T cells differentiate and many factors are thought to influence the 

generation of the Th1 and Th2 subsets (148, 149). The T-box transcription factor (T-bet) 

has been identified as the master regulator of Th1 differentiation (150). STAT1 is the major 

transducer of IFN! signalling and plays a critical role in the IFN! mediated induction of T-

bet expression (151). Moreover, STAT4, which is stimulated by IL-12, plays a key role in 

amplifying the Th1 response (152). In contrast, Th2 development is mediated through the 

transcription factor STAT6, which is activated by IL-4 and acts to stimulate the expression 

of the Th2 master regulator gene, GATA-3 (153, 154). 

 

IL-17 producing CD4+ T cells (Th17 cells) have been identified as a unique subset of T 

helper cells that develops along a pathway that is distinct from Th1/Th2 differentiation. The 

mechanism of Th-17 development has been shown to be dependent on the cytokine, IL-23 

and to be independent of STAT-1, 4, 6 and T-bet (155, 156). The hallmark effector 

cytokines of Th1 and Th2 cells, IFN! and IL-4, have both been shown to negatively regulate 

the generation of Th17 cells (155, 156). This third subset of effector T cells has been 

implicated in the promotion of immune mediated tissue damage and inflammatory 

conditions such as the autoimmune disease, multiple sclerosis (157-159). Thus, while naive 

CD4+ T cells are distinct in their antigen recognition specificity, they have substantial 

plasticity for development of a variety of effector phenotypes.  

 

A key role of activated CD4+ T cells is their ability to migrate towards B cells follicles and 

provide cognate help to antigen-specific B cells to promote their production of high-affinity 

class switched antibodies and their differentiation into memory B cells, thereby ensuring 

long-term humoral immunity (160-162). Germinal centers are specialized structures that 

develop within B cell follicles and are the principle site for processes such as somatic 

hypermutation, class switch recombination, and selection of high-affinity B cells (163). 

Initially it was presumed that only Th2 cells migrated into B cell follicles to participate in the 

germinal centre reaction, however, Th1 cells were also shown to migrate and provide ‘T cell 
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help’ (164). More recently, the roles of follicular migration and the delivery of B cell help 

have been assigned to a novel distinct subset of CD4+ T cells, known as the T follicular 

helper cells (Tfh). The differentiation pathway of Tfh cells has been shown to be distinct 

from the Th1/2/17 pathways, being regulated by ICOS ligand (ICOSL) expressed on B cells 

and dependent on the cytokines IL-21, IL-6 and the transcription factor STAT3 (165). These 

cells are characterized by their expression of CXCR5, which enables their homing to B cell 

follicles, and their expression of IL-21, which directly regulates B cell proliferation and class 

switching as demonstrated by IL-21R deficient mice which display defective antibody 

responses and impaired germinal-center formation (165-167). 

 

An additional subset of CD4+ T cells, are the regulatory T cells, which make up a diverse 

group of cells which function to actively suppress self reactive T cells to maintain 

immunological self tolerance (168).  Naturally arising CD25+CD4+ regulatory T cells develop 

in the thymus and represent approximately 10% of CD4+ T cells. These cells are 

characterised by their expression of a high affinity TCR specific for self antigens and their 

expression of the transcription factor Foxp3. CD25+CD4+ regulatory T cells have been 

reported to mediate their suppressive effects via a cell contact dependent mechanism, such 

as CTLA-4, which binds directly to CD80/86 on DCs to prevents their co-stimulation and 

activation of auto-reactive T cells and by the release of suppressive cytokines, such as IL10 

and TGF$ (169, 170). Deficiency in, or dysfunction of, this cell type results in the 

development of multi-organ autoimmune disease, which serves to underlie their importance 

in maintaining a state of self tolerance (171).  In addition to naturally arising CD25+CD4+ 

regulatory T cells which develop in the thymus, a subpopulation of CD4+ T cells has been 

shown to develop a regulatory phenotype in the periphery following stimulation with antigen 

presenting immature or tolerogneic DCs and/or exposure to the anti-inflammatory cytokine 

IL-10 (172, 173). This induces the differentiation of a unique subset of T cells, known as Tr1 

cells, which secrete IL10 and TGF$ and display immunoregulatory properties (174).  
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 1.11 MPLSM of DC-T cell interactions in the LN 

 

The nature of the dynamic interactions that take place between CD4+ T cells and DCs in the 

LN are critical in initiating, maintaining and regulating immune responses. The duration, 

stability, and number of DC-T cell contacts required to achieve full T cell activation are 

factors of key importance when attempting to understand how immune responses are 

generated and how to manipulate them for the development of vaccines and novel 

therapeutics. Historically, the study of antigen specific T cells in vivo has been associated with 

considerable technical difficulty due to the low frequency (<1 per 100,000) of each 

specificity, which is below the limits of detection using techniques such as, flow cytometry 

and immunohistochemistry (175). However, the advent of the adoptive transfer model, in 

which the size of the antigen specific population can be artificially increased by transferring 

TCR-transgenic T cells into a syngenic non-transgenic recipient, overcame these technical 

difficulties. The system therefore provides a population of T cells, specific for a model 

antigen, large enough (0.2–1%) to be detected in vitro or in vivo using an anti-TCR 

monoclonal antibody, MHC-II tetramer or fluorescent labeling prior to transfer (176, 177).  

The bulk of experimental data as to how DCs and T cell interact, was initially derived from 

in vitro model systems (175). Observations using cell culture systems allowed antigen specific 

T cells to be easily manipulated, monitored and assessed by assays of function, such as 

cytokine secretion and proliferation, following their in vitro co-culture with antigen loaded 

DCs. In addition, in situ analysis using cell transfer models and imaging techniques provided 

a wealth of molecular detail as to how DCs and T cells interact (5, 178). Initially, in vitro 

experimentation suggested that the formation of a stable point of cell-cell contact, with an 

antigen presenting DC, was essential to ensure T cell activation (179-183). This specialised 

and highly organised junction between the cells was referred to as the immunological 

synapse, and was shown to consist of two distinct regions. A central region, of 1-3 µm 

diameter, was termed the central supramolecular activation cluster (c-SMAC) and was shown 

to contain the TCR and the co-stimulatory molecule, CD28. This structure was surrounded 

by a peripheral (p-SMAC) region of adhesion molecules, including LFA-1 and the 

cytoskeletal molecule talin (see figure 1.4) (183, 184). In vitro studies, in which lipid bilayers 

containing pMHC complexes and ICAM-1 were used to model antigen presenting cells, 

outlined the key role of the adhesion molecule LFA-1 on the surface of T cells in mediating 
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the formation of the synapse. Moreover, these studies revealed that the synapse was formed 

initially by a central zone of LFA-1 with a peripheral ring of TCRs at the contact site with the 

DC, but within minutes this distribution was reversed (183, 184).  Initially, it was assumed 

that this reorganisation of cell surface molecules and formation of the immunological 

synapse, which can remain stable for more than 1 hour, was essential to ensure TCR 

triggering and T cell activation (179). Observations of fixed LN tissue sections and of 

conjugate DC-T cell clusters isolated from dissociated LNs also supported this view (185-

188). However, in contrast, three-dimensional collagen-matrix videomicroscopy found that 

DC-T cell interactions were relatively brief and that serial and short-lived contacts with DCs 

were sufficient to activate CD4+ T cells (189). Moreover, it was observed that TCR-mediated 

signalling through the tyrosine kinases, Lck and ZAP-70, can precede the formation of a 

mature immunological synapse (190). Thus, in vitro and in vivo analysis of DC-T cell 

interactions suggested that the formation of a stable and organised point of cell-cell contact 

was a necessary prerequisite to T cell activation, however, not all studies supported this 

theory and some proposed the immunological synapse to be more important in functions 

such as polarised secretion, endocytosis and recycling of various receptors, such as the TCR 

(191).  

 

More recently, the development of multi-photon imaging technology has enabled DC-T cell 

interactions to be visualised and tracked in real time in intact explanted LNs or in surgically 

exposed LNs in live anesthetised mice (192, 193).   Such observations had previously been 

limited to in vitro and in situ systems, which were either non-physiological or representative of 

only a single snapshot in time. In contrast, MPLSM allows DCs and T cells to be imaged in a 

four-dimensional, spatiotemporal manner in the complex and physiological environment of 

organised lymphoid tissue and therefore provides a more representative view of how these 

cells interact in vivo. The concept of MPLSM is based upon the absorption of two or more 

photons of low energy, which synchronously excite a fluorophore in a quantum event, 

resulting in the emission of a fluorescence signal within the visible spectrum (194). The 

technique was introduced in live cell imaging of the LN as an alternative to single photon 

confocal microscopy due to its superior qualities of depth penetration, reduced 

photodamage and lack of out-of-focus bleaching (195).  
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During MPLSM of the LN, typically a volume of approximately 200 ! 200 ! 50 µm is 

imaged every 10–30 s for 30 to 120 minutes. The data generated is analysed using specialised 

software, such as Volocity, to extract parameters including cell velocity, trajectories and cell 

contact duration. The majority of imaging experiments carried out to date have employed ex 

vivo or endogenously labeled TCR transgenic T cells to control the specificity of the T cells 

being imaged. DCs have been visualised either directly in vivo using transgenic mice 

expressing the yellow fluorescent protein under the control of the CD11c promoter or 

following the transfer of ex vivo labeled bone marrow derived DCs (196). This experimental 

setup has been the favoured approach to dissect the features of DC-T cell interactions 

during the initiation of adaptive immune responses in the LN, with a few variations 

regarding the type of T cells (CD4+ versus CD8+ T cells, TCR specificity) and antigen used 

(type, mode of delivery, and dose), and the subset of DCs visualised (endogenously labeled 

DCs versus transferred bone marrow derived DCs). Nonetheless, common themes have 

emerged from the results of these studies and the introduction of MPLSM has offered much 

insight into how DCs and T cells interact during the initiation of an immune response within 

the LN. 

  

T cell behaviour within the LN during the initiation of an adaptive immune response is 

thought to progress through distinct stages. Initially, naïve T cells display robust motility and 

migrate through the LN with an average velocity of approximately 11µm/min, in a manner 

that has been described as a ‘random walk’, due to a lack of directional migration (193, 197, 

198). During this phase, highly motile T cells have been shown to scan multiple DCs for 

their cognate antigen, making only short-lived interactions, which dominate this early stage 

of the activation process (6, 8, 14, 189). Prolonged interactions between antigen bearing DCs 

and antigen specific T cells are seen after 6-12 hours but are not thought to involve the 

formation of the stable synapse observed in vitro, as extensive changes in DC shape and T-

cell crawling on the DC surface are characteristic features of long-lived DC-T cell conjugates 

in vivo (6, 8, 14, 199). After approximately 24 hours, T cells begin to dissociate from stable 

clusters and adopt a ‘swarming’ behavior. During this time T cells begin to proliferate and 

differentiate into activated effector cells, which migrate from the LN to the tissue site of 

inflammation to resolve any ongoing infection (200). Following re-exposure to antigen, 

imaging studies have revealed that primed T cells display inherently slower migration and 
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increase the intensity of their interactions with DCs in the LN and while it was initially 

assumed that primed T cells have a reduced requirement for co-stimulation, recent studies 

have shown that CD28 stimulation is critical for secondary T cell responses (201-205).  

 

Multi-photon studies have revealed that the number and duration of DC-T cell interactions 

in the LN, can shape the outcome of the T-cell response. In particular, the transition from a 

phase of transient interactions to a phase of long-lasting contact, has been shown to be of 

critical importance in determining the outcome of T cell priming. Moreover, it is thought 

that this decision is made during the initial phase of transient contacts, during which time 

changes occur at the level of the DC or the T cell, which account for the modification of 

DC-T cell dynamics to more stable and prolonged contacts (11, 206). Direct in vivo 

assessment using MPLSM has confirmed the importance of prolonged DC-T cell 

interactions for efficient T cell activation and proliferation by introducing agents that block 

the presentation of antigen to T cells, such as an MHCII blocking antibody and interrupting 

the formation of long lived DC-T cell clusters (4). Moreover, when OVA peptide antigen 

was administered in the absence of an adjuvant, a format that favours the induction of 

tolerance, DC-T cell interactions remained brief and transient and failed to progress to the 

long lived stable contacts observed when OVA peptide antigen was administered in 

combination with an adjuvant (8). Consistent with these findings long lived clusters failed to 

form in models of oral tolerance in mesenteric LNs of the gut (207). Thus, stable DC-T cell 

interactions are thought to be critical for the induction of T cell priming, while brief contacts 

which fail to progress to stable more prolonged interactions are associated with the 

induction of T cell tolerance. In addition, regulatory T cells have been shown to dampen T 

cell responses by reducing the stability of DC-T cell contacts and when T cells are negatively 

regulated in the LN through stimulation of CTLA-4, their motility is increased, reducing 

their ability to form stable contacts and decreasing their cytokine production and 

proliferation (12, 13, 208). Thus, by modulating the ability of T cells to form stable 

interactions with DCs, the threshold for T cell activation is increased and can provide an 

effective method for regulating T cell activation and controlling aberrant immune responses. 

1.12 MPLSM studies of DC-T cell interactions in the tissue 
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Studies employing MPLSM have revealed DC-T cell interactions in the LN to be highly 

dynamic and variation in the reciprocal communication taking place between these 

interacting cell types can give rise to very different outcomes, such as priming versus 

tolerance (209). Thus, the nature of the dynamic interactions taking place between CD4+ T 

cells and DCs in the relevant LN draining a site of pathology, inflammation or vaccination, 

are likely to be critical in initiating, maintaining and regulating immune responses. However, 

effector T cells carry out their functions in inflamed non-lymphoid tissues and it is therefore 

critical that imaging studies of secondary immune responses progress to characterising the 

dynamics of effector T cells at the tissue site of inflammation, as well as in the LN. Thus far, 

few attempts have been made to visualise effector T cells and their interactions within non-

lymphoid tissue sites of inflammation due to the technical difficulties associated with such 

experiments. However, CD8+ cytotoxic T cells have been imaged using MPLSM infiltrating 

solid tumours and brain tissue in mouse models of cancer and experimental autoimmune 

encephalomyelitis, respectively. These studies have focused on tracking CD8+ cytotoxic T 

cell interacting with and killing target cells in the inflamed tissue site (210-214). A more 

recent imaging study of the brain of mice chronically infected with Toxoplasma gondii, 

revealed that antigen specific CD8+ T cells were recruited to the infected brain tissue and 

persisted there in the presence of ongoing antigen recognition, forming transient interactions 

with CD11b+ antigen presenting cells (215). In addition, CD4+ effector memory T cells have 

been imaged migrating within the ear pinna during a delayed type hypersensitivity (DTH) 

response and their behaviour characterised in the presence and absence of a calcium channel 

blocking molecule (211, 212). CD4+ effector memory T cells stably attached to and 

interacted with antigen presenting cells during the DTH reaction and blocking calcium 

signalling could inhibit the migration of these cells through the tissue, suggesting a 

requirement for continued stimulation of activated effector T cells during an inflammatory 

response in non-lymphoid tissues and a potential therapeutic target for the treatment of 

chronic inflammatory disease (211, 212). These studies have provided key insights into 

effector T cell dynamics at the tissue site of inflammation, however, in comparison to 

imaging studies of naïve T cell migration and DC-T cell interactions in the LN, progress to 

characterise effector T cells and their interactions with DCs in non-lymphoid tissues has 

been slow.  
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More recently, the role of DCs in stimulating T cells within local sites of inflammation have 

been examined (18, 216-218). CD11b+ DCs were shown to stimulate inflammatory cytokine 

production by both regulatory and effector memory T cells in inflamed skin, although the 

exact origin of these cells was left undefined (18, 120, 216, 219). In addition, DCs have been 

linked to local T cell stimulation during influenza infection, in which they appeared to 

promote T cell proliferation and survival directly in the lung (217, 218). McGill et al. used 

clodronate-based DC ablation to demonstrate that the DCs involved in local stimulation 

were a population recruited by the infection. However, they were able to exclude the 

involvement of CD103+ tissue resident alveolar DCs, as they were unable to restore T cell 

proliferation when directly re-introduced into the lung following the DC ablation (217). 

Monocyte-derived DCs have also been shown to promote expansion of memory T cells in 

response to Herpes Simplex Virus-1 reactivation in sensory ganglia (18). Thus, memory T 

cells can interact with and be activated directly in the tissues by monocyte derived DCs (18).  

 

The aforementioned studies of DC-T cell interactions in non lymphoid tissue sites have 

involved the use and characterisation of previously activated effector memory T cells, with 

almost no studies examining the behaviour of newly activated effector T cells at the tissue 

site of inflammation during a primary immune response. Moreover, while it is widely 

assumed that immune responses are initiated in the LN, recent studies have suggested a 

novel pathway of immune activation in non lymphoid tissues, involving skin resident !" 

TCR expressing epidermal T cells. These tissue associated T cells, which are situated in the 

basal dermis forming a network with keratinocytes and local Langerhans DCs, respond to 

ligands upregulated on the surface of stressed, transformed or virus infected keratinocytes, 

such as NKG2D. Transgenic mice were generated in which an NKG2D-ligand, Rae-1, could 

only be upregulated on keratinocytes and within 72 hours, tissue resident T cells had become 

activated and appeared to appose Langerhans DCs (17). Given that Langerhans DCs do not 

express NKG2D, their results implied a novel flow of information, in which stressed, 

transformed or infected epithelial cells directly activate local T cells which in turn activate 

tissue resident DCs (17). Moreover, recent studies have strongly implicated this NKG2D-

ligand interaction pathway in transplant graft rejection and in the generation of antigen 

specific antibodies to epicutaneous OVA that was greater in mice in which Rae-1 was acutely 

upregulated during antigen administration (15, 16). Thus, many outstanding questions 
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remain, in particular, whether effector T cells proliferate in non-lymphoid tissues in response 

to re-encounter with antigen loaded DCs or whether they simply carry out effector functions 

such as cytokine production is contentious. Furthermore, whether newly activated effector T 

cells are maintained at the tissue site of inflammation or are required to migrate back to the 

DLN is unclear. A more detailed knowledge of the dynamic migration and cellular 

interactions of effector T cells will have important consequences for the development and 

improved targeting of immuno-therapeutics. 

 

1.13 Thesis Objectives 

 

As highlighted above, the kinetics and dynamics of DC-T cell interactions are thought to be 

critical in initiating, maintaining and regulating immune responses in both health and disease 

(7, 9). However, the relationship and degree of interaction between the DLN and tissue site 

of inflammation remains relatively uncharacterised. Whether T cells require to see antigen 

presented by DCs at the tissue site of inflammation to initiate or maintain a response is 

thought to have fundamental implications for the targeted treatment of autoimmune disease, 

such as rheumatoid arthritis. This thesis aims to develop novel in vivo model systems that will 

allow identifiable antigen specific T cells and DCs and their interactions in the tissue site of 

inflammation and DLN to be imaged and characterised using MPLSM. A better 

understanding of the relationship between DC-T cell interactions in the tissue site of 

inflammation and DLN, will hopefully provide novel therapeutic targets in circumstances of 

autoimmunity and inflammatory disease and facilitate improved targeting of current 

therapies.  

 

The objectives of this thesis are therefore to: 

 

1. To create an in v i tro  model system in which the effects of modulating DC-T cell 

interactions can be assessed and characterised  

 

To establish in vitro model systems in which DC-T cell interactions and the effects of 

modulating these interactions can be assessed and characterised. First assessing these 
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interactions in vitro should allow the establishment of the parameters to test in the study of 

DC-T cell interactions in vivo. Moreover, developing methods to block or modulate DC-T 

cell interactions in vitro, could provide a useful tool to assess and analyse the relative 

requirement for these cellular interactions at both the tissue site of inflammation and the 

DLN in future studies in vivo. As proof of principle, the immunosuppressive drug FTY720, 

which blocks T cell egress from the LN and the intergrin blocking LFA-1 binding antibody  

(Ab) were employed to target distinct aspects of T cell function, namely adhesion and 

migration, in an attempt to modulate DC-T cell interactions. 

 

 

2. To establish and characterise a LN transplant model in the murine ear pinna 

 

To establish and characterise a novel LN transplantation model, in which the inguinal LN is 

transplanted into the ear pinna of the mouse. This model will provide a lymphoid organ, 

vascular and lymphatic supply in a convenient location for in vivo MPLSM without the need 

for surgical procedures to expose a native LN.  

 

3. To establish and characterise an imageable site of tissue inflammation in the 

murine ear pinna  

 

To establish and characterise the air pouch model in the ear pinna, in which specific and non 

specific inflammation can be induced, allowing DC-T cell interactions to be imaged in the a 

tissue site of inflammation by MPLSM. 

 

4. To create an in v ivo  model system that provides a tissue site of inflammation and 

DLN within close proximity to allow DC-T cell interactions to be imaged at and 

between both sites   

 

The aims of this thesis were to combine the LN transplant model with the model of tissue 

inflammation in the ear pinna to provide a novel system in which both site are located in a 

convenient location for in vivo imaging of DC-T cell interactions at and between both sites. 

The LN and tissue site have never been assessed in parallel and by creating a LN and tissue 
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site of inflammation in the ear pinna, it should be possible to contrast and compare DC-T 

cell interactions between each site and to determine whether they differ in aberrant immune 

responses. 
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Figure 1.1   An illustration of LN architecture (A) The schematic diagram shows the major 

structural components of a LN. Afferent lymphatic vessels drain the local tissue 

and supply the LN with antigen and antigen presenting cells. Arrows indicate the 

main routes of lymph flow into and within the LN. Blunt ending afferent lymph 

vessels collect and channel interstitial fluid into the subcapsular sinus. From here, 

the lymph is drained towards the medulla through fibroblastic reticular cell 

(FRC) conduits that connect to the medullary sinus. (B) Schematic depiction of a 

paracortical cord/area of the LN. The T cell area can be seen in light blue and is 

shown adjacent to a B-cell follicle in pink. The B and T cell areas of the LN are 

guided and maintained by specific chemokines, CXCL13 and CCL19/21, 

respectively. Fibroblastic reticular cells and conduit forming collagen and laminin 

fibres penetrate the paracortex and provide essential structural support to the 

LN. At the centre of each paracortical area is a high endothelial venule (HEV) 

through which, recirculating lymphocytes enter the LN from the vascular supply. 

Image adapted from (44) 
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Figure 1.2   An illustration of lymphocyte recirculation. Intrinsically mobile naïve, 

effector and memory T cells follow a circular path of migration, traveling 

from the blood into the LNs and back to the blood via efferent lymphatic 

vessels and the thoracic duct (65). Memory and effector lymphocytes can 

migrate from the circulation into non-lymphoid tissue sites where they 

perform a surveillance function or mediate protective immunity (19, 220). To 

exit the tissue, memory and effector T cells drain to local LNs via afferent 

lymphatic vessels and re-enter the circulation via the efferent lymphatics and 

thoracic duct (221). 
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Figure 1.3   Cell surface molecules and ligands involved in DC-T cell interactions and the 

activation of CD4+ T cells. Abbreviations: Cytotoxic T lymphocyte associated 

protein 4 (CTLA-4); Lymphocyte function associated antigen (LFA-1); Intercellular 

adhesion molecule-1 (ICAM-1). CD28 is present on mature CD4+ T cells and binds 

CD80 and CD86 on DCs. CD28 is important for CD4+ T cell activation, clonal 

expansion and effector cell differentiation (140). CTLA-4 on CD4+ T cells also binds 

CD80/86 on the DC, however, this cell surface molecule acts to negatively regulate 

the T cell, inhibiting their proliferation and survival (222, 223). The engagement of 

CTLA-4 has been implicated as a key regulatory mechanism of T cell activation and 

is being harnessed for therapeutic purposes. CD40L is expressed on activated T cells 

following the stimulation of the TCR and CD28 and is important in the production 

of IL-12 and IFN! in Th1 differentiation and in T cell help for B cell differentiation 

(139).  
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Figure 1.4   An illustration of the immunological synapse. A. Schematic of antigen specific DC-T 

cell interaction. Following pMHCII recognition and stimulation of the TCR, cell 

surface molecules re-arrange and organise into distinct regions.  B. Schematic of the 

concentric rings of the immunological synapse. The central region, of 1-3 µm 

diameter, was termed the central supramolecular activation cluster (c-SMAC) and 

was shown to contain the TCR and the co-stimulatory molecule, CD28. This 

structure was surrounded by a peripheral (p-SMAC) region of adhesion molecules, 

including LFA-1 and the cytoskeletal molecule talin (183, 184). 
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Chapter 2 

 

Materials and Methods 
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2.1 Animals 

 

BALB/c (H-2d) mice were used as a source of bone marrow cells for DC preparation. 

DO11.10 T cell receptor (TCR) transgenic (Tg) mice on a BALB/c background were used 

for all co-culture experiments, with the exception of in vitro/vivo imaging, in which 

DO11.10/SCID TCR Tg mice on a BALB/c background were used (224).  These TCR Tg 

T cells recognise OVA323-339 in the context of I-Ad MHCII and are detectable using the KJ1-

26 clonotypic Ab (224). Like DO11.10 mice, OTII C57BL/6J mice express an OVA specific 

Tg TCR. However, the V#2V$5 TCR of OTII mice specifically recognises OVA323-339 in the 

context of I-Ab MHCII (225). OTII C57BL/6J mice were employed in split ear experiments. 

In lymph node transplant experiments BALB/c, C57BL/6J mice and Ly5.1/C57BL/6J were 

used. In split ear DTH experiments (see below), DO11.10, BALB/c, CD2-GFP, CD2-OTII-

GFP and C57BL/6J mice were used. In imaging studies of the joint, CD2-GFP, CD2-OTII-

GFP and C57BL/6J mice were used (226). hCD2-GFP transgenic mice express the green 

fluorescent protein (GFP) under the control of the human CD2 promoter, a cell surface 

molecule expressed on T cells (226). More specifically, hCD2-OTII-GFP mice express GFP 

under the control of the hCD2 promoter in cells that express a V#2V$5 TCR that 

specifically recognises OVA323-339 in the context of I-Ab MHCII. All animals were specified 

pathogen free and maintained under standard animal house conditions at Strathclyde 

University in accordance with Home Office Regulations.  

 

 

2.2 Antigens and Adjuvants   
 

OVA/CFA immunisation 

 

Mice were immunised with ovalbumin protein at a concentration of 100µg OVA   

(Worthington Biochemical Corporation, Lakewood, NJ, USA) at a ratio of 1:1 

OVA:complete Freund's adjuvant (CFA) (Sigma-Aldrich, Poole, UK). 
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HAO preparation and immunisation 

 

Heat aggregated ovalbumin (HAO) was prepared by re-suspending OVA at 20mg/ml in 

PBS. The mixture was heated at 56oC for 2 hours until aggregated. Sterile PBS (Invitrogen, 

Paisley, UK) was added to the mixture and the sample was then centrifuged at 450 x g for 5 

minutes. Supernatant was discarded and aggregated OVA was re-suspended at 20mg/ml in 

sterile PBS and frozen at -20oC until required. Prior to use, HAO was sonicated for 5 

minutes on ice until clumps were broken down and the mixture could pass through a 27G 

needle. HAO was administered subcutaneously at a concentration of 100µg/mouse.  

 

 

2.3 Cell Culture 
 

Bone marrow derived DCs: 

 

DCs were prepared from bone marrow (of BALB/c or C57BL/6J mice) as previously 

described (227). Bone marrow derived DCs were generated by using complete RPMI (RPMI 

1640, 10% FCS (Harlan Sera labs), 2 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml 

streptomycin, 1.25 mg/ml fungizone; all obtained from Invitrogen, Paisley, UK) in a syringe 

to flush out bone marrow from the femur and tibia. Cells were passed through nitex mesh 

(Cadisch & Sons Ltd. London, UK) to filter any bone particles and cells were washed in 

complete RPMI, centrifuged and counted.  Bone marrow cells were plated at 0.5x106 

cells/well in 6 well plates (Corning Costar, Sigma-Aldrich) and cultured with complete RPMI 

(RPMI 1640, 10% FCS (Harlan Sera labs), 2 mM L-glutamine, 100 U/ml penicillin, 100 

mg/ml streptomycin, 1.25 mg/ml fungizone; all obtained from Invitrogen, Paisley, UK) 

supplemented with 10% GMCSF obtained from the supernatant of X63 myeloma cells 

transfected with mouse GM-CSF cDNA (Luta).  

 

Preparation of LN suspension to provide a source of T cells: 

 

Peripheral and mesenteric lymph nodes were removed from the relevant strain of mouse and 

single cell suspensions were prepared by rubbing through Nitex mesh in complete medium. 
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Cells were washed in complete RMPI, centrifuged at 450 x g, counted and prepared for 

staining (see below).  

 

2.4 Cell Labelling 
 

The orange and red-fluorescent CellTrackers CMTPX and CFSE, (Molecular Probes Inc., 

Invitrogen, Paisley, UK) are colourless products that freely diffuse into cells. Intracellular 

cytosolic esterases cleave acetate groups to yield a highly fluorescent red or green product, 

respectively, which is retained within the cell. 

 

CMTPX labelling of DCs: 

 

Cells were incubated with (0.5 "l 20mM) CMTPX at 107 cells per ml CO2 independent media 

(Invitrogen, Paisley, UK) for 40 minutes at 37oC. Unlike RPMI, CO2 independent media is 

capable of maintaining long term pH stability under atmospheric levels of CO2. Cells were 

washed twice in 20ml of CO2 independent media, centrifuged at 450 x g and re-suspended in 

complete media.                                                                                                                                                                                       

 

CFSE labelling of T cells:  

 

Cells were incubated with CFSE at 107 cells per ml HBSS (Invitrogen) + 0.5 "l of 10mM 

CFSE stock solution in DMSO for 12 min at 37°C. Cells were then washed twice in 20ml 

HBSS, centrifuged at 450 x g and re-suspended in complete media. 

 

 

2.4 Culture conditions for in vitro co-culture systems 
 

On day 7 of culture, DCs were pulsed for 6 hours with OVA (1mg/ml) and then activated 

with 1µg/ml lipopolysaccharide (LPS) from Escherichia coli 0111:B4 (Sigma-Aldrich, Poole, 

UK) for 24 hours. DCs in FTY720 (Cayman Chemical, Ann Arbor, MI, USA) treatment 

groups were incubated with the drug (or the DMSO control) at 1mg/ml in conjunction with 

LPS. Subsequently, DCs were harvested from the 6 well plates using cell scrapers (Greiner, 
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BioOne, Germany) and labelled following the outlined method. T cells were also acquired 

and labelled on day 8 and added to DCs in culture. For co-cultures treated with the LFA-1 

binding Ab (or isotype control), cultures were incubated with 1mg/ml of either Ab upon co-

culture of the cell types.  

 

2.5 Conjugation Assay 
 

Co-cultures were set up in 6 well plates, with each co-culture containing 0.5x106 

DCs:0.25x106 DO11.10 T cells + 0.25x106 BALB/c T cells. At 20 hours following the 

addition of T cells to the DCs, supernatant was removed and discarded. 1ml of 4% 

paraformaldehyde (Sigma-Aldrich, Poole, UK) was then added to each well and incubated 

for 20 minutes at 4oC (to fix co-clusters). 4ml of PBS was added containing 1ml of 0.06% 

gly-gly (Sigma-Aldrich, Poole, UK) and briefly incubated for 1 minute to neutralise any 

residual paraformaldehyde. Cells were harvested and prepared for flow cytometric analysis 

(see below).    

 

2.5 In Vitro  Imaging 
 

Chamber slides (Nalge Nunc International, Hereford, UK) were prepared containing 0.5x105 

DCs:0.25x105 DO11.10 T cells + 0.25x105 BALB/c T cells in 400µl complete media. Slides 

were imaged for 2 hours using an inverted Nikon TE200 epi-fluorescent microscope using a 

x20 air lens and Metamorph software (Molecular Devices). The microscope is fitted with a 

Solent Scientific environmental chamber to allow an imaging temperature of 37oC to be 

maintained. Time-lapse movies were created by acquiring a series of fluorescent images at 

different emission wavelengths of 457/22nm and 530/20nm. 

 

2.6 Click-iT™ EdU Cell Proliferation Assay 
 

A proliferation assay was set up in a 96 well plate containing cells at a density of 2x105 in 

200µl per well. Cells were cultured at 37oC for 48 hours, pulsed with 5µM of Edu and 

harvested after an additional 24 hours in culture. EdU (5-ethynyl-2´-deoxyuridine) is a 

nucleoside analog containing an alkyne and is incorporated into the newly formed DNA of 
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the proliferating cells. Proliferation measurements with Click-iT™ EdU (Invitrogen) were 

made following a copper-catalyzed reaction, in which the alkyne of Edu reacted with an 

azide-Alexa Fluor® 488, forming a stable covalent bond. Measurements of proliferation 

were then made by flow cytometry and were calculated on the basis of number of CD4 cells 

positive for Alexa Fluor® 488. 

 

2.7 Multiplex analysis of cytokines 
 
In some experiments, cytokines were analysed by multiplex analysis. This method involves 

the use of biotinylated detection Abs specific for different cytokines and chemokines, each 

of which is conjugated to a bead of defined spectral properties. This allows different 

cytokines/chemokines to be identified in the same sample. Moreover, the biotinylated aspect 

of the Ab allows the amount of cytokine/chemokine present in the sample to be quantified, 

by the addition of streptavidin conjugated to the fluorescent protein, R-phycoerythrin 

(RPE). Thus, laser excitation from the luminex instrument excites the sample and detects the 

type and amount of cytokine/chemokine on the basis of the spectral properties of the beads 

and the fluorescence intensity of RPE on each bead, respectively. The advantage of this 

system is that several analytes can be analysed in a small volume of sample.   

Biosource Multiplex kits LMC0002 (Th1/Th2 6-plex) and LMC0001 (10-plex) (Invitrogen), 

were used according to the manufacturer’s instructions. All reagents and buffers were 

sourced from the kits. Briefly, the supplied 96 well filter plate was pre-wetted with Working 

Wash solution before aspiration of well contents using vacuum apparatus. Beads were 

resuspended and 25µl bead mixture added per well and washed twice by the addition and 

aspiration of Working Wash solution from the wells. 50µl/well Incubation Buffer was added 

followed by 100µl/well standard or 50µl Assay Diluent plus 50µl sample. Plates were 

covered in aluminium foil and incubated on shaking apparatus at room temperature for 2 

hours. The wells were then washed twice and 100µl/well biotinylated detection Ab added 

and incubated for 1 hour as above. Following two more washes, 100µl/well Steptavidin-

RPE was added and incubated for 30 minutes as above. The wells were washed three final 

times before resuspending the beads in 100µl/well Working Wash solution and acquiring 

data on a Luminex 100TM. Data was analysed using Luminex software and provided 

standard curves and sample data for each analyte. 
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2.8 Adoptive transfer of antigen specific lymphocytes 
 

Peripheral lymph nodes, mesenteric lymph nodes, and spleens from DO11.10 BALB/c mice 

were pooled and forced through Nitex (Cadisch Precision Meshes, London, UK) using a 

syringe plunger. The suspensions were washed in sterile RPMI 1640 (Invitrogen) and 

counted using a Neubauer hemocytometer (Fisher Scientific, Leicestershire, UK). Lymphoid 

cells were analysed for the percentage of DO11.10 Tg T cells by staining for surface 

expression of CD4 and the Tg TCR (164). A sample of the cells were washed by adding 1 ml 

of FACS buffer (See table 2.3) before the suspensions were centrifuged at 450 x g for 5 min 

and the supernatant discarded. Cells were re-suspended in 50µl of purified anti-mouse 

CD16/CD32 (Fc block; 2.4G2 hybridoma supernatant) and incubated for 10 minutes at 4°C 

to prevent non-specific binding via Fc receptors. 1µl each of PE-labelled anti-CD4 mAb and 

FITC-labelled KJ1-26 mAb (recognising the transgenic TCR) or appropriately-labelled 

isotype controls (all Abs from BD Pharmingen unless otherwise stated, see table 2.2) was 

added to each sample which was then incubated for 20 minutes at 4°C. Cells were washed by 

addition of 1ml FACS buffer followed by centrifugation at 450 x g for 5 minutes at 4°C. The 

cell pellets were resuspended in 300µl FACS flow (see table 2.3) and analysed using a BD 

FACS Canto. Data was obtained using FACS DIVA (BD Bioscience) and analysis was 

performed using FlowJo software (Tree Star Incorporated, CA, USA).  Cell suspensions 

containing 1x106 transgenic OVA specific T cells in 200 "l were injected intravenously, via 

the tail vein, into age-matched BALB/c recipients. In some experiments, cells were labeled 

with the fluorescent dye CFSE or CMTPX (Molecular Probes) immediately before use (see 

2.4 for further details).  

 

2.9 In vivo challenge   

 

24 hours following the adoptive transfer of 1x106 naïve antigen specific DO11.10 or OTII T 

cells, recipient BALB/c or C57BL/6J mice were challenged in the footpad with 100µl of 

OVA/CFA or PBS as a control (as previously described). Alternatively, recipients were 

challenged with 3x106 fluorescently labelled DCs pulsed with 1mg/ml OVA (Worthington 

Biochemical Corporation) for 6 hours followed by overnight 1µg/ml LPS stimulation 
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(Sigma-Aldrich) (see 2.3 and 2.5 for further details of DC preparation and treatment). 

Popliteal LNs were excised at 20 hours post challenge for multi-photon imaging or after 3 

days for proliferation by CFSE dilution or in vitro antigen re-stimulation.  

 

2.10 In vitro re-stimulation of lymph node cells 

 

72 hours following in vivo challenge, a single cell suspension from the popliteal LN was made 

and cells were plated at 200,000 per well in a 96 well plate format. Cells were incubated with 

100µg/ml of OVA323–339 peptide (Sigma-Genosys). Following 72 hours in vitro culture, cells 

were analysed by flow cytometry and supernatants were sampled for cytokine analysis by 

Luminex.  

 

2.11 Lymph Node Transplant Model 
 

3 week old and neonatal lymph node transplants 

 

Inguinal lymph nodes were removed from either, newly weaned 3 week old mice or 2 day 

old neonatal mice and were inserted into a skin flap created in the ear pinna of the recipient 

mouse. Veterinary glue, (Vetbond; 3M, Loughborough, UK) was used to seal the skin flap 

and the transplanted lymph nodes were dissected for analysis after either 2 or 3 weeks.  

 

2.12 Air Pouch Model 
 

Air pouches were generated in BALB/c mice according to the methods of Sedgewick et al. 

(228). An area of the dorsal skin (2 cm2) was cleaned with alcohol and shaved to provide the 

pouch site. 1ml or 25µl of air was injected subcutaneously in the rump or ear pinna, with a 

25-gauge or 30-gauge needle, respectively. In the rump, air pouches were injected with a 

further 1 ml of air on day 3, while in the ear pinna they were injected with a further 25µl to 

establish a definitive air pouch. On day 7, the mice were sacrificed and pouches were lavaged 

with sterile PBS (Invitrogen). Lavage fluid was analysed by flow cytomery to identify 

infiltrating cell types. The pouches were then dissected free from the surrounding tissue and 

fixed in formalin for histological evaluation by H&E staining (see below). 
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2.13 Histological evaluation  
 
Tissue samples were fixed, dehydrated, and embedded in paraffin blocks with particular care 

to preserve the original shape of the pouch tissue. Sections were cut along a longitudinal axis 

at approximately the pouch midline, mounted and stained with hematoxylin and eosin 

(H&E). After staining, the slides were permanently bonded with coverslips (VWR, 

International, Leighton Buzzard, UK).  

 

2.14 Haematoxylin and Eosin staining (H&E)  
 

Tissues mounted onto non-APES-coated slides were placed in a Varistain 24-4 auto-staining 

processor (ThermoShandon, Essex, UK) to undergo haematoxylin and eosin (Sigma-

Aldrich) staining in the sequence shown in Table 2.1. Tissue samples were then mounted in 

DPX mounting fluid (VWR International) and light microscopy (x10 magnification) was 

used to determine the presence of an air pouch cavity.  

 

Solvent  Duration (minutes)  

1. HistoClear  2  

2. 100% Ethanol  3 

3. Distilled Water  1  

4. Haematoxylin  6  

5. Distilled Water  1  

6. 1% Acid alcohol  1  

7. Distilled Water  1  

8. Scott’s Tap Water Substitute (STWS)  2  

9. Distilled Water  1  

10. 2% Eosin  5  

11. 100% Ethanol  2 

12. HistoClear  4 

 

Table 2.1. The sequence of solvents and stains used for Haematoxylin and Eosin staining. 
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2.15 Delayed Type Hypersensitivity (DTH) Reaction  
 

3x106 LN cells from either DO11.10 mice or HCD2-OTII-GFP mice were adoptively 

transferred intravenously via the tail vein into BALB/c or C57BL/6J recipients, respectively 

(see 2.10 for further details of adoptive transfer). Following 24 hours, mice were primed 

subcutaneously in the nape of the neck with 100µl of OVA/CFA (see 2.2 for details). After 

10 days mice were challenged in the ear pinna with either 50µl of HAO (see 2.2 for details) 

to induce a DTH reaction or 50µl of PBS as a control.  

 

2.16 Flow Cytometry 
 

 
Single cell suspensions were prepared from lymphoid organs as described above, 

resuspended in 50µl Fc block and incubated for 10 minutes at 4°C. Abs or appropriately-

labelled isotype controls were added to each sample at a dilution of 1:100 in Fc block. Cells 

were then incubated with the ab for 20 minutes at 4°C, see table 2.2 for full list of all Abs 

used. Cells were washed by addition of 1ml FACS buffer followed by centrifugation at 450 x 

g for 5 minutes at 4°C. For cells incubated with biotin labelled abs, the cell pellets were then 

re-suspended in 50µl FACS buffer with 1µl streptavidin-conjugated FITC/PE/APC (see 

table 2.2 for details) and incubated for a further 10 minutes at 4°C. The cells were washed 

FACS buffer, followed by FACS flow as above. Cell suspensions were resuspended in 300µl 

FACSflow and passed through nitex to remove cell clumps. Data was obtained using 

FACSCanto (BD Bioscience) and analysis was performed using FlowJo software (Tree Star 

Incorporated). Abs used for flow cytometry are summarised in Table 2.2. 

 

 

 

Antigen Isotype Supplier Label 

CD4 Rat IgG2a BD FITC, PE, PerCP, 

Pacific blue 

B220 Rat IgG2a BD FITC, Pacific 

Blue, APC 
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CD62L Rat IgG2a BD PE 

OVA-TCR 

(KJ1.26) 

Mouse IgG2a BD Biotin, FITC 

CD69 Ham IgG1 BD APC 

CD45.1 Mouse IgG2a BD Biotin 

CD45.2 Mouse IgG2a BD Biotin/FITC 

CD8 Rat IgG2a ebioscience APC 

CD11c Ham IgG1 BD FITC/PerCp 

CD11b Rat IgG2b BD PE 

CD40 Rat IgG2a ebioscience APC 

CD86 Rat IgG2a BD APC 

F4/80 Rat IgG2b AbD serotec FITC 

Ly6G/Gr1 Rat IgG2b Biolegend FITC 

LFA-1 Rat IgG2a  ebioscience  Biotin/PE 

PD1 Ham IgG2 ebioscience PE 

CXCR5 Rat IgG2a BD APC 

ICOS Rat IgG2b BD PE 

Streptavidin-FITC  BD  

Streptavidin-PE  BD  

Streptavidin-APC  BD  

CCL21 Goat IgG R&D FITC 

BP3  Gift from 

G.Anderson 

bio 

Gp38  Gift from 

G.Anderson 

bio 

VCAM-1 Mouse IgG1 Abcam bio 

CD3 Ham IgG1 BD bio 

Anti-FITC Rabbit IgG Invitrogen FITC 

Anti-mouse 594  Invitrogen PE 

Table 2.2 Flow cytometry and IHC reagents 

 

 

2.17 Immunohistochemistry (IHC) 
 

Tissue samples (e.g. ears containing a transplanted lymph node) were frozen in liquid 

nitrogen in tissue freezing media OCT (Optimum Cutting Temperature, Tissue-Tek) in 
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cryomoulds and stored at -70oC. Tissue sections (8 µm) were cut on a cryostat 

(ThermoShandon, Cheshire, UK) at -20oC. Sections were mounted onto SuperFrost slides 

(BHD, Poole, UK) before being allowed to air-dry and stored at –20°C until further 

processing. Slides were brought to room temperature and fixed in acetone and the sections 

outlined with a wax pen to allow addition of solutions without cross contamination. The 

remainder of the staining process was carried out in a humidified darkened chamber. 

Sections were rehydrated in PBS for 10 minutes before incubating in 0.1% azide/2% H2O2 

for 45 minutes, changing the solution three times. After washing in PBS, endogenous biotin 

was blocked by sequential 15 minute incubations with Avidin then Biotin solutions (Avidin-

Biotin blocking kit from Vector Laboratories), each followed by washes in TNT buffer (see 

table 2.3 for details). Biotinylated Abs were diluted 1:250 in 1% blocking reagent (BR, from 

TSATM Biotin system, Perkin Elmer Life Sciences, Boston, USA) and added to sections for 

40 minutes. Control sections were incubated with 1% blocking reagent (BR) only. Sections 

were washed three times in TNT buffer between the remainder of the steps. Streptavidin-

horseradish peroxidise (HRP, from TSATM kit, Invitrogen Ltd) was diluted 1:100 in 1% BR 

and added to sections which were incubated for 30 minutes. Sections were then incubated in 

biotinylated tyramide diluted 1:50 in amplification diluent (both from TSATM kit) for 10 

minutes. Sections were washed three times in TNT buffer. Streptavidin-AF-647 or AF-

cascade blue (Molecular Probes) diluted 1:500 in BR was added to sections stained with 

primary biotinylated Abs for 30min. Sections were then washed three times in TNT buffer.  

Finally, any directly conjugated Abs were added at this stage and incubated for 30 minutes 

before being washed three times in TNT. The slides were left to dry briefly and mounted in 

either Vectashield or Vectashield contiaing DAPI to highlight the nuclei (Vector 

Laboratories). A glass coverlsip followed that was sealed with nail varnish. 

 

Confocal images of the sections were captured using the Leica SP5 confocal system. The 

appropriate laser lines and emission channels were selected using the Leica Application Suite. 

Colour levels of the acquired images were subsequently optimised using Volocity software 

(Improvision, Coventry, UK) using the “Auto contrast” function. 
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2.18 Multiphoton Laser Scanning Microscopy (MPLSM) 
 

To image cellular behaviour in LNs, excised LNs were transferred into CO2 independent 

medium (Invitrogen) at room temperature. The LN was bound with Vetbond glue (3M) 

onto a plastic coverslip that was then adhered with grease to the bottom of the imaging 

chamber continuously supplied with warmed (36.5 °C) and gassed (95% O2 and 5% CO2) 

RPMI before and throughout the period of microscopy. Excised LNs were imaged as 

previously described (12, 207). The two-photon excitation source was a solid-state, tuneable 

Titanium: sapphire laser system (Chameleon, Coherent Laser Group). The laser beam was 

routed into a multi-photon excitation laser scanning system (Radiance, Bio-Rad 

Laboratories). The objective lens used for all imaging investigations was the CFi-60 Fluo-W 

40X/0.8 water-dipping objective lens (Nikon). The sample was illuminated with 780-830 

nm, ~210 fs pulse duration and 76 MHz repetition frequency laser light. The emitted light 

was separated with a 550 nm dichroic mirror (Chroma Technologies).  The scans were 

acquired with 500 lps and 512x512–pixel boxes, for a frame rate of 1.95 fps. Each imaged 

volume consisted of between 11 to 18 planes 1.95 µm apart. Volumes were acquired every 

18 to 38 s. 

 

The location (centroid) of individual T cells within each three-dimensional image stack were 

determined by intensity threshold-based object detection. Objects were tracked for at least 8 

time points and the mean velocity, displacement and meandering index calculated for each. 

The interaction between DCs and T cells was measured by quantifying the co-localisation of 

green voxels with red as a fraction of the DC volume to generate the co-localisation 

coefficient – a measure of the proportion of DC volume in contact with T cells. 

 

2.19 Statistics 
 

Results are expressed as mean ± standard deviation. To test significance Student’s unpaired 

T test was performed. A value of p <0.05 was regarded as significant. 
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2.20 FTY720 treatment 
 

FTY720 (Cayman Chemical, Ann Arbor, MI, USA) is a structural analogue of sphingosine. 

Once phosphorylated, FTY720 binds to and induces the down-regulation of sphingosine 

receptors. Used as an immuno-suppressive drug, FTY720 blocks the egress of lymphocytes 

from the LN. In vitro, FTY720 was added to cell cultures at a concentration of 1µg/ml for 24 

hours prior to the use of the cells for either adoptive transfer or in vitro experimentation 

(229). In vivo, FTY720 was administered via the intra-peritoneal cavity at a concentration of 

1mg/kg (230).  

 

2.21 Anti-LFA-1 Ab (H68) 
 

The LFA-1 binding ab was kindly supplied by Nancy Hogg (Cancer Research Institute, 

London). LFA-1 ab was used in vitro at 1µg/ml and used in vivo at 100µg/mouse. The isotype 

control ab, Rat-IgG2a (SouthernBiotech, Cambridge, UK) was used at the same 

concentration as the LFA-1 ab.  

 

2.22 Fluorescent beads 
 

Dark red fluorescent (660/680 excitation/emission maxima) FluoSpheres®, carboxylate-

modified microspheres, of 0.04"m diameter (Invitrogen) were used in lymph node transplant 

experiments to test its ability to drain antigen from the local tissue. Beads were diluted 1/50 

in HAO or PBS where indicated and approximately 50ul of the HAO/PBS/bead mixture 

was injected subcutaneously into the ear pinna.  

 

2.23 Buffers 
 

Buffer 
 

Constituents 

PBS 
 

8g NaCl, 1.16g Na2HPO4, 0.2g KCl, 0.2g KH2PO4 in 1 litre distilled water, 

pH 7.4 

FACS buffer 
 

2% FCS, 0.05% sodium azide in PBS 

TNT wash buffer 10ml 0.1M Trizma base, 10ml 0.15M NaCl, 50µl Tween-20, 80ml distilled 
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 water 
Incomplete RPMI 

 
RPMI-1640 medium 

Complete RPMI 
 

RPMI-1640 medium, 10% FCS, 2mM L-glutamine, 100IU/ml penicillin, 
100µg/ml streptomycin 

Buffer NPI-10 
 

50 mM NaH2PO4, 300 mM NaCl , 0.34 g imidazole (Adjust pH to 8.0 
using NaOH) 

Buffer NPI-20 
 

50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole (Adjust pH to 8.0 
using NaOH) 

Buffer NPI-250 
 

50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole (Adjust pH to 8.0 
using NaOH) 

Table 2.3 Buffers 

 

2.24 Transfection of HEK cells with Kaede 
 

Kaede is a naturally occurring photo-switchable fluorescent protein, derived from the stony 

coral, Trachyphyllia geoffroyi. Kaede expresses green fluorescence when excited with 488nm 

light. However, the unique feature of this protein is that following exposure to UV light, 

Kaede is irreversibly converted to a red fluorescence emitting protein when excited with 

488nm light (231). The only commercially available format of the photo-switchable probe 

Kaede, is as a mammalian expression vector. Thus, a mammalian expression vector, pKaede-

MC1, containing the Kaede sequence was purchased from MBL International. 

Lipofectamine™ 2000 (Invitrogen) was used according to the manufacturers guidelines to 

facilitate the entry of the mammalian expression vector into cells whereupon the Kaede 

protein was expressed.  

 

2.25 Cloning of Kaede 
 

 
Champion™ pET100 Directional TOPO® Expression Kit with BL21 Star™ One Shot® 

Chemically Competent E. coli (Invitrogen) was used to clone and express the Kaede gene. 

Champion™ pET Directional TOPO® vectors are powerful E. coli expression vectors that 

use the highly efficient T7 RNA polymerase to achieve strong transcription levels and high 

protein yields. T7 RNA polymerase is expressed by host E. coli under the control of the 

IPTG-inducible lacUV5 promoter, which allows transcription to be regulated with IPTG 

(Thermo Scientific). The key to TOPO® cloning is the enzyme DNA topoisomerase I, 

which functions both as a restriction enzyme and as a ligase. Its biological role is to cleave 

and rejoin DNA during replication. Vaccinia virus topoisomerase I specifically recognizes 
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the pentameric sequence 5´-(C/T)CCTT-3´ and forms a covalent bond with the phosphate 

group attached to the 3´ thymidine. It cleaves one DNA strand, enabling the DNA to 

unwind. The enzyme then re-ligates the ends of the cleaved strand and releases itself from 

the DNA. TOPO® vectors are provided linearised with topoisomerase I covalently bound 

to each 3´ phosphate, which enables the vector to ligate DNA sequences with compatible 

ends. To ensure the Kaede gene sequence had compatible ends, PCR primers were designed 

to contain a short sequence at the 5’ end of the forward primer that would allow the gene to 

be readily ligated into the TOPO® vector.  

 

2.26 PCR primer design  
 

Primers were designed based on the Kaede gene sequence and manufactured by the primer 

design service at Invitrogen. The Topo sequence necessary for directional cloning into 

pET100 vector, CACC, was added onto the 5’ end of the forward primer. PCR primer 

sequences were as follows: 

  

5' to 3' Forward Primer:  CACC AT GGT GAG TCT GAT TAA ACC AGA AA 

3' to 5' Reverse Primer:       CTA CTT GAC GTT GTC CGG CAA T  
 

 

2.27 PCR amplification of Kaede gene 
 

For the amplification of the Kaede gene (677bp), 1.1X Ready-mix™ PCR Master Mix with 

1.5mM MgCl2 (Abgene) was used following the manufacturers instructions.  This mixture is 

suitable for high fidelity standard PCR reactions. PCR primers were designed on the basis of 

the Kaede gene sequence using Invitrogen primer design service and were added to a final 

concentration of 0.5"M along with template DNA. The reaction cycles for the amplification 

are shown in table 2.4 Reaction volumes of 10µl were loaded onto a 1% agarose gel 

immersed in TAE buffer.  Hyperladder 1 (Bioline), a DNA marker ranging between 200bp 

and 10,00bp, was loaded (5µl) to provide a size comparison for amplified products then 

electrophoresis was carried out.  Subsequently the gel was visualised under UV light and 
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photographed using a Gel Doc 2000 system (Bio-Rad). See table 2.5 for full details of PCR 

reaction mixture.  

 

Reaction step 

 

Temperature oC Time (mins) 

Denaturing 
95 

5 

Denaturing 95 1 

Annealing 48-52 1 

Extension 72 1 

Final extension 72 10 

Table 2.4 Reaction cycles for the amplification of the Kaede gene 

 

Reaction components Volume (µl) 

Extensor Hi Fidelity PCR enzyme (1unit) 0.25 

Extensor buffer 1 (10X) (2.25mM Mg) 5 

dNTPs 0.2 

Template DNA (100ng) 1 

Fwd Primer (0.5µM) 0.5 

Rev primer (0.5µM) 0.5 

Ultra pure H20 42.55 

Total volume 50 

                                         Table 2.5 Reaction components for the amplification of the Kaede gene 
 

 

 

2.28 Preparation of a 1% agarose gel 
 

In a plastic conical flask, molten agarose gel was prepared by dissolving agarose powder 

(MultiABgarose, Abgene) to a 1% w/v ratio in 1X Tris-acetate buffer made up from a 10X 

stock; 0.4M Tris base, 0.2M acetic acid, 0.01M EDTA, diluted in distilled water (TAE 

buffer).  The solution was heated, until dissolved. Ethidium bromide (Sigma-Aldrich) was 
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added to the solution to a final concentration of 0.5µg/ml. The liquid gel was poured slowly 

into the gel casting chamber and a well comb was placed into the molten agar and the gel 

was left to set for 30 minutes.  The set gel was placed into the electrophoresis tank and 

submerged in 1X TAE buffer.  Samples were loaded into the wells using a pipette prior to 

electrophoresis at 120 volts. 

 

2.29 Sequencing of recombinant Topo Kaede constructs 
 

Topo-Kaede plasmids were sent for sequencing to Ninewells Hospital Sequencing service, 

Dundee, where they were analysed using the ABI 3730 capillary DNA sequencer.  Sequences 

were then examined to ensure the Kaede gene had been inserted in the correct orientation 

and without any base pair errors.  

 

2.30 Isolation of the PCR amplified products 
 

Following PCR all of the reactions were loaded onto a 1% agarose gel and electrophoresed 

using hyperladder I (Bioline, London, UK) as a marker.  The gel was placed on a UV light 

table and the fragments were cut out using a clean scalpel.  The DNA was isolated from the 

gel using a Nucleospin Extract II kit (Machery & Nagel, Abgene, Epson, UK) following the 

manufacturers instructions.  

 

 

2.31 Transformation of recombinant pET TOPO Kaede into BL21 Star One 

Shot Cells and Expression of Kaede 

 

Transformation of BL21 star E.coli with the pET TOPO Kaede construct was carried out 

chemically by ‘heat shock’ at 42oC. The chemically competent cells (50µl) were thawed on 

wet ice and 1 "l of the ligation mix was added by pipetting. The mixture was returned to ice 

for 30 minutes and then incubated at 42oC for 30 seconds. Immediately, cells were returned 

to ice and 250µl of room temperature S.O.C medium (Invitrogen) was added to the mixture. 

The sample was incubated for 1 hour at 37oC accompanied with shaking at 200rpm.  The 

transformation culture was then plated out (100µl of each dilution spread per plate) onto 
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Agar plates supplemented with ampicillin (100µg/ml) and incubated overnight at 37oC. 

Using a sterile 200µl pipette tip, colonies were picked and mixed into 5ml L-Broth 

supplemented with ampicillin (100µg/ml) and incubated with shaking at 200rpm overnight 

at 37oC.  The resulting cultures were then transferred into 1L flasks of L-Broth 

supplemented with ampicillin (100µg/ml) and grown to OD of 0.4-0.6 before adding 

Isopropyl-!-D-thiogalactopyranoside (IPTG) at 1uM, the chemical which induces expression 

from the T7 promoter. Cultures were grown for a further 6 hours before purification of the 

Kaede protein. To lyse the bacterial cells and release the Kaede protein, pellets freeze thawed 

twice and then re-suspended in lysis buffer (Invitrogen) and incubated for 20 minutes at 

room temperature on a rocking platform. Cells were checked for complete lysis using phase 

contrast microscopy.  To remove cell debris, the cell lysates were centrifuged at 13,000g for 

20 minutes leaving the soluble protein in the supernatant (lysate), which was transferred to a 

fresh eppendorff tube.  Both fractions were stored at -20oC until analysis by sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) or purification over a Ni-NTA 

column. 

 

2.32 Culture conditions for pilot expression 
 

Pilot expression studies were carried out to determine the optimal conditions for expression 

of the recombinant peptide. Overnight cultures of each clone were inoculated into fresh 

SOB broth (25ml) to an optical density at 600nm of 0.1 and were grown at 37oC until early / 

mid-log phase (O.D600 of 0.4-0.6). IPTG was then added to final concentrations of 1mM and 

10mM in order to determine the optimum concentration of IPTG for expression.  The 

culture was then incubated at 37oC overnight, at 0hr, 3hr and 6hr timepoints 1ml samples 

were removed and the OD600 was taken before centrifugation in eppendorf tubes at 13,000 

rpm for 5 minutes.  The supernatants were then aspirated and the pellets were stored at -

20oC. 
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2.33 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) and Western Blot 

 

For the lysate samples, a 20"l volume was added to 5"l of 5X SDS sample buffer (250mM 

Tris pH6.8, 10% SDS, 50% glycerol, 0.02% bromophenol blue, 10% !-mercaptoethanol) 

and then boiled for 5 minutes prior to being loaded onto the gel.  A 7"l volume of 

prestained protein ladder (Promega, Hampshire, UK) was added to a well alongside the 

samples to provide an estimation of peptide size and to indicate when the peptide of interest 

had resolved sufficiently for visualisation. His-tagged proteins were detected by western blot 

using an anti-his Ab (Invitrogen). Following electrophoresis of the samples on the 

polyacrylamide gel, proteins were transferred onto a nitrocellulose membrane following the 

manufacturers instructions.  Gels were carefully removed from their plastic case and 

immersed in western blot running buffer (Invitrogen) alongside the nitrocellulose membrane 

and two pieces of filter paper that were cut to the size of the gel.  These were equilibrated in 

the buffer for 15 minutes before being assembled and immersed in transfer buffer within a 

Bio-Rad electrophoresis tank (Bio-Rad, Hertfordshire, UK).  The tank was situated in a cold 

room (4oC) and transfer of proteins from the gel onto the nitrocellulose membrane was 

carried out by electrophoresis at 20 volts overnight. A monoclonal ab specific to the 

polyhistidine tag and conjugated to the enzyme horse radish peroxidase (HRP) (Sigma-

Aldrich) was used for the detection of Kaede after transfer onto the nitrocellulose 

membrane.  Following transfer, using the Ab protocol as a guide, the membrane was 

immersed in PBS + 5% semi-skimmed milk powder to block non-specific ab binding to the 

membrane by saturating the membrane with proteins contained within the semi-skimmed 

milk.  The blocking stage was performed for 1 hour on a rocking platform at room 

temperature.  The membrane was washed twice in PBS and then incubated in Ab solution 

containing anti-his HRP conjugated Ab diluted 1/4000 in 25ml of PBS + 5% semi skimmed 

milk powder. The membrane was immersed in PBS and gently rocked for 5 minutes to 

remove any unbound ab.  This step was repeated twice prior to detection of specifically 

bound Ab by incubating the membrane in SIGMA FAST™ DAB (3, 3’-diaminobenzidine) 

peroxidase substrate (Sigma-Aldrich) following the manufacturers instructions. One tablet 

set was dissolved in 15ml of deionized water and the solution poured over the nitrocellulose 
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membrane (Sigma-Aldrich).  The membrane was then observed for the colourimetric 

reaction caused by the action of HRP on DAB and photographed using a digital camera. 

 

2.34 Purification of Kaede 
 

Following the expression of Kaede in BL21 star E.coli  (Invitrogen) the protein was purified 

over Ni-NTA columns (Qiagen, West Sussex, UK), using the following protocol. Cultures 

were split between centrifuge flasks for Beckman and spun at 4000rpm, 20mins, 4°C. Pellets 

were frozen for at least 1 hour, thawed and refrozen twice to optimise lysis of E.coli. Pellets 

from each 1L culture were re-suspended in 10ml NPI-10 buffer, with 1ml of 10mg/ml Hen 

egg lysozyme (Biozyme laboratories, Gwent, UK) and a pinch each of DNAse (Sigma-

Aldrich) and Benzamidine (Sigma-Aldrich) (see table 2.3 for full ingredients of buffers). The 

mixture was incubated for 30min at room temperature and then transferred to Beckman 

centrifuge tubes and spun at 15,000g, 4°C for 30 minutes. Supernatants were collected and 

passed through a syringe filter of 0.2µm (Millipore, Watford, UK). Ni-NTA columns 

(Qiagen) were prepared by removing storage buffer & equilibrated with 10ml NPI-10 buffer 

by allowing to drain through. Filtered supernatants were added to the columns and allowed 

to drain through (Kaede protein should remain within the column). Columns were washed 

with 2x10ml NPI-20 buffer. Columns were then washed with 3ml NPI-250 to elute the 

protein. The majority of protein comes off in 2nd and 3rd ml, so each was collected separately. 

To concentrate the Kaede protein in PBS and to remove imidazole, the mixture was 

centrifuged in PBS at 400g for 10 minutes using an Amicon Ultra-15 Centrifugal Filter Unit 

with Ultracel-10 membrane (Millipore). This system retains proteins greater than 10kDa, 

allowing buffer components to be washed though and the protein to become concentrated. 

Once purified Kaede was stored at 4oC. The concentration of the Kaede protein was 

established using the BCA kit (Thermo Scientific) following manufactures guidelines. All 

purification steps were carried out in the dark to prevent exposure of Kaede to any naturally 

occurring UV light.  
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2.35 Conjugating Kaede to beads 
 

Carboxylate-modified polystyrene latex beads of 2µm diameter were covalently conjugated 

to the Kaede protein (Sigma-Aldrich). Beads were washed three times in sterile PBS. 

Conjugation of Kaede to beads was conducted in 25mM MES, 1mM 1-ethyl-3-(3 

dimethylaminopropyl) carbodiimide (Sigma-Aldrich), with beads at 5x1010 beads/ml and 

300µg/ml Kaede. Conjugation reactions were rotated overnight at 200rpm in the dark at 

room temperature. The mixture was then washed twice in 25mM MES and centrifuged at 

400g. Immediately before use, beads were washed twice in sterile PBS, centrifuged at 400g 

and re-suspended at ~7.5x1010 particles/ml. 

 

 

2.36 Photo-switching of Kaede by epi-fluorescence microscopy  
 

Kaede was photoswitched with a 1 second pulse of 405nm UV light from a Nikon TE200 

epi-fluorescent microscope.  
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Chapter 3 

The effect of FTY720 and an LFA-1 blocking Ab on DC-T cell interactions in 
vitro and in vivo 
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3.1 Introduction 

 

As outlined in chapter 1, the overall aim of this PhD was to investigate the relationship 

between DC-T cell interactions taking place within a tissue site of inflammation and its 

DLN. In this chapter, a series of in vitro systems were developed to investigate DC-T cell 

interactions and to establish the effect of modulating such interactions using the 

immunosuppressive drug, FTY720 and an LFA-1 blocking Ab. While the ultimate objective 

was to develop in vivo model systems that would allow these cellular interactions to be 

examined in the context of a tissue site of inflammation and its DLN, first modulating these 

interactions in vitro allowed establishment of the parameters to test in the study of DC-T cell 

interactions. Moreover, developing methods to block or modulate DC-T cell interactions in 

vitro, could provide a useful tool to assess and analyse the relative requirement of these 

cellular interactions at both the tissue site of inflammation and the DLN in future studies in 

vivo. FTY720 is an immuno-suppressive drug known to modulate T cell migration, while 

LFA-1 plays a dual role on the surface of T cells, acting to both facilitate T cell migration 

and to decrease the threshold of T cell activation by triggering key signalling pathways (190, 

232, 233). Thus, by employing FTY720 and an LFA-1 blocking Ab in the in vitro systems, 

distinct aspects of T cell function, namely adhesion and migration, were targeted in an 

attempt to block DC-T cell interactions. Furthermore, the results obtained from the in vitro 

systems provided preliminary data that informed the subsequent study of these molecules in 

an in vivo experimental setup.  

 

Through their ability to present antigen and provide co-stimulation to CD4+ T cells, DCs are 

widely recognised as being key initiators and crucial regulators of the adaptive immune 

response. Early studies by Steinman et al. concluded that in vitro co-cultured DCs and T cells 

form multi-cellular aggregates that appeared important for the induction of T-cell 

proliferation (234). More recently, direct in vivo assessment using MPLSM has confirmed the 

importance of prolonged DC-T cell interactions for efficient T cell activation and 

proliferation by introducing agents that block the presentation of antigen to T cells and 

interrupting the formation of such multi-cellular aggregates (4). Moreover, the application of 

MPLSM has provided a wealth of information regarding the kinetics and dynamics of DC-T 

cell interactions in vivo during the induction of antigen specific immune responses (4, 7, 176, 
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209, 235-237). Consequently, there is a growing consensus that T-cell priming by DCs 

occurs in three successive stages, in which the initial and final stages are characterised by T 

cells undergoing a series of transient interactions with multiple DCs (235). However, it is the 

intervening stage, in which these interacting cell types establish a prolonged and stable 

interaction, that appears to be crucial for both the onset of clonal expansion and 

differentiation into effector lymphocytes (235). Moreover, it has also been suggested that by 

altering the nature of DC-T cell interactions, the reciprocal communication taking place 

between these interacting cell types can give rise to very different outcomes, such as priming 

versus tolerance (238). Thus, the finer details of how these cells interact is critical to 

maintaining the health of the immune system and being able to modulate them would be an 

invaluable tool in both understanding the relationship between the cellular interactions at the 

tissue site of inflammation and its DLN and in providing novel therapeutic targets for the 

intervention in disease. 

 

LFA-1 is a cell surface molecule that belongs to a family of leukocyte integrins that are 

characterised by their common $-chain (CD18) (239). The hetero-dimeric molecule is 

completed by a distinct #-chain (CD11a) and together they function as a key adhesion 

receptor and signal-transducing molecule for the ligand ICAM-1 expressed on the surface of 

antigen presenting cells (240). LFA-1 plays a well documented role in mediating T cell 

migration and entry into the LN and tissue sites of inflammation (232, 241-244).  

Furthermore, LFA-1 plays a critical role in mediating adhesion to antigen-presenting DCs to 

facilitate a stable platform in which T cell activation and differentiation can take place (183, 

184). This stable interface between the cells is referred to as the immunological synapse and 

is formed initially by a central zone of LFA-1, which is surrounded by a peripheral ring of 

TCRs at the contact site with the DC (see figure 1.4) (183). However, within minutes this 

distribution is reversed and the central area becomes occupied by TCRs that associate with 

internal signalling molecules, while LFA-1 becomes clustered as a peripheral ring co-localised 

with cytoskeletal proteins (183, 184). Thus, LFA-1 was considered to play a key role in 

maintaining stability of the synapse. However, work by Miller et al. suggest LFA-1 also 

functioned as a signalling molecule (232). By transfecting cells with MHC II molecules 

(peptide presenting) with or without the co-expression of ICAM-1, Miller et al. designed a set 

of artificial antigen presenting cells that expressed 100-fold more peptide-MHCII complexes 
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than normally expressed on DCs. Critically, engagement of the TCR with high amounts of 

antigen in the absence of ICAM-1, could not overcome a requirement for LFA-1 dependent 

interactions in the activation of naive CD4+ T cells (232). This finding was substantiated 

when subsequent studies demonstrated the activation of a signalling cascade, distinct to that 

mediated through the TCR, following the engagement of LFA-1 (245). In addition, 

experiments in which LFA-1 was mutated into a constitutively active form, demonstrated 

that an inability of LFA-1 to function normally in vivo severely attenuated the generation of 

an immune response (243). As a result, modulating LFA-1 in vivo using a humanised 

monoclonal (Efalizumab), has recently become a novel therapeutic (246-253). Efalizumab 

specifically blocks LFA-1 and had been successfully employed in the treatment of the auto-

immune skin disorder, psoriasis, by inhibiting the migration of T cells into the skin tissue 

and preventing their re-activation and interaction with keratinocytes (253). However, in April 

2009, Efalizumab was withdrawn from the market for the treatment of psoriasis following 

reports of an association between long-term therapy and the development of the viral brain 

disease, progressive multifocal leukoencephalopathy (PML), which occurs almost exclusively 

in immuno-suppressed patients (248). In conclusion, the role of LFA-1 on the surface of T 

cells is multifunctional, ranging from contributions to the adhesion and signalling cascades 

required to activate individual cells to the migration of T cell populations into secondary 

lymphoid organs and tissue sites of inflammation. Moreover, disorder or attenuation of its 

function can cause or alleviate serious autoimmune and inflammatory diseases, respectively. 

 

In addition to an LFA-1 blocking Ab, the in vitro systems developed in this chapter were also 

used to investigate the effect of FTY720 on the interactions between DCs and CD4+ T cells. 

FTY720 is a homologue of the serum borne lipid, sphingosine-1-phosphate (S1P) and can 

modulate signalling through S1P G protein coupled receptors (S1PRs) (254). S1P mediated 

signalling plays an important role in the promotion and regulation of a variety of 

biological processes and has diverse effects on T cells and DCs ranging from migration, 

proliferation and endocytosis, respectively (255-258). 

 

FTY720 is most commonly known for its application in transplant therapy due to its ability 

to induce lymphopenia by blocking the exit of lymphocytes from LNs and in turn inhibiting 

their influx into tissue sites of inflammation (233, 257). FTY720 is thought to block the 
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migration of lymphocytes from secondary lymphoid organs in a combination of ways. 

Following its phosphorylation in vivo, FTY720 binds to, and induces the down-regulation of, 

the S1PRs on the cell surface of T lymphocytes. This is thought to render T cells unable to 

migrate up the S1P gradient that exists between the LN and the efferent lymphatic vessels, 

blocking their exit the lymph node (233, 257). In addition, S1PRs are involved in the 

assembly of vascular endothelial cell–cell junctions and FTY720 has been reported to inhibit 

their permeability, causing the sinus-lining endothelium of the LN to present a physical 

barrier to exiting lymphocytes (259).  

 

The ability to modulate S1P mediated signalling using FTY720 has a well established 

impact on T cell migration, however, it is also thought to impact a variety of functions of 

murine DCs. Pretreatment of bone marrow derived DCs with FTY720-P at 0.1 "M or 

higher has been shown to significantly inhibit S1P-induced migration and endocytosis (255). 

Moreover, FTY720 has been shown to interfere with the levels and activation of the Rho 

family of small GTPases, which regulate cytoskeletal proteins and are involved in the 

formation of dendrites and stable interactions between T cells and DCs (260). Idzko et al. 

reported that contact between antigen loaded DCs and antigen specific T cells co-cultured in 

vitro, was reduced when DCs were pre-treated with FTY720 (229). Moreover, this 

observation was not related to an FTY720 enforced reduction in antigen processing and 

presentation, since DCs formed less stable interactions when pulsed with either OVA 

protein or OVA-peptide.  

 

LFA-1 is a key adhesion and signalling molecule known to play an important role in DC-T 

cell interactions. In contrast, while FTY720 is known to have a significant impact on T cell 

migration, its role in DC-T cell interactions is less well characterised. In this chapter, a set of 

in vitro systems were developed to investigate DC-T cell interactions and the effect of 

blocking such interactions using an LFA-1 blocking Ab and FTY720 on downstream 

proliferation and differentiation of T cells. Moreover, the impact of both an LFA-1 blocking 

Ab and FTY720 on the dynamic interactions between DCs and T cell has never been 

directly visualised in the physiological environment of the lymph node. As outlined in the 

introduction, the kinetics and dynamics of DC-T cell interactions in vivo are critical 

parameters in determining the outcome of an immune response. Thus, since preliminary data 
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from in vitro systems revealed their ability to modulate DC-T cell interactions and 

downstream T cell proliferation and differentiation, the effects of FTY720 and an LFA-1 

blocking Ab in vivo, were also investigated in this chapter. 

 

3.2 Results 

 

It was first of all necessary to establish some important parameters in the in vitro systems. 

Firstly, before employing the LFA-1 blocking Ab in the in vitro systems, it was prudent to 

confirm that the LFA-1 blocking Ab could bind to cell surface LFA-1. Secondly, since S1P 

mediated signalling is known to effect DC function, it was important to check that 

modulating S1P signalling using FTY720 did not alter the activation status or the survival of 

the DC following in vitro treatment with the drug. This also allowed a suitable concentration 

of the drug to be selected and ensured that the DCs used in the in vitro assays were viable and 

not impaired in their functional status.  

 

3.3 The LFA-1 blocking Ab can bind to, and be detected on, the cell 

surface of T cells and DCs 

 

LFA-1 is expressed on both DCs and T cells and to confirm whether the LFA-1 blocking 

Ab could bind specifically to cell surface LFA-1, a secondary Ab which targets the Fc 

portion of the LFA-1 blocking Ab, was employed. A lymphocyte suspension was produced 

from homogenised LNs while DCs were derived from in vitro bone marrow culture, as 

detailed in Materials and Methods. Cells were incubated with either the LFA-1 blocking Ab 

or an isotype control. Specific binding of the LFA-1 blocking Ab (RatIgG2a mAb) to cell 

surface LFA-1 was established using an anti-ratIgG-FITC Ab. In figure 3.1 A + D, T cells 

and DCs were first identified on the basis of size and granularity, with the T cell population 

being gated to reflect their smaller less granular characteristics in comparison to DCs. The 

cells were next gated on the basis of co-expression of CD4 or CD11c and anti-rat-IgG-

FITC, to test for specific binding of the LFA-1 blocking Ab to T cells and DCs respectively. 

Following their incubation with the isotype control, only 5.87% of CD4+ T cells and 11.9% 
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of CD11c+ DCs stained positively with the anti-rat-IgG-FITC, figure 3.1 B + E. However, 

following incubation with the LFA-1 blocking Ab, 60.1% of CD4+ T cells and 87.4% of 

CD11c+ DCs stained positively with the anti-rat-IgG-FITC, figure 3.1 C + F, signifying 

specific binding of the LFA-1 blocking Ab to cell surface LFA-1. In addition, 35.6% of the 

lymphocytes incubated with the LFA-1 blocking Ab failed to express CD4+ but stained 

positively with the anti-rat-IgG-FITC Ab. This population most likely represented the CD8+ 

T cells and B cells present in the lymphocyte suspension, which are also known to express 

LFA-1, figure 3.1 C (261, 262).   

 

3.4 Pre-treatment of DCs with FTY720 does not modulate their activation 

status 

 

In the resting state, prior to their activation with a microbial and/or inflammatory product, 

DCs are considered to be poor stimulators of T cell activation with the expression of few 

MHC molecules and co-stimulatory molecules, such as CD40 and CD86, on their cell 

surface (263, 264). However, following stimulation of cell surface pathogen recognition 

receptors, such as Toll like receptors (TLRs), this phenotype can rapidly transform from an 

‘immature’ to an ‘activated’ state, allowing DCs to become powerful stimulators of immunity 

(265-267). This process can be mimicked in vitro using the TLR4 stimulating microbial 

product LPS and can be observed using flow cytometric analysis to monitor the upregulation 

of T cell stimulatory cell surface markers (268). Previous studies revealed that FTY720 did 

not affect the ability of DCs to present antigen and thus signal 1 (as outlined in the 

introduction) remains intact (229). However, the effect of FTY720 on the ability of DCs to 

provide signal 2 to T cells is not well characterised and it was therefore important to 

establish whether incubating DCs with FTY720 prior to their stimulation with LPS would 

affect their upregulation of co-stimulatory molecules. DCs were incubated with 3 different 

concentrations of FTY720, ranging from 10ng/ml to 1µg/ml or the DMSO carrier control 

for 24 hours at day 7 of their in vitro culture. DCs were then incubated with LPS or medium 

alone (control) for a further 24 hours, to induce their activation and up-regulation of co-

stimulatory molecules. Following flow cytometric analysis, DCs were gated on the basis of 

their size and granularity and their expression of CD11c, with dead cells being excluded on 
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the basis of propidium iodide positive staining, figure 3.2 A-C. Representative flow 

cytometric plots illustrate the expression of the co-stimulatory molecules, CD40 and CD86, 

both of which were substantially increased when DCs were pre-treated with the DMSO 

carrier control and stimulated with LPS figure 3.2 D + E. Summarised in figure 3.2 F + G, 

pre-treatment of DCs with FTY720 failed to prevent this increase at all concentrations.  

 

 

3.5 LFA-1 blocking antibody and FTY720 treatment fails to block DC-T 

cell clustering in vitro as assessed by flow cytometry 

 

The first assay developed to investigate the ability of co-cultured DCs and T cells to form 

stable conjugates under priming conditions, was a flow cytometric based system in which 

DCs and T cells were differentially labelled using fluorescent dyes and DC-T cell conjugates 

were represented by the presence both colours. In this system, DCs were labelled with 

CMTPX (red) and incubated with CFSE (green) labelled DO11.10 CD4+ T cells following 

pre-treatment of DCs with FTY720 or treatment with an LFA-1 blocking Ab (see chapter 2, 

Materials and Methods for further detail). After 20 hours in co-culture, cells were fixed using 

para-formaldehyde and analysed using flow cytometry to establish the proportion of stable 

red and green double positive conjugates. Figure 3.3 A-D, provides a series of representative 

flow cytometric plots that outline how each population of cells, including DC-T cell 

conjugates, were identified. Figure 3.3 A, the plot identifies CFSE labelled DO11.10 T cells 

and a population of unlabelled T cells of irrelevant specificities while figure 3.3 B, shows 

CMTPX labelled bone marrow derived DCs. In figure 3.3 C, gates identify the 3 populations 

highlighted in plots A + B and the arrow indicates double positive DC-T cell conjugates 

detected in the absence of antigen. Consistent with published results, the addition of OVA 

to the co-cultures gave rise to an increase in the proportion of antigen specific DC-T cell 

conjugates, indicated by the arrow in figure 3.3 D (269). Summarised in figure 3.3 E, 

FTY720 pulsed DCs did not appear impaired in their ability to form stable DC-T cell 

conjugates. In the absence of antigen, 1.72% of cells formed stable conjugates in DMSO 

treated control cultures compared to 1.54% in FTY720 treated cultures. FTY720 did not 

impair the ability of the cells to form stable antigen specific conjugates, with 6.7% cells 
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forming stable conjugates in DMSO treated control cultures compared with 7.01% in 

FTY720 treated cultures. Summarised in figure 3.3 F, the results show that after 20 hours, in 

the absence of antigen, the proportion of DCs and T cells forming stable conjugates in 

isotype control treated cultures was 1.29% compared to a slightly lower 0.75% in LFA-1 

treated cultures. Moreover, in the presence of antigen the proportion of stable conjugates 

detected in isotype control treated cultures was slightly higher at 5.9%, in comparison with 

LFA-1 treated cultures at 5.69%.  

 

3.6 LFA-1 blocking antibody and FTY720 treatment reduces the number 

and duration of DC-T cell interactions in vitro when assessed 

dynamically 

 

Treatment with FTY720, failed to reduce the number of antigen specific DC-T cell 

conjugates formed between these co-cultured cell types when investigated statically by flow 

cytometric analysis, while treatment with an LFA-1 blocking Ab induced a slight reduction. 

However, this assay assessed DC-T cell interactions at a single snap shot in time and offered 

little information as to how the cells were interacting in the moments prior to and following 

their fixation with para-formaldehyde. Thus, the results obtained may not have been an 

accurate reflection of events in the co-culture systems. Consequently, it became necessary to 

develop a system that would allow cell-cell interactions to be directly visualised, contrasted 

and compared, in a dynamic format. Moreover, as well as examining DC-T cell interactions 

at 20 hours, a further time point was introduced at 6 hours. Published data has shown that 

DC-T cell interactions at this time point are often unstable and short lived and these results 

were therefore contrasted and compared with the number and duration of DC-T cell 

contacts at 20 hours, at which time the cells are thought to interact for more prolonged 

periods (4).  

 

The interactions taking place between CMTPX labelled DCs (red) and CFSE labelled 

DO11.10 CD4+ T cells (green), were imaged in an environmental chamber at 37oC over time 

using epi-fluorescence microscopy. Imaged at both 6 and 20 hours for a period of 

approximately 30 minutes, still images of the resulting QuickTime movies can be seen in 



 61 

figure 3.4 (see enclosed CD for complete movies). At 6 hours DCs co-cultured with T cells in 

the presence of antigen in control cultures, appeared to form small conjugates. While at 20 

hours, representative images of each movie shows the presence of large DC-T cell clusters, 

which appeared to remain intact for the entire imaging period, figure 3.4. These results were 

reflected in the co-cultures treated with FTY720 and an LFA-1 blocking Ab, figure 3.4. 

However, differences were revealed upon detailed analysis of DC-T cells interactions by 

measuring the number and duration of intersecting fluorescent green (T cells) and red (DCs) 

objects using Volocity software (Improvision). More specifically, Volocity software allows 

cells to be identified on the basis of colour and converted to objects. It can then measure 

how frequently objects interact and calculate the duration of each interaction. Firstly, the 

overall duration (time-frames) of DC-T cell contacts observed at 6 hours was substantially 

less than the duration of those observed at 20 hours. Secondly, at 6 hours control cultures 

revealed that co-cultured DCs and T cells made large numbers of short lived contacts. Both 

treatment with FTY720 and an LFA-1 blocking Ab resulted in a similar outcome, with the 

overall duration of contacts at 6 hours less than at 20 hours and contacts being short lived at 

6 hours, figure 3.5 A. However, by 20 hours DCs and T cells made a higher number of more 

stable, long term contacts in the presence of antigen, figure 3.5 B. Treatment with FTY720 

reduced the number of long term DC-T cell contacts in comparison with the control. 

Moreover, treatment with LFA-1 blocking Ab, also reduced the number of stable long term 

contacts in comparison with the control. Thus, assessing cells dynamically using time lapse 

microscopy revealed an impaired capacity of DO11.10 CD4+ T cells to form stable, long 

term antigen specific interactions with DCs in vitro, both in the presence of an LFA-1 

blocking Ab and following treatment of DCs with FTY720.  

 

3.7 LFA-1 blocking antibody and FTY720 treatment significantly reduces 

DC capacity to stimulate T cell proliferation, in vitro 

 

 

The ability of DCs and T cells to make long-term stable interactions has been proposed to 

be a crucial parameter in determining both the fate of the T cell and the outcome of the 

subsequent immune response (4, 236). Thus, visualising and assessing differences in these 
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interactions is of immunological relevance since the activation, clonal expansion and 

differentiation of T cells can be directly affected (9). It was therefore important to devise an 

in vitro system that would offer a functional read out of DC-T cell interactions and allow the 

consequences of their modulation to be assessed. In vivo, each individual antigen specific T 

cell is present at an extremely low frequency and thus, the rapid expansion of a particular T 

cell specificity is a critical step in allowing the immune system to generate a response capable 

of eliminating an invading pathogen (176). Moreover, a key feature of T cell differentiation is 

their ability to release pro-inflammatory cytokines that stimulate and drive the adaptive 

immune response (270, 271). Thus, proliferation and cytokine production were assessed to 

determine whether the treatment of DCs with FTY720 or the blockade of the integrin LFA-

1 on T cells, would have any effect on the ability of DCs to stimulate the antigen specific 

clonal expansion of T cells in vitro. T cell proliferation was assessed by flow cytometry using 

a Click-iT Edu Cell Proliferation Assay as described in Materials and Methods. Briefly, 

proliferation was measured by calculating the level of Edu incorporation by CD4+ T cells. 

Figure 3.6 A, outlines a representative flow cytometric plot used to measure the proportion 

of proliferating T cells which correspond to the cells double positive for the expression of 

CD4+ and Edu-Alexa-fluor 488. Consistent with expected results, the data illustrated in 

figure 3.6 B + C, demonstrate that the level of T cell proliferation induced by DCs in control 

cultures was substantially increased in the presence of antigen. Similarly, in FTY720 treated 

cultures the addition of antigen to the system increased the level of T cell proliferation. 

However, in comparison with DMSO treated control cultures, the level of antigen specific T 

cell proliferation observed was significantly less when DCs were pre-treated with FTY720 

(p=0.0004). Likewise, in cultures treated with the LFA-1 blocking Ab, the addition of antigen 

to the system increased the level of T cell proliferation. However, in comparison with the 

isotype control treated cultures, the level of antigen specific T cell proliferation induced was 

also significantly less when cultures were treated with an LFA-1 blocking Ab (p=0.0073). 

 

In the absence of antigen the output of cytokines from all control and treated cultures was 

negligible, therefore the results described here refer to the production of cytokines following 

antigen specific stimulation of the co-cultures, summarised below in table 3.1. Pre-treatment 

of DCs with FTY720 significantly reduced their production of the pro-inflammatory 

mediator IL12 (p=0.0042) and their ability to induce IL2 production by T cells (p=0.0016) in 
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comparison with DMSO treated control cultures, figure 3.7. In contrast, production of IL10, 

IL5 and IFN! was not significantly reduced by FTY720 treatment in comparison with the 

DMSO treated controls. Figure 3.8 outlines the results of treating co-cultures with an LFA-1 

blocking Ab and in comparison with isotype control treated cultures, production of IL12 

(p=0.0002), IL2 (p=0.0002) and the anti-inflammatory cytokine IL10 (p=0.0003) were all 

significantly reduced. However, the production of IFN! was not significantly altered by 

treatment with an LFA-1 blocking Ab. In contrast, treatment with an LFA-1 blocking Ab 

resulted in significantly higher levels of IL5 production in comparison with isotype control 

treated cultures (p=0.0001), figure 3.8.  

 

Cytokine FTY720 compared to DMSO control LFA-1 Ab compared to isotype control Ab 

IL2 significantly reduced (p=0.0016) significantly reduced (p=0.0002) 

IL12 significantly reduced (p=0.0042) significantly reduced (p=0.0002) 

IL10 not significant significantly reduced (p=0.0003) 

IL5 not significant significantly increased (p=0.0001) 

IFN!  not significant not significant 

 

Table 3.1 Summary of cytokine production from in vitro antigen stimulated DC-T cell co-cultures treated with 

FTY720 and an LFA-1 blocking Ab in vivo 

 

 

In the first section of this chapter, a set of in vitro assays were developed to study DC-T cell 

interactions and to establish which parameters were best measured when investigating these 

cellular interactions and their outcome. Moreover, the preliminary data collected from these 

in vitro systems showed an ability of FTY720 and an LFA-1 blocking Ab to modulate DC-T 

cell interactions. However, an immune response is the sum of many complex and dynamic 

individual cellular interactions, that are shaped by many environmental factors (176, 235). In 

vivo experiments that maintain the natural environment of the LN are crucial to acquire an 

accurate and detailed picture of how cells coordinate the initiation, maintenance and 

regulation of an immune response. Thus, in this next section of this chapter MPLSM was 

used to image the effect of FTY720 and blocking LFA-1 on the interactions taking place 

between DCs and T cells in the four-dimensional, physiological environment of an organised 
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LN (194). Furthermore, to examine the impact of interfering with DC-T cell interactions in 

vivo, the proliferation and differentiation of the antigen specific T cells were investigated.  

 

3.8 FTY720 treatment did not appear to affect DC-T cell interactions in vivo 

 

When imaged dynamically in vitro, pre-treatment of DCs with FTY720 reduced the number 

and duration of DC-T cell contacts. To assess the impact of FTY720 treatment on DC-T 

cell interactions in vivo, DO11.10 CD4+ T cells were labelled with CFSE (green) and 

adoptively transferred into a BALB/c recipient 24 hours before the subcutaneous transfer of 

CMTPX (red) labelled DCs into the footpad. 20 hours after the delivery of DCs, the DLN 

was removed for multi-photon imaging and the migration of T cells and their interaction 

with DCs were visualised and assessed. Throughout the in vitro experiments, DCs were pre-

treated with FTY720, however, FTY720 is know to have diverse effect on DCs and T cells 

and to dissect the effect of FTY720 on DC-T cell interactions in vivo, 3 treatment groups 

were established, either DCs or T cells were pre-treated with FTY720 for 24 hours in vitro or 

the drug was delivered systemically via the intraperitoneal cavity (229, 233, 255, 256, 272, 

273). Figures 3.9-11 A-D, detail representative images of each imaged DLN (see attached 

CD for full movies) from each FTY720 treatment group. 

 

As discussed in the introduction, T cells are thought to migrate through the LN scanning for 

their specific antigen on the surface of DCs. Initially T cells migrate at relatively high speed, 

making only short lived contacts with DCs. However, in the later stages of antigen 

recognition, T cells are thought to alter their pattern of motility by slowing down to make 

stable long term contacts with DCs (7, 8, 235). In all FTY720 treated groups, T cell velocities 

were assessed to determine whether a drug known to block T cell migration and exit from 

the LN, would have any effect on T cell migration and slowing within the LN in response to 

antigen challenge. In the treatment group in which FTY720 was delivered systemically, T cell 

velocity decreased with the addition of antigen pulsed DCs in both control DMSO treated 

mice and drug treated mice. When comparing DMSO treated mice to FTY720 treated mice, 

there was no significant difference in T cell velocity in either the presence or absence of 

antigen, Figure 3.10 E. In the group in which T cells were pre-treated with FTY720, T cell 
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velocity decreased with the addition of antigen pulsed DCs following both pre-treatment of 

the T cells with DMSO and FTY720. When comparing velocities of DMSO treated T cells 

to FTY720 treated T cells, there was no significant difference in either the presence or 

absence of antigen, Figure 3.9 E. Similarly, when DCs were pre-treated with FTY720, T cell 

velocity decreased when DCs were pulsed with antigen and treated with both DMSO or 

FTY720. Furthermore, the antigen specific reduction in T velocity was not significantly 

altered following the treatment of DCs with FTY720, Figure 3.11 E. Thus overall, the speed 

at which T cells migrated within the LN was reduced in the presence of antigen and 

treatment with FTY720 failed to significantly alter this antigen specific slowing of T cell 

migration.  

 

In addition to analysing T cell velocity, DC-T cell co-localisation was measured and assessed 

to determine the proportion of T cells interacting with DCs over the duration of the imaging 

period. In the treatment group in which FTY720 was delivered systemically, the co-

localisation of DCs with T cells increased in the presence of antigen to represent antigen 

specific contacts between the cells in both DMSO treated control and drug treated mice. In 

addition, there was no significant difference in the level of antigen specific co-localisation 

when comparing DMSO treated to FTY720 treated mice, Figure 3.10 F. In the treatment 

group in which T cells were pre-treated with FTY720, their co-localisation with DCs 

increased in the presence of antigen when T cells were both pre-treated with DMSO and 

FTY720. Furthermore, there was no significant difference in the level of antigen specific co-

localisation when comparing DMSO pre-treated T cells with FTY720 pre-treated T cells, 

Figure 3.9 F. In the treatment group in which DCs were pre-treated with FTY720, their co-

localisation with T cells increased in the presence of antigen in both DMSO treated control 

and drug treated DC conditions. Moreover, there was no significant difference in the level of 

antigen specific co-localisation when comparing DMSO pre-treated DCs with FTY720 pre-

treated DCs, Figure 3.11 F. 

 

Multiphoton imaging and ‘Volocity’ analysis of T cell migration and their interactions with 

DCs, did not reveal any significant ability of FTY720 treatment to modulate cellular 

interactions and migration in vivo. CD4+KJ+ cells were next analysed for their up-regulation 

of CD69 and their down-regulation of CD62L, both of which are used as early markers of T 
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cell activation. Thus, assessing the expression of these molecules was used to further confirm 

the inability of FTY720 treatment to modulate DC-T cell interactions in vivo. CD69 is a cell 

surface glycoprotein and is one of the earliest inducible markers expressed during T cell 

activation. It can be up-regulated within an hour of T cell stimulation, with peak expression 

reached at 24 hours and this has been shown to be directly important for the retention of 

newly activated T cells within the LN, to facilitate their proliferation and differentiation 

(274-276). As described previously, naïve lymphocytes egress from the LN via stimulation of 

cell surface S1P1 receptors, in response to the increasing S1P gradient that exists between the 

LN and afferent lymphatics (233). The up-regulation of CD69 on newly activated T cells 

results in the rapid down-regulation of cell surface S1P1 receptors and therefore prevents 

their immediate exit from the LN (276). Thus, like FTY720, CD69 down-regulates S1P1, 

however, while FTY720 down-regulates S1P1 on all T cells, CD69 modulation of S1P1 only 

occurs on antigen stimulated T cells. CD62L is a homing receptor that mediates the entry of 

naïve T cells to peripheral lymph nodes (277, 278). Following the antigen specific activation 

of T cells, CD62L is rapidly down-regulated to redirect newly activated T cells away from the 

LNs, increasing their potential recruitment to tissue sites of inflammation (279). In mice 

treated with either FTY720 or DMSO control systemically, expression of CD69 increased 

when DCs were pulsed with antigen prior to their transfer. When comparing antigen specific 

expression levels of CD69 in DMSO treated mice to FTY720 treated mice there was no 

significant difference, Figure 3.12 C. In contrast, the expression of CD62L on CD4+KJ+ cells 

was decreased when DCs were pulsed with antigen prior to their transfer. Treatment with 

FTY720 systemically did not significantly alter the antigen specific down-regulation of 

CD62L when compared to DMSO treated control mice, Figure 3.12 D. When compared to 

the DMSO treated control, FTY720 treatment showed no significant difference in the 

antigen specific reduction of CD62L expression, Figure 3.12 D. When T cells were pre-

treated with FTY720 systemically, expression of CD69 increased when DCs were pulsed 

with antigen prior to their transfer in both DMSO and FTY720 treatment groups. Moreover, 

when comparing antigen specific expression levels of CD69 on CD4+KJ+ cells pre-treated 

with DMSO to T cells pre-treated with FTY720, there was no significant difference, Figure 

3.12 C. The expression of CD62L on CD4+KJ+ T cells pre-treated with DMSO was 

decreased when DCs were pulsed with antigen prior to their transfer and pre-treatment of 

the T cells with FTY720 did not significantly alter this antigen specific effect. In addition, 
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when compared to T cell pre-treated with DMSO, FTY720 pre-treatment of T cells showed 

no ability to significantly alter the level of the antigen specific reduction in CD62L 

expression Figure 3.12 D. When DCs were pre-treated with FTY720 systemically, expression 

of CD69 increased when they were pulsed with antigen prior to their transfer following 

either DMSO or FTY720 treatment. Furthermore, when comparing antigen specific 

expression levels of CD69 on CD4+KJ+ cells following their interaction with DMSO treated 

DCs to FTY720 treated DCs, there was no significant difference, Figure 3.12 B. The 

expression of CD62L on CD4+KJ+ cells was decreased when DCs were pulsed with antigen 

prior to their transfer and pre-treatment of DCs with FTY720 did not significantly alter this 

antigen specific down-regulation nor did it show any ability to significantly alter the level of 

the antigen specific reduction, when compared to DMSO control, Figure 3.12 C. In 

summary, the expression levels of CD69 and CD62L on the surface of CD4+KJ+ cells were 

significantly increased and decreased in the presence of antigen, respectively, and treatment 

with FTY720 failed to significantly alter this.   

 

 

The first set of multi-photon imaging experiments to investigate the effect of FTY720 

treatment on the ability of DCs and T cells to interact in vivo revealed few differences, with 

early markers of activation, CD69 and CD62L, being expressed at levels comparable with 

DMSO treated controls. Expansion of the CD4+KJ+ cell population in response to OVA 

challenge was next investigated and consistent with the expected result, the absolute number 

of CD4+KJ+ cells within the DLN increased in response to antigen challenge. In comparison 

to the DMSO control, treatment of mice with FTY720 systemically, resulted in a significant 

increase in the absolute number of CD4+KJ+ cells in the DLN following immunisation with 

OVA pulsed DCs (p=0.002) Figure 3.12 A. In contrast, pre-treatment of T cells with 

FTY720 in comparison to DMSO, gave rise to a significant reduction in the absolute 

number of CD4+KJ+ cells in the DLN following stimulation with OVA pulsed DCs 

(p=0.0355), Figure 3.12 A. Pre-treatment of DCs with either the DMSO control or FTY720 

prior to their transfer, failed to give rise to a significant difference in the absolute number of 

CD4+KJ+ cells within the DLN in response to OVA challenge. However, in each treatment 

group the proportion of CD4+KJ+ cells that had undergone cell division in response to OVA 
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challenge was not significantly altered in comparison to the proportion in DMSO control 

treated groups, Figure 3.12 B. 

 

3.9 An LFA-1 blocking Ab did not appear to modulate DC-T cell 

interactions in vivo 

 

When examined in vitro, treatment of co-cultures with the LFA-1 blocking Ab significantly 

reduced antigen specific T cell proliferation when compared with results obtained using an 

isotype control Ab (see above). To investigate the effect of LFA-1 blocking Ab on T cell 

division in vivo, mice were immunised with OVA/CFA and DLNs were removed after 72 

hours for analysis. Consistent with the expected results, the absolute number of CD4+KJ+ 

cells in the DLN was significantly increased when mice were challenged with OVA/CFA in 

comparison to PBS, in both mice treated with the isotype control Ab (p=0.0034) and the 

LFA-1 blocking Ab (p=0.001), Figure 3.13 A. However, the absolute number of CD4+KJ+ 

cells in the DLN following immunisation with OVA/CFA was significantly less (p=0.0097) 

in mice treated with the LFA-1 blocking Ab compared with the isotype control, Figure 3.12 

A. However, the proportion of CD4+KJ+ cells that had undergone cell division following 

treatment with an LFA-1 blocking Ab was not significantly reduced in comparison with 

isotype control treated mice Figure 3.12 B. Thus, while there were fewer CD4+KJ+ cells 

within the DLN, their capacity to respond to antigenic challenge by undergoing cell division 

did not appear to be impaired by the LFA-1 blocking Ab.  

 

When imaged dynamically in vitro, the LFA-1 blocking Ab reduced the number and duration 

of DC-T cell contacts. To assess the impact of the LFA-1 blocking Ab on DC-T cell 

interactions in vivo, DO11.10 CD4+ T cells were labelled with CMTPX (red) and adoptively 

transferred into a BALB/c recipient 24 hours before the subcutaneous transfer of CFSE 

(green) labelled DCs into the footpad. 20 hours after the delivery of DCs, the DLN was 

removed for multi-photon imaging. Figure 3.14 A-D, details representative images of multi-

photon movies acquired of the DLN (see attached CD for full movies) from each condition. 

However, the capacity of the LFA-1 blocking Ab to significantly reduce the absolute number 

of CD4+KJ+cells within the DLN, had a major impact on the ability of the transferred 
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CMTPX labelled T cells to be imaged using multi-photon microscopy. As a result, visualising 

T cells and their interactions with DCs was not technically feasible and detailed analysis of T 

cell velocity and co-localisation with DCs was therefore not possible.  

 

Analysis of the proportion of CD4+KJ+cells that had proliferated in response to antigen 

challenge following treatment with an LFA-1 blocking Ab compared with an isotype control 

were similar and suggested that DC-T cell interactions were not impaired. However, since it 

was not possible to carefully visualise and assess whether the LFA-1 blocking Ab altered 

DC-T cell interactions using multi-photon microscopy, DLNs were homogenised and 

CD4+KJ+cells were analysed for their up-regulation of the early activation marker, CD69. 

This was carried out to establish whether DC-T cell interactions had been modulated or 

whether they were sufficient to induce T-cell activation. In isotype control treated mice, the 

expression of CD69 was significantly up-regulated on CD4+KJ+ cells in response to antigen 

challenge (p=0.0058) Figure 3.12 C.  Treatment of the mice with an LFA-1 blocking Ab, 

failed to inhibit this antigen specific up-regulation of CD69. Moreover, there was no 

significant difference in the expression levels of CD69 on antigen stimulated CD4+KJ+ cells 

in mice treated with the LFA-1 blocking Ab compared to the isotype control, Figure 3.12 C.  

 

3.10 The effect of FTY720 and an LFA-1 blocking Ab on T cell 

differentiation and effector function in vivo  

 

The first series of in vivo studies into the effect of FTY720 drug treatment did not reveal any 

significant differences in the ability of cells to interact, up-regulate the early activation 

marker, CD69 or undergo antigen specific proliferation, despite the number of cells within 

the LN being significantly altered. Moreover, while it was not possible to study the effect of 

an LFA-1 blocking Ab on antigen specific interactions, the ability to up-regulate the early 

activation marker, CD69 or undergo antigen specific proliferation was unchanged. It is 

thought that the ability of DCs and T cells to make long term stable interactions is crucial to 

determining both the fate of the T cell and the outcome of the subsequent immune response 

with respect to priming versus tolerance (8, 236, 237, 280). However, while no significant 

differences in the duration of DC-T cell interactions were reported here, the contribution of 
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contact duration and frequency alone to the functional outcome of a T cell, remains a matter 

of debate. Moreover, in tolerogenic conditions, T cell activation and proliferation have been 

reported to occur, thus often the true fate of the T cell is not revealed until their capacity to 

differentiate and function as effector cells is tested (280). Therefore, the next series of 

experiments in this chapter were performed to establish what effect if any, FTY720 and the 

LFA-1 blocking Ab have on T cell differentiation and effector function in vivo. DO11.10 T 

cells were adoptively transferred into a BALB/c recipient 24 hours before immunisation 

with OVA/CFA in the footpad. After 72 hours, DLNs were removed for flow cytometric 

analysis of antigen specific T cell clonal expansion and differentiation. In addition, cells were 

re-stimulated in vitro with antigen to assess pro-inflammatory cytokine output as a measure of 

T cell effector function. Since there had been no observed difference in the ability of DCs 

and T cells to interact, the FTY720 treatment groups were reduced to the ip route of 

administration only to minimise animal numbers. 

 

Once activated, CD4+ T cells differentiate into effector cells that perform a variety of 

functions to direct the adaptive immune response (271, 281). In particular, CD4+ T cells play 

a crucial role in the development and enhancement of the antibody response, by 

differentiating into a subpopulation of T follicular helper (Tfh) cells that regulate and 

promote B cell proliferation, class switching and somatic hypermutation (282, 283). 

Phenotypically Tfh cells are characterised by the expression of CXCR5, which allows them 

to localise to B cell follicles in response to the B cell chemokine CXCL13, the inducible co-

stimulatory receptor ICOS and the inhibitory receptor, PD-1 (41, 165). Thus, to test whether 

treatment with FTY720 or an LFA-1 blocking Ab had any impact on the ability of T cells to 

differentiate into effective helper cells, their expression of Tfh cell type molecules was 

assessed.  In the absence of antigen stimulation, the proportions of CD4+KJ+ cells expressing 

the Tfh phenotypes, CXCR5+ICOS1+ and CXCR5+PD1+, was negligible (results not shown). 

In mice immunised with OVA/CFA and treated with FTY720, the proportion of CD4+KJ+ 

cells that up-regulated the expression of CXCR5 with ICOS and PD1, was not significantly 

different to the proportion expressed in DMSO treated control mice figure 3.15 B + C. 

Moreover, in mice immunised with OVA/CFA and treated with an LFA-1 blocking ab, the 

proportion of CD4+KJ+ cells that up-regulated the expression of CXCR5 with ICOS and 
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PD1 was increased, but not significantly, in comparison to isotype control Ab treated mice 

figure 3.16 B + C. 

 

In addition to the differentiation of CD4+ T cells into Tfh cells, a measure of T cell effector 

function is their ability to produce a host of pro-inflammatory mediators that instruct and 

direct the activation and function of leuokocytes involved in mediating the adaptive immune 

response (270, 271). As discussed in the introduction, CD4+ T cells can be characterised into 

different subsets on the basis of their cytokine output, which is of particular interest since 

different subsets are required to modulate and tailor the immune response towards the 

nature of the antigen challenge. Thus, to test whether FTY720 treatment or an LFA-1 

blocking Ab had any ability to modulate the cytokine profiles induced by OVA/CFA 

immunisation, supernatants from re-stimulated cells were sampled and analysed for the 

presence of cytokines, chemokines and growth factors using the luminex system, as 

described in Materials and Methods. In the absence of antigen, cytokine production was 

negligible therefore all the results described below and summarised in table 3.2, refer to 

antigen stimulated cell cultures. In comparison to the results obtained from cultures of 

DMSO control treated mice, administration of FTY720 in vivo, did not significantly alter the 

production of pro-inflammatory Th1 type cytokines, Th2 type cytokines, chemokines and 

growth factors figures 3.17-.20. Similarly, the production of pro-inflammatory Th1 

cytokines, Th2 cytokines, chemokines and growth factors was not significantly impaired by 

treatment with an LFA-1 blocking Ab in comparison to treatment with an isotype control 

Ab figures 3.21-24. However, a significantly higher (p=0.0067) concentration of macrophage 

inflammatory protein-1# (MIP1#) was detected in cell cultures from LFA-1 blocking Ab 

treated mice in comparison to isotype control treated mice. 
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Cytokine/Chemokine FTY720 compared to DMSO control  LFA-1 Ab compared to isotype control Ab 

IL2 Not significant Not significant 

IL1$ Not significant Not significant 

IL4 Not significant Not significant 

IL5 Not significant Not significant 

IL6 Not significant Not significant 

IL10 Not significant Not significant 

IL12 Not significant Not significant 

IL13 Not significant Not significant 

IL17 Not significant Not significant 

IFN! Not significant Not significant 

MIG Not significant Not significant 

KC Not significant Not significant 

MIP-1# Not significant Significantly increased (p=0.0067) 

FGF Not significant Not significant 

VGEF Not significant Not significant 

TNF# Not significant Not significant 

MCP-1 Not significant Not significant 

GM-CSF Not significant Not significant 

 

Table 3.2. Summary of cytokine/chemokine production from ex vivo re-stimulated LNs treated with FTY720 

and an LFA-1 blocking Ab in vivo 

 

In addition to the flow cytometric analysis of the Tfh phenotype and the in vitro re-

stimulation for cytokine analysis, the absolute number of CD4+KJ+ cells in the DLN was 

calculated. In comparison with DMSO control treatment, following immunisation, treatment 

with FTY720 gave rise to a significant increase (p=0.0001) in the absolute number of 

CD4+KJ+ cells in the DLN, figure 3.15 A. In contrast, following immunisation, treatment 

with an LFA-1 blocking Ab caused a marked reduction in the absolute number of CD4+KJ+ 

cells in the DLN in comparison to isotype control treated mice figure 3.16 A, reflecting 

results obtained in previous experiments Figure 3.12 A. 
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3.11 Discussion 

 

DCs are potent, professional antigen-presenting cells (APC) conventionally identified in vitro 

by their ability to activate naive T cells (284). An appropriate antigen specific interaction 

between these cell types is an essential step in the process of priming and regulating an 

antigen specific immune response (8). The aim of this PhD was to investigate the 

relationship between DC-T cell interactions taking place within a tissue site of inflammation 

and its DLN. This chapter set out to develop a series of in vitro systems, in which DC-T cell 

interactions and the outcome of their modulation using FTY720 and an LFA-1 blocking Ab, 

could be measured and assessed. The ultimate objective was to develop in vivo model systems 

that would allow these cellular interactions to be examined in the context of a tissue site of 

inflammation and its DLN. However, by first developing systems to investigate and 

modulate these interactions in vitro, which parameters to test in the study of DC-T cell 

interactions were explored and established. Moreover, the potential use of FTY720 and an 

LFA-1 blocking Ab, in future in vivo studies, as tools to assess and analyse the relative 

requirement of these cellular interactions at both the tissue site of inflammation and the 

DLN was investigated using MPLSM. The results showed that while DC-T cell interactions 

were modulated by FTY720 and an LFA-1 blocking Ab in vitro, giving rise to an impairment 

in T cell proliferation and differentiation, the drug and Ab appeared to have little effect on 

DC-T cell interactions and the generation of T cell mediated immunity in the LN in vivo.  

 

DC-T cell interactions were examined in vitro both statically and dynamically, which revealed 

contrasting results. When examined statically by flow cytometry, the proportion of DCs and 

T cells forming stable contacts were not affected by the pre-treatment of DCs with FTY720, 

however they were slightly reduced by treatment with an LFA-1 blocking Ab. While this 

assay offered a relatively quick and easy method for measuring DC-T cell interactions, it 

provided only a single snap shot in time and did not indicate the proportion of cells in 

clusters prior to, and following the addition of, the fixative, paraformaldehyde. Morover, 

since other studies have shown that DC-T cell interactions are fluid and dynamic, it was 

important to design an assay that allowed these interacting cell types to be visualised and 
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analysed over a period of time (7, 8, 236, 285). Using epi-fluorescent microscopy, DCs and T 

cells imaged 6 hours following their co-culture made a high number of short-lived 

interactions and treatment with FTY720 or LFA-1 blocking Ab did not appear to alter this. 

However, the number and duration of antigen specific DC-T cell contacts observed in the 

various cultures at 20 hours differed substantially. In control cultures, DCs and T cells made 

a high number of stable interactions, while treatment with FTY720 and anti-LFA-1 blocking 

Ab resulted in a reduction in the number and duration of DC-T cell contacts. This 

observation at the 20 hour time point was of particular significance since it is thought that 

the ability of DCs and T cells to make long term stable interactions at this stage is crucial in 

determining both the fate of the T cell and the outcome of the subsequent immune response 

with respect to priming versus tolerance (7, 8, 237). The results observed here were 

consistent with previous findings, which reported that contact between antigen loaded DCs 

and antigen specific T cells co-cultured in vitro, was reduced when DCs were pre-treated with 

FTY720 (229). Moreover, in vitro analysis of T cells from both CD11a–/– and CD18–/– mice 

have shown that these cells are defective in their ability to undergo activation under 

conditions requiring cell-cell interactions with an APC (286, 287). 

 

 

Central to the induction of protective immunity against infection is the fundamental ability 

of DCs to functionally activate and induce the clonal expansion and differentiation of 

antigen specific CD4+ T cells in vivo. However, prolonged DC-T cell contact is thought to 

precede productive T cell activation and to be necessary for the induction of clonal 

expansion and differentiation (209, 235).  Thus, what effect a reduction in long-term stable 

contacts between DCs and T cells had on the ability of DCs to induce T cell priming was 

next investigated by designing an in vitro assay to assess T cell proliferation and cytokine 

production. Previous studies demonstrated that by mutating LFA-1 into a constitutively 

active form and preventing its normal function, CD4+ T cell expansion and subsequent 

function were impaired in vivo (243). Thus, the data presented in this chapter was consistent 

with the literature, since interfering with LFA-1 function using an LFA-1 blocking Ab, 

compared to an isotype control Ab, significantly reduced antigen specific T cell proliferation 

in vitro. Moreover, this was further reflected in a significant reduction in pro-inflammatory 

cytokine output following treatment with an LFA-1 blocking Ab. In contrast, the production 
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of the Th2 cytokine, IL5, was significantly increased and this was consistent with previous 

reports that blocking LFA-1 can give rise to a significant increase in the production of Th2 

type cytokines (288). However, unlike LFA-1, published data on the effect of FTY720 

treatment on DC-T cell interactions is limited and how this drug modulates their ability to 

interact is not yet characterised. Pre-treatment of DCs with FTY720, compared to the 

DMSO control, also significantly impaired their ability to induce antigen specific T cell 

proliferation and production of the proliferation enhancing cytokine, IL2. Moreover, pre-

treatment of DCs with FTY720 impaired their production of the pro-inflammatory cytokine 

IL12. FTY720 has been previously shown not to modulate antigen presentation by DCs and 

in this chapter the activation status of the DC was shown to be unaffected by the drug (229). 

However, FTY720 treatment of DCs is known to modulate their migration, endocytosis and 

regulation of their cytoskeletal proteins (255, 260), yet in vivo studies have suggested that 

FTY720 does not have an ability to modulate the activation of an adaptive immune response 

(230, 273). Thus, how modulating S1P signalling using FTY720 in turn modulated DC-T cell 

interactions and T cell proliferation and differentiation in vitro was not clear. 

 

A wealth of knowledge of the molecular and physiological aspects of the immune system has 

been acquired through the use of in vitro experimental systems. However, an immune 

response is the sum of many complex and dynamic cellular interactions that are shaped by 

environmental factors and in vivo experiments that maintain this natural environment were 

the next logical step to assess and determine the effect of FTY720 and an LFA-1 blocking 

Ab on DC-T cell interactions (176, 209, 235). Moreover, the impact of FTY720 and an LFA-

1 blocking Ab on DC-T cell interactions had never been previously visualised in the 

physiological environment of the LN. As outlined in chapter 1, the kinetics and dynamics of 

DC-T cell interactions in vivo are critical parameters in determining the outcome of an 

immune response. In this chapter, MPLSM was the tool used to facilitate these studies by 

allowing cells and their interactions to be imaged dynamically in vivo (194).  

 

FTY720 is an immunosuppressive drug well characterised for its ability to modulate S1P 

mediated signalling and to block T cell migration from the LN (233, 254, 273). In this 

chapter the ability of FTY720 to modulate T cell recirculation was observed when mice were 

either treated systemically with the drug or when T cells were pre-treated with the drug in 
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vitro. A significantly increased number of antigen specific T cells were detected within the 

DLN when mice were treated systemically, while a significantly decreased number were 

detected when T cells were pre-treated with the drug in vitro prior to their adoptive transfer. 

However, while the number of T cells within the LN was altered, the proportion of cells that 

had divided in response to antigen challenge did not differ from controls. FTY720 is a 

structural analogue of S1P and functions by binding to S1P1 receptors on the surface of T 

cells, inducing their down-regulation and preventing T cells from exiting the LN in response 

to S1P signals (233, 254, 259, 289). It is therefore most likely that a significant reduction in 

the absolute number of CD4+KJ+ cells within the DLN was observed since T cells pre-

treated with FTY720 may have lost their ability to re-circulate evenly between the LNs 

following their adoptive transfer, by blocking their exit from the first LN they re-circulate in 

to. Moreover, this may have given rise to an uneven distribution of CD4+KJ+ cells between 

the LNs and resulted in a less than control level of CD4+KJ+ cells in the LN prior to antigen 

challenge. However, the opposite effect was observed when mice were treated systemically 

with FTY720 as the absolute number of CD4+KJ+ cells was significantly increased in 

comparison with DMSO treated mice. Since the adoptively transferred cells had already had 

24 hours to equilibrate between the LNs, FTY720 treatment after immunisation may have 

prevented the potential exit of any CD4+KJ+ cells from the LN thus, giving rise to an 

increase in the overall number of antigen specific cells within the DLN. This explanation is 

consistent with published reports that show FTY720 treatment accelerates the exit of 

lymphocytes from the blood to the LNs were they are retained (273, 289).  

 

Pinschewer et al. demonstrated that while FTY720 blocked the migration of T cells from the 

LN, treatment with the drug had no measurable effect on the activation and expansion of 

cytotoxic CD8+ T cells or CD4+ T cells in response to viral infection. Moreover, they 

reported that the humoral immune response was also unimpaired (230, 273). However, more 

recently it was reported that treatment with FTY720 can impair the humoral response, with 

the production of high affinity class switched antibodies being significantly reduced in 

response to T cell dependent antigens (290). Thus, while published data has consistently 

reported the role of FTY720 in blocking the egress of T cells from the LN, the effect of the 

drug on cellular interactions within the LN has remained ambiguous. In this chapter, the 

impact of FTY720 treatment on the interactions between DCs and T cells was imaged 
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dynamically in the LN. While the migration of T cells out of the LN was affected by 

treatment with FTY720, the migration of T cells within the LN and their co-localisation with 

DCs did not appear to be altered following treatment with the drug. The up-regulation of 

the early activation marker CD69 and down-regulation of CD62L in response to antigen 

specific stimulation were also both unaltered by treatment with FTY720.  Moreover, the 

inability of FTY720 to alter T cell activation and function was further demonstrated in the 

cytokine output and differentiation of the cells into Tfh cells, both of which were 

unchanged. Thus, this data contributes new information to the field by demonstrating a 

failure of FTY720 to modulate the dynamic DC-T cell interactions within the LN and lends 

support to previously published data that details a failure of FTY720 to interfere with the 

generation of an immune response (230, 273).  

While the impact of blocking DC-T cell interactions in vivo using an LFA-1 blocking Ab has 

never been directly visualised and assessed using MPLSM, the adoptive transfer of antigen 

specific LFA-1 defective T cells into wild type recipients revealed a defect in antigen specific 

T cell priming, cytokine and IgG2a production (291). Moreover, LFA-1 also plays a key role 

in mediating the migration of T cells and facilitating their re-circulation between secondary 

lymphoid organs (242, 244). In this chapter, treatment with an LFA-1 blocking Ab in vivo, 

significantly reduced the number of antigen specific T cells within the LN following 

immunisation (242, 244). It was therefore not possible to separate the effects of the LFA-1 

blocking Ab on T cells outwith the LN from its effects on DC-T cell interactions within the 

LN since the significantly reduced number of T cells within the LN had a substantial impact 

on the in vivo multiphoton imaging studies (244, 292). When imaging an intact LN with 

MPLSM, the maximal imaging depth of penetration is approximately 200µm, thus, 

fluorescently labelled cells must be in abundance throughout the LN to ensure as many as 

possible can be imaged.  

 

In this chapter, analysis of T cell velocity and their ability to interact with DCs was not 

possible following treatment with the LFA-1 blocking Ab. However, more sensitive 

techniques such as flow cytometry were able to establish the effects of the LFA-1 blocking 

Ab on T cell activation and differentiation. Since prolonged and stable DC-T cell 



 78 

interactions are thought to be necessary for and to precede these events, measuring T cell 

responses following treatment with the LFA-1 blocking Ab was used as an indication as to 

how much of an impact the antibody had had on DC-T cell interactions within the LN. 

Firstly, the expression of the early activation marker, CD69, on the surface of antigen 

specific T cells, was unaffected. Secondly, the proportion of cells that had divided in 

response to antigen challenge was comparable with the proportion of cells that had divided 

in the isotype control Ab treated mice. Moreover, T cell function did not appear to be 

impaired following treatment with the LFA-1 blocking Ab in vivo. The production of pro-

inflammatory cytokines was not significantly affected and there was no increase in the 

production of the Th2 type cytokine, IL5, as observed in the in vitro systems. T cells 

differentiated and adopted the Tfh cell phenotype to levels comparable with controls.  Thus, 

the results were consistent with the literature with respect to the effect of blocking LFA-1 on 

T cell re-circulation and entry into LN, however, they were not consistent with respect to the 

effect of blocking LFA-1 on T cell activation, proliferation and differentiation (242-244, 291, 

292). It therefore appeared from the data presented here, that the LFA-1 blocking Ab failed 

to have any impact on the interactions between DCs and T cells within the LN and it is 

therefore possible to question whether the Ab penetrated and distributed throughout the LN 

effectively.  

 

LFA-1 is a key adhesion and signalling molecule known to play an important role in DC-T 

cell interactions. In contrast, while FTY720 is known to have a significant impact on T cell 

migration, its role in DC-T cell interactions is less well characterised. This chapter has 

described the design of novel in vitro systems for analysis of DC-T cell interactions and has 

outlined the ability of FTY720 and an LFA-1 blocking Ab to reduce stable DC-T cell 

interactions and to modulate T cell proliferation and differentiation. In addition, the impact 

of FTY720 and the LFA-1 blocking Ab on DC-T cells interactions in the physiological 

environment of the LN in vivo, had never been directly visualised previously. Thus, the next 

step was to progress the in vitro studies to an in vivo experimental set up. However, the results 

did not mirror those obtained from the in vitro systems and the results of this chapter 

revealed an inability of these molecules to modulate DC-T cell interactions in vivo or to alter 

T cell proliferation and differentiation. Moreover, this contrasting set of results served to 

emphasise the importance of in vivo experimentation. While in vitro work offers a cheaper, 



 79 

faster and easier alternative to in vivo work, it does not accurately represent the physiological 

environment of the immune system and results are therefore often misleading.  
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Figure 3.1. LFA-1 blocking Ab can bind to, and be detected on, the cell surface of LFA-1 expressing
DCs and T cells

CD11c+ DCs and CD4 + T cells were incubated with the LFA-1 blocking Ab or with  an isotype
control Ab, followed by an anti-rat-IgG-FITC secondary Ab to detect specific binding of the LFA-1
blocking Ab to cell surface LFA-1. (A) Lymphocytes identified on basis of size and granularity (B)

CD4+ T cells incubated with an isotype control Ab followed by anti-rat-IgG-FITC (C) CD4 + T cells
incubated with the LFA-1 blocking Ab followed by anti-rat IgG FITC (D) Dendritic cells identified

on basis of size and granularity (E) CD11c + DCs incubated with an isotype control Ab followed by

anti-rat-IgG-FITC (F) CD11+ DCs incubated with an LFA-1 blocking Ab followed by
anti-rat-IgG-FITC
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Figure 3.2. FTY720 does not  inhibit DC activation in response to LPS

Bone marrow derived DCs were incubated with LPS following 24 hours pre-treatment with increasing
concentrations of FTY720. DCs were gated on basis of (A) size and granularity (B) live cells/propidium

iodide -ve (C)  CD11c expression. (D) Representative plot demonstrates CD40 expression on  CD11c+ DCs
following treatment with FTY720 or the DMSO carrier control and stimulation with LPS (E)  Representative

plot demonstrates CD86  expression on  CD11c+ DCs following treatment with FTY720 or the DMSO
carrier control and stimulation with LPS (F) Graph summaries the fraction of CD11c DCs which were
positive for the expression of the activation marker CD40 following pretreatment with FTY720, followed
by LPS stimulation (G) Graph summarises the fraction of CD11c DCs which were positive for the
expression of the activation marker CD86 following pretreatment with FTY720, followed by LPS
stimulation
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Figure 3.3. FTY720 and an LFA-1 blocking Ab fail to block DC-T cell conjugates when
investigated statically in vitro

Representative plots identify (A) CFSE labelled DO11.10 Tcells and a population of unlabelled
T cells of irrelevant specificities. (B) CMRA labelled bone marrow derived DCs (C) Gates
identify the 3 populations highlighted in plots A + B and the arrow indicates the double positive
DC-T cell conjugates detected in the absence of antigen (D) Arrow identifies double positive
DC-T cell conjugates in the presence of antigen. Graphs summarise the results of conjugation
assay in which (E) FTY720 or an (F) LFA-1 blocking Ab were used to block DC-T cell
cluisters. Neither FTY720 pre-treatment of  DCs nor the LFA-1 blocking Ab substantially
reduced the % of DC-T cell clusters at 20 hours
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B. 6 hour LFA-1 AbA. 6 hour control C. 6 hour FTY720

D. 20 hour control F. 20 hour FTY720E. 20 hour LFA-1 Ab

Figure 3.4 Interactions between OVA pulsed DCs (red) and DO11.10 T cells (green) were imaged
at 6 and 20 hours post co-culture following treatment with either FTY720 or an LFA-1 blocking
Ab

Red CMTPX labelled DCs and green CFSE labelled DO11.10 T cells were co-cultured in vitro  for
a period of 6 or 20 hours. Interactions between the cells were imaged for 30 minute periods using
epi-fluorescence microscopy. Snapshots of the resulting in vitro  movies are shown above. The
effect of using an LFA-1 blocking Ab and FTY720 pre-treatment of DCs on the ability of cells to
interact was examined. (A) 6 hour control culture (B) 6 hour LFA-1blocking Ab treated culture (C)
6 hour FTY720 treated culture (D) 20 hour control culture (E) 20 hour LFA-1 blocking Abtreated
culture (F) 20 hour FTY720 treated culture
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Figure 3.5 FTY720 and an LFA-1 blocking Ab reduce the number of stable DC-T cell contacts
at 20hours

Interactions between OVA pulsed DCs and DO11.10 T cells were imaged using epi-fluorescent
microscopy at 6 and 20 hours post co-culture of the cells for a period of 30 minutes. Interactions
were measured by calculating the number and duration of intersecting fluorescent green (T cells)
and red (DCs) fluorescent objects as described in Materials and Methods.(A) Number and
duration of DC-T cell interactions at 6 hours post co-culture (B) Number and duration of DC-T
cell interactions at 20 hours post co-culture.
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Figure 3.6. Treatment of DCs with FTY720 or an LFA-1 blocking Ab significantly reduced

antigen specific CD4+ T cell proliferation

CD4+ T cell proliferation was measured as a level of Edu  encorportation. Representative flow

cytometric plots identify a population of (A) CD4 + cells stained for Edu following stimulation

with non antigen pulsed control DCs (B) CD4+ cells stained for Edu following stimulation with

antigen pulsed DCs (C) FTY720 significantly reduces antigen specific CD4+ T cell proliferation

(*p=0.0004) (D) An LFA-1 blocking Ab significantly reduced antigen specific CD4 +  T cell
proliferation (**p=0.0073).
Results show the mean of triplicate samples ±  s.d.
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Figure 3.7.  FTY720 significantly inhibits the production of IL2 and IL12 from antigen
stimulated DC-T cell co-cultures

72 hours following the co-culture of DO11.10 T cells with OVA pulsed DCs that had
been either treated with DMSO carrier control or FTY720, supernatants were analysed
for the presence of the pro-infammatory cytokines. Pre-treatment of DCs with FTY720
compared to DMSO did not significantly impair the production of IL5, IL10 and IFN!,
but did significantly reduce the production of IL2 (*p=0.0016) by T cells and IL12
(**p=0.0042) by DCs.
Results show the mean of triplicate samples ±  s.d.
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Figure 3.8 LFA-1 blocking Ab significantly inhibits the antigen specific production of
cytokines from DC- T cell co-cultures

72 hours following the co-culture of DO11.10 T cells with OVA pulsed DCs in the presence
of either an LFA-1 blocking Ab or an isotype control ab, supernatants were analysed for the
presence of the pro-infammatory cytokines. In comparison to isotype control treated cultures,
production of IL5 was significantly increased by the presence of the LFA-1 blocking Ab
(**p=0.0001). The production of IL2 (*p=0.0002) and IL10 (***p=0.0003) by T cells and
IL12 (****p=0.0002) by DCs was significantly impaired following treatment with an LFA-1
blocking ab, while the production of IFN! was not significantly affected.
Results show the mean of triplicate samples ±  s.d.
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Figure 3.12 The effect of FTY720 treatment on antigen specific proliferation, the up-regulation of
CD69 and down-regulation of CD62L

The DO11.10 adoptive transfer model was used to assess the effect of FTY720 treatment on the
ability of DCs and T cells to interact in vivo, undergo clonal expansion and upregulation markers of
activation (A) 72 hours post immunisation with OVA pulsed DCs, the absolute number of

CD4+KJ+ cells was assessed in the draining popliteal LN. In comparison with control DCs, OVA

pulsed DCs significantly increased the number of CD4+KJ+ cells in the DLN (results not shown). In

mice treated with FTY720 systemically compared with DMSO, the absolute number of CD4 +KJ+

cells was significantly increased in response to OVA stimulation (*p=0.002). Pre-treatment of T
cells with FTY720 in comparison with DMSO, significantly reduced the absolute number of

CD4+KJ+cells in response to OVA stimulation (**p=0.0355). (B) Graph summarises the % of

CD4+KJ+cells that divided in response to OVA stimulation following treatment with FTY720 or

DMSO control. CD4+KJ+ cells were anaylsed at 20 hours post antigen challenge for (C)  % of cells
positive for CD69 expression. (D) % of cells positive for CD62L expression
Results show the mean of triplicate samples ±  s.d.
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Figure 3.10. Treatment with FTY720 ip does not significantly affect DC-T cell interactions and T cell
dynamics within the LN in vivo

BALB/c mice were injected with CFSE-labelled DO11.10 T cells (green) and CMTPX-labelled DCs
(red) which had been, untreated (A+B) or pulsed with OVA (C+D). Mice were treated with DMSO
(A+C) or FTY720 (B+D) ip. Cellular interactions in the draining popliteal LNs were imaged by
multiphoton microscopy 20 hours later. Images represent a z-compressed 30µm stack from a single
time point (full sequences available as movies on attached CD. T cell movement was analysed using
Volocity software (Improvision) and the (E) mean velocity of T cells calculated (F) DC-T cell
interactions were measured by quantifying the colocalisation of green voxels with red to determine
the proportion of DC volume in contact with T cells. Data shown are representative of triplicate
samples for 2 similar experiments.
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Figure 3.9 Pre-treatment of T cells with FTY720 does not significantly affect DC-T cell interactions and
T cell dynamics within the LN in vivo

BALB/c mice were injected with CMTPX-labelled DO11.10 T cells (red), which had been treated with
DMSO (A+C), treated with FTY720 (B+D) and CFSE-labelled DCs (green) which had been, untreated
(A+B) or pulsed with OVA (C+D). Cellular interactions in the draining popliteal LNs were imaged by
multiphoton microscopy 20 hours later at x40 magnification. Images represent a z-compressed 3 0µm
stack from a single time point (full sequences available as movies on attached CD. T cell movement was
analysed using Volocity software (Improvision) and the (E) mean velocity of T cells calculated (F)
DC-T cell interactions were measured by quantifying the colocalisation of green voxels with red to
determine the proportion of DC volume in contact with T cells. Data shown are representative of
triplicate samples for 2 similar experiments.
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Figure 3.11. Pre-treatment of DCs with FTY720 does not significantly affect DC-T cell interactions
and T cell dynamics within the LN in vivo

BALB/c mice were injected with CFSE-labelled DO11.10 T cells (green) and CMTPX-labelled DCs
(red) which had been treated with DMSO (A), treated with FTY720 (B), treated with DMSO prior to
OVA pulse (C) or treated with FTY720 prior to OVA pulse (D). Cellular interactions in the draining
popliteal LNs were imaged by multiphoton microscopy 20 hours later at x40 magnification. Images
represent a z-compressed 30µm stack from a single time point (full sequences available as movies on
enclosed CD. T cell movement was analysed using Volocity software (Improvision) and the (E) mean
velocity of T cells calculated (F) DC-T cell interactions were measured by quantifying the
colocalisation of green voxels with red to determine the proportion of DC volume in contact with T
cells. Data shown are representative of triplicate samples for 2 similar experiments.
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Figure 3.13 The effect of an LFA-1 blocking Ab on antigen specific T cell proliferation and the
up-regulation of CD69

Following the adoptive transfer of OVA specific DO11.10 T cells, mice were immunised in the
footpad with OVA/CFA and treated with either the LFA-1 blocking Ab or the isotype control

ab. DLNs were removed after 72 hours (A) Theabsolute number of CD4 +KJ+ cells was
significantly reduced following treatment with an LFA-1 blocking Ab compared to the isotype

control ab (*p=0.0097) (B) The % of CD4 +KJ+ cells in the DLN that divided in response to
antigen challenge was not impaired by treatment with an LFA-1 blocking Ab (C) 20 hours post

immunisation with OVA pulsed DCs the % of CD4 +KJ+ cells positive for the expression of
CD69 was not significantly altered following treatment with an LFA-1 blocking Ab
Results show the mean of triplicate samples ±  s.d.
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Figure 3.14 Behaviour of DCs (green) and DO11.10 T cells (red) was
imaged in the DLN following treatment with an  LFA-1 blocking Ab

BALB/c mice were injected with CMTPX-labelled DO11.10 T cells
(red) and CFSE-labelled DCs (green) which had been untreated (A+B)
or pulsed with OVA (C+D). Mice were treated with an isotype control
ab (A+C) or an LFA-1 blocking ab (B+D). Cellular interactions in the
draining popliteal LNs were imaged by MPLSM 20 h later at x40
magnification for approximately 30 minutes. Images represent a
z-compressed 30-um stack from a single time point (full sequences
available as movies on attached CD. Data shown are representative of
triplicate samples.
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Figure 3.15. Treatment with FTY720 in vivo significantly increases the number CD4+KJ+

cells in the DLN but did not affect the differentiation of T follicular helper cells.

BALB/c mice were injected with DO11.10 T cells, immunised in the footpad with
OVA/CFA and treated with either the DMSO or FTY720. After 72 hrs DLNs were

removed for flow cytometric analysis of the absolute number of CD4 +KJ+ cells.  (A)
Compared to DMSO control treatment, FTY720 significantly increased the absolute

number of CD4+KJ+ cells in the DLN following antigen challenge (*p=0.0001). (B) The %

of CD4+KJ+ cells positive for the expression of CXCR5+ICOS+  (C) The % of CD4+KJ+

cells positive for the expression of CXCR5+PD1+

Results show the mean of triplicate samples ±  s.d.
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Figure 3.16. Treatment with an LFA-1 blocking Ab in vivo reduced the number

CD4+KJ+cells in the DLN but did not affect the differentiation of T follicular helper
cells.

BALB/c mice were injected with DO11.10 T cells, immunised in the footpad with
OVA/CFA and treated with either an isotype control ab or an LFA-1 blocking Ab.
After 72 hrs DLNs were removed for flow cytometric analysis of the absolute number of

(A) CD4 +KJ+cells (B) The % of CD4+KJ+ cells positive for the expression of

CXCR5+ICOS+  (C) The % of CD4+KJ+ cells positive for the expression of

CXCR5+PD1+

Results show the mean of triplicate samples ±  s.d.
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Figure 3.19 The effect of FTY720 treatment on the antigen specific production of pro-inflammatory
chemokines

BALB/c mice were injected with DO11.10 T cells, immunised in the footpad with OVA/CFA and
treated with either FTY720 or the DMSO control. After 72 hrs DLNs were removed and
re-stimulated with antigen in vitro for a further 72 hours. Supernatants were analysed for the presence
of the pro-infammatory chemokines, KC, MCP-1, MIG, MIP-1! and treatmeant with FTY720
failed to significantly alter their production
Results show the mean of triplicate samples ±  s.d.
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Figure 3.20 The effect of FTY720 treatment on the antigen specific production of growth and
repair factors

BALB/c mice were injected with DO11.10 T cells, immunised in the footpad with OVA/CFA
and treated with either FTY720 or the DMSO control. After 72 hrs DLNs were removed and
re-stimulated with antigen in vitro  for a further 72 hours. Supernatants were analysed for the
presence of the growth and repair factors. Treatment with FTY720 in vivo  did not result
significantly alter the production of FGF, GMCSF or VEGF.
Results show the mean of triplicate samples ±  s.d.
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Figure 3.17 The effect of FTY720 treatment on the antigen specific production of Th1
cytokines

BALB/c mice were injected with DO11.10 T cells, immunised in the footpad with
OVA/CFA and treated with either FTY720 or the DMSO control. After 72 hrs DLNs
were removed and re-stimulated with antigen in vitro for a further 72 hours. Supernatants
were analysed for the presence of the pro-infammatory cytokines. Treatment with
FTY720in vivo did not significantly alter the production of IL1", IL12, IL2, IL17,

TNF!, IFN#.
Results show the mean of triplicate samples ±  s.d.
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Figure 3.18. The effect of FTY720 treatment on the antigen specific production of Th2
cytokines

BALB/c mice were injected with DO11.10 T cells, immunised in the footpad with
OVA/CFA and treated with either FTY720 or the DMSO control. After 72 hrs DLNs
were removed and re-stimulated with antigen in vitro for a further 72 hours. Supernatants
were analysed for the presence of the pro-infammatory cytokins. Treatment with FTY720
in vivo did not significantly alter the production of  IL4, IL5, IL13 or IL10.
Results show the mean of triplicate samples ±  s.d.
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Figure 3.23 The effect of an LFA-1 blocking Ab on the antigen specific production of
pro-inflammatory

BALB/c mice were injected with DO11.10 T cells, immunised in the footpad with OVA/CFA and
treated with either an isotype control Ab or an LFA-1 blocking Ab. After 72 hrs DLNs were
removed and re-stimulated with antigen in vitro for a further 72 hours. Supernatants were analysed
for the presence of the pro-inflammatory chemokines. Treatment with an LFA-1 blocking Ab did
not result in a significant reduction of KC, MCP-1, MIG, however, it did result in a significant
increase of MIP-1a (p=0.0067).
Results show the mean of triplicate samples ±  s.d.
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Figure 3.24 The effect of an LFA-1 blocking Ab on the antigen specific production of grwoth and
repair factors

BALB/c mice were injected with DO11.10 T cells, immunised in the footpad with OVA/CFA and
treated with either an isotype control Ab or an LFA-1 blocking Ab. After 72 hrs DLNs were
removed and re-stimulated with antigen in vitro for a further 72 hours. Supernatants were analysed
for the presence of the growth and repair factors. Treatment with an LFA-1 blocking Ab did not
result in a significant reduction of FGF,  GMCSF or VEGF.
Results show the mean of triplicate samples ±  s.d.
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Figure 3.22 The effect of an LFA-1 blocking Ab on the antigen specific production of Th2
cytokines

BALB/c mice were injected with DO11.10 T cells, immunised in the footpad with OVA/CFA
and treated with either an isotype control Ab or an LFA-1 blocking Ab. After 72 hrs DLNs
were removed and re-stimulated with antigen in vitro for a further 72 hours. Supernatants were
analysed for the presence of the pro-infammatory cytokins. Treatment with an LFA-1 blocking
ab did not result in a significant reduction of IL4, IL5, IL13 or IL10
Results show the mean of triplicate samples ±  s.d.
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Figure 3.21 The effect of an LFA-1 blocking Ab on the antigen specific production of  Th1
cytokines

BALB/c mice were injected with DO11.10 T cells, immunised in the footpad with OVA/CFA and
treated with either an isotype control Ab or an LFA-1 blocking Ab. After 72 hrs DLNs were
removed and re-stimulated with antigen in vitro for a further 72 hours. Supernatants were analysed
for the presence of the pro-infammatory cytokins. Treatment with an LFA-1 blocking Ab did not
result in a significant reduction of  IL1", IL12, IL2, IL17, TNF!, IFN#.
Results show the mean of triplicate samples ±  s.d.
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Chapter 4 

 

Developing and characterising a LN transplant model 
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4.1 Introduction 

 

The overall aim of this PhD was to investigate the relationship between DC-T cell 

interactions taking place within a tissue site of inflammation and its DLN. In the previous 

chapter, the interactions between DCs and CD4+ T cells were investigated in vitro and in vivo 

by MPLSM. However, to fully address the relationship between the cellular interactions 

taking place at a tissue site of inflammation and its DLN, there was a requirement for the 

investigation to progress to an in vivo context in which both locations could be examined in 

parallel. This chapter shows the first stage in this progression and describes the development 

of a novel LN transplant model, in which a LN is transplanted into the ear pinna of a mouse. 

As outlined in chapter 1, the next step in this study would be to develop a model of tissue 

inflammation upstream of the transplanted LN in the ear pinna. Having both sites in the 

convenient location of the ~200µm thick ear pinna, would permit the cellular interactions 

taking place at, and between, each site to be easily accessible to MPLSM, without the need 

for invasive surgical procedures to expose either site.  

 

In this chapter, a novel model was developed in which a LN was transplanted into the ear 

pinna of a syngeneic recipient. While the concept of transplanting a LN in the ear pinna of 

the mouse was novel, the transplantation of lymphoid tissue has long been established as a 

suitable method to study the development of lymphoid tissue in vivo (94, 293, 294). In 

particular, the use of the kidney capsule as the site of engraftment has been shown to 

provide an optimum environment for the rapid vascularisation and function of transplanted 

embryonic and adult lymphoid tissue (94). This experimental system has allowed the cellular 

and molecular requirements for the development and organisation of lymphoid tissue to be 

investigated (94, 295). Moreover, ‘custom-built’ lymphoid tissue consisting of, or excluding, 

particular cell types have been transplanted under the kidney capsule to assess the relative 

requirement of individual cellular features or molecules in the development and function of 

lymphoid tissue (94, 295). However, while the technique of LN transplantation has yielded 

much information on LN development, the technique has also been proposed as a novel 

therapeutic to relieve recovering cancer patients of fluid retention and tissue swelling 

(lymphedema), which can occur following the surgical removal of LNs and associated tissue 

draining lymphatics as part of cancer therapy (296). Tammela et al. developed a novel mouse 
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model in which LNs could be replaced and collecting lymphatic vessels could be regenerated 

by treating mice with adenovirally delivered vascular endothelial growth factors in 

combination with LN transplants (293). Thus, LN transplantation has been used as a 

method to study LN development and has been proposed as a potential therapy for 

lymphedema in humans. However, it has never been employed to create a model system in a 

convenient anatomical location in which the cellular interactions in a tissue site of 

inflammation and its DLN could be imaged in vivo using MPLSM.  

 

The ear pinna has never been previously employed as a site of transplantation for LNs, 

however, it has been a popular location for the engraftment of other tissues. In 1963 Fulmer 

et al. were the first to pioneer the engraftment of murine neonatal cardiac tissue into the ear 

pinnae of rats (297). Due to the thin nature of the ear pinna, they could demonstrate graft 

viability, without the need for surgical exposure, by directly observing the presence of 

autonomous beating of the cardiac tissue (297). This approach was subsequently modified to 

demonstrate that neonatal spleens could be successfully grafted into the ear pinna of the 

mouse, to facilitate improved efficacy of intrasplenic immunisation for the induction of 

antibody production (294). Histological and functional studies showed that the spleen grafts 

contained normal percentages of functional T and B cells and that repeated injection of 

small quantities of soluble antigen directly into the grafts resulted in the production of 

specific antibodies (294). Moreover, the engraftment of human synovium into the ear pinnae 

of SCID mice was successfully demonstrated and proposed as a useful model in the study of 

rheumatoid arthritis (298).  

 

Thus, the transplantation of lymphoid organs and the use of the ear pinna as a site of 

engraftment have been previously explored, with the feasibility of each technique clearly 

established (94, 294, 298-300). However, in this chapter these techniques were combined to 

develop a novel model in which a LN was transplanted in the ear pinna. Moreover, this 

chapter details the structural and functional consequences of the engraftment procedure on 

the LN and shows preliminary multi-photon imaging data of lymphocytes migrating in the 

transplanted LN within the ear pinna. The objective of developing this model was to 

ultimately combine it with a tissue site of inflammation in the ear pinna, which would allow 
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the relationship between the cellular interactions taking place at and between each site to be 

assessed and analysed.  
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4.2 Results 

 

A series of complex cellular interactions and signalling events guide the development of LNs 

in the embryo (301-304). Developing LNs actively secrete factors necessary for their growth 

and development and it was postulated that this may aid their engraftment (301-304). Thus, 

the LN transplant model aimed to employ the use of the youngest possible source of LN 

available. In accordance with home office licence restrictions, the youngest source of donor 

LNs permitted was from newly weaned 3 week old mice. However, in later experiments 

Home Office restrictions were altered to allow the engraftment of LNs from neonatal mice.  

Thus, other than where indicated, all LN engraftments were carried out using LNs from 3 

week old mice.  

 

4.3 A LN transplanted into the ear pinna can survive and is histologically 

 normal  

 

Initially, it was important to establish whether the LN transplant technique was successful 

with respect to LN survival and viability. Thus, the first experiment carried out involved the 

engraftment of a C57BL/6J LN into the ear pinna of a syngeneic C57BL/6J mouse. In the 

first week following the procedure the ear pinna became red and inflamed at the site of the 

engraftment. After 3 weeks, the outward appearance of the ear pinna returned to normal, 

with no visible signs of the engrafted LN, as shown in figure 4.1 A. However, once dissected 

the tLN was revealed within the ear tissue and appeared to have maintained its shape and 

size, with evidence of associated blood vessels clearly visible (highlighted by arrows in figure 

4.1 A). To further assess the survival of the tLN, sections of the ear pinna containing the 

tLN were cut and stained with hematoxylin and eosin (H&E). This staining method 

highlights the nuclei and cytoplasm of the cell and therefore allows live cells to be clearly 

differentiated from dead or dying cells. Figure 4.1 B shows a bright-field image of an H&E 

stained control LN, while figure 4.1 C shows a bright-field image of an H&E stained section 

of the ear pinna containing the tLN. The results show that in comparison with a control LN, 

the tLN appeared to be histologically normal and to contain live viable cells with compact 

and non-fragmented nuclei.  
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4.4 Age and type of LN transplanted can influence success rate of grafting 

procedure 

As noted above, initial transplants employed 3 week old donors. However, to establish 

whether the age of the recipient mouse or the anatomical source of LN to be grafted had any 

effect on the success rate of the engraftment procedure, a variety of transplants were setup 

using LNs from diverse anatomical locations and recipient mice aged either 6, 8 or 10 weeks. 

In this experiment the engraftments were carried out in triplicate for each LN type, either 

cervival, brachial, auxillary, inguinal or popliteal for each recipient of either 6, 8 or 10 weeks 

of age. Summarised in figure 4.2 A, the results show that out of a possible 18, only 3 

successful transplants were recorded when using a recipient of 6 weeks of age. A successful 

engraftment procedure was observed following the transplant of 1 of the cervical LNs and 2 

of the brachial LNs. When using a recipient of 8 weeks of age, a slightly higher number of 

transplants were recorded with 5 out of a possible 18 proving successful. In this case 1 

auxillary, 1 inguinal and 3 brachial LNs provided successful engraftments. However, when 

using a recipient of 10 weeks of age the success rate decreased to below that observed when 

using a recipient of 6 weeks of age. Out of a possible 18, only 2 transplants were successful, 

which were of brachial and inguinal origin. Overall, the popliteal was the only source of LN 

that provided no successful transplants, while in contrast the most successful source of LN 

was the brachial with 6 out of 9 providing successful transplants. In conclusion, the most 

successful age of recipient was 8 weeks and the most successful source of LN was the 

brachial. In addition, the total cell count from each transplanted LN was determined and 

revealed comparable numbers of cells within the LN after the transplant process as before, 

figure 4.2 B. Next, in a further attempt to optimise the engraftment procedure and increase 

success rates, neonatal mice were employed as a source of donor LNs.  

Transplanting a neonatal LN under the ear pinna was not successful  

Neonatal LNs are in a continuous phase of development and are therefore considered more 

plastic and adaptable than adult LNs (76, 103, 303, 305). As discussed previously, in the 
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preliminary stages of LN development, LN inducer cells and stromal organiser cells interact 

to stimulate the release of chemokines and growth factors, which may aid the engraftment of 

the LN into the ear pinna (76, 303). Initially Home Office licence restrictions prevented the 

use of neonatal mice, however, once the licence was amended, LNs from 3 day old neonatal 

mice were employed for transplantation with the aim of increasing the success rate of the 

engraftment procedure. Surprisingly, no successful transplants were recorded using neonatal 

LNs. Sections of the ear pinna containing the neonatal LN were stained with H&E to 

establish cell viability. Figure 4.3 A shows an image of an H&E stained tLN within the ear 

pinna. Figure 4.3 B shows an image of an H&E stained neonatal tLN within the ear pinna. 

The results show that in comparison with a successful tLN carried out using a 3 week old 

donor LN, the neonatal tLN (ntLN) did not appear histologically normal and appeared 

necrotic with few viable cells. The reduced size of a neonatal LN made it difficult to recover 

the LN from the ear pinna 3 weeks post transplant. Thus, flow cytometric analysis of the 

cellular populations within the neonatal tLN was not feasible. However, sections of the 

ntLN were stained to detect the presence of CD4+ T cells, B220+ B cells and lyve-1+ 

lymphatic vessels. Figure 4.3 C, shows a confocal image of the ntLN and while the lymphatic 

vessels of the ear pinna could be clearly visualised the lymphocyte compartment was absent 

and appeared necrotic, figure 4.3 C.  

 

4.5 The tLN maintains the cellular populations and organisation of a 

conventional LN 

LNs are highly evolved, structurally complex organs consisting of a variety of cell types, 

which together function as a surveillance system to collect and present antigens from local 

tissues in an appropriate manner to lymphocytes of the immune system. The complex micro-

architecture and cellular populations of the LN are described in chapter 1. In the LN 

transplant experiments, it was presumed that the engraftment procedure would result in a 

temporary interruption to the blood and lymphatic supply. It was therefore important to 

establish whether this had any impact on the basic structural features of the LN. Thus, to 

ensure the LN transplant model provided a system comparable with a conventional LN, the 



 112 

cellular compartments and architectural organisation of the tLN were assessed and measured 

using fluorescence immunohistochemistry and flow cytometry.  

 

Sections of the ear pinna containing the tLN were cut and stained for a series of cellular, 

stromal and chemokine markers. As discussed previously, the principal haematopoietic cell 

types of the LN are T and B cells and under the guidance of specific chemokines, each cell 

type can be found to reside in distinct anatomical locations (60, 92). Thus, sections were 

stained to detect the presence of CD4 and CD3 co-expressing CD4+ T cells and B220 

expressing B cells and to confirm the organisation of each cell type into their respective area 

of the LN. The results shown in figure 4.4, detail confocal images of a control non-

transplanted LN at x10 and x40 magnification and the tLN within the ear pinna at x10 and 

x40 magnification. Consistent with expected results, CD3+CD4+ T cells and B220+ B cells 

could be clearly identified within the control LN, figure 4.4 A+B. Moreover, each cell type 

was segregated into distinct areas of the LN, with CD3+CD4+ T cells mainly concentrated in 

the central paracortical region of the LN, while B220+ B cells formed defined follicles 

around the outer edge of the LN, figure 4.4 A+B. Similarly, within the tLN, CD3+CD4+ T 

cells and B220+ B cells could be clearly identified and appeared segregated into distinct 

regions, figure 4.4 C+D.  

 

DCs are a phenotypically diverse group of cells that represent about 1% of the total 

population of cells within the LN (23, 306-308). They can be either blood derived, LN 

resident DCs or be tissue specific DCs which migrate to the LN via the afferent lymphatics 

carrying a sample of antigens from the local tissue (23, 285, 306-308). DCs are a key cell type 

within the LN and through their antigen specific interaction with CD4+ T cells, they are 

responsible for the initiation of the adaptive immune response (5, 9, 285). There are a variety 

of DC populations within the LN that express a range of distinct cell surface markers (23, 

309). CD11c is one of the many markers used to identify murine DCs and was the marker 

selected here to detect the presence of DCs within the tLN (119, 310). Figure 4.5 A + B, 

shows confocal images of the control non-transplanted LN stained for CD11c+ DCs, CD4+ 

T cells and B220+ B cells at x10 magnification and x40 magnification. Figure 4.5 C + D, 

shows confocal images of the tLN within the ear pinna stained for CD11c+ DCs, CD4+ T 
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cells and B220+ B cells at x10 magnification and x40 magnification. In comparison with the 

control, non-transplanted LN, the distribution of CD11c+ DCs throughout the LN appeared 

to be similar with no obvious differences. Once again, the T cell compartment of the tLN 

appeared to be consistent with the control LN, while the B cell compartment appeared 

slightly less compact in comparison with the control LN.  

 

Lymphocytes and CD11c+ DCs were identified within the tLN 3 weeks following the 

transplant procedure. However, whether the stromal backbone of the LN that supports 

these cellular populations remained intact following the engraftment procedure was next 

investigated since defects in the stromal cell compartment can lead to reduced size and 

cellularity of the LN (94). BP-3 is a glycosylated cell surface protein primarily expressed by 

stromal cells of the B220+ B cell area but can be found throughout the LN (311). Sections of 

the ear pinna containing the tLN were analysed for the expression of BP-3 and to assess 

whether the stromal network had been disrupted following the engraftment procedure. 

Figure 4.6 A + B show confocal images of the control non-transplanted LN stained to 

detect the presence of BP-3+ stromal cells, CD4+ T cells and B220+ B cells, at x10 

magnification and x40 magnification. Figure 4.6 C + D, show confocal images of the tLN 

stained to detect the presence of BP-3+ stromal cells, CD4+ T cells and B220+ B cells, at x10 

magnification and x40 magnification. The distribution of BP-3+ stromal cells throughout the 

LN suggested no marked differences in comparison with the control, non-transplanted LN. 

 

LNs have the capacity to selectively localise and trap antigen and antigen presenting cells 

trafficked there via tissue draining afferent lymphatics (44). This continual flow of 

communication between the tissues and their draining LNs, ensures the rapid generation of 

an antigen specific immune response in the case of a pathogenic insult. Thus, the afferent 

lymphatic vessels that exist between a tissue and its draining LN are critical to ensuring 

successful immune function. To visualise the presence of a lymphatic vascular supply to the 

tLN, sections were examined for gp-38, a cell surface glycoprotein preferentially expressed 

by stromal cells in T cell dependent areas of secondary lymphoid organs and lymphatic 

endothelial cells (89, 312). Figure 4.7 A + B show confocal images of the control non-
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transplanted LN, examined for the presence of gp-38+ lymphatic vessels and CD4+ T cells, at 

x10 magnification and x40 magnification. Figure 4.7 C + D, show confocal images of the 

tLN, stained for the presence of gp-38+ lymphatic vessels and CD4+ T cells, at x10 

magnification and x40 magnification. In comparison with the control non-transplanted LN, 

the distribution of gp-38+ lymphatic vessels throughout the tLN appeared to be similar. The 

gp-38+ staining was evenly distributed throughout the LN and was seen to be associated with 

CD4+ T cells, which is consistent with published reports of the glycoprotein being 

predominantly expressed in T cell areas of the LN (89, 312).  

 

CCL21 is a chemokine produced by the high endothelial cells (HEVs) of the vasculature 

supply to the LN and by stromal FRCs within the LN (313, 314). It is responsible for 

actively recruiting and directing re-circulating T cells to the paracortical area of the LN. 

Moreover, the importance of CCL21 was first demonstrated by mice homozygous for the 

spontaneous mutation, paucity of LN T cells (plt), in which expression of CCL21 is defective 

and T cell migration into LNs is ablated (315). Previously, staining with CD4 and CD3, 

demonstrated the presence of T cells within the tLN, suggesting the expression of CCL21. 

However, to confirm this, sections of the ear pinna containing the tLN were examined for 

CCL21. Figure 4.8 A + B, shows confocal images of the control non-transplanted LN, 

stained for the presence of CCL21, CD4+ T cells and B220+ B cells, at x10 magnification and 

x40 magnification. Figure 4.8 C + D shows confocal images of the tLN, stained for the 

presence of CCL21, CD4+ T cells and B220+ B cells, at x10 magnification and x40 

magnification. In both the control and tLN, CCL21 positive staining appeared to be 

associated with larger cell types, presumably FRCs or HEVs (313, 314). Moreover, the 

distribution of CCL21 staining throughout the T cell area appeared to be similar in the tLN, 

with no marked differences, in comparison with the control LN.  

The blood vessels that supply the LN are referred to as HEVs and differ from conventional 

endothelial cells by their specific expression of several genes, which increase their adhesive 

properties for recirculating lymphocytes (316). Vascular cell adhesion molecule (VCAM-1), 

has been shown to be involved in the adhesion of lymphocytes to the vascular wall of the 

HEV and has been implicated in the migration of lymphocytes from the blood into the LN 

(317). To test for the presence of a vasculature supply to the tLN, sections were stained for 
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the expression of VCAM-1. Figure 4.9 A + B, show confocal images of the control non-

transplanted LN, stained for the presence of VCAM+ endothelial cells, CD4+ T cells and 

B220+ B cells, at x10 magnification and x40 magnification. Figure 4.9 A + B, show confocal 

images of the tLN, stained for the presence of VCAM+ endothelial cells, CD4+ T cells and 

B220+ B cells, at x10 magnification and x40 magnification. The expression of VCAM-1 

appeared slightly more pronounced in the tLN in comparison with the control non-

transplanted LN, and since expression of VCAM-1 has been reported to increase during 

inflammation, it is possible that the tLN was somewhat inflamed following the transplant 

procedure (318). 

Using fluorescence immunohistochemistry and confocal microscopy, the cellular 

populations of the tLN were detected and visualised. However, to quantify the proportion of 

B220+ B cells, CD8+ T cells and CD4+ T cells in the tLN in comparison with a control non-

transplanted LN, flow cytometry was necessary. A representative flow cytometric plot in 

figure 4.10 A shows that lymphocytes from control LNs were first identified on the basis of 

size and granularity. Lymphocytes were next analysed for their expression of B220 or the T 

cell markers CD4 and CD8, (figure 4.10 C). Similarly, lymphocytes from the tLN were 

identified on the basis of size and granularity, figure 4.10 D and their expression of B220 or 

the T cell markers CD4 and CD8, figure 4.10 E + F. The proportions of each cell type in the 

tLN were compared to the proportions of each cell type in a control non-transplanted LN 

and were summarised in figure 4.10 G. Overall, the proportion of CD4+ T cells and B220+ B 

cells were similar to those in the control LNs. However, in comparison with the control 

LNs, the proportion of CD8+ T cells in the tLN was significantly lower (p=0.0252). In 

conclusion, the images shown of the tLN in this section revealed that the LN had 

maintained the structural and cellular organisation typical of a normal LN, with some minor 

exceptions including the organisation of the B cell follicle and the expression of VCAM-1. 

However, while the proportions of CD4+ T cells and B cells were unchanged, flow 

cytometry revealed a significantly lower than expected proportion of CD8+ T cells in the LN 

following the transplant procedure.  

 

4.6 LN inducer cells of host mouse origin can be detected within the tLN 
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Among the early events that give rise to LNs during embryonic development is the 

colonisation of the developing LN with CD45+CD4+CD3! inducer cells. Inducer cells 

express high levels of lymphotoxin-!, which upon binding to lymphotoxin receptors on 

stromal organiser cells, stimulates the expression of the B cell homing chemokine CXCL13 

and the T cell chemo-attractant, CCL21 (59, 319). Thus, clustering of inducer cells with 

stromal cells is a vital step in LN development and organisation. Moreover, studies using 

lymphotoxin deficient mice have suggested that in adult LNs, inducer cells continue to 

maintain the segregation of B and T cells into their respective areas of the LN (97, 320). 

Inducer cells have also been implicated in supporting CD4-dependent class-switched 

memory antibody responses by stimulating and promoting the survival of B helper CD4+ T 

cells (320). Thus, inducer cells play an important role in LN development, maintenance and 

function. Fluorescence immunohistochemistry  was carried out to test whether LN inducer 

cells were present within the tLN or whether the engraftment procedure had resulted in an 

increase or decrease in the presence of this cell type. An inguinal LN from a 3 week old 

C57BL/6J/CD45.1 mouse was transplanted into the ear pinna of a congenic 

C57BL/6J/CD45.2 recipient mouse and 3 weeks later, the ear pinna was removed and 

prepared for fluorescence immunohistochemistry.  Cells that were considered to be inducer 

cells were those which stained positively for the expression of CD4+ and CD45.2+ and 

stained negatively for CD3–, CD11c– and B220– to exclude T cells, DCs and B cells. The 

results in figure 4.11 A + B, outline confocal images of a control C57BL/6J/CD45.2 LN 

stained for the presence of LN inducer cells. Possible inducer cells were highlighted by a 

yellow box and stained positively for the expression of CD4 and CD45.2 while they stained 

negatively for all other markers examined. Figure 4.11 C–E, shows confocal images of the 

tLN stained for the presence of LN inducer cells. Cells surrounded by a white box were 

positive for the expression of CD4 and negative for the expression of all other markers. 

Thus, these were possible CD45.1+ inducer cells of donor LN origin, while cells surrounded 

by a yellow box were double positive for CD4 and CD45.2 expression and were considered 

to be possible inducer cells of host mouse origin. 

 

 

4.7 The tLN can participate in lymphocyte re-circulation with its new host 
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in its new anatomical location 

As outlined in chaper 1, the LN continually receives an input of circulating naive T and B 

cells from the blood. This process is known as lymphoctye recirculation and was first 

described in detail in 1964 by Gowans and Knight (65). Lymphocytes enter the LN through 

the HEVs and migrate to their respective areas under the guidance of specific chemokines, 

before exiting via the efferent lymphatic vessels (67, 92, 93, 233, 277, 279, 315).  As outlined 

in chapter 1, the process of lymphocyte recirculation ensures the even distribution of rare 

lymphocyte specificities, which allows them to survey the secondary lymphoid organs for the 

presence of their specific antigen ensuring a rapid response to an invading pathogen (279). 

Thus far, analysis of the cellular populations and structural organisation of the tLN by 

fluorescence immunohistochemistry  and flow cytometry had shown the presence of viable 

lymphocytes and a vascular and lymphatic supply to the tLN. These results strongly 

indicated that the tLN had developed a functional vasculature and lymphatic supply in its 

new anatomical location, capable of supporting lymphocyte re-circulation. However, to 

demonstrate this function conclusively, congenic strains of mice were employed. An inguinal 

LN from a 3 week old C57BL/6J/CD45.1 mouse was transplanted into the ear pinna of a 

congenic C57BL/6J/CD45.2 mouse. The use of these mice, which were genetically identical 

with the exception of the expression of the CD45.1 molecule, instead of CD45.2, on the cell 

surface, allowed the analysis of whether host CD45.2+ T cells could migrate into, and be 

detected within, the tLN and vice versa using flow cytometry (321). Figure 4.12 shows a 

series of representative flow cyomteric plots. Figure 4.12 A shows that lymphocytes from the 

tLN were first identified on the basis of size and granularity. Figure 4.12 B shows that 82.5% 

of lymphocytes within tLN expressed the cell surface molecule CD45.2, while only 0.77% 

expressed CD45.1. The LNs and spleen from the recipient mouse were next pooled and 

analysed for the presence of CD45.1+ lymphocytes originating from the tLN. Lymphocytes 

were first identified on the basis of their size and granularity, figure 4.12 C. Figure 4.12 D 

shows that 66.2% of lymphocytes expressed CD45.2, while only 0.065% of lymphocytes 

expressed CD45.1. Thus, the results revealed that 3 weeks post transplant, the tLN 

lymphocyte population consisted entirely of CD45.2+ lymphocytes, which had re-circulated 

into the donor tLN. However, surprisingly the original CD45.1 population of the tLN was 

not detected in either the tLN or the LNs of the recipient mouse. 
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4.8 Adoptively transferred CFSE labelled lymphocytes can migrate into and 

be detected within the tLN 

Developed by Jenkins et al., the adoptive transfer system involves the transfer of a 

population of antigen specific T cells into syngeneic normal recipient mice (176). This allows 

a population of cells to be tracked and analysed. Lymphocytes adoptively transferred from 

one mouse to another should mirror the behaviour of host lymphocytes by recirculating to 

and from the secondary lymphoid organs via the blood and lymphatic supply. To determine 

whether the tLN could support the reciruclation of adoptively transferred lymphocytes to 

the same degree as host LNs, fluorescently CFSE labelled lymphocytes were delivered 

intravenously into the tail vein of the mouse. Following 24 hours, host LNs and the tLN 

were examined by flow cytometry. Figure 4.13 A + B, displays representative flow 

cytometric plots with lymphocytes from the control LN being identified on the basis of size 

and granularity, followed by CFSE expression. As can also be seen in, figure 4.13 C + D, 

representative flow cytometric plots with lymphocytes from the tLN were identified on the 

basis of size and granularity, followed by CFSE expression. The results, representing 

triplicate samples, were summarised in figure 4.13 E, to reveal that 0.97% (+/–0.13) of 

adoptively transferred CFSE labelled lymphocytes re-circulated into the control LN, while a 

significantly lower 0.45% (+/–0.2) of CFSE lymphocytes re-circulated into the tLN. 

 

4.9 Antigen injected into the tip of the ear pinna can drain into and be 

detected within the tLN 

Described by Von Andrian and colleagues as a “…strategically positioned collecting station”, 

a key feature of all LNs is their ability to drain antigen from the local tissues (44). Previously, 

analysis of the tLN by fluorescence immunohistochemistry revealed the presence of gp38+ 

lymphatic vessels. However, the functional capability of those lymphatic vessels to drain 

antigen from the tissue was not demonstrated by this approach. Thus, to test whether the 

tLN had gained the capacity to drain antigen from its new anatomical location in the ear, 
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0.04µm alexa-fluor-660 beads were injected into the tip of the ear pinna upstream of the 

tLN. 24 hours later the ear pinna was removed for analysis by fluorescence 

immunohistochemistry to detect whether the beads had drained from the ear tissue and 

could be detected within the tLN. As a positive and negative control, either beads or PBS 

were injected into the footpad and the draining popliteal LN was removed after 24 hours 

and prepared for fluorescence immunohistochemistry. Sections of the ear pinna containing 

the tLN were stained with DAPI to highlight the nuclei and anti-CD4 to highlight CD4+ T 

cells. Figure 4.14 A, shows a confocal image of the negative control LN, in which no 

fluorescent micro-beads and only PBS was injected subcutaneously into the footpad. 

Consistent with the expected result, when no fluorescent micro-beads were injected, only 

CD4+ T cells could be detected within the LN. Figure 4.14 B, shows a confocal image of the 

positive control LN, in which fluorescent micro-beads were injected subcutaneously into the 

footpad and could be clearly identified 24 hours later within the CD4+ T cell area of the LN. 

Similarly, figure 4.14 C + D show confocal images of the tLN within the ear pinna following 

the injection of fluorescent micro-beads subcutaneously into the tip of the ear pinna. Micro-

beads could be clearly identified within the tLN in combination with CD4+ T cells, 

demonstrating the ability of the transplant to form functional afferent lymphatics in its new 

tissue location within the ear pinna.  

 

4.10 The tLN can respond to immunisation at level comparable to a 

conventional LN 

To facilitate the generation of a highly specific immune response, the LN brings antigen 

presenting DCs and antigen specific T and B cells into close physical contact and provides 

the ideal microenvironment for the many complex interactions required to take place 

between these cell types (44). Thus far, the novel model of transplanting a LN into the ear 

pinna has been shown to provide an LN that possesses the cellular populations, organisation 

and structural features of a conventional LN. Moreover, the tLN has been shown to re-

vascularise to permit the ingress of adoptively transferred lymphocytes and to develop 

functional tissue draining afferent lymphatics. Thus, to test whether all the necessary 

elements can congregate and collaborate within the tLN to facilitate the generation of a 



 120 

highly specific immune response, its ability to respond to antigenic challenge in a 

conventional manner was next examined (176).  Three weeks post transplant of a BALB/c 

LN into the ear pinna of a BALB/c recipient, DO11.10 T cells were adoptively transferred 

as described in chapter 2. The mice were then immunised in the tip of the ear pinna with 

heat aggregated OVA (HAO) and 72 hours later the draining cervical and tLN were 

removed for analysis of antigen specific proliferation by flow cytometry. In control, PBS 

challenged mice, the proportion of CD4+KJ+ cells in both the control LN and tLN was 

small, 0.58% and 0.16% respectively. Moreover, there was no substantial loss in the intensity 

of CFSE, reflecting the lack of antigen specific cell division. However, of note, the cellularity 

of the tLN appeared less than that of the control LN, perhaps due to its reduced size. 

Consistent with the expected results, the proportion of CD4+KJ+ cells in both the control 

LN and tLN substantially increased in response to immunisation with HAO, to 5.84% and 

4.1% respectively figure 4.15 C + G (176). Moreover, this expansion of the transgenic T cell 

population was reflected in the incremental loss of CFSE, a fluorescent label that becomes 

diluted by every round of cell division, from both CD4+KJ+ cells in the control LN and tLN, 

Figure 4.15 D + H (322). Summarised in figure 4.15 I, the graph shows that the tLN 

appeared to have retained its ability to respond to antigen challenge as CD4+KJ+ cells in the 

tLN underwent equivalent rounds of cell division to the CD4+KJ+ cells in the control LN. 

 

4.11 Lymphocytes migrate at a comparable speed in the transplanted and 

control LN  

Detailed analysis carried out to establish whether the tLN maintained the features of a 

conventional LN following the engraftment procedure revealed few differences in the tLN, 

with the exception of the proportion of CD8+ T cells, which were significantly less. The 

objective of developing this model in the ear pinna was to allow a tissue site of inflammation 

to be established within close proximity of the LN and the relationship between the cellular 

interactions taking place at and between each site to be investigated dynamically using 

MPLSM. It was therefore important before using the model to analyse cellular interactions, 

to first confirm whether lymphocytes could migrate through the tLN in a comparable 

manner to a control non-transplanted LN. Following the engraftment of a C57BL/6J LN 

into the ear pinna of a C57BL/6J mouse, a population of lymphocytes labelled with a red 
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fluorescent dye, CMTPX, were adoptively transferred iv. A skin flap in the ear pinna was 

created and, using MPLSM, CMTPX labelled lymphocytes from a C57BL/6J mouse were 

imaged within the tLN. Analysis of the migration of the lymphocytes was carried out using 

Volocity software (Improvision). Figure 4.16 A + B, presents still images from the multi-

photon movies acquired of the CMTPX labelled lymphocytes migrating in a control LN and 

the tLN, respectively. Detailed analysis of the speed at which lymphocytes migrated through 

the LN was carried out using Volocity software (Improvision). Summarised in figure 4.16 C, 

the mean velocity of CMTPX labelled lymphocytes within the control LN was 3.3µm/min 

(+/– 0.86) and 4.31µm/min (+/– 0.2) in the tLN. These values were not significantly different 

and therefore the ability of lymphocytes to migrate within the tLN was comparable to a 

control non transplanted LN.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.12 Discussion 



 122 

This chapter establishes a novel model of LN transplantation in the ear pinna of the mouse. 

The results show that this technique provides a fully functional LN in an anatomical location 

accessible to in vivo multi-photon imaging without the need for invasive surgical procedures 

required to expose a native LN.  

Initially all transplants were carried out using LNs from newly weaned mice aged 3 weeks. 

However, transplanting 3 week old LNs into the ear pinnae of adult mice had a varied 

success rate and age of recipient and type of LN transplanted appeared to influence the 

overall outcome. The highest success rates were achieved using brachial LNs while lowest 

success rates were observed using popliteal LNs. Overall, using recipient mice aged 8 weeks 

provided greater success rates than using recipients of either 6 or 10 weeks of age. In mice, 

the development of peripheral LNs is dependent on signalling via the lymphotoxin-

" receptor and the IL7 receptor (302, 323-325). In vivo blocking experiments in which this 

signalling was modulated at a variety of time points revealed that peripheral LNs develop 

sequentially (76, 305, 326-328). The cervical LN develops at approximately 11.5 days of 

embryonic development, while the brachial and auxillary follow at 12.5 days. The inguinal 

and popliteal LNs are among the last of the peripheral LNs to develop, at 15.5 days and 16.5 

days respectively. However, with the exception of their sequential development there are no 

other documented variations between the peripheral LNs. Thus, there was no clear 

explanation for the varied success rates observed when transplanting different LNs. 

However, it is important to note that greater sample sizes would be required for a definitive 

determination of the importance of age of recipient. 

Further experiments employed neonatal mice as a source of LNs for transplantation in an 

attempt to increase overall success rates of the technique. Previously, experiments involving 

the transplantation of lymphoid tissue demonstrated the use of either neonatal LNs 

transplanted under the kidney capsule or neonatal spleens in the ear pinna (94, 294). 

Neonatal lymphoid tissue is substantially smaller than adult tissue and is therefore 

considered to place less demand on the development of a blood supply during the 

engraftment procedure. Moreover, neonatal lymphoid tissue is considered to be in a 

continued phase of development, actively secreting factors important in growth and 

differentiation and it was assumed that this age related quality could aid their engraftment 



 123 

(295, 303). In contrast to the expected outcome, the smaller size of the neonatal LNs made 

them more difficult to recover from the ear pinna. Furthermore, while it was expected that 

neonatal LNs would graft into the ear pinna with a high success rate, no successful neonatal 

transplants were recorded with the ntLN appearing necrotic or disappearing completely. 

Thus, the technique was resumed using 3 week old mice as the source of donor LN. 

Analysis of the structural organisation and cellular populations of the tLN by flow cytometry 

and fluorescence immunohistochemistry revealed that the engraftment procedure was not 

associated with any major defects or changes. Structural features of the tLN appeared intact 

with the BP-3+ stromal cell network appearing to mirror that of a conventional LN. 

Evidence of a blood and lymphatic supply to the node, was also observed. Moreover, the T 

cell attracting chemokine, CCL21, was also detected within the tLN, co-localised with CD4+ 

T cells. Moreover, the key cellular types required in a LN for the initiation of an adaptive 

immune response were all detected, including T cells, B cells and CD11c+ DCs in the usual 

proportions. Finally, CD45+CD4+CD3- LN inducer cells were detected within the tLN and 

were shown to be of both host and donor origin. These cells are known to play a critical role 

in LN development through their interactions with stromal organiser cells, which induces 

the release of chemokines and growth factors (97, 302, 304). Moreover, their continued 

presence in adult LNs is considered to be important in maintaining the organisation of the 

LN. Of the differences noted, only the proportion of CD8+ T cells was significantly reduced 

following the engraftment procedure. However, the cellular populations in the tLN were 

consistently analysed 3 weeks post transplant and perhaps a longer period of time was 

required for some populations to fully equilibrate and return to normal following the 

engraftment procedure.  

It was noted that when the cells of the LNs were analysed on the basis of size and 

granularity by flow cytometry, the tLN displayed increased numbers of large granular cell 

types that were not present in the control LN. These cell types resemble macrophages, 

which are known to play a pivotal role in modulating the repair process following tissue 

damage, which may have been caused as a result of the engraftment procedure. The 

functional importance of the macrophage in tissue repair and remodeling was first 

demonstrated in 1975, when Leibovich and Ross showed that monocyte and macrophage 
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depleted guinea pigs exhibited significantly delayed wound repair (329). At sites of tissue 

injury, macrophages secrete growth factors and proteins that promote tissue repair and 

influence the proliferation and differentiation of endothelial cells, fibroblasts and 

keratinocytes (330, 331). Thus, it is plausible that the increased number of large granular cell 

types observed in the tLN and not in the control non-transplanted LN may be the result of 

an influx of macrophages involved in the tissue repair process. Using flow cytometry and 

staining for the cell surface marker F4/80, could be a way to confirm in future experiments 

whether these cells are macrophages (332). 

 

In the first of a series of functional studies of the tLN, congenic strains of mice were used to 

test the ability of the tLN to graft into the ear pinna and participate in the process of 

lymphocyte re-circulation with the secondary lymphoid organs of the recipient mouse. Three 

weeks following the engraftment procedure, the tLN was shown to contain CD45.2+ cells 

from the recipient mouse. However, surprisingly the original CD45.1+ cell population of the 

tLN could not be detected in either the tLN or the LNs of the recipient mouse. This may 

have been the result of the small donor population being diluted out by the larger host 

population, or the result of cell death due to a temporary interruption to the vascular and 

lymphatic supplies during the transplantation process.  

The capacity of the tLN to form a functional vascular supply to support lymphocyte 

recirculation in its new anatomical location was evidenced when lymphocytes from the host 

mouse were shown to migrate into the tLN. This was confirmed when an exogenous 

population of CFSE labelled cells were adoptively transferred and shown to re-circulate into 

the tLN by flow cytometry. However, a significantly lower proportion of CFSE labelled 

lymphocytes were detected in the tLN, in comparison with the proportion detected in the 

native LNs. This could possibly indicate an impaired vascular supply to the tLN following 

the engraftment procedure. The engraftment of lymphoid tissue is generally carried out 

under the subcapsular region of the kidney capsule, which due to its high levels of 

vascularisation provides an ideal site for tissue transplant. Moreover, engraftment of 

neonatal spleens into the ear pinna was carried out at the base of the ear close to the 

auricular artery and problems of impaired vascularisation were not reported (294). However, 

to ensure the tLN was accessible to multi-photon imaging studies it was not feasible to insert 
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the LN too close to the base of the ear pinna, thus it is possible that the blood supply in the 

outer regions of the ear pinna is less in comparison.  

 

The next functional study investigated the capacity of the tLN to form functional afferent 

lymphatic vessels capable of draining antigen from the ear pinna. Fluorescent beads injected 

into the ear pinna upstream of the tLN could drain into and be detected within the tLN. The 

capacity of a tLN to develop afferent lymphatics vessels capable of draining antigen from its 

new anatomical location has never been previously explored. Neonatal spleens transplanted 

into the ear pinna, were shown to be capable of responding to antigen challenge (294). 

However, unlike LNs, spleens do not possess afferent and efferent lymphatic vessels and the 

transplanted spleen was immunised directly with a targeted injection of antigen, thus, 

circumventing the requirement for tissue draining lymphatic vessels (294). Growth factors 

capable of directly inducing the growth of lymphatic vessels have been characterised (333, 

334). These factors, VEGF-C and VEGF-D can be up-regulated in response to 

environmental stress, including hypoxia and tissue damage (333-335). Tammela et al. 

employed adenovirally delivered VEGF-C/D to regenerate tissue draining lymphatic vessels 

in mice (293). However, in 2006 Ikomi et al. demonstrated that mature tissue draining 

afferent lymphatics are able to regenerate spontaneously in adult lymphoid tissues. Using 

rabbits, they showed that 4 weeks after making incisions in lymphatic vaculature, 

recanalisation was observed between cut ends of the lymphatic vessels (336). Thus, the tLN 

appears to develop ear draining afferent lymphatic vessels and while it has never been shown 

previously that engrafted LNs can develop tissue draining afferent lymphatics, the ability of 

lymphatic vessels to regenerate has been explored.  

 

The adoptive transfer model was used to test the ability of the tLN to respond to antigen 

challenge. Developed by Jenkins et al., the adoptive transfer system involves the transfer of 

DO11.10 TCR-transgenic T cells into syngeneic normal recipient mice (176, 177, 337). In 

their germline DNA, these mice contain rearranged TCR-V" and -V! genes that encode a 

TCR specific for chicken ovalbumin peptide 323-339, bound to I-Ad class II MHC 

molecules (337). This produces a peptide/MHC-specific T-cell population within the 

recipient, which is large enough (0.2–1%) to be easily tracked in vivo using the KJl.26 

monoclonal antibody or CFSE labeling prior to transfer, yet the population is small enough 
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to behave in a relatively physiological manner when confronted with antigen (338). Flow 

cytometric analysis revealed that in response to immunisation with HAO in the ear pinna, 

the OVA specific DO11.10 T cells in the tLN proliferated to a comparable level as control 

LN.  This final functional study, conclusively demonstrated that not only can the tLN re-

vascularise to receive adoptively transferred cells but it can also drain antigen from the ear 

pinna and respond in a conventional manner by facilitating the clonal expansion of antigen 

specific T cells.  

When imaged dynamically using MPLSM, lymphocytes migrated around the control LN and 

the tLN at a comparable rate. A variety of publications have reported that average T cell 

velocity in the LN, in the absence of priming conditions can range between 10µm/min and 

40µm/min (7-9, 339). However, the average of velocity observed here was substantially 

lower at ~4µm/min. A recent paper by Huang et al. revealed that the speed at which naïve 

lymphocytes migrate through the LN can vary considerably depending on the temperature, 

oxygenation, and perfusion rate conditions at which the LN is maintained throughout the 

imaging period (192, 339). Thus, it is possible that the imaging conditions may have affected 

the overall rate at which CMTPX labeled lymphocytes migrated on the day of imaging. 

Moreover, the migration of cells within the control LN and tLN were not significantly 

different from one another, indicating that the ability of lymphocytes to migrate dynamically 

through the tLN was not impaired.  

The data presented in this chapter establishes a novel model of LN transplantation in the ear 

pinna and demonstrates that this system provides a fully function LN in a more convenient 

anatomical location, than a native LN, for immunological assay and MPLSM. However, the 

objective of this PhD thesis was to investigate the relationship between the DC-T cell 

interactions taking place at a tissue site of inflammation and its draining LN. Thus, the next 

step in these studies was to develop a model of tissue inflammation in the ear pinna that 

could be combined with the LN transplant system and this is discussed in the next chapter.  
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Figure 4.1 The tLN appeared histologically normal

3 weeks following the transplant of a C57BL/6J/CD45.1 LN into the ear pinna of a
C57BL/6J/CD45.2 mouse, the ear pinna was dissected to examine the LN (A) Photograph
of ear pinna prior to dissection (B) Photograph of tLN within the ear pinna following
dissection of the epidermis. Black arrows indicate the tLN surrounded by blood vessels.
(C) Bright-field image of a section of a control LN stained with H&E (D) Bright-field
image of a section of an ear pinna containing a tLN.
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  Key: transplant unsuccessful: –  transplant successful: + 

                        B. 

 

 

Figure 4.2 Age of recipient and type of LN transplanted, alters success rate of LN 
transplantation procedure  
 
To establish whether the age of the recipient mouse or the source of the LN had any impact 
on the overall success rate of the transplant procedure, a variety of 3 ages and 5 types of LN 
were trialled in triplicate. The age of the donor mouse remained constant throughout at 3 
weeks of age.  (A) Table summarises the success rate of varying the source of LN and the 
age of the recipient mouse (B) The graph displays the absolute cell numbers counted in the 
successful transplants. 

 6 week old recipient 8 week old recipient 10 week old recipient Total 

 Mouse 1 Mouse 2 Mouse 3 Mouse 1 Mouse 2 Mouse 3 Mouse 1 Mouse 2 Mouse 3  

Source of donor LN           

Popliteal -– – – – – – – – – 0 

Cervical + – – – – – – – – 1 

Axillary – – – + – – – – – 1 

Brachial + + – + + + – – + 6 

Inguinal – – – – + – – + – 2 

 Total number of successful 

transplants using 6 week 

recipients: 3 out of a possible 

15 

Total number of successful 

transplants using 8 week 

recipients: 5 out of a possible 15 

Total number of successful 

transplants using 10 week 

recipients: 2 out of a possible 

15 
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Figure 4.3 Using neonatal LNs for the transplant procedure proved
unsuccessful.

3 weeks following the transplant of a 3 day old neonatal BALB/c LN into the
ear pinna of a BALB/c recipient mouse, fluorescence immunohistochemistry

was performed to detect the presence of CD4 + T cells (green), B220+ B cells

(blue) and Lyve-1 + lymphatic vessels (red). EC=elastic cartilage layer
E=epidermis D=dermis (A) Image of ntLN stained with H&E at x20
magnification. Arrows indicate the area of necrotic tissue where the LN was
transplanted. (B) Image of histologically normal tLNstained with H&E at x20
magnification. Arrows indicate the LN from 3 week old donor within the ear
pinna. (C) Confocal image of ear pinna containing the tLN at x40

magnification. Section was stained to detect CD4 + T cells (green), B220 + B

cells (blue) and Lyve-1 + lymphatic vessels (red). White arrows indicate the
necrotic auto-fluorescent tissue of the failed transplant. No CD4 or BB20
positive staining was observed, however, lymphatic vessels of the ear pinna
could be clearly visualised.
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Figure 4.4 T and B lymphocyte areas can be visualised within
the tLN

3 weeks following the transplant of a C57BL/6J/CD45.1 LN
into the ear pinna of a C57BL/6J/CD45.2 mouse,
fluorescence immunohistochemistry was performed to detect

the presence of the CD3+ (blue) CD4 + (green) T cells and

B220+ B cells (red) within the tLN. As a control, a
C57BL/6J/CD45.2 LN was also prepared for
immunofluorescence. (A) Confocal image of a control LN at
x10 magnification (B) Confocal image of a control LN at x40
magnification (C) Confocal image of ear pinna containing the
tLN at x10 magnification (D) Confocal image of ear pinna
containing the tLN at x40 magnification.
The images shown here are representative of 3 replicate mice
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Figure 4.5 CD11c expressing dendritic cells can be detected in
the tLN

3 weeks following the transplant of a C57BL/6J/CD45.1 LN
into the ear pinna of a C57BL/6J/CD45.2 mouse, fluorescence
immunohistochemistry was performed to detect the presence of

the CD4+ T cells (blue), B220 + B cells (red) and CD11c + DCs
(green). As a control, a C57BL/6J/CD45.2 LN was also
prepared for immunofluorescence. (A) Confocal image of a
control LN at x10 magnification (B) Confocal image of a
control LN at x40 magnification (C) Confocal image of ear
pinna containing the tLN at x10 magnification (D) Confocal
image of ear pinna containing the tLN at x40 magnification.
Images shown here are representative of 2 replicate mice.
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Figure 4.6 BP3+ stromal cells can be detected in the tLN

3 weeks following the transplant of a CD45.1 LN into the
ear pinna of a C57BL/6J/CD45.2 mouse, fluorescence
immunohistochemistry was performed to detect the

presence of CD4+ T cells (blue), B220 + B cells (red) and

BP3+ stromal cells (green). As a control, a
C57BL/6J/CD45.2 LN was also prepared for
immunofluorescence. (A) Confocal image of a control LN at
x10 magnification (B) Confocal image of a control LN at
x40 magnification (C) Confocal image of an ear pinna
containing the tLN at x10 magnification (D) Confocal image
of an ear pinna containing the tLN at x40 magnification.
Images shown here are representative of 2 replicate mice.
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Figure 4.7 Gp38+ lymphatic endothelial cells can be detected
in the tLN

3 weeks following the transplant of a C57BL/6J/CD45.1 LN
into the ear pinna of a C57BL/6J/CD45.2 mouse,
fluorescence immunohistochemistry was performed to detect

the presence of CD4+ T cells (blue), B220+ B cells and gp38+

(red) lymphatic endothelial cells (red). As a control, a
C57BL/6J/CD45.2 LN was also prepared for IHC. (A)
Confocal image of a control LN at x10 magnification (B)
Confocal image of a control LN at x40 magnification (C)
Confocal image of ear pinna containing the tLN at x10
magnification (D) Confocal image of ear pinna containing the
tLN at x40 magnification.
The images shown here are representative of 2 replicate mice.
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Figure 4.8 The T cell attracting chemokine CCL21 can be detected
within the tLN

3 weeks following the transplant of a C57BL/6J/CD45.1 LN into the
ear pinna of a C57BL/6J/CD45.2 mouse, fluorescence
immunohistochemistry was performed to detect the presence of the
chemokine CCL21. As a control, a C57BL/6J/CD45.2 LN was also
prepared for immunofluorescence. Sections were stained to detect

CD4+ T cells (blue), B220 + B cells  (red) and the chemokine CCL21
(green). (A) Confocal image of a control LN at x10 magnification (B)
Confocal image of control LN at x40 magnification (C) Confocal
image of ear pinna containing the tLN at x10 magnification (D)
Confocal image of ear pinna containing the tLN at x40 magnification.
Images shown here are representative of 2 replicate mice.
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Figure 4.9 Vascular cell adhesion molecule 1 (VCAM-1) can be
detected in the tLN

3 weeks following the transplant of a CD45.1 LN into the ear
pinna of a C57BL/6J/CD45.2 mouse, fluorescence
immunohistochemistry was performed to detect the presence

of the CD4+ T cells (red) and B220 + B cells (grey) and the
vascular endothelial cell marker, VCAM-1 (green). As a
control, a C57BL/6J/CD45.2 LN was also prepared for
immunofluorescence. (A) Confocal image of a control LN at
x10 magnification (B) Confocal image of a control LN at x40
magnification (C) Confocal image of an ear pinna containing
the tLN at x10 magnification (D) Confocal image of ear pinna
containing the tLN at x40 magnification. Images shown here
are representative of 2 replicate mice.
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Figure 4.10 A comparison of the populations of lymphocytes within the tLN to the populations
in a control LN

Flow cytometry was used to establish the proportion of B220+ B cells, CD4+ T cells and CD8+ T
cells in both a control LN and the tLN, 3 weeks following the engraftment procedure.
Representative flow cytometric plots show (A) lymphocytes from control LN identified on basis

of size and granularity (B) A population of B220+ lymphocytes (C) and CD4 expressing and CD8
expressing T lymphocytes within the control LN (D) lymphocytes from tLN identified on basis of

size and granularity (E) Gate identifies a population of B220 + lymphocytes within the tLN (F)
Gates identify CD4 expressing and CD8 expressing T lymphocytes within the tLN (G) Graph
summarises the proportions of each cell type detected in the control LN and tLN. The

proportions of CD4 + T cells and B220+ B cells were comparable between the control and tLN,

however, the proportion of CD8 + T cells was significantly lower in the tLN (*p=0.0252). Data
show mean of 5 replicate mice +/- SD
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Figure 4.11 LN inducer cells of host mouse origin can be detected within the tLN

3 weeks following the transplant of a CD45.1 LN into the ear pinna of a C57BL/6J/CD45.2 mouse,
IHC was performed to detect the presence of Lymph node inducer cells within the tLN. As a
control, a C57BL/6J/CD45.2 LN was also prepared for fluorescence immunohistochemistry.
Sections were stained with CD4 (blue), CD45.2 (green), CD3, CD11c and B220 (red). Cells were

considered possible LN inducer cells on the basis of being CD4 +CD45.2+CD3-  CD11c-  B220- (A)
Confocal image of a control LN at x40 magnification. Possible inducer cells are highlighted by a
yellow box (B) Confocal image of control LN at x40 magnification with digital zoom 2. Possible
inducer cells are highlighted by a yellow box. Confocal images (D) and (E) show the tLN at x40
magnification with digital zoom 4. Cells surrounded by a white box are single positive CD4 cells and

are suspected CD45.1+ inducer cells of donor LN origin, while cells surrounded by a yellow box are
double positive for CD4 and CD45.2 and are possible inducer cells of host origin.
Images shown here are representative of 2 replicate experiments.
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Figure 4.12 Lymphocytes from the recipient mouse re-circulate into the
transplanted LN

A LN was transplanted from a CD45.1 + C57BL/6J mouse into the ear

pinna of a CD45.2 + C57BL/6J mouse. After 3 weeks, all LNs were

removed for flow cytometric analysis to test for the presence of CD45.1+

and CD45.2 + cells in both the host LNs and the transplanted LN.
Representative flow cytometric plots of (A) Host LNs were pooled and
lymphocytes were identified on the basis of their size and granularity (B)
Lymphocytes from host LNs were then examined for their expression of

CD45.1+ and CD45.2 +. Gate identifies a population of CD45.2 +

lymphocytes cells while no CD45.1 + cells of donor mouse origin were
detected. (C) Lymphocytes from the transplanted LN were identified on
the basis of their size and granularity (D) Lymphocytes from the

transplanted LN were then examined for their expression of CD45.1 +

and CD45.2+. Gate identifies a population of CD45.2 + lymphocytes of

host mouse origin within the transplanted LN. The original CD45.1 + cell
population was no detected.
Representative plots taken from a group of 3 replicate mice from 2
experiments.
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Figure 4.13 Adoptively transferred CFSE labelled lymphocytes re-circulate into host
LNs and the tLN

LNs were transplanted into the ear pinna of  BALB/c mice. After 3 weeks, CFSE
labelled lymphocytes were adoptively transferred intravenously via the tail vein. Cells
were detected within the LNs using flow cytometry 24 hours laters. Representative
flow cytometric plots showed.(A) Lymphocytes from the brachial LN being identified
on basis of size and granularity. (B) A population of transferred CFSE labelled
lymphocytes were detected within the brachial LN (C) Lymphocytes from the tLN
were identified on basis of size and granularity. (D) A population of transferred CFSE
labelled lymphocytes were detected within the tLN. (E) Summary of the proportion of
CFSE transferred cells detected in host LNs and tLN. Significantly fewer CFSE cells
were detected in the tLN in comparison with the host LNs (*p=0.0178). Data shows
mean of 3 replicate mice +/- SD
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Figure 4.14 The tLN can drain antigen from its new anatomical location within the ear
pinna

Alexa-fluor-660 microbeads of diameter 0.04um (red) were injected into the footpad or
the ear pinna. Following 24 hours, the draining popliteal LN or the tLN and small portion

of the surrounding ear pinna were removed, sectioned and analysed for CD4 + T cells
(green) and DAPI (blue) to highlight the nuclei. (A) Section of popliteal LN from negative
control mouse injected subcutaneously with PBS. (B) Section of popliteal LN from
positive control mouse injected subcutaneously with red beads. (C) Section of ear pinna
containing tLN following subcutaneous injection with red beads at the tip of the ear pinna,
white arrows indicate the edges of the tLN within the ear pinna. Red beads can be seen
draining into and the tLN. The white box highlights the area presented at higher

magnification in image E (E) Section of tLN at x40 magnification to highlight CD4 + cells
and clear presence of red beads within the tLN
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Figure 4.15 The tLN can respond to antigen challenge in a conventional manner

3 weeks following the transplant of a BALB/c LN into the ear pinna of a BALB/c mouse, CFSE
labelled DO11.10 T cells were adoptively transferred iv. Mice were either challenged with PBS as a
control, or immunised with HAO in the tip of the ear pinna. 3 days later, the tLN and the draining
cervical LN were removed for flow cytometric analysis. Lymphocytes were gated on the basis of size

and granularity and DO11.10 T cells were classified as CD4+KJ+ and their incremental loss of CFSE
intensity was used as a marker of cell division. Representative flow cytometric plots following PBS
challenge in the ear pinna show DO11.10 T cells in the (A) cervical LN and (C) tLN identified on the

basis of co-expression of CD4 and KJ1.26. (B) CD4+KJ+ cells in the cervical LN and (D) tLN
showed no incremental loss of CFSE. Representative flow cytometric plots following immunisation
in the ear pinna with HAO show DO11.10 T cells in the (E) cervical LN and (G) tLN identified on
the basis of co-expression of CD4 and KJ1.26. Incremental loss of CFSE intensity in the (F) cervial
LN and (F) tLN, reflecting antigen specific proliferation. (I) Graph summaries the number of rounds

of cell division undertaken by CD4+KJ+ cells in the cervical LN in comparison to the tLN in
response to HAO challenge. Data represents the mean of triplicate samples +/- SD. (n=2)
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Figure 4.16 Multi-photon imaging of the tLN in situ reveals that lymphocytes
migrate within the tLN at comparable velocities to lymphocytes within a control
LN

3 weeks following the transplant of a C57BL/6J LN into the ear pinna of a
C57BL/6J mouse, CMTPX labelled lymphocytes were adoptively transferred iv.
Following 24hrs, the tissue was perfused with warmed oxygenated medium and
CMTPX labelled cells in the tLN and control LN were imaged by multi-photon

microscopy. Images represent a z-compressed 30- µm stack from a single time

point (full sequences available as movies on attached CD). (A) Image of CMTPX

labelled lymphocytes migrating in the control LN (B) Image of CMTPX labelled
lymphocytes migrating in the tLN (C) Graph summarises lymphocyte migration,
calculated using Volocity software and shows the mean velocity of cells +/-SD,

µm/min. Data shown are representative of triplicate samples from 2 similar

experiments.
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Chapter 5  

Developing an imageable tissue site of inflammation in the ear pinna 
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5.1 Introduction 

 

The overall aim of this PhD was to develop systems to investigate DC-T cell interactions 

taking place within a tissue site of inflammation and its DLN. A novel model of LN 

transplantation in the ear pinna was outlined in the previous chapter. This system was shown 

to provide a fully functional LN in a more convenient anatomical location for in vivo 

MPLSM, than a native LN. However, to facilitate the study of DC-T cell interactions in and 

between both the tLN and the tissue site of inflammation, it was necessary to further 

develop the LN transplant model to include a site of inflammation within close proximity. 

This chapter therefore outlines the development of a model of tissue inflammation in the ear 

pinna of the mouse and explores the potential for analysing the site using MPLSM and 

immunological assay. In addition, to enable DCs and T cells to be visualised and tracked at 

and between each anatomical location in vivo by MPLSM, fluorescent probes are required to 

label each cell type. This chapter outlines the technical difficulties associated with tracking 

cells between distinct anatomical locations and discusses the development of a novel photo-

switchable fluorescent probe which should allow cells to be tracked between the tissue site 

of inflammation and DLN in future imaging studies of the in vivo model systems established 

in this chapter and in chapter 4. 

Infections are generally initiated in non-lymphoid peripheral tissues and protective immunity 

at these sites is therefore crucial. However, the initial activation of T cells, which mediate this 

protection during localised infection, takes place within draining secondary lymphoid organs 

(9, 269, 285). Antigen and antigen presenting cells from a tissue site of infection drain to the 

LN, where they specifically interact with, and activate, antigen specific T cells to initiate their 

proliferation and differentiation. The resulting effector T cells migrate from the LN to the 

site of inflammation where they can mediate protective immunity (47). As outlined in 

chapter 1, the kinetics and dynamics of DC-T cell interactions in the DLN during the 

initiation of an adaptive immune response are well characterised (4, 7, 9, 236, 237, 280, 339). 

However, while it is well established that both DCs and T cells are present at the tissue site 

of inflammation, the kinetics and dynamics of their interactions in non lymphoid tissues are 

poorly defined (18, 51-53). However, what is known is that effector memory T cells can be 

re-activated to produce inflammatory cytokines at the tissue site of infection, through direct 
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interaction with antigen presenting dermal DCs (18, 120, 216, 219). In contrast, the 

behaviour of newly activated effector T cells at the tissue site of inflammation in a primary 

response is less clear. In particular, whether effector T cells proliferate in non-lymphoid 

tissues in response to re-encounter with antigen loaded DCs or simply carry out effector 

functions such as cytokine production is contentious. Furthermore, whether activated 

effector T cells are maintained at the tissue site of inflammation or are required to migrate 

back to the DLN is unknown. Consequently, understanding whether DCs and T cells 

interact in non-lymphoid tissue sites and whether this is important in the maintenance and 

regulation of an immune response could provide novel targets in the therapeutic 

enhancement or inhibition of T cell activation at these sites. 

 

A more detailed knowledge of the dynamic migration and cellular interactions of effector T 

cells will have important consequences for the development of immuno-therapeutics, which 

generally aim to manipulate secondary immune responses, such as vaccines or treatments of 

chronic inflammatory diseases. Using MPLSM the motility of naïve, primed and tolerised 

CD4+ T cells and their interactions with DCs, were imaged and characterised within the LN 

to show that naïve, primed and tolerised T cells migrate at distinct velocities and interact 

with DCs differently before and after secondary antigen-encounter (205). However, since 

effector T cells carry out their functions in inflamed non-lymphoid tissues, it is critical that 

imaging studies of secondary immune responses progress to characterising the dynamics of 

effector T cells at the tissue site of inflammation, as well as in the LN. Thus far, few 

attempts have been made to visualise effector T cells and their interactions within non-

lymphoid tissue sites of inflammation due to the technical difficulties associated with such 

experiments. However, CD8+ cytotoxic T cells have been imaged using MPLSM infiltrating 

solid tumours and brain tissue in mouse models of cancer and experimental autoimmune 

encephalomyelitis, respectively. These studies have focused on tracking CD8+ cytotoxic T 

cell interacting with and killing target cells in the inflamed tissue site (210-214). In addition, 

CD4+ effector memory T cells have been imaged migrating within the ear pinna during a 

DTH response and their behaviour characterised in the presence and absence of a calcium 

channel blocking molecule (211, 212). CD4+ effector memory T cells stably attached to and 

interacted with antigen presenting cells during the DTH reaction and blocking calcium 

signalling could inhibit the migration of these cells through the tissue, suggesting a 
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requirement for continued stimulation of activated effector T cells during an inflammatory 

response in non-lymphoid tissues and a potential therapeutic target for the treatment of 

chronic inflammatory disease (211, 212). These studies have provided key insights into 

effector T cell dynamics at the tissue site of inflammation, however, in comparison with 

imaging studies of naïve T cell migration and DC-T cell interactions in the LN, progress to 

characterise effector T cells and their interactions with DCs in non-lymphoid tissues has 

been slow. Imaging by MPLSM has a limited depth of tissue penetration of approximately 

200µm (340). Thus, to image an inflamed tissue, the site would need to be relatively 

superficial or exposed. Moreover, the field of view is limited to a small region and it is 

therefore necessary to maximise the number of cells within the site to ensure that enough 

cells can be imaged in a single area. As a result, the memory response is often deemed easier 

to image than the primary response, due to the higher number of clonally expanded T cells 

(19, 341-343). Lastly, labeling cells with conventional fluorescent dyes for imaging is 

technically challenging since often T cells lose fluorescence with each round of cell division 

(344). Thus, while imaging T cells during the early stages of activation in the LN can be 

done, imaging the same T cells at the tissue site of inflammation following their clonal 

expansion is not feasible due to the loss of fluorescence (345). Thus, by combining the novel 

systems developed in this chapter with the LN transplant system of chapter 4, a unique 

model for exploring unanswered questions regarding T cell behaviour at the tissue site of 

inflammation should be provided. Moreover, by employing the use of endogenously labelled 

T cells and the thin ear pinna as the tissue site of inflammation, some of the technical 

caveats associated with conventional fluorescent probes and MPLSM may be overcome.  

 

In this chapter, two models of tissue inflammation are explored, the air pouch model and 

delayed type hypersensitivity reaction (DTH). First described in 1987 by Sedgwick et al., the 

air pouch model is achieved by the repeated injection of sterile air into the subcutaneous 

tissue of the dorsal flank of the mouse or rat (346). The injected air mechanically disrupts the 

subcutaneous connective tissue and gives rise to the formation of a structurally defined in 

vivo culture chamber in which to study inflammation (346-350). Examination of the air 

pouch cavity by electron microscopy revealed a distinct cell lining consisting of two main cell 

types (351). Firstly, a fibroblast like cell with prominent rough endoplasmic reticulum and 

secondly, a macrophage like cell with many vacuoles and vesicles (346). Morphologically the 
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air pouch lining has been shown to closely resemble the synovial layer of the large joints, 

such as the knee (228). Thus, the air pouch model has been proposed for use in the study of 

rheumatoid arthritis, a painful and debilitating auto-immune disease, characterised by chronic 

inflammation of the synovial membrane (351-353). However, the location of the synovial 

tissue, deep within the joint, renders it a technically challenging structure to study. Thus, by 

creating a synovium-like structure in the more convenient location of the rump, the air 

pouch model has proved useful in studies of the behaviour and reactivity of synovial lining 

tissue towards irritants known to cause inflammation (346, 347). However, while the rump 

has proved a suitable anatomical location for the injection of substances and collection of 

cells and inflammatory mediators, more complex assays of the air pouch and DLN using 

MPLSM could not be achieved without surgical exposure of either site. Thus, this chapter 

attempted to create a synovium-like structure in the more anatomically accessible location of 

the ear pinna, with the potential of combining it with the LN transplant model. Moreover, 

the use of this model would permit the dissection of the components involved in the 

inflammatory reactivity of synovial tissue and may help explain the sensitivity of synovium to 

chronic inflammation.  

 

As outlined in the results section, the air pouch model proved difficult to achieve in the ear 

pinna. It was therefore necessary to develop an alternative model of tissue inflammation and 

the DTH reaction was selected. First described in 1882 by Robert Koch, a DTH reaction is 

an antigen specific cell mediated immune response characterised by induration, swelling and 

monocytic infiltration into the site of antigen exposure within a period of 24 to 72 hours 

(354). The reaction was further characterised by Landsteiner and Chase in a series of articles 

in which they detailed the cellular nature of the response (355, 356). Their key finding was to 

observe that the DTH reaction could be transferred to a naïve recipient using cells from an 

immunised animal, indicating the dependence of the response on pre-exposed antigen 

specific memory cells (355, 356). Thus, following re-exposure to an antigen, local APCs 

process and present the antigen to effector memory CD4+ T cells, a subset of T cells situated 

in peripheral non lymphoid tissues that display immediate effector function upon re-

exposure to antigen (212, 357). These cells initiate a localised inflammatory immune 

response through the release of inflammatory mediators such as IFN!, which recruit and 

activate effector cells to the site of antigen exposure, such as macrophages, which in turn 
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secrete inflammatory mediators such as, TNF" and IL1 (212, 358-360). In addition to CD4+ 

T cells, macrophages are thought to be the major effector cells in the DTH reaction, 

however, CD8+ T cells, and NK cells are also thought to serve as effector cells in DTH 

reactions (361). Together, these events inaugurate the self-propagating localised 

inflammatory immune response that is typical of the DTH reaction and a variety of 

autoimmune diseases. Thus, the DTH reaction is known to provide a site of tissue 

inflammation within a window of 24 to 72 hours in which effector memory CD4+ T cells are 

essential mediators. Moreover, these cells are also known to be the essential mediators of 

numerous chronic inflammatory autoimmune diseases, including rheumatoid arthritis (10, 

362). Thus, the DTH should provide a convenient model for MPLSM of activated effector 

T cells during an inflammatory response and in this chapter, the model was adapted to the 

ear pinna to provide a site of inflammation in which methods to image CD4+ T cells and 

DCs could be explored. 

 

In addition to the development and characterisation of an imageable site of tissue 

inflammation in the ear, this chapter outlines the preliminary studies carried to develop the 

use of the photo-swtichable fluorescent probe, Kaede. Conventional monochromatic (single 

coloured) fluorescent probes, such as CFSE and CMTPX, are routinely employed to label 

cells for a variety of studies, including imaging and assays of proliferation (322, 345, 363). 

However, while monochromatic fluorescent probes have proved useful in the studies carried 

out in previous chapters, their use in future imaging studies of DC-T cell interaction at and 

between the tissue site of inflammation and DLN, may present limitations. In particular, 

there would be no way of discriminating one cell from another on the basis of colour when 

attempting to track and distinguish individual cells or groups of cells participating in a 

particular interaction of interest or migrating between the tissue site of inflammation and the 

DLN. However, in recent years the complexity of imaging studies has increased and has 

driven the discovery of novel fluorescent optical highlighters, which overcome the 

limitations associated with monochromatic fluorescent probes, by allowing cells and 

organelles of interest to be differentially labelled for tracking purposes. Optical highlighting 

involves a rapid, light-induced change in the excitation/emission spectrum of the fluorescent 

probe and can be achieved by either stimulating fluorescence emission from a poorly 

fluorescent precursor (photo-activation), or by evoking a clearly distinguishable color change 



 150 

in the fluorescent protein emission spectrum (photo-conversion) (364, 365). Both strategies 

represent essential tools for tracking applications, since they can be used to directly track 

objects of interest after their photo-activation or photo-conversion. The key properties of an 

optical highlighter for live cell imaging are maximum duration and degree of colour change, 

combined with minimum toxicity of the probe to the cell. Currently, there are a variety of 

optical highlighters available, however, none of which fulfill all of the key requirements and 

are currently undergoing refinement (364, 366).  

 

Photo-activatable fluorescent probes, which are switched on during imaging, would not be 

suitable for labeling DCs and T cells in the in vivo model systems developed in this thesis, 

since they do not permit cells to be imaged and identified as potential candidates for tracking 

prior to their photo-activation. In contrast, photo-convertible fluorescent probes, which are 

switched from one colour to another during imaging would be ideal for tracking DC-T cell 

interactions between the tissue site of inflammation and DLN (364, 365). The anthozoan red 

fluorescent protein, DsRed, was one of the first photo-convertible optical highlighters to be 

developed for use in live mammalian cell imaging (364, 366). Multi-photon excitation of 

DsRed at short wavelengths evokes a rapid change in fluorescence emission from a red to a 

green species, when viewed by epi-fluorescence microscopy. The multiphoton-evoked 

“greening” method can be used to label cells and defined subcellular regions within target 

cells expressing soluble DsRed protein (364). The color change occurs as a consequence of 

the tetrameric structure of DsRed, which takes several days to mature from a green to a red 

species via fluorescence-resonance energy transfer (FRET) (364, 366, 367). However, multi-

photon excitation with appropriate wavelength can selectively bleach the mature, red-

emitting species and enhance green fluorescence emission through de-quenching of the 

intrinsic FRET process. The resultant color change can persist for approximately 30 hours 

without affecting cell viability. This technique allows individual cells, organelles, and fusion 

proteins to be optically marked and has potential for studying protein trafficking and 

selective retrieval of cells from a population (364). However, the red fluorescence of DsRed 

takes several days to mature, passing through an obligatory green fluorescent intermediate 

phase (368). This time delayed fluorescence does not make DsRed an ideal candidate for 

labeling and tracking DCs and T cells in the in vivo model systems developed in this thesis 

and a photo-convertible probe, such as Kaede, which instantly labels cells would be more 
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suitable as cells would be available for immediate use.   

 

Kaede is a naturally occurring green fluorescent protein extracted from the stony coral, 

Trachyphyllia geoffroyi and can be irreversibly photo-converted from a green to a red 

fluorescence emitting protein following exposure to UV or violet light (350-410nm) (365, 

369-371). Prior to its photo-conversion with UV light, Kaede protein emits green 

fluorescence with a peak of 518nm, when excited with 480nm light (365). However, 

following its photo-conversion, Kaede protein emits red fluorescence with a peak of 582nm, 

when excited with 480nm light (365). Thus, exposure to UV light gives rise to a fundamental 

change in fluorescence properties of the Kaede protein. This can be attributed to a UV 

mediated peptide cleavage event within the Kaede protein and can be observed by SDS-

PAGE analysis, in which proteins are separated and analysed on the basis of size (369). 

Unconverted green Kaede appears as a single band of 28 kDa in size, while converted Kaede 

appears as two bands of 18 kDa and 10 kDa (369). Kaede is therefore a green fluorescent 

protein, which has the potential to be irreversibly photo-converted to a red fluorescent 

protein using UV light, providing a simple and powerful tool for regional labeling and 

tracking of cells of interest in vivo during MPLSM studies. Thus, the use of Kaede would 

overcome the limitations associated with monochromatic CFSE and CMTPX in future 

imaging studies of the tissue site of inflammation and DLN. When applied to the systems 

developed in this chapter and in chapter 4, Kaede should provide a powerful tool for 

studying the relationship between DC-T cell interactions taking place at the tissue site of 

inflammation and DLN, by allowing cells of interest to be identified, photo-switched and 

subsequently tracked between sites on the basis of their new fluorescent colour (372, 373).  

 

The number of studies which have reported the use of Kaede as a fluorescent label for 

imaging techniques are few, yet extremely diverse, ranging from the use of Kaede to visualise 

the recycling of G-protein coupled receptors, to the use of Kaede to assess nueral 

development in zebrafish (374, 375). However, the most relevant study to date has involved 

the development of a transgenic mouse model in which the Kaede protein was ubiquitously 

expressed in all cell types to monitor the migration of lymphocytes to and from lymphoid 

organs in vivo (371). The study involved the use of UV light to photo-convert the cellular 

contents of the inguinal LN. To monitor rates of lymphocyte migration, the proportion of 
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non-photo-switched Kaede expressing T and B cells that had re-populated the LN, was 

analysed at various time points by flow cytometry (371). This allowed the analysis of the 

kinetics of cellular movement and revealed that each subset of lymphocytes within the LN, 

displayed distinct migration patterns in vivo (371). Thus, the Kaede transgenic mouse system 

is an ideal tool for the generation of endogenously labeled cells and circumvents the 

technical difficulties associated with Kaede not yet being developed into a freely diffusible 

form for cell labeling. Moreover, targeted expression of the Kaede protein to specific cell 

types, such as CD4+ T cells and DCs would allow cellular migration and their interactions to 

be tracked in vivo at and between the tissue site of inflammation and DLN (371). However, 

the Kaede transgenic mouse is not commercially available and in this chapter, a mammalian 

expression vector containing the Kaede gene was acquired and employed in expression and 

photo-conversion studies. In addition, the Kaede protein was cloned, expressed, purified and 

employed in a number of preliminary studies to develop the future use of Kaede in the novel 

in vivo model systems developed in this chapter and in chapter 4.  

 

In conclusion, this chapter outlines the development of a model of tissue inflammation in 

the ear pinna, in which the dynamic behaviour of effector T cells and their interactions with 

DCs can be imaged and assessed. The first technique explored was the air pouch model, 

however, while successful in the rump, it was not technically feasible in the ear pinna. The 

second technique outlined was the DTH reaction and from the preliminary studies carried 

out, the model appeared successful with respect to establishing imaging methods for 

visualising DCs and T cells in situ. Finally, this chapter outlines the preliminary studies 

carried out to develop the use of the photo-switchable probe kaede. This fluorescent probe 

will be employed in combination with MPLSM in future imaging studies, to track cellular 

migration and cellular interactions at and between the LN and tissue site of inflammation in 

the ear pinna.   
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5.2 Results 

 

5.3 Histological analysis shows successful induction of the air pouch model 

in the rump but not the ear pinna 

 

According to the method outlined by Sedgewick, the air pouch is classically induced in the 

rump of the mouse or rat (346). In this investigation, for the purpose of MPLSM, the model 

was adapted to the ear pinna. Air was injected into the ear pinna and to determine the 

success of inducing an air pouch in this novel site, an air pouch was also induced in the 

rump to provide a positive control for comparison. Air pouches were generated in the rump 

and ear pinna according to the method outlined in chapter 2. After seven days, air pouches 

were dissected from surrounding tissue and fixed in formalin for histological evaluation by 

H&E staining. The histological appearance of the air pouches created in the rump and ear 

pinna, are illustrated in figure 5.1. Figure 5.1 A, shows a section of control rump, in which 

the various layers of the cutaneous tissue are highlighted. However, without the injection of 

air, the various tissue layers appear undisturbed. Figure 5.2 B, shows a bright-field image of a 

section of air pouch created in the rump. 7 days after the formation of the air pouch, light 

microscopy revealed multiple layers of flattened cells surrounding the air pouch cavity, 

indicated by black arrows (346, 347). Figure 5.2 C shows a bright-field image of a section of 

control ear pinna, in which the various layers of the ear tissue are highlighted. However, 

without the injection of air, the various tissue layers appear undisturbed. Figure 5.2 D shows 

a bright-field image of a section of ear pinna 7 days following the repeated injection of sterile 

air. However, unlike the air pouch lining of the rump, light microscopy revealed an absence 

of the flattened cells and when compared with a section of control ear pinna, there was no 

clear evidence of an air pouch cavity. Although in both figure 5.2 C + D, the epidermis 

appears detached from the remaining layers of the cutaneous tissue. This was representative 

of all sections of the ear pinna and appeared to occur during tissue processing of the thinner, 

more delicate tissue of the ear pinna. Thus, compared with the flattened cell lining 

surrounding the air pouch cavity of the rump, sections of the ear pinna following repeated 
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injection of air failed to shown clear evidence that an air pouch had been successfully 

induced at that site. 

 

 

5.4 Granulocytes can be identified in the air pouch of the rump but not the 

ear pinna 

 

Initial attempts to create an air pouch in the ear pinna appeared unsuccessful. Histological 

analysis failed to show the presence of a defined air space within the ear pinna or the 

flattened structure typical of the air pouch cavity. To further test whether an air pouch had 

been successfully created in the ear pinna, the infiltrating cell types were analysed and 

compared. Air was injected in the rump and ear pinna according to the method outlined in 

chapter 2. The unstimulated air pouch contained insufficient liquid exudate to aspirate. Thus, 

the air pouch was perfused using saline to recover any cells that had infiltrated the air filled 

cavity. Cells were characterised phenotypically using flow cytometry. Consistent with the 

expected results, granulocytes were the predominant cell type within the air pouch of the 

rump, while lymphocytes were absent (346, 351). Figure 5.2 shows representative flow 

cytometric plots of the results obtained from the phenotypic analysis of cells recovered from 

the air pouch in the rump. Cells were first analysed on the basis of size and granularity and 

the majority appeared to be large granular cell types, figure 5.2 A. Cells were next analysed 

for their expression of the cell surface integrin, CD11b and the GPI-anchored protein Gr1 

(376-378). 68.8% were CD11b+ while 5.168% were double positive for the expression of 

CD11b+ and Gr1+. These cells most likely represented macrophages/dendritic cells and 

neutrophils, respectively. In addition, 65.15% of the cells expressed the macrophage marker 

F4/80+. In contrast to the high proportion of granulocytes, no B220/CD19 expressing B 

cells or CD4/CD8 expressing T cells were detected within the air pouch in the rump, which 

was consistent with previously published reports (346, 347). Figure 5.3 shows representative 

flow cytometric plots of the results obtained from the phenotypic analysis of cells recovered 

from the ear pinna. Figure 5.3 A, cells were first analysed on the basis of size and granularity 

and it was immediately apparent that cells recovered from the ear pinna were not as large or 
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as granular as those recovered from the rump. Cells were next analysed for their expression 

of the DC, macrophage and neutrophil markers CD11b, F4/80 and Gr1, figure 5.3 B + C. 

In contrast to the results obtained from the air pouch in the rump, no cells were recovered 

that stained positively for the granulocytic and monocytic markers. Moreover, no 

B220/CD19 expressing B cells or CD4/CD8 expressing T cells were detected, figure 5.3 D 

+ E. Thus, flow cytometric analysis of the cells infiltrating the air pouch and histological 

analysis of cellular lining surrounding the air pouch cavity, revealed a failure of the 

subcutaneous injection of air in the ear pinna to induce an air pouch.  

 

5.5 Ear pinna thickness increases during a DTH reaction 

 

From histological and flow cytometric analysis it became clear that the adaptation of the air 

pouch model from the rump to the ear pinna was not feasible. While the skin of the rump is 

loose and can accommodate the introduction of air to the site, the skin of the ear pinna is 

extremely taut and as a result, failed to maintain the injected air at the desired site. It was 

therefore necessary to devise a new model of tissue inflammation in which DCs and T cells 

could be imaged by MPLSM and assessed by immunological assay. The DTH reaction was 

selected. Following the adoptive transfer of OVA-specific T cells, mice were primed in the 

nape of the neck with OVA/CFA and challenged 10 days later in the ear pinna with either 

HAO or PBS. As a measure of the induction of inflammation at the site of injection, ear 

thickness was measured at 24, 48 and 72 hours post HAO or PBS control challenge. The 

resulting changes in ear thickness are summarised in figure 5.4, which shows that the 

injection of PBS failed to significantly alter ear thickness. However, the injection of HAO 

gave rise to a red and inflamed site with a significantly increased ear thickness in comparison 

with control PBS challenged ears at 24 hours (p<0.001), 48 and 72 hours (p<0.01) post 

challenge. Thus, initial results suggested a DTH reaction had been successfully induced in 

the ear pinna.  
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5.6 Antigen specific T cells can be detected within the ear pinna 

 

The aim of developing a model of tissue inflammation in the ear pinna was to provide a 

non-lymphoid site of inflammation in close proximity to a secondary lymphoid organ, in 

which the interactions between DCs and T cells taking place at each site can be assessed and 

analysed and compared. The induction of a DTH reaction in the ear pinna resulted in a red, 

swollen inflammatory site 24-72 hours following challenge with HAO in the ear tissue. To 

determine which cells, cytokines and chemokines were mediating the inflammatory response 

observed in this model, the cell types present were characterised phenotypically by flow 

cytometry and the cytokine profile was assessed using the luminex system. A population of 

OVA-specific T cells from OTII+ C57BL/6J were selected for adoptive transfer into 

C57BL/6J mice. These transgenic mice express a TCR specific for an MHC class II-

restricted epitope of OVA, enabling the use of flow cytometry to track adoptively transferred 

cells in the recipient mouse. With a view to imaging the site of inflammation using MPLSM, 

it was first necessary to establish whether adoptively transferred T cells were present at the 

site of inflammation. Mice were then immunised with OVA/CFA in the nape of the neck 

and challenged in the ear pinna with HAO or PBS control 10 days later. At 24, 48 and 72 

hours post challenge, ears were removed and dermal layers were carefully teased apart. The 

split ear tissue was cultured overnight to encourage cells from the inflammatory site to 

transfer into the culture medium. Cells recovered from the inflamed ear tissue were analysed 

for the presence of OVA-specific, transgenic T cells using flow cytometry. The results 

shown in figure 5.5 outline representative flow cytometric plots, in which lymphocytes 

recovered from the overnight split ear cultures were first identified on the basis of size and 

granularity, figure 5.5 A. Lymphocytes were next assessed for their expression of the T cell 

marker CD4 (not shown), followed by their co-expression of the OVA TCR markers, Va2 

and Vb5, figure 5.5 B. The graph in figure 5.5 C summarises the absolute number of OVA-

specific transgenic T cells recovered from the split ear cultures over a period of 24-72 hours 

post HAO or PBS control challenge. In comparison with PBS control challenged mice, mice 

challenged with HAO contained a larger proportion of OVA-specific transgenic T cells 

within the ear pinna. Moreover, following HAO challenge the number of OVA-specific 

transgenic T cells in the ear pinna increased significantly from 24 to 72 hours (p=0.0048). 
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Thus, antigen specific T cells can be recovered form the ear pinna, using the split ear 

technique, during a DTH reaction in response to HAO challenge.  

 

5.7 Macrophages and Neutrophils are present in the DTH reaction in the 

ear pinna 

 

The split ear technique, which was developed to recover cells and cytokines from the site of 

inflammation, revealed antigen specific T cells within the ear pinna following HAO 

challenge. However, it was clear (from the forward side scatter plot, in which cells were 

analysed on the basis of size and granularity) that a variety of larger more granular cells that 

did not fall into the lymphocyte gate, were also recovered from the ear pinna. Flow 

cytometry was employed to characterise those cell types phenotypically. Figure 5.6 shows 

representative flow cytometric plots detailing the analysis of the various cell types recovered 

from the split ear culture following the induction of a DTH reaction. Cells were first 

analysed on the basis of size and granularity, figure 5.6 A. Cells were next analysed for their 

expression of the neutrophil marker Ly6G, that is also known as the myeloid differentiation 

antigen Gr1, figure 5.6 B (378). Furthermore, cells were analysed for their expression of the 

pan macrophage marker F4/80, figure 5.6 C (332). The proportion of Ly6G+ neutrophils 

detected in the split ear culture were summarised in figure 5.6 D, and show that in 

comparison with PBS control challenged ears, the proportion of Ly6G+ neutrophils detected 

in the ear pinna in response to HAO challenge was substantially higher. The influx of 

neutrophils to the site of HAO injection peaked at 24 hours with 61.67% (+/-5.86) and 

decreased significantly over the following 48 to 72 hours from 48.93% (+/-10.37) to 37.93% 

(+/-1.99)  (p=0.0027).  The proportion of F4/80+ macrophages detected in the split ear 

culture at various times are summarised in figure 5.6 E, and show that in comparison with 

PBS control challenged ears, the proportion of F4/80+ macrophages detected in the ear 

pinna in response to HAO challenge was substantially higher. The influx of macrophages to 

the site of HAO challenge appeared to remain relatively constant over the 24, 48 and 72 

hour time points post injection, ranging from 38.3% (+/-3.84) to 41.83% (+/-6.33) to 39% 

(+/-5.65). Thus, following the induction of a DTH reaction in the ear pinna, neutrophils and 
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macrophages migrate into the site in response to HAO challenge and can be recovered from 

the ear tissue using the split ear technique.  

 

5.8 Cytokine profile of the DTH reaction in the ear pinna    

 

Antigen specific T cells, macrophages and neutrophils were identified within the 

inflammatory site created following the induction of a DTH reaction in the ear pinna. Next 

the production of pro-inflammatory cytokines, chemokines and growth factors in response 

to the induction of a DTH reaction in the ear pinna, was tested according to methods 

outlined in chapter 2, and compared with results obtained from PBS control ears, 

summarised in table 5.1. Of note, the production of a variety of cytokines, chemokines and 

growth factors was elevated following PBS control, thus background levels were high. In 

comparison with the results obtained from PBS control ears, the production of IL6 was 

substantially higher 24 hours following HAO challenge and was significantly higher after 48 

hours (p=0.0281), figure 5.7. Moreover, in comparison with the PBS control, the production 

of IL1" was substantially higher 24 hours following HAO challenge and was significantly 

higher after 72 hours (p=0.0089), figure 5.7. However, the levels of the pro-inflammatory 

cytokine TNF" and the anti-inflammatory cytokine IL10 were not significantly altered by 

HAO challenge in comparison with PBS control challenge, figure 5.7. No IFN! was detected 

in the split ear cultures following HAO or PBS control challenge. 

 

The production of chemokines in response to the induction of a DTH reaction in the ear 

pinna was tested and compared with results obtained from PBS control challenged ears, 

figure 5.8. In comparison with the PBS control, the production of macrophage inflammatory 

protein, MIP-1", was increased following HAO challenge, though not significantly. 

However, the production of monocyte chemotactic protein 1 (MCP-1), monokine induced 

by gamma interferon (MIG) and neutrophil chemotactic protein, KC, in response to HAO 

challenge was unchanged in comparison with PBS control challenge.  

 

The production of growth and repair factors in response to the induction of a DTH reaction 

in the ear pinna was tested and compared with results obtained from PBS control challenged 
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ears, figure 5.9. Production of the granulocyte macrophage colony stimulating factor, 

GMCSF, was significantly higher 48 hours following HAO challenge (p=0.0116) in 

comparison with PBS challenge. Furthermore, in comparison with the results obtained from 

PBS control challenged ears, the production of vascular endothelial growth factor, VEGF, 

was substantially higher at 24 and 48 hours and the production of fibroblast growth factor, 

FGF, was also substantially higher 24 hours post HAO challenge, however, neither increase 

was significant. In conclusion, cytokines, chemokines and growth factors were detected in 

both PBS and HAO challenged ears, however, despite high background levels the 

production of IL1a, IL6 and GM-CSF was significantly increased following HAO challenge 

in comparison with PBS control.  

 

Cytokine/Chemokine 

tested 

24 hours 

HAO compared with 

PBS 

48 hours 

HAO compared with 

PBS 

72 hours 

HAO compared with 

PBS 

IL1" not significantly altered not significantly altered Sig increased p=0.0089 

IL6 not significantly altered Sig increased p=0.0281 not significantly altered 

TNF" not significantly altered not significantly altered not significantly altered 

IL10 not significantly altered not significantly altered not significantly altered 

MCP-1 not significantly altered not significantly altered not significantly altered 

MIG not significantly altered not significantly altered not significantly altered 

MIP-1" not significantly altered not significantly altered not significantly altered 

KC not significantly altered not significantly altered not significantly altered 

GM-CSF not significantly altered Sig increased p=0.0116 not significantly altered 

VEGF not significantly altered not significantly altered not significantly altered 

FGF not significantly altered not significantly altered not significantly altered 

 

Table 5.1 Summary of cytokines, chemokines and growth factors detected in split ear culture of 

DTH reaction 

 

5.9 Antigen specific T cells can be imaged within the ear pinna during the 

DTH response  
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DTH is an inflammatory immune response initiated upon re-exposure to antigen by effector 

memory CD4+ T cells that is followed by the recruitment of inflammatory cells, including 

macrophages, to the tissue site of antigen re-exposure. In this chapter, a DTH reaction was 

successfully established in the ear pinna with cells and inflammatory mediators being 

recovered from the site using the split ear technique. These were subsequently characterised 

using flow cytometry and the luminex system. However, the aim of creating a tissue site of 

inflammation in the ear was to develop a model in which the behaviour of T cells and their 

interactions with DCs could be visualised and characterised using MPLSM. Thus, to 

establish whether the migration of antigen specific T cells could be imaged dynamically in 

the ear pinna following the induction of a DTH response using MPLSM, it was necessary to 

develop a method of in situ imaging of ear tissue. The DTH response was created in 

C57BL/6J mice following the adoptive transfer of OVA-specific, GFP expressing, transgenic 

T cells. These double transgenic mice express a TCR specific for an MHC class II-restricted 

epitope of OVA and their T cells constitutively express the green fluorescent protein (GFP), 

enabling the use of flow cytometry and MPLSM to track and image, adoptively transferred 

cells in the recipient mouse. Mice were primed in the nape of the neck with OVA/CFA and 

challenged 10 days later in the ear pinna with HAO. Twenty four hours post HAO 

challenge, the ear pinna was removed and prepared for imaging. Imaging through the ear 

pinna of the mouse proved technically difficult initially, due to the highly auto-fluorescent 

properties of the dermal layer of the ear tissue. Thus, it became necessary to expose the 

subcutaneous tissue of the site of inflammation by teasing back a small area of dermal tissue 

prior to imaging the site. Moreover, while the ultimate goal of the system is to image the site 

of inflammation in the live mouse, initially the ear pinna was removed and maintained in 

warmed oxygenated medium for the duration of the imaging period to allow imaging 

methods to be established. Figure 5.10 A, shows a bright-field image of a cross-section of 

H&E stained ear pinna detailing the various tissue layers and the site removed for imaging. 

Figure 5.10 shows images of the multi-photon movies acquired of OVA-specific, GFP 

expressing, transgenic T cells migrating within the DTH site in the ear pinna (indicated by 

white arrows), figure 5.10 B + C and migrating within the DLN, figure D (for full movies 

see attached CD). Control PBS challenged ears were also imaged, however, in the absence of 

antigen no OVA-specific GFP expressing T cells were detected within the ear pinna (data 

not shown).  Using Volocity software (Improvision), the velocity of the transgenic T cells 
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migrating in the inflamed ear tissue was calculated and compared with the velocity of 

transgenic T cells migrating in the DLN, figure 5.11 A. The average speed of T cells 

migrating in the DTH site was 4.19µm/min (+/–2.89) and 5.15µm/min (+/–2.56) in the 

DLN. Thus, T cells migrated at a significantly slower speed in the tissue site of inflammation 

than in the DLN (p=0.0291). To quantify the directional component of T cell migration at 

both sites, the meandering index (a ratio of displacement from origin to track length) on 

individual T cells was calculated. These analyses revealed an average meandering index of 

0.61 (+/–0.33) in the DTH site and 0.72 (+/–0.3) in the DLN, indicating that T cell paths in 

the DTH site and DLN were relatively straight and not significantly different from one 

another, figure 5.11 B. Moreover, tracks of individual T cells were plotted showing distance 

travelled from a single point of origin. T cells in the DTH site and the DLN appeared to 

migrate over similar distances, figure 5.11 C + D. Thus, while the speed at which T cells 

migrated in the DTH site was significantly slower than in the DLN, their pattern of 

migration at each site was similar.  

 

5.10 Antigen specific T cells can be imaged within the ear pinna in 

combination with fluorescent beads during the DTH response 

 

Antigen specific GFP expressing T cells were successfully imaged within the ear pinna, 

however, as a result of procedure required to prepare the ear pinna for MPLSM, the site of 

inflammation proved difficult to pinpoint due to the loss of the red and inflamed 

characteristics associated with the site. Thus, in an attempt to simplify this procedure, red 

fluorescent beads were injected in combination with HAO at the point of challenge. The 

beads were clearly visible to the naked eye, allowing the site of inflammation to be clearly 

identified. The DTH response was created in C57BL/6J mice following the adoptive 

transfer of OVA-specific, GFP expressing transgenic T cells. Mice were primed in the nape 

of the neck with OVA/CFA and challenged 10 days later in the ear pinna with HAO in 

combination with red fluorescent beads. 24 hours post HAO challenge, the ear pinna was 

removed and prepared for imaging. Figure 5.12 shows images of the multi-photon movies 

acquired of the site. The red fluorescent beads appeared to have been taken up by local 

APCs and displayed cellular like properties. However, on this occasion no OVA-specific, 
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GFP expressing transgenic T cells were observed at the site of inflammation and analysis of 

their migration was not possible.  

 

5.11 Antigen specific T cells and DCs can be imaged within the ear pinna 

during the DTH response 

 

Transgenic T cells were successfully imaged in the ear pinna using MPLSM following the 

induction of a DTH response. However, the ultimate aim of this system was to image DC-T 

cell interactions in the tissue site of inflammation. Thus, HAO challenge was substituted for 

the injection of fluorescently labelled bone marrow derived OVA pulsed DCs to provide a 

population of antigen presenting cells that can be visualised by MPLSM. The DTH response 

was created in C57BL/6J mice following the adoptive transfer of OVA-specific, GFP+ 

transgenic T cells. Mice were primed in the nape of the neck with OVA/CFA and 

challenged 10 days later in the ear pinna with either OVA pulsed DCs or un pulsed control 

DCs labelled with the red fluorescent dye, CMTPX. Twenty four hours post challenge with 

antigen loaded DCs, the ear pinna was removed and prepared for imaging by exposing the 

subcutaneous tissue of the site of inflammation, as previously described. Figure 5.13 A, 

shows an image of OVA-specific, GFP expressing, transgenic T cells in the multi-photon 

movie acquired of the ear pinna following challenge with OVA pulsed DCs. Both cell types 

could be observed migrating and interacting within the inflammatory site. In figure 5.13 B, 

tracks of individual T cells were plotted showing distance travelled from a single point of 

origin. In comparison with T cells in the HAO challenged DTH site (figure 5.11 C), T cells 

in the DTH site, challenged with OVA DCs, appeared to migrate over a similar distance, 

figure 5.13 B. Consistent with the expected results, in the control ear pinna, un-pulsed 

CMTPX labelled DCs injected into the site could be visualised there by MPLSM. However, 

no OVA-specific, GFP expressing, transgenic T cells were present and they could therefore 

not be imaged (results not shown). To quantify the interactions between OVA pulsed DCs 

and OVA-specific T cells in the DTH site, the degree of colocalisation between green T cells 

and red DCs was analysed to calculate a colocalisation coefficient representing the 

proportion of green voxels that were also red. The results in figure 5.13 C, show that the 

DCs and T cells colocalised and in the multi-photon movie (see attached CD), DCs and T 
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cells appeared to interact throughout the imaging period. Thus, DCs and T cells interacted in 

the DTH site 24 hours following antigen challenge with OVA pulsed DCs and the results of 

this preliminary study therefore appeared to be consistent with previously published reports 

that during a DTH reaction, DCs and CD4+ T cells interact (211, 212). 

 

5.12 HEK cells transfected with the Kaede expression vector express Kaede 

protein and can be photo-switched 

 

The Kaede gene is commercially available in the form of a mammalian expression vector, 

(MBL International). Due to the technical difficultly associated with the transfection of 

primary cells, such as DCs and T cells, a human embryonic kidney cell line, HEK 293, was 

employed in preliminary studies using Kaede. HEK 293 cells have been widely used in cell 

biology research for a number of years due to their robust cell culture qualities and high 

transfection rates (379). In figure 5.14, HEK 293 cells were transfected with the Kaede 

expression vector using lipofectamine, as described in chapter 2, and examined for their 

expression of the Kaede protein by epi-fluorescent microscopy 24 hours later. Figure 5.14 A 

shows an image of HEK 293 cells excited with 488nm light expressing green fluorescent 

protein. Figure 5.14 B, shows an image of HEK 293 cells excited with 550nm light following 

a 1 second pulse with UV light. Thus, HEK 293 cells transfected with the Kaede expression 

vector successfully expressed the green fluorescent Kaede protein, which could be photo-

converted to the red fluorescent form following a 1 second UV pulse.  

 

5.13 Primers were designed to amplify the Kaede gene 

 

HEK 293 cells were transfected with the Kaede expression vector and successfully expressed 

the Kaede protein. However, if Kaede was to be employed in studies of DC-T cell 

interactions, it was necessary to label DCs or T cells with the fluorescent protein. However, 

transfecting primary cells is technically challenging and it was therefore necessary to obtain 

the Kaede protein for future studies. Thus, it was necessary to clone the Kaede protein from 
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the mammalian expression vector into a protein expression system and the champion™ 

pET100 directional TOPO® expression kit with BL21 Star™ (DE3) One Shot® Chemically 

Competent E. coli (Invitrogen) was selected to clone and express the Kaede gene. The first 

step in this process involved the design of primers to amplify and obtain large copies of the 

Kaede gene from the mammalian expression vector, to allow it to be incorporated into the 

pET-TOPO expression vector. These vectors are provided linearized with topoisomerase I 

covalently bound to each 3´ phosphate, which enables them to readily ligate DNA sequences 

with compatible ends. The key to pET-TOPO cloning is the enzyme DNA topoisomerase I, 

which functions both as a restriction enzyme and as a ligase, to cleave and rejoin DNA 

during replication. Topoisomerase I specifically recognises and binds to the sequence 5´-

CCCTT-3´. The enzyme then cleaves the DNA strand, creating an overhang compatible 

with the TOPO sequence incorporated onto the end of the PCR product, which ligated into 

the vector by the same enzyme. Thus, it was necessary to incorporate the TOPO sequence 

into the 5’ end of the forward primer to ensure successful cloning of the Kaede gene into the 

pET-TOPO vector. Using Invitrogen primer design package, suitable forward and reverse 

primers were designed to amplify Kaede based on the Kaede gene sequence. The pET-

TOPO sequence ‘CACC’ was incorporated into the 5’ end of the forward primer to give rise 

to copies of the Kaede gene that would be successfully cloned into the pET-TOPO 

expression vector. Figure 5.15 A shows the primer sequences employed to amplify the 

Kaede gene. Figure 5.15 B shows an image of a gel showing the products of the Kaede gene 

amplification using the aforementioned primers.  By comparing the size of the bands with 

the molecular markers revealed that the Kaede gene had been successfully amplified using 

the designed primers since each band corresponded to the 677 base pair sized Kaede. 

 

5.14 Kaede gene was successfully cloned into pET-TOPO vector  

 

The Kaede gene that was amplified from the previous experiment was quantified and next 

employed in the cloning reaction to allow its incorporation into the pET-TOPO expression 

vector (according to the protocol outlined in Materials and Methods). To confirm whether 

the Kaede gene had been successfully cloned into the pET-TOPO expression vector, PCR 

using Kaede primers was carried out using the pET-TOPO vector as template DNA. If the 
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Kaede gene had been successfully cloned into the pET-TOPO vector, the primers would be 

able to amplify the gene segment and a band of 677bp would be detected on a gel as in 

figure 5.15 B. As seen in figure 5.16 A, PCR products were separated on an agarose gel and a 

band of equal size to the Kaede gene, indicated by arrow, was detected from each cloning 

reaction. In addition, faint bands representing the larger pET-TOPO vector, which was used 

as the template could also be observed. However, while the presence of the Kaede gene 

within the pET-TOPO vectors was confirmed by PCR, it was necessary to sequence each 

Kaede containing pET-TOPO vector to ensure the gene had been incorporated in the 

correct orientation and without any base pair errors. The results obtained following the 

sequencing of each plasmid revealed that only a single plasmid generated from the cloning 

reaction contained the Kaede gene in the correct orientation and free of base pair errors. 

This plasmid was therefore selected and used throughout the following stages of the 

expression procedure.  

 

5.15 BL21 StarTM were transformed with Kaede-pET-TOPO vector and 

expression of Kaede was induced using IPTG 

 

Kaede-pET-TOPO vector was transformed into BL21 StarTM E.coli following the method 

outlined in chapter 2. pET-TOPO expression vectors encode the T7 RNA polymerase, 

which is expressed by host E. coli under the control of the IPTG-inducible lacUV5 

promoter. This allowed transcription of the Kaede protein to be directly regulated with 

IPTG. Thus, following overnight culture of BL21 StarTM E.coli containing the Kaede-pET-

TOPO vector to allow for their exponential replication, the E.coli were induced to express 

the Kaede protein using IPTG. To calculate the time point which yielded the optimum 

expression of the Kaede protein, a sample of E.coli was taken for SDS-PAGE analysis at 2, 4 

and 6 hours following the addition of IPTG to the culture. Throughout this process the 

culture was sheltered from light to prevent premature photo-switching of the Kaede protein, 

due to the natural occurrence of UV light. As a quick check to ensure the Kaede protein was 

being expressed by the BL21 StarTM E.coli, a small aliquot of bacteria were examined under 

the epi-fluorescent microscope for green fluorescence and their ability to be photo-

converted. Figure 5.17 outlines images obtained of BL21 StarTM E.coli expressing Kaede 
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protein at 100x magnification. Figure 5.17 A shows an image of BL21 StarTM E.coli excited 

with 488nm light expressing green fluorescent protein prior to a UV pulse. Figure 5.17 C, 

shows an image of BL21 StarTM E.coli excited with 550nm light prior to a UV pulse. 

Consistent with the expected result, the cells failed to express the red fluorescent form of the 

Kaede protein in the absence of UV treatment. Figure 5.17 B, shows an image of BL21 

StarTM E.coli excited with 550nm light following a 1 second pulse with UV light. The bacteria 

clearly expressed the red fluorescent form of the Kaede protein and had therefore been 

photo-converted. In contrast to the results obtained prior to the UV treatment, BL21 StarTM 

E.coli excited with 488nm light following a 1 second UV pulse, lost their expression of the 

green fluorescent protein. Next, the products of the pilot expression were analysed by SDS-

PAGE and western blot to establish the optimum time point with respect to expression 

levels of the protein.  

 

5.16 Kaede protein was purified and quantified  

 

The expression of Kaede protein was carried out in accordance to the protocol outlined in 

Materials and Methods. An SDS-PAGE and Western blot were carried out to detect the 

protein and assess which time point from the pilot expression produced the highest yield. 

Western blot is an analytical technique used to detect specific proteins. Proteins are 

denatured and separated in accordance to their molecular weight and detected using 

antibodies specific to the protein in question. The presence of Kaede protein was detected 

using an antibody specific for histidine, a protein tag, which was encoded onto the end of 

the Kaede protein to facilitate its purification from E.coli and other proteins present in the 

expression mixture. Figure 5.18 shows an image of the nitrocellulose membrane from the 

Western Blot analysis. A pre-stained protein ladder containing protein bands of known 

molecular weights was run alongside the samples from the pilot expression to provide an 

indication of the molecular weights of the purified products. As a negative control, BL21 

StarTM E.coli were transformed with the empty non Kaede containing pET-TOPO vector. 

Consistent with the expected result, figure 5.18 shows these samples did not stain with the 

anti-histidine antibody due to the absence of the Kaede gene and therefore the inability of 

the BL21 StarTM E.coli to express it. In contrast, when the Kaede containing pET-TOPO 
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vector expressing BL21 StarTM E.coli were analysed for the presence of the Kaede protein 

using the anti-histidine antibody, several bands could be observed. Indicated by the arrows, a 

band of molecular weight corresponding to the monomeric, dimeric and trimeric forms of 

the protein was observed. However, the monomeric form of the protein was present at 

higher levels than the others and the band was heaviest at the 6 hour time point, which 

indicated that protein expression was optimum at this time point. Thus, the induction of 

protein expression was confirmed and the level of Kaede expression appeared highest at 6 

hours. Thus, the Kaede-pET-TOPO vector containing BL21 StarTM E.coli were induced 

using IPTG and following 6 hours the Kaede protein was purified from the E.coli over a 

nickel column in accordance with the protocol outlined in chapter 2.  

 

5.17 Kaede protein was conjugated to beads and taken up by DCs in vitro 

 

The photoconversion of intracellular Kaede using UV light has previously been shown to 

have no adverse effects on cellular function (371). Thus, once the Kaede protein had been 

expressed and purified for use, the next step was to attempt to label primary cells with the 

fluorescent protein. T cells do not readily take up soluble proteins, however, DCs constantly 

sample their environment, capturing soluble and particulate proteins via phagocytosis and 

pinocytosis, which they can then process and present to antigen specific T cells (110). 

Initially, DCs were incubated with the purified soluble Kaede protein, however, they failed 

to consume adequate quantities to ensure effective labelling of the cell with the fluorescent 

protein (results not shown). Thus, in an attempt to improve the uptake of Kaede by DCs, 

Kaede was converted from a soluble to a particulate format by conjugating it to 2µm 

polystyrene beads, following the protocol outlined in Materials and Methods. Bone marrow 

derived DCs were incubated with Kaede conjugated beads in vitro for 1 hour. DCs were then 

washed with complete RPMI to remove excess beads and imaged using an epi-fluorescent 

microscope. Figure 5.19 A + B, show images of in vitro movies acquired of Kaede conjugated 

beads within DCs. Figure 5.19 A shows DCs excited with 488nm light prior to a UV pulse 

and green fluorescence can be clearly observed. Figure 5.19 B shows DCs, excited with 

550nm light post UV pulse, expressing the red form of the Kaede protein (see attached CD 

for full QuickTime movies of DCs in vitro and their photo-conversion). 
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5.18 Kaede conjugated beads were taken up by DCs and visualised in the LN 

in vivo  

 

The ultimate aim of developing the photo-switchable fluorescent protein, Kaede, was to 

employ it in the in vivo model systems developed in this chapter and in chapter 4. Thus, it 

was next important to establish whether Kaede could be photo-switched and both green and 

red fluorescence emitting forms of the protein could be distinguished using MPLSM. Bone 

marrow derived DCs from a CD45.1+ C57BL/6J mouse were incubated with Kaede 

conjugated beads in vitro for 1 hour. DCs were then washed in complete RPMI, to remove 

excess beads, and injected subcutaneously into the footpad of a congenic CD45.2+ 

C57BL/6J mouse. 20 hours later, the draining popliteal LN was removed and prepared for 

MPLSM as described in Materials and Methods. In Figure 5.20 A + B, images of multi-

photon movies acquired of DCs containing Kaede conjugated beads migrating within the 

LN. Although previously published, it was not technically possible to photo-convert Kaede 

using the available MPLSM, as the energy of the Ti-sapphire wasn’t high enough to induce 

photo-switching of the Kaede (370, 371). Thus, to ensure both green and red fluorescence 

emitting forms of the protein could be excited using MPLSM, the LN was pulsed with UV 

light from an epi-fluorescence microscope, and re-imaged using the MPLSM.  

 

Figure 5.20 A + B, shows images of DCs migrating within the LN prior to, and following a 

UV pulse, respectively. A colour change from green to red can be clearly observed between 

both images. Following MPLSM, the imaged LN and a control, non imaged LN, were 

homogenised and DCs were assessed for their expression of Kaede associated fluorescence 

using flow cytometry. In figure 5.20 B, DCs were identified on the basis of their size and 

granularity. In figure 5.20 C, DCs were next identified and distinguished from endogenous 

cells on the basis of their expression of the congenic marker CD45.1. In figure 5.20 D, DCs 

pulsed with beads only or Kaede beads, were examined for their expression of green 

fluorescence. Control DCs that were pulsed with beads only failed to express green 

fluorescence. DCs pulsed with Kaede beads expressed green fluorescence, which was 
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substantially reduced following exposure to UV light. In figure 5.20 E, DCs were examined 

for their expression of red fluorescence. Control DCs pulsed with beads only, did not 

express red fluorescence. DCs pulsed with Kaede beads expressed low levels of red 

fluorescence, which increased following exposure to UV light. Thus, prior to a UV pulse, 

DCs expressed high levels of green fluorescence and low levels of red fluorescence, 

however, in contrast following a UV pulse, DCs expressed high levels of red and low levels 

of green fluorescence. Therefore, when examined in vivo by MPLSM, DCs appeared photo-

converted, which was confirmed by flow cytometric analysis.  

 

5.19 Discussion  

 

The dynamic interactions that take place between DCs and T cells during the activation 

phase of an immune response in the LN have been well characterised (4, 5, 7, 8, 235, 236, 

269). However, while both DCs and T cells are known to be present at the tissue site of 

inflammation following the induction of an antigen specific immune response, little is known 

regarding how these cells interact and migrate dynamically during the effector phase of a 

protective immune response at the tissue site (18, 53). Moreover, the relationship between 

the DC-T cell interactions taking place at and between the tissue site of inflammation and 

the DLN is relatively unexplored. Understanding how T cells are maintained and regulated at 

the tissue site of inflammation and deciphering whether and what role the DLN plays in this 

process should be critical in understanding the pathogenesis of chronic inflammatory 

conditions and in identifying novel therapeutic targets in such diseases. In this chapter, the 

air pouch model and DTH reaction were both explored as suitable models of tissue 

inflammation in the ear pinna. Moreover, the models were examined for their potential for 

in situ imaging of T cell dynamics at the site using MPLSM and immunological assay. 

However, the overall aim would be to combine the tissue site of inflammation developed 

here with the tLN model of chapter 4 in the ear pinna, for comparisons of T cell migration, 

behaviour and interaction with DCs at and between both sites.  

 

The air pouch model, in which sterile air is repeatedly injected into the subcutaneous tissue 

of the dorsal flank of the mouse or rat, was the first system explored to create a tissue site of 
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inflammation in the ear pinna (346). The model was adapted from the rump to the ear pinna 

in an attempt to create a synovium-like structure in which inflammation could be induced 

and DCs and activated effector T cells could be imaged and assessed. Histological and flow 

cytometric analysis of the positive control air pouch in the rump revealed a flattened cell 

lining surrounding the air cavity with myeloid and granulocytic cell types predominating. 

However, these results were not mirrored in the ear pinna. In the rump, the skin was loose 

and could accommodate and maintain injected air at the site.  However, the skin of the ear 

pinna was taut and presumably the injected air escaped. Thus, the formation of a synovium-

like layer of macrophages and fibroblasts was not possible due to the absence of the air 

induced mechanical disruption to the connective tissue. It was therefore clear that while 

adapting the air pouch model to the ear pinna was a good idea in theory, it was impractical. 

This finding was an unfortunate set back, since the air pouch model would have allowed the 

study of a synovium-like structure and previously the air pouch model has been employed to 

study the reactivity of the synovium-like layer to inflammatory and anti-inflammatory agents 

(346, 350-353). Thus, if successful, the air pouch in the ear pinna could have provided a 

model in which to study the chronic inflammatory condition, rheumatoid arthritis and to 

explore the sensitivity of synovium to chronic inflammation. Moreover, studying the 

relationship between the DC-T cell interactions taking place at the tissue site of 

inflammation and the DLN, in the context of a disease model of rheumatoid arthritis, would 

have provided a clinical relevance to the system and potentially identified novel therapeutic 

targets for the treatment of the disease.  

 

The air pouch was not technically achievable in the ear pinna and consequently an alternative 

model of tissue inflammation was investigated. The DTH is an antigen specific cell mediated 

immune response characterised by induration, swelling and monocytic infiltration into the 

site of antigen exposure within a period of 24 to 72 hours (354). The effector memory CD4+ 

T cells, which mediate this self-propagating localised inflammatory response, are also 

essential mediators of numerous chronic inflammatory autoimmune diseases, such as 

rheumatoid arthritis (10, 362). Thus, the DTH reaction is a convenient model for studying 

activated effector T cells during an inflammatory response and in this chapter, the model 

was adapted to the ear pinna to provide a site of inflammation in a tissue site accessible for 

MPLSM. The magnitude of tissue swelling induced by HAO challenge in the ear pinna, was 
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taken as a measure of the DTH response. Consistent with the expected results, the ear 

became red and swollen following HAO challenge and in comparison with PBS control, ear 

thickness increased significantly (354). Thus, the appearance of the ear following HAO 

challenge suggested successful induction of a DTH reaction, however, if the site was to be 

used for imaging T cells it was important to determine whether antigen specific T cells were 

present at the inflammatory site. The split ear technique, in which dermal layers were 

separated and incubated in warmed medium, allowed cells and soluble mediators to be 

released from the tissue site of inflammation without the need for traditional tissue digestion 

techniques, which often cleave cell surface molecules and affect cell viability. Cells from the 

tissue site of inflammation were characterised using flow cytometry and cytokines were 

measured using the luminex system. The DTH reaction is known to be directly dependent 

on the presence of antigen specific, effector memory CD4+ T cells (211, 212, 354, 356). Flow 

cytometric analysis of the cell suspension released from the dermal layers of the ear pinna 

revealed that OVA-specific GFP expressing transgenic T cells could be recovered from the 

site and that they were most numerous at 72 hours post HAO challenge. Moreover, 

macrophages and neutrophils were also recovered from the site of HAO challenge. Thus, 

initial results strongly suggested that a DTH reaction had been successfully induced in the 

ear pinna, with a red swollen site containing an influx of inflammatory cells and antigen 

specific T cells. Surprisingly the cytokine profile of the HAO challenged site did not appear 

to vary considerably from the PBS control challenged site, moreover the background level of 

some cytokines was high. This may have been the result of the split ear technique itself 

causing tissue damage, which may have resulted in the release of pre-formed inflammatory 

cytokines. The inflammatory cytokines, TNF" and IFN! are known to be key mediators of 

the DTH response, however, levels were not detectable following HAO challenge in 

comparison with PBS challenge (380, 381). However levels of IL6, IL1a and GM-CSF were 

all significantly increased in response to HAO challenge. IL6 is a pro-inflammatory cytokine 

released by activated macrophages, which was consistent with the flow cytometric results, 

which revealed a large population of F4/80+ macrophages within the site of inflammation 

(382-384). Moreover, IL1" is produced by monocytes and macrophages as a pro-protein and 

is proteolytically processed and released in response to cell injury (382-385). The DTH 

response is reduced in mice lacking expression of the IL-1 receptor and IL-1 has been 

shown to contribute to the development of the reaction by promoting the maturation of 
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antigen-specific T cells and by augmenting IL-12 dependent IFN-! production by Th1 cells 

(386-388). Moreover, IL-1 derived from activated memory T cells had been shown to induce 

DC mediated production of TNF", resulting in local inflammation upon secondary 

stimulation (389). Finally, the growth factor GM-CSF, which stimulates the production and 

survival of granulocytic cell types such as dendritic cells and macrophages, was also detected 

at significantly higher levels following HAO challenge (390). The presence of increased 

levels of this growth factor was consistent with the number of granulocytic cell types at the 

tissue site and was most likely released to maintain those cell types.  

 

The DTH reaction is mediated by previously activated CD4+ T cells and in this chapter the 

T cells being characterised by flow cytometry and imaged by MPLSM were therefore 

memory T cells participating in a secondary immune response. Previously, T cells were 

imaged dynamically in rat ear pinnae during a DTH response by Matheu et al. (211, 212). By 

injecting fluorescently labelled antigen, they also demonstrated DC-T cell contacts in the ear 

pinna during the inflammatory reaction. Moreover, work by McLachlan et al. showed that 

during the memory response, dermal DCs interacted with and stimulated effector memory T 

cells to produce inflammatory cytokines (216). In the preliminary imaging studies carried out 

in this chapter, antigen specific T cells were observed migrating within the ear pinna with 

reduced velocity in comparison with the DLN. During the activation of an immune response 

in the LN, prolonged interactions between DCs and antigen specific T cells are seen after 6-

12 hours (6, 8, 14, 199). After approximately 24 hours, T cells dissociate from stable clusters 

and migrate with increased velocity, adopting a ‘swarming’ behavior (200). During this time 

T cells begin to proliferate and differentiate into activated effector cells, which migrate from 

the LN to the tissue site of inflammation (200). During the activation of a secondary 

immune response, memory T cells migrate with increased velocity and do not form the 

stable prolonged interactions typical of the initiation of a primary immune response (205, 

391). Analysis of the DTH site in the ear pinna by MPLSM revealed that DCs and T cells 

interacted throughout the duration of the imaging period, which could account for the 

reduced velocity of the T cells observed in the previous experiment, as they may have slowed 

down to make stable contacts with endogenous DCs. Moreover, the increased velocity of the 

T cells in the DLN at 24 hours was consistent with published reports that T cells make fewer 
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contacts with DCs at this time point, particularly in the activation of secondary immune 

responses (205, 391). Thus, from these preliminary studies, antigen specific T cells and DCs 

can be imaged within a tissue site of inflammation in the ear pinna by MPLSM and the cells 

appear to migrate with reduced velocity and form stable interactions.  

 

However, less is known with respect to the dynamic behaviour of newly activated effector T 

cells participating in primary responses. Thus, it would be interesting to employ novel 

models developed here in the ear pinna to analyse the relationship between DC-T cell 

interactions taking place in the tissue site of inflammation and DLN during a primary 

immune response. However, such experiments would come with an extra level of complexity 

and technical difficulty. Firstly, the use of conventional fluorescent probes for cell labelling, 

such as CFSE and CMTPX, would not be feasible to image effector T cells in the tissue 

during a primary response. While these fluorescent dyes are extremely bright, their level of 

fluorescence is diluted out every time a cell undergoes division. This is a useful property for 

the study of cellular proliferation and allows naïve T cells to be imaged during the early 

stages of T cell activation prior to their clonal expansion (322). However, following their 

clonal expansion and differentiation, T cells migrate from the LN to the tissue site of 

inflammation, by which time the level of CFSE or CMTPX within the cell would be 

negligible. Thus, labelling naïve T cells with a view to imaging them as effector cells at the 

site of inflammation is technically, extremely difficult. The use of reporter mice, which 

express fluorescent proteins endogenously, such as the GFP expressing T cell mice 

employed in this chapter, would overcome this difficulty. In addition, the field of view when 

imaging using MPLSM is focused on a small area of tissue and ensuring a high frequency of 

cells at the site is therefore critical. Thus, imaging the primary response over a memory 

response will inevitably prove more technically challenging since T cells are at a lower 

frequency. In these studies, GFP transgenic mice were acquired late in the project and since 

the secondary memory response is known to rapidly provide a large number of effector cells 

at the tissue site of inflammation, the DTH reaction was chosen as a good model for some 

preliminary studies of imaging T cells at the site of inflammation. However, the ultimate aim 

would be to create a tissue site of inflammation in which newly activated, effector T cells 

could be imaged during a primary immune response.  
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In conclusion, the studies carried out in this chapter to develop and characterise a tissue site 

of inflammation in the ear pinna were preliminary however they revealed the potential for 

imaging DCs and T cells within a tissue site of inflammation in the ear. The next step would 

be to characterise the dynamic behaviour of those cell types and by combining the site with 

the tLN model from chapter 4, comparisons of DC-T cell dynamics could be made between 

lymphoid and non-lymphoid sites. Furthermore, gaining a clearer understanding of these 

parameters in protective immune responses and comparing them to aberrant immune 

responses, such as the chronic inflammatory condition rheumatoid arthritis, may provide 

novel therapeutic targets for the intervention in disease.  

 

The number of studies employing MPLSM to characterise the kinetics and dynamics of the 

generation of an immune response in vivo, have risen sharply in recent years and as result 

have contributed much knowledge to the field (7, 12, 207, 210, 211, 236, 237). However, as 

imaging studies continue to progress in complexity with improved technology, the demand 

for more sophisticated fluorescent probes for cell labelling has increased. Recently, a novel 

group of photo-switchable fluorescent proteins have been developed, which allow selective 

conversion of fluorescence signals after optical illumination, which in comparison to 

conventional monochromatic fluorescent probes, provide a powerful tool for studying the 

dynamic processes of fluorescently labeled individual cells or groups of cells by allowing 

them to be distinguished from other cells via a colour change (364, 365, 392). In this chapter, 

the photo-switchable probe Kaede, was cloned, expressed, purified and conjugated to beads 

to label DCs. Kaede can be photo-converted irreversibly from a green to a red fluorescent 

protein using UV light, without inflicting UV mediated cellular damage (371). The ultimate 

aim of employing Kaede in this PhD thesis was to combine it with the in vivo model systems 

of a tissue site of inflammation and DLN, developed in this chapter and in chapter 4. By 

labeling DCs or T cells with the fluorescent protein, these cells and their interactions could 

be tracked between the tissue site of inflammation and the DLN in the ear pinna by 

MPLSM. More specifically, Kaede could be employed to monitor the cellular interactions 

taking place between DCs and T cells at the tissue site of inflammation and DLN, by photo-

switching and subsequently tracking T cells, to determine whether they migrate back to the 

DLN to interact with DCs or whether they are maintained in the tissue of inflammation. 

This would provide an in vivo model system that would allow some of the unanswered 
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questions regarding DC-T cell interactions at the tissue site of inflammation to be explored. 

Moreover, understanding how T cells are maintained at the tissue site of inflammation 

during the effector phase of the immune response and whether they are required to interact 

with DCs on site or back in the DLN, could facilitate the generation of novel therapeutic 

targets or allow better targeting of existing therapies. 

 

The Kaede gene was purchased as part of a mammalian expression vector. This is the only 

commercially available form of the Kaede gene and was suitable for the induction of Kaede 

expression in stable cell lines. However, it was not suitable for inducing the expression of 

Kaede in primary cells such as DCs and T cells, which were the principal cells of interest in 

this project, since transfection rates of these cells are extremely low. Thus, the Kaede gene 

was cloned into an expression vector to produce large volumes of the protein, which could 

be isolated and purified to label primary cells and enable some preliminary imaging 

experiments to be carried out. The cloning and expression process was carried out according 

to manufactures guidelines and did not prove problematic. However, during the first round 

of protein purification, the process was not protected from the light and when the protein 

was examined by epi-fluorscent microscopy, it was evident that naturally occurring UV light 

had induced photo-conversion of the protein from green to red. This demonstrated the 

sensitivity of the protein to photo-conversion and served to confirm previously published 

reports that cell damaging levels of UV light are not required to induce photo-switching 

from green to red fluorescence (371).  

 

Previously, Kaede has been employed to label cells and organelles in vivo and has been 

visualised and photo-switched by MPLSM (370, 371). However, thus far, there have been no 

studies reporting the combination of Kaede with MPLSM to track cellular migration 

between anatomical locations. A study carried out using the Kaede transgenic mouse has 

demonstrated that lymphocytes expressing Kaede can be photo-switched in vivo and 

subsequently tracked by flow cytometry ex vivo (371). In addition, Kaede has been employed 

to track the movement of mitochondrion using MPLSM, by monitoring the photo-

converted fluorescence of Kaede in isolated tobacco BY-2 cells (370). However, in the 

experiments carried out here, photo-switching of the Kaede using MPLSM was not 

successful, due to the insufficient energy of the Ti-sapphire laser to penetrate the LN and 
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induce photo-conversion (370). Thus, when DCs labeled with Kaede beads were imaged in 

vivo, the fluorescent protein was photo-converted from the green to the red fluorescent form 

using UV light from an epi-fluorscent microscope. This successfully converted the Kaede 

protein as seen by MPLSM and flow cytometric analysis, however, if Kaede is to be 

employed in future imaging studies of cellular interactions at the tissue site of inflammation 

and DLN, a system in which Kaede can by photo-converted during imaging would be 

favourable. Moreover, a dual scan head, which would allow different wavelengths of laser 

light to be applied simultaneously during imaging would also be a useful tool for future 

MPLSM studies. This would allow Kaede labeled cells and other fluorescently labeled cells to 

be imaged while UV light is applied to the target cells to induce their photo-conversion. 

Although the studies carried out here were preliminary and met with technical limitations, 

the results have demonstrated that DCs can be labeled with Kaede and imaged in vitro and in 

vivo, highlighting the potential use of this fluorescent probe in the in vivo model systems of 

the tissue site of inflammation and DLN.  

 

DCs were labelled with the Kaede protein and imaged in vitro by epi-fluorescent microscopy 

and in vivo by MPLSM. DCs are a highly specialised cell type designed to sample their 

environment and will readily engulf protein antigen. This characteristic of DCs was 

harnessed to label this cell type with the purified Kaede protein (393). However, initially 

DCs were incubated with the soluble form of the Kaede protein and the level of protein 

engulfed by the DCs was not substantial enough to ensure effective labelling of the cell. 

Thus, to convert the Kaede protein from a soluble to a particulate antigen, the fluorescent 

protein was coated onto 2µm polystyrene beads. Once in a particulate format, DCs readily 

engulfed sufficient amounts of the fluorescent protein to enable in vitro and in vivo imaging. 

Developing a system in which antigen specific T cells could also be labelled with Kaede 

would be the next logical progression for these studies. However, in contrast to DCs, T cells 

do not sample proteins from their environment and do not readily engulf particulate antigen. 

Thus, while this method of labelling DCs with Kaede proved successful, it could not be 

employed to label T cells. Generating a population of transgenic T cells that endogenously 

express the Kaede gene would be the most effective way of acquiring a population of Kaede 

labelled T cells. However, the Kaede transgenic mouse is not commercially available 

therefore an alternative method of acquiring Kaede labelled T cells would be required to be 
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employ Kaede in the systems developed in this chapter and in chapter 4. A potential 

alternative to the Kaede transgenic mouse would be the human coxsackie adenovirus 

receptor (HCAR) system, in which a transgenic mouse has been generated to expresses a 

truncated HCAR on the cell surface. This system allows the delivery of target genes to 

specific cells in the mouse, in vivo or ex vivo, using an adenoviral vector, in which genes of 

interest are inserted (394, 395). In particular, employing HCAR mice, which have been 

crossed with DO11.10 mice, would allow the expression of the HCAR receptor and the 

delivery of the gene of interest within the adenoviral vector to be restricted to OVA specific 

DO11.10 T cells. In future studies this system could therefore be employed here to 

overcome the technical difficulties associated with labelling T cells with a soluble fluorescent 

protein by cloning the Kaede gene into an adenoviral vector and then subsequently infecting 

the HCAR/DO11.10 mouse with the adenovirus (394, 395). In future studies, this would be 

the best option available to label T cells and to allow both the migration and interactions 

between T cells and DCs to be tracked at and between the tissue site of inflammation and 

DLN.  

 

In conclusion, this chapter explored the use of the photo-switchable fluorescent probe, 

Kaede. The Kaede gene was cloned, expressed, purified and conjugated to polystyrene beads 

to label DCs with the green fluorescent protein. Kaede labelled DCs were imaged in vitro and 

in vivo and photo-switched from the green fluorescent form to the red fluorescent form, 

following a single second UV pulse. Developing a method to label T cells with the protein 

would be the next logical step. However, the potential for employing Kaede in future 

experiments involving the in vivo model systems developed in this chapter and in chapter 4, 

has been outlined by the results obtained in this here. Moreover, while photo-switchable 

probes are still in the preliminary stages of development, a number of studies employing 

them in a variety of diverse experiments have already been reported and their continued 

development will undoubtedly facilitate a host of more complex in vitro and in vivo imaging 

studies (371, 375, 396, 397).  
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Figure 5.1 An air pouch lining can be created in the rump but not the ear pinna

To attempt to create an air pouch, sterile air was injected subcutaneously into either
the rump (A+B) or ear pinna (C+D) over a period of 6 days. Control mice were not
injected. On day 7 the rump and ear pinna were removed, fixed in formalin  and
10µm sections were prepared for histological analysis. (A) Bright-field image at x10
magnification of a section of control rump stained with H&E (B) Bright-field image
at x10 magnification of a section of rump stained with H&E. Black arrow indicates
air pouch cavity with the compact cellular lining clearly visible. (C) Bright-field image
at x10 magnification of a section of control ear pinna stained with H&E. (D)
Bright-field image at x10 magnification of a section of ear pinna stained with H&E.
Potential air pouch indicated by black arrow, however, it lacks the compact structure
of the air pouch observed in the rump and a similar cavity can be observed in
control image C. Thus it is unlikely to be a true air pouch cavity.

25µm

25µm

E

D

25µm

25µm

Control Air injected

Rump

Ear pinna

179



 G
r
1

CD11b F4/80

CD19

 B
2
2
0

CD4

 C
D

8

FSC

 S
S
C

Figure 5.2 Identification of cells infiltrating the air pouch of the rump

To create an air pouch in the rump, sterile air was injected subcutaneously over a period
of 6 days. Control mice were not injected . On day 7, the air pouch was washed using
saline and cells recovered were analysed by flow cytometry. (A) Cells were identified on
the basis of size and granularity. Large and granular cell types predominated. (B) A
population of cells expressing either CD11b or both CD11b and Gr1 cells were
identified in the air pouch (C) Cells expressing the pan macrophage marker F4/80 could
be detected in the air pouch (D) Cells within the air pouch failed to express the B cell
markers CD19 and B220. (E) Cells within the air pouch failed to express the T cell
markers CD4 and CD8
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Figure 5.3 Identification of cells infiltrating the air pouch in the ear pinna

To create an air pouch in the ear pinna, sterile air was injected subcutaneously over a
period of 6 days. Control mice were not injected. On day 7, the air pouch was washed
using saline and recovered cells were analysed by flow cytometry. (A) Cells were
identified on the basis of size and granularity. Fewer large granular cell types were
detected in comparison to the air pouch of the rump (B) Cells failed to express the
myeloid markers CD11b and the neutrophil marker Gr1. (C) Cells also failed to express
the macrophage marker F4/80. Cells recovered from the air pouch of the ear pinna failed
to express the (D) B cell markers CD19 and B220 and (E) T cell markers CD4 and CD8.
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Figure 5.4 Measure of changes in ear thickness in response to the induction of a DTH
reaction

To initiate a DTH reaction in the ear pinna, OVA specific DO11.10 T cells were
adoptively transferred into BALB/c recipients. Mice were primed with OVA/CFA in
the scruff and challenged 10 days later with either HAO or PBS control in the ear
pinna. Ear thickness was measured using calipers prior to and 24, 48 and 72 hours
following HAO or PBS challenge. (A) Graph summarises ear thickness following
HAO challenge. Results show mean ear thickness ± SD. **p<0.01; ***p<0.001.
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Figure 5.5 Antigen specific T cells can be recovered from the ear pinna following the induction
of a DTH reaction

To initiate a DTH reaction in the ear pinna, OVA specific TCR transgenic (OTII) T cells were
adoptively transferred into C57BL/6J recipients. Mice were primed with OVA/CFA in the
nape of the neck and challenged 10 days later with either HAO or PBS control in the ear pinna.
Ears were removed at 24, 48 and 72 hours and dermal layers were separated to release cells for
flow cytometric analysis. Representative flow cytometric plots show results obtained following
HAO challenge (A) Lymphocytes released from the dermal layers of the ear pinna were
identified on the basis of size and granularity (B) Lymphocytes were next analysed for their

expression of the transgenic CD4 + OVA specific T CR (C) Graph summarises the absolute
number of antigen specific T cells infiltrating the ear pinna in response to HAO challenge or
PBS control over a time course of 24 to 72 hours. The number of OVA specific, TCR
transgenic T cells in the ear pinna at 72 hours was significantly higher than the number in the
ear pinna at 24 hours following HAO challenge (*p=0.0048)
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Figure 5.6 Macrophages and neutrophils can be recovered from the ear pinna following the
induction of a DTH reaction

To initiate a DTH reaction in the ear pinna, OVA specific DO11.10 T cells were adoptively
transferred into BALB/c recipients. Mice were primed with OVA/CFA in the nape of the neck and
10 days later were challenged with either HAO or PBS control in the ear pinna. Ears were removed
at 24, 48 and 72 hours and dermal layers were separated to release cells for flow cytometric analysis.
Representative flow cytometric plots show results obtained following HAO challenge and PBS
control (A) Granulocytic and mononuclear cells released from the dermal layers of the ear pinna
were identified on the basis of size and granularity (B) Cells were next analysed for their expression
of the neutrophil marker Ly6G  (C) Cells were analysed for their expression of the macrophage

marker F4/80  (D) Graph summarises the proportion of Ly6G + cells infiltrating the ear pinna in
response to HAO challenge or PBS control over a time course of 24 to 72 hours. The number of

Ly6G+ cells in the ear pinna significantly decreased from 24 to 48 hours following HAO challenge

(*p=0.0027) (E) Graph summarises the proportion of F4/80 + cells infiltrating the ear pinna in
response to HAO challenge or PBS control over a time course of 24 to 72 hours.
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Figure 5.8 The production of chemokines in the ear pinna following the induction of a
DTH reaction

To initiate a DTH reaction in the ear pinna, OVA specific TCR transgenic (OTII) T cells
were adoptively transferred into C57BL/6J recipients. Mice were primed with
OVA/CFA in the nape of the neck and challenged 10 days later with either HAO or PBS
control in the ear pinna. After 24, 48 and 72 hours, ear pinnae were removed and
epidermal layers were split and placed into overnight culture. Culture media was analysed
for the presence of the pro-infammatory chemokines, KC, MCP-1, MIG, MIP-1! and
HAO challenge did not significantly alter their production.
Results show the mean of triplicate samples ±  s.d.
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Figure 5.7 The production of proinflammatory cytokines in the ear pinna following the
induction of a DTH reaction

To initiate a DTH reaction in the ear pinna, OVA specific TCR transgenic (OTII) T cells
were adoptively transferred into C57BL/6J recipients. Mice were primed with
OVA/CFA in the nape of the neck and challenged 10 days later with either HAO or PBS
control in the ear pinna. After 24, 48 and 72 hours, ear pinnae were removed and
epidermal layers were split and placed into overnight culture. Culture media was analysed
for the presence of the pro-infammatory cytokines, TNF-!, IL1-!, IL6 and the
anti-inflammatory cytokine IL10. In comparison with PBS control, HAO challenge  in the
ear pinna gave rise to a significantly higher level of IL1- ! production at 72 hours post
challenge (*p=0.0089) and IL6 production at 48 hours post challenge (**p=0.0281)
Results show the mean of triplicate samples ±  s.d.
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Figure 5.9 The production of growth and repair factors  in the ear pinna  following the
induction of a DTH reaction

To initiate a DTH reaction in the ear pinna, OVA specific TCR transgenic (OTII) T cells
were adoptively transferred into C57BL/6J recipients. Mice were primed with OVA/CFA
in the nape of the neck and challenged 10 days later with either HAO or PBS control in the
ear pinna. After 24, 48 and 72 hours, ear pinnae were removed and epidermal layers were
split and placed into overnight culture. Culture medium was analysed for the presence of
the growth and repair factors VEGF,  FGF and GM-CSF. In comparison with PBS
control, HAO challenge did not significantly alter the production of VEGF or FGF,
however HAO injection gave rise to a significantly higher level of GM-CSF production at
48 hours post challenge (*p=0.0116)
Results show the mean of triplicate samples ±  s.d.
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Figure 5.10 Antigen specific T cells can be imaged in the ear pinna during the DTH
reaction

To initiate a DTH reaction in the ear pinna, OVA-specific, GFP expressing, TCR
transgenic (OTII) T cells were adoptively transferred into C57BL/6J recipients. Mice
were primed with OVA/CFA in the nape of the neck and challenged 10 days later
with either HAO or PBS control in the ear pinna. Ears were prepared for imaging
24 hours post challenge and a small section of the dermal layer was removed for
MPLSM. (A) Bright-field image of a cross-section of ear pinna stained with H&E.
The various tissue layers are indicated, showing the dermal layers that were removed
for imaging (B) Image taken at x40 magnification of multi-photon movie of OVA-
specific, GFP expressing transgenic T cells migrating in the subcutaneous region of
the HAO challenged ear pinna. OVA-specific, GFP expressing T cells are indicated
by white arrows. (C) Image at x40 magnification of multi-photon movie of
OVA-specific, GFP expressing transgenic T cells migrating in the subcutaneous
region of the HAO challenged ear pinna. OVA-specfic, GFP expressing T cells are
indicated by white arrows. (D) Image of multi-photon movie of OVA-specific, GFP
expressing transgenic T cells migrating in the DLN.
n= 2 mice per group

25µm

100µm

D

100µm 100µm

Adoptive transfer
of OVA-specific
GFP expressing
transgenic T cells

Immunise with
OVA/CFA in
nape of neck

Challenge with
HAO in ear pinna

Day -1 Day 0 Day 10 +24hrs

Multi-photon imaging of
OVA-specific GFP expressing
T cells in the ear pinna

188



0

1

2

3

4

5

6

7
DTH

DLN

 T
 c

el
l 

ve
lo

ci
ty

 µ

 m
/

m
in

A B

C

Figure 5.11 Comparison of mean velocity, meandering index and displacement of T cells in a site of
inflammation in the ear pinna and the DLN

To initiate a DTH reaction in the ear pinna, OVA-specific, GFP expressing, TCR transgenic (OTII) T
cells were adoptively transferred into C57BL/6J recipients. Mice were primed with OVA/CFA in the
nape of the neck and challenged 10 days later with either HAO or PBS control in the ear pinna. Ears
were prepared for imaging 24 hours post challenge and a small section of the dermal layer was
removed for MPLSM. T cells were imaged in HAO challenged ears and DLN by MPLSM (No T cells
were observed within the ears of PBS control challenged mice). T cell behaviour was analysed using
Volocity software. (A) The mean velocity of transgenic T cells from 2 samples from 2 mice was
calculated. T cells within the DLN migrated at a significantly faster speed than those in the tissue site
of inflammation (*p=0.0291) (B) The mean meandering index of transgenic T cells from 2 samples
from 2 mice were calculated (C) The tracks of several individual T cells migrating within the DTH
site, were plotted to demonstrate distance travelled from point of origin (D) The tracks of several
individual T cells migrating within the DLN, were plotted to demonstrate distance travelled from
point of origin
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Ex vivo imaging of ear pinna at 24hrs Ex vivo imaging of ear pinna at 48hrs
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Figure 5.12 Fluorescent beads injected with HAO are taken up by local APCs and can be
imaged in the ear pinna

To initiate a DTH reaction in the ear pinna, OVA-specific, GFP expressing, TCR transgenic
(OTII) T cells were adoptively transferred into C57BL/6J recipients. Mice were primed with
OVA/CFA in the nape of the neck and challenged 10 days later with either HAO or PBS
control in the ear pinna. Ears were prepared for imaging 24 hours post challenge and a small
section of the dermal layer was removed for MPLSM. (A) Image of multi-photon movie
taken at x40 magnification, 24 hours post challenge. Few OVA-specific, GFP expressing,
TCR transgenic   T cells can be seen migrating in the subcutaneous region of the HAO
challenged ear pinna. Red fluorescent beads injected in combination with HAO can be
clearly seen and appear to be motile suggesting they had been internalised by migrating cells
(B) Image of multi-photon movie taken at x40 magnification, 24 hours post challenge. Few
OVA-specific, GFP expressing, TCR transgenic  T cells can be seen migrating in the
subcutaneous region of the HAO challenged ear pinna. Red fluorescent beads injected in
combination with HAO can be clearly seen and appear to be motile. n= 2 mice per group
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Figure 5.13 Antigen presenting DCs and antigen specific T cells interact in the ear pinna during the
DTH reaction

To initiate a DTH reaction in the ear pinna, OVA-specific, GFP expressing, TCR transgenic (OTII) T
cells were adoptively transferred into C57BL/6J recipients. Mice were primed with OVA/CFA in the
nape of the neck and challenged 10 days later with either OVA or PBS pulsed DCs in the ear pinna.
Ears were prepared for imaging 24 hours post challenge and a small section of the dermal layer was
removed for MPLSM. (A) Image of multi-photon movie taken at x40 magnification, 24 hours post
challenge. CMTPX labelled, OVA presenting DCs and OVA-specific, GFP expressing, transgenic T
cells can be seen migrating and interacting in the subcutaneous region of the ear pinna. T cell behaviour
was analysed using Volocity software (B) The tracks of several individual T cells migrating within the
DTH site, were plotted to demonstrate distance travelled from point of origin (C) DC-T cell
interactions were measured by quantifying the colocalisation of green voxels with red to determine the
proportion of DC volume in contact with T cells.
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Figure 5.14 HEK 293 cells were transfected with the Kaede expression
vector

A mammalian expression vector containing the Kaede gene was
transformed into DH5 ! E.coli and cultured overnight to amplify and
obtain high copy numbers of the Kaede expression vector. The Kaede
expression vector was eluted and purified from the DH5 ! E.coli. (A)
Samples were resolved on an agarose gel by electrophoresis. A band of
approximately 4699 base pairs was detected and corresponded to the size
of the Kaede expression vector (indicated by arrow). To test the
expression vector and the ability of Kaede to be photo-converted, HEK
293 cells were transfected with the vector using lipofectamine and analysed
by epi-fluorescent microscopy. (B) HEK293 cells expressing the green
form of the Kaede protein following excitation with 488nm light prior to a
UV pulse with 405nm light for 1 second  (C) HEK293 cells expressing the
red form of the Kaede protein following excitation with 550nm light
following a 1 second UV pulse with 405nm light.
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658bp kaede gene

5' to 3' Forward Primer:

5' to 3' Reverse Primer:      CTA CTT GAC GTT GTC CGG CAA T

CACC AT GGT GAG TCT GAT TAA  ACC AGA AA

Topo sequence necessary for directional cloning into pET100 vector
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Figure 5.15 Primers were designed to amplify the Kaede gene from the
mammalian expression vector into the pET-TOPO vector

(A) Sequence of  primers designed to amplify Kaede gene (B) PCR was carried
out on the Kaede mammalian expression vector using the designed Kaede
primers. The products of the PCR reaction were resolved on a 1% agarose gel by
electrophoresis. The primers successfully amplified the Kaede gene as confirmed
by the presence of a band corresponding to approximately 658bp.
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Figure 5.16 Kaede gene was cloned into the pET-TOPO expression
vector

(A) Illustration of the pET-TOPO expression vector, highlighting the
region into which the Kaede gene was inserted (B) PCR was carried out
on the Kaede-pET-TOPO vector acquired from the cloning reaction,
using Kaede primers described in figure 6.2. The products of the PCR
reaction were resolved on a 1% agarose gel by electrophoresis. The
Kaede gene was confirmed as being present within the pET-TOPO
vector as a band corresponding to approximately 658bp was detected in
each well.The Kaede-pET-TOPO vector was subsequently sent for
sequencing to ensure the gene was incorporated in the correct orientation
and without any base pair errors.

194



Figure 5.17 BL21 Star E.coli were transfected with the Kaede-pET-TOPO expression vector

BL21 Star E.coli were transfected with Kaede-pET-TOPO expression vector and were induced
to express Kaede protein using IPTG. A small aliquot of bacteria were examined under the
epi-fluorescent microscope for green fluorescence and their ability to be photo-converted. (A)
Shows an image of BL21 Star E.coli excited with 488nm light expressing green fluorescent
protein prior to a UV pulse (C) shows an image of BL21 Star E.coli excited with 550nm light
prior to a UV pulse. The bacteria failed to express the red fluorescent form of the Kaede
protein in the absence of UV treatment. (B) shows an image of BL21 Star E.coli excited with
550nm light following a 1 second pulse with UV light. The bacteria clearly expressed the red
fluorescent form of the Kaede protein and had therefore been photo-converted. (D) BL21 Star
E.coli excited with 488nm light following a 1 second UV pulse, failed to express the green form
of the fluorescent protein.
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Figure 5.18 SDS-PAGE and Western Blot analysis of pilot expression of Kaede protein

The expression of Kaede protein was carried out in accordance to the protocol outlined
in Materials and Methods. An SDS-PAGE and Western blot were carried out to detect
the protein, using an anti-histidine antibody, and to assess which time point from the
pilot expression produced the highest yield. The results show that in the control
expression experiments, which were set up using empty pET-TOPO vectors, no Kaede
protein was detected. When Kaede containing pET-TOPO vectors were transformed
into BL21 Star E.coli the Kaede protein was expressed. Indicated by arrows, bands of
molecular weight corresponding to the monomeric, dimeric and trimeric forms of
Kaede was observed. However, the monomeric form of the protein was present at
higher level than the dimeric and trimer forms and the band was heaviest at the 6 hour
time point, which indicated that protein expression was optimum at this time point.
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Figure 5.19 DCs pulsed with Kaede beads were imaged in vitro  and
photo-converted using UV light

Bone marrow derived DCs were pulsed with Kaede beads and imaged
in vitro using epi-fluorescence microscopy. (A) Image of in vitro   movie
of Kaede pulsed DCs prior to UV pulse. Excited with 488nm light the
DCs emitted green fluorescence (B) Image of in vitro  movie of Kaede
pulsed DCs following a 1 second UV pulse. Excited with 550nm light
the DCs emitted red fluorescence.  For QuickTime movies see attached
CD

197



DC control - no keade

DC Kaede No UV

DC Keade UV pulsed

Green fluorescence Red fluorescence

 S
S
C

CD45.1FSC

A B

C D

E F

UV pulse
epi-fluorscent
microscope

Figure 5.20 DCs pulsed with Kaede conjugated to beads were visualised in vivo using MPLSM

Bone marrow derived DCs from C57BL/6J CD45.1 + mouse were pulsed with Kaede beads and
transfered into the footpad of a C57BL/6J mouse. 20 hours later the draining popliteal LN was
removed and prepared for MPLSM. Imaged LNs and a control, non-imaged LN were also
analysed for photo-conversion of Kaede by flow cytometry. (A) Image of in vivo movie obtained
of Kaede pulsed DCs in the DLN prior to UV pulse (B) Image of in vivo movie obtained of
Kaede pulsed red fluorescence expressing DCs in the DLN post UV pulse using an epi-fluorscent
microscope. (C) Representative flow cytometric plot of DCs identified on the basis of size and
granularity (D) Transfered DCs were next identified on the basis of CD45.1 expression (E) DCs
alone or DCs pulsed with Kaede or DCs pulsed with Kaede and UV treated were analysed for
their expression of green non photo-converted form of Kaede fluorescence (F) DCs alone or
DCs pulsed with Kaede or DCs pulsed with Kaede and UV treated were analysed for their
expression of the red photo-converted form of Kaede fluorescence
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Summary, Conclusions and Future Work 
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As highlighted in chapter 1, the kinetics and dynamics of DC-T cell interactions in the LN 

are thought to be critical in initiating and regulating immune responses in both health and 

disease (7, 9). DCs are localised in lymphoid and non-lymphoid tissues and effector and 

memory T cells continually migrate between both sites (19-24). However, the relationship 

and degree of interaction between the non-lymphoid site of tissue inflammation and the 

DLN remains relatively uncharacterised. Whether T cells require to see antigen presented by 

DCs at the tissue site of inflammation to initiate or maintain a response is not clear. This 

thesis aimed to develop novel in vivo model systems that would allow identifiable antigen 

specific T cells and DCs and their interactions in the tissue site of inflammation and DLN to 

be imaged and characterised using MPLSM. A better understanding of the relationship 

between DC-T cell interactions at the tissue site of inflammation and the DLN, will 

hopefully provide novel therapeutic targets in circumstances of autoimmunity and 

inflammatory disease and facilitate improved targeting of current therapies.  

 

The first objective of this thesis was to create an in vitro model system in which DC-T cell 

interactions and the effects of modulating these interactions could be assessed and 

characterised. In these in vitro systems, the immunosuppressive drug FTY720, which blocks 

T cell egress from the LN, and the integrin blocking, LFA-1 binding antibody, were 

employed to target distinct aspects of T cell function, namely adhesion and migration, in an 

attempt to modulate DC-T cell interactions. Chapter 3 describes the design of novel in vitro 

systems for analysis of DC-T cell interactions and outlines the ability of FTY720 and an 

LFA-1 blocking Ab to reduce stable DC-T cell interactions and to modulate T cell 

proliferation and differentiation. Next, the impact of FTY720 and the LFA-1 blocking Ab 

on DC-T cells interactions in the physiological environment of the LN in vivo, was assessed 

by MPLSM. However, the results did not mirror those obtained from the in vitro systems and 

revealed an inability of these molecules to modulate DC-T cell interactions in vivo or to alter 

T cell proliferation and differentiation. Moreover, this contrasting set of results served to 

emphasise the importance of in vivo experimentation. While in vitro work offers a cheaper, 

faster and easier alternative to in vivo work, it does not accurately represent the physiological 

environment of the intact immune system and results are therefore often misleading. In 

conclusion, chapter 3 did not provide the expected results with respect to the potential use 

of FTY720 and an LFA-1 blocking Ab as tools to assess and analyse the relative requirement 
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of DC-T cell interactions at both the tissue site of inflammation and the DLN, in future in 

vivo studies. However, the results presented in chapter 3 provided novel data with respect to 

the effects of FTY720 on DC-T cell dynamics in vivo.  

 

To fully address the relationship between the cellular interactions taking place at a tissue site 

of inflammation and its DLN, there was a requirement for the investigation to progress to 

an in vivo context in which both locations could be examined in parallel. Chapter 4 shows the 

first stage in this progression and describes the development of a novel model, in which a 

LN is transplanted into the murine ear pinna. Analysis of the structural organisation and 

cellular populations of the tLN by flow cytometry and fluorescence immunohistochemistry 

revealed that the engraftment procedure was not associated with any major defects or 

changes to the LN. The capacity of the tLN to form a functional vascular supply to support 

lymphocyte recirculation in its new anatomical location was evident when lymphocytes from 

the host mouse were shown to migrate into the tLN. Moreover, the capacity of the tLN to 

form functional afferent lymphatic vessels capable of draining antigen from its new 

anatomical location in the ear pinna was clearly shown. Finally, the tLN responded to 

antigen challenge in a comparable manner to a native LN and preliminary multi-photon 

imaging studies, revealed similar migration behaviour of lymphocytes in both the control LN 

and the tLN. It was therefore concluded that the engraftment procedure provided a fully 

functional LN in an anatomical location that would be accessible to future in vivo multi-

photon imaging studies, without the need for invasive surgical procedures to expose a native 

LN. 

As outlined in chapter 1, the objective of this thesis was to investigate the relationship 

between the DC-T cell interactions taking place at a tissue site of inflammation and its DLN. 

Thus, the next step in these studies was to establish and characterise an imageable site of 

tissue inflammation in the ear pinna that could be introduced upstream of the LN transplant 

model. Having both sites in the convenient location of the ~200µm thick ear pinna, would 

permit the cellular interactions taking place at and between each site to be easily accessible to 

MPLSM, without the need for invasive surgical procedures to expose either site. Chapter 5 

therefore outlines the development of a model of tissue inflammation in the ear pinna of the 

mouse and explores the potential for analysing the site using MPLSM and immunological 
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assay. The air pouch model was the first technique to be explored. However, while 

successful in the rump, it was not technically feasible in the ear pinna. The second technique 

outlined was the DTH reaction and from the preliminary studies carried out, the model 

appeared successful with respect to establishing an inflammatory site in which DCs and T 

cells could be visualised in situ. Finally, chapter 5 also shows the preliminary studies carried 

out to develop the use of the fluorescent photo-switchable probe, Kaede, for tracking DC-T 

cell interactions between the tissue site of inflammation and DLN (364, 365). The Kaede 

gene was cloned, expressed, purified and conjugated to polystyrene beads to enable DCs to 

be labelled with the green fluorescent protein. Kaede labelled DCs were imaged in vitro and in 

vivo and photo-switched from the green fluorescent form to the red fluorescent form, 

following a single second UV pulse. Developing a method to label T cells with the Kaede 

protein would be the next logical step, while the potential for employing Kaede to track DCs 

in future experiments involving the in vivo model systems developed in chapters 4 and 5, has 

been outlined by the results obtained in chapter 5. However, the goal of employing Kaede in 

the in vivo model systems developed in this thesis was to enable the study of DC and T cell 

migration and interactions at and between the tissue site of inflammation and DLN. This 

photoswitchable probe will allow cells of interest to be distinguished from other cells and 

isolated for analysis. Employing Kaede to label cells in the in vivo model systems developed 

in chapters 4 and 5 in combination with MPLSM of two distinct anatomical locations is a 

technically challenging goal. To enable both sites to be imaged simultaneously, the 

microscope would be required to be equipped with two objective lenses. Moreover, if cells 

are to be tracked and identified as candidates for photo-switching, the microscope would 

require a dual scan head to allow cells to be imaged and photo-switched at the same time. 

This technology would allow the fluorescently labelled cells in the focal point to be excited 

and visualised while an additional wavelength of light is applied, in this case UV, to allow 

cells of interest to be accurately identified and photo-switched. Thus, applying the use of 

Kaede to track DCs and/or T cells in the in vivo model systems outlined in this thesis would 

require further development of both the probe for improved labelling of DCs and T cells 

and the microscope, to facilitate simultaneous imaging of two distinct sites using two distinct 

wavelengths.  

 

In this thesis, the LN transplant system was developed to facilitate a suitable model in which 
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the relationship between the tissue site of inflammation and DLN could be investigated. 

However, this novel model has the potential to be employed in a variety of studies, including 

lymphatic vessel development (lymphangiogenesis) and T cell imprinting. In the LN 

transplant model developed in chapter 4, the tLN appeared to develop afferent lymphatic 

vessels capable of draining the local tissue site in the ear pinna. As outlined in chapter 1, LNs 

and associated lymphatic vessels develop early in neonatal life and as outlined in chapter 4, 

several important molecular regulators have been implicated in lymphangiogenesis, including 

VEGF-C and VEGF-D (398, 399). Understanding how lymphatic vessels grow and respond 

to biochemical and biophysical cues, is necessary to facilitate the development of therapies 

for the treatment of lymphoedema, a pathology of insufficient lymphatic transport (400). 

However, the difficulty in observing this processes during embryonic development and the 

lack of a suitable model in which to study lymphangiogenesis, has resulted in a poor 

understanding of the morphological, spatial, and temporal aspects of lymphangiogenesis. The 

LN transplant model in the ear pinna could potentially provide a site of lymphangiogenesis 

in the adult mouse in which the development of lymphatic vessels could be manipulated, 

analysed and directly observed in vivo by MPLSM.  

Naïve lymphocytes continually re-circulate between the blood and the lymph via the 

secondary lymphoid organs (20). However, antigen dependent stimulation appears to 

reprogram the trafficking properties of naive T cells in the periphery, producing memory and 

effector cells that can specifically traffic to anatomically distinct non-lymphoid sites of tissue 

inflammation, such as the gastrointestinal tract or the skin (20, 401, 402). This process is 

known as ‘T cell imprinting’ and lymphocytes activated in the mesenteric LNs (draining 

lymph from the gut) or peripheral LNs (draining lymph from cutaneous tissues), 

differentiate and up-regulate adhesion molecules and chemokine receptors that guide their 

migration back to either the mucosal tissues, such as the small intestine or to the skin, where 

they can mediate their effects (21, 403, 404). This process is thought to allow tissue specific 

immune responses to be compartmentalised, such as T cells activated in the gut to acquire a 

regulatory phenotype to maintain peripheral tolerance and gut homeostasis (20, 405).  

However, it is not clear how plastic this phenotype is and whether lymphocytes primed to 

acquire the gut homing phenotype can re-differentiate and migrate to inflamed sites in the 

skin if required. DCs have been implicated in instructing T cells to acquire a gut homing 
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phenotype during priming, while the skin homing phenotype has been suggested to be the 

default (403). However, whether DCs are conditioned in the LN or are a specialised subset is 

unclear. The LN transplant model could enable some of these unanswered questions to be 

addressed. The system would provide a method of determining whether gut imprinting is 

induced by the local environment by allowing a mesenteric LN from the gut to be 

transplanted into the ear pinna of a congenic mouse strain. Moreover, it would be possible 

to assess whether the tLN loses its capacity to instruct T cells to acquire a gut homing 

phenotype and whether T cells primed in the mesenetic LN located within the ear pinna 

would re-circulate to the gut or to the skin. Thus, the novel LN transplant model developed 

here will facilitate future multi-photon imaging studies of the relationship between the DC-T 

cell interactions taking place at the tissue site of inflammation and the DLN, however, the 

system has the potential to be applied in a variety of other studies, including lymphoid organ 

development and function.  

 
In conclusion, in this thesis, in vitro and in vivo model systems were developed to investigate 

DC-T cell interactions. Moreover, a novel model of LN transplantation was established in 

the ear pinna, which provides a lymphoid organ, vascular and lymphatic supply in a 

convenient location for in vivo MPLSM. When combined with the imageable site of tissue 

inflammation developed in chapter 5, the model systems developed in this thesis should 

allow DC-T cell interactions to be assessed and characterised in both a non-lymphoid tissue 

site of inflammation and its DLN, by MPLSM. Moreover applying the photo-switchable 

probe, Kaede, in future imaging studies, should allow cellular migration and cellular 

interactions to be tracked at, and between, the tissue site of inflammation and the DLN in 

the ear pinna. Altogether, with some further development, the systems developed in this 

thesis should allow some of the unanswered questions regarding the relationship between 

the tissue site of inflammation and DLN to be addressed, including how immune responses 

are initiated, maintained and regulated at the tissue site of inflammation and what role DC-T 

cell interactions play in this, both at the tissue site of inflammation or back in the DLN. 
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