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Abstract  

Lymph nodes (LNs) are located at the interface between the blood and lymphatic systems, enabling 

the presentation of tissue-derived antigen to blood-derived lymphocytes.  Understanding immune 

responses in human LNs requires better knowledge of the stromal cells and structural components of 

the LN with which immune cells interact.  We sought to characterise the stromal components of 

human LNs and examine the factors controlling lymphocyte migration within human LNs. 

This study for the first time reports the presence of two new stromal cell populations in human LNs − 

marginal reticular cells (MRCs) and LN-derived mesenchymal progenitor cells (LN-MPCs).  Human 

MRCs are characterised by their expression of high levels of CD141 (Thrombomodulin) and their 

unique distribution at the boundary between the parenchyma and lymphatic sinuses in both the T and 

B cell areas.  LN-MPCs mainly reside in the LN capsule and trabeculae, and are characterised by 

their expression of the haematopoietic and mesenchymal progenitor cell marker CD34 and the 

stromal marker CD90, and by their ability to differentiate into adipocytes in vitro.  We have also 

established marker panels to unequivocally differentiate the major populations of LN stromal cells by 

flow cytometry and immunofluorescence microscopy.  This enabled us to characterise the relative 

abundance and localisation of MRCs and LN-MPCs as well as the other key stromal populations 

including fibroblastic reticular cells (FRCs), follicular dendritic cells (FDCs), blood endothelial cells 

(BECs), and lymphatic endothelial cells (LECs).  Our results provide a molecular map of the stromal 

cell populations in human LNs and demonstrate that their composition is more complex than 

previously appreciated. 

Having explored the distinct stromal components of human LNs, we subsequently examined the 

factors regulating T cell egress from human LNs.  Murine models have demonstrated that T cells 

leave the LN by migrating into the lymphatic sinuses in response to a gradient of sphingosine-1-

phosphate (S1P) and that the function of S1P lyase (SGPL1) is critical in maintaining this gradient.  

However, the cells that degrade S1P by SGPL1 have not been identified in either murine or human 

LNs.  Our data for the first time demonstrate that CD68+ antigen presenting cells (APCs) in the T cell-

rich parenchyma of human LNs are the main cell population expressing SGPL1.  In vitro-derived 

CD68+SGPL1+ APCs were able to internalise and irreversibly degrade S1P, and this activity was 

inhibited by the egress-blocking immunosuppressive drug FTY720.  These results suggest that the 

CD68+SGPL1+ APCs in the parenchyma may control T cell egress from human LNs, and identify a 

possible cellular target for FTY720. 

Lastly, we sought to investigate the components regulating B cell trafficking in human LNs.  Our 

results demonstrate that the vascular structures mediating the migration of B cells in and out of 

human LNs are located in close proximity to the follicles.  Our results strongly suggest that B cell 

migration via the T cell zones may not be necessary, although plasma cells may migrate deep into the 
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T cell zones, consistent with them taking up residence in tracts close to the medullary region.  We 

have also assessed the profile of chemokine receptors expressed by human LN B cells, and 

examined how the egress of B cells from human LNs is likely to be controlled.  Our data identify 

CD68+ APCs as the main cell type expressing SGPL1 in the follicles of human LNs, suggesting that 

these APCs are likely to maintain the follicles as an S1P-low environment.  

Collectively, the results presented in this study improve our understanding of the complex 

organisation of human LNs, and will enable new studies of the physiology and pathology of human 

LNs.  Our data also provide insight into some of the mechanisms of lymphocyte trafficking in human 

LNs, and will inform development of new therapeutic strategies targeting those mechanisms. 
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Chapter 1. Introduction  

Secondary lymphoid tissues, such as lymph nodes (LNs), Peyer’s patches and the spleen, function as 

sites for the generation of antigen (Ag)-specific immune responses.  In particular, LNs are strategically 

located throughout the mammalian body at sites where soluble and cell-mediated Ags drain from 

peripheral tissues and constantly monitor for the presence of foreign substances.  Closely connected 

to both the blood and lymphatic vascular systems, LNs bring together blood-derived lymphocytes and 

tissue-derived Ag, maximising the chance of circulating naïve T and B cells to encounter their rare 

cognate Ag.  In LNs, naïve T cells encounter Ag presented by either LN resident antigen presenting 

cells (APCs) or migratory APCs that have travelled from peripheral tissues, and subsequently 

differentiate into effector T cells.  Naive B cells that have been activated by T-cell dependent Ag in 

LNs differentiate into antibody-producing plasma cells or memory B cells.   

Compartmentalisation is one of the fascinating features of LNs that enables the efficient generation of 

immune responses.  During their transit within LNs, the majority of T and B cells are localised within 

their specific niche − the paracortex (T-cell zone) and follicles (B-cell zone), respectively.  The 

segregation of T and B cells into different compartments is instructed by distinct stromal cell 

populations that construct unique microenvironments within LNs. LN stromal cells are a 

heterogeneous population comprising fibroblastic reticular cells (FRCs), follicular dendritic cells 

(FDCs), blood endothelial cells (BECs), lymphatic endothelial cells (LECs), and marginal reticular cells 

(MRCs).  Recent studies using murine models demonstrated that these stromal cells not only provide 

structural support but also dynamically interact with immune cells and contribute to the development 

of immune responses [1-3].    

Another requirement for the efficient generation of immune responses in LNs is the continuous 

trafficking of immune cells [4-7].  In search of Ag, T and B cells recirculate between the blood, LNs, 

and lymph.  From their entry through high endothelial venules (HEVs) in the LN parenchyma to their 

exit through lymphatic sinuses, lymphocyte trafficking within LNs is tightly controlled by guidance cues 

provided by stromal cells and other factors [4-7]. 

In this chapter, we will first review how different structural components construct specialised 

microdomains within LNs and support LN functions.  We then discuss current understanding of the 

factors regulating lymphocyte trafficking within LNs.  Since there is limited information regarding 

human LN architecture and function, this review is based on the knowledge accumulated from studies 

of murine LNs, however, where available, findings from studies of human LNs are also discussed.  
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1.1. Structural components of lymph nodes 

1.1.1. The basic lymph node structure 

Humans have approximately 500-600 LNs throughout the body while mice have around 22 LNs [8].   

LN structure differs between species and can vary in different locations within an individual; 

furthermore, the structure is also influenced by antigenic stimulation.  Despite these variations, all LNs 

share a number of common features which are represented schematically in Figure 1-1.  LNs are 

bean shaped organs with a slight depression on one side called the hilum through which blood 

vessels enter and leave the LN.  The entire LN surface is enclosed by a fibrous capsule composed of 

dense connective tissue.  In human LNs, the capsule extends radially into the interior of the node to 

form trabeculae that demarcate the LN into multiple lobules arranged side-by-side [9,10]; in contrast, 

murine LNs lack trabeculae [11,12].  LNs consist of largely two main components − the parenchyma 

which is primarily populated by T and B lymphocytes and the stroma which is made of several types 

of stromal cells that construct the basic framework of LNs.  The LN parenchyma is further divided into 

three distinct compartments: 1) the follicles (B cell zone), 2) the paracortex (T cell zone), and 3) the 

medulla [12,13]. 

 

Figure 1-1.  The basic lymph node structure 
The LN parenchyma is divided into follicles, paracortex and medulla.  FRC, fibroblastic reticular cell; FDC, 
follicular dendritic cell; HEV, high endothelial venule; MRC, marginal reticular cell.  Image modified from [3,4,12].  
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The follicles are mostly located in the superficial area of the LN and are occupied by a large 

population of B cells.  Follicles are also rich in FDCs − the main stromal cell type supporting the 

structure and function of follicles.  In murine LNs, MRCs line the outer edge of follicles immediately 

underneath the subcapsular sinus [14,15].  Follicles exist in two different states depending on immune 

status [16]: 1) primary (quiescent) follicles composed of IgM+IgD+ naïve B cells searching for Ag, and 

2) secondary (activated) follicles containing a distinctive structure called the germinal centre (GC) 

where Ag-activated B cells proliferate extensively and differentiate into plasma cells or memory B 

cells capable of producing high-affinity antibodies.  Rapidly proliferating GC B cells can be identified 

by their high-level expression of the transcription factor BCL-6, the apoptosis-associated Fas receptor 

and n-glycolylneuraminic acid (recognised by the monoclonal antibody GL7) as well as by their 

binding to peanut agglutinin and loss of surface IgD [17].  Based on their histological appearance, the 

GC is further divided into a dark zone consisting almost exclusively of densely packed B cells that 

rapidly divide and a light zone comprised of B cells interspersed among the FDC network [17-19].  

The entire GC is surrounded by the darker mantle zone containing IgM+IgD+ resting B cells that are 

not part of the ongoing immune response.  GCs also contain tingible body macrophages (TBMs) that 

engulf and eliminate apoptotic B cells as well as small populations of  dendritic cells (DCs) and T cells 

[19].  

The paracortex is the main niche for CD4+ and CD8+ T cells in LNs.  Within the paracortex, FRCs 

construct an intricate reticular network known as the FRC network − a system of collagen fibres and 

extracellular matrix (ECM) enclosed by FRCs [11,20].  The majority of T cells in the paracortex are in 

close contact with the FRC network [11,20,21].  Previous studies proposed that the paracortex 

consists of a repeating structural unit termed the paracortical cord that originates between the follicles 

and extends towards the medulla [11]. However, the paracortical cord is difficult to discern 

histologically as it often expands, shrinks, and becomes distorted during immune responses.  HEVs, 

specialised blood vessels mediating the transmigration of lymphocytes into LNs, are frequently found 

in the paracortex.  

Finally, the medulla is the innermost area of the LN and is rich in blood vessels.  This region contains 

numerous macrophages but fewer lymphocytes compared to the follicles and the paracortex.  Plasma 

cells often lodge in the medulla and secrete antibodies into the efferent lymph [16].  The function of 

the medulla is still poorly understood.   
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1.1.2. The lymph node vasculature 

LNs are connected to the blood and lymphatic vasculatures.  The blood vasculature mediates 

lymphocyte homing to LNs and provides the metabolic needs of LNs.  Arteries enter the LN via the 

hilum and branch extensively into arterioles and capillaries in the medulla and paracortex [22].  

Compared to other compartments rich in blood vessels, follicles appear relatively avascular except for 

the occasional capillaries and arterioles [23].  Capillaries drain into small postcapillary venules lined 

by flat endothelium, which  subsequently join with HEVs that are characterised by the high cuboidal 

endothelium, prominent perivascular sheath and thick basal lamina [24].  HEVs are mainly located in 

the paracortex but are occasionally found in the follicular periphery and medulla [24,25].  As 

lymphocytes efficiently roll in venules but not in arterioles or capillaries [26], most lymphocytes enter 

the LN parenchyma through HEVs.  HEVs merge into collecting venules in the medulla from which 

blood is channelled through the hilar vein into the extranodal vein.   

The lymphatic vasculature transports lymph containing tissue-derived Ag and APCs to LNs. 

Lymphatic sinuses, which are subdivided into the subcapsular, trabecular, cortical, and medullary 

sinuses (Fig. 1-1), form a continuous labyrinth of lymph channels within the LN [12,13].  Afferent 

lymphatic vessels penetrate the capsule and empty lymph into the subcapsular sinus; thereafter, the 

lymph flows through the trabecular sinuses, cortical sinuses, and then medullary sinuses that merge 

into efferent lymphatic vessels at the hilum.  Trabecular sinuses are absent in murine LNs as mice 

lack trabeculae [12].  The term ‘cortical sinus’ generally indicates the sinus located in the part of the T 

cell zone proximal to follicles [4,27,28]; it has also been described in the literature using other terms 

including the tubular sinus [29], intermediate sinus [30], and paracortical sinus [12].   

Lymphatic sinuses are populated by a range of different cell types.  As lymphatic sinuses provide 

sites for lymphocyte egress from LNs [6,7], large numbers of T and B cells are observed in the 

sinuses.  Lymphatic sinuses also contain a population of macrophages that capture and degrade 

lymph-derived particles.  Furthermore, it was recently shown that sinus macrophages expressing 

CD169 in murine LNs are capable of presenting lymph-borne Ag to follicular B cells [31-33]. 

It is generally understood that lymphatic sinuses in murine LNs are lined by a single layer of lymphatic 

endothelial cells (LECs) [14].  However, lymphatic sinuses in human LNs appear as mesh-like 

structures composed of several layers of LECs, which also contain numerous lymphocytes and 

CD209+ sinus APCs [9,30].  A few studies of human LNs reported that a layer of stromal cells 

expressing high levels of CD141 (Thrombomodulin) lines the outer margin of lymphatic sinuses, 

demarcating the sinuses from the neighbouring parenchyma [9,30,34].  It was postulated that immune 

cells need to traverse this layer to migrate between the sinus and parenchyma [9].  The identity of 

these CD141high cells remained unknown (adressed in Chapter 3) although they were shown to 

display characteristics of both LECs and FRCs [30,34].   
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1.2. Lymph node stromal cells  

In mice, LNs develop during embryogenesis through intimate interactions between lymphoid tissue 

inducer (LTi) cells of haematopoietic  origin and lymphoid tissue organizer (LTo) cells of 

mesenchymal origin.  In particular, signalling between lymphotoxin (LT) αβ expressed by LTi cells and 

the LT-β receptor (LTβR) expressed on LTo cells plays a critical role in this process; the lack of the 

LTαβ-LTβR  signalling results in the absence of all peripheral LNs in mice [2,35-38].  Shortly after 

birth, LTo cells in mice differentiate into distinct stromal cell subsets that organise specialised 

microenvironments within the LN.  Based on their phenotype, location and origin, stromal cells in 

murine LNs (Table 1-1) are divided into several different subsets including FRCs, FDCs, BECs, LECs, 

and MRCs [3,36].  In particular, the differential expression of podoplanin (PDPN) and CD31 is widely 

used to separate FRCs (PDPN+CD31-), BECs (PDPN-CD31-), and LECs (PDPN+CD31+) in murine 

LNs using flow cytometry [39-43].  How many stromal cell subsets exist in human LNs has not 

previously been defined (addressed in Chapter 3).  

Studies in mice showed that these stromal cell populations not only construct specialised 

microenvironments within LNs but also influence immune cells and support the generation of immune 

responses [1,2,44].  The characteristics of each stromal cell subset identified in murine and human 

LNs are discussed in the following sections.  

 

Table 1-1.  Stromal cells in murine LNs  

Stromal cell subset Location Origin Molecular profile 

Fibroblastic reticular 
cells (FRCs: 
PDPN+CD31-) 

Paracortex Mesenchymal 

PDPN, ER-TR7, α-SMA, LTβR, 
TNFR1, TNFR2, ICAM-1, VCAM-1, 
VEGF, PDGFR, CCL21, CCL19, 
CXCL16, IL7, collagen I/II/IV, 
fibronectin, laminin, desmin, 
fibronectin, α1 integrin, α4 integrin 
and β1 integrin 

Follicular dendritic 
cells (FDCs) Follicles Mesenchymal 

PDPN, CD16, CD21, CD23, CD32, 
CD35, FDC-M1, FDC-M2, ICAM-1, 
VCAM-1, MAdCAM-1, CXCL12, 
CXCL13 and BAFF 

Blood endothelial cells 
(BECs: PDPN-CD31+) Blood vessels Endothelial 

CD31, CD105, CD144, CD157, 
Factor VIII, laminin, PNAd,  
VEGFR-2   

Lymphatic endothelial 
cells (LECs: 
PDPN+CD31+) 

Lymphatic sinuses, 
afferent and efferent 
lymphatics 

Endothelial PDPN, CD31, CD144, LYVE-1, 
VEGFR-3, PROX-1, CCL21  

Marginal  reticular 
cells (MRCs) 

Outer follicular margin 
underneath the 
subcapsular sinus 

Mesenchymal 
PDPN,  ER-TR7, ICAM-1, VCAM-1, 
MADCAM-1, RANKL, laminin, 
desmin, CXCL13 

 
Table adapted from [1,45]. 



Chapter 1 

 6 

1.2.1. Fibroblastic reticular cells 

FRCs, also known as reticular fibroblasts, traditionally refers to the main stromal cell type which forms 

the framework of LNs [46,47].  One of the main differences between LN FRCs and fibroblasts in other 

tissues is that LN FRCs enclose the reticular fibres (e.g. collagen) that they produce [20,48-50].  In 

murine LNs, almost 90% of the reticular fibre surface is covered by FRCs [51].  

FRCs in murine LNs are typically identified by their expression of the ECM component ER-TR7 

[46,47].  ER-TR7+ FRCs construct the fibrous capsule and trabeculae and also form an intricate 

cellular network within the parenchyma [20,22,46,47,52].  This network of FRCs and the fibres they 

enclose is called the FRC network.  The organisation of the FRC network varies in different 

compartments.  The paracortex contains a dense FRC network, whilst follicles contain a loose 

network made of few FRCs [47,53,54].   

Although the term ‘FRCs’ was initially coined to describe the ER-TR7+ stromal cells forming the 

reticular network spanning the parenchyma as well as those constructing the fibrous structures,  

currently this term is widely used to specifically indicate the FRCs in the paracortex (T-zone).  Recent 

studies also refer to the FRCs in the paracortex as ‘T-zone fibroblastic reticular cells (TRCs)’ [55,56].  

In murine LNs, FRCs/TRCs are defined as PDPN+CD31- cells [39-43].  They also express stromal 

markers including ER-TR7, VCAM-1, ICAM-1, α-SMA, PDGFR, LTβR, TNFR1, and desmin (Table 1-

1) [42,55,57].  However, none of these markers are truly specific for the FRCs in the paracortex and 

therefore it is not yet possible to differentiate between different FRC types [41].  

FRCs in human LNs can be identified by their expression of CD29 and CD90 [9].  Within the 

paracortex, CD29+CD90+ FRCs are co-localised with reticular fibres and ECM components and are 

closely associated with T cells [9].  CD29+CD90+ FRCs also encapsulate numerous blood vessels in 

the paracortex, thus frequently appear as pericytic cells in this region.  However, CD29 and CD90 are 

not exclusive markers for the paracortical FRCs in human LNs as both markers are also expressed by 

the stromal cells in the capsule and trabeculae [9].     

FRCs play a critical role in maintaining the structural integrity of LNs.  During an immune response, 

murine FRCs rapidly remodel the LN stroma and increase the production of vascular endothelial 

growth factor (VEGF) to support the expansion of the LN vasculature and facilitate the recruitment of 

immune cells [58-60].  Studies in mice also demonstrated that FRCs have additional functions in LNs.  

Firstly, FRCs regulate immune cell trafficking by providing guidance cues.  FRCs in the T cell zone 

produce C-C motif chemokine ligand 21 (CCL21) and CCL19 that guide migration of CCR7+ 

lymphocytes and APCs [47,52,61].  Murine FRCs also express various adhesion molecules (e.g. 

VCAM-1, ICAM-1) that interact with integrins on lymphocytes and facilitate cell movement [1,21].  A 

recent two-photon microscopy study showed that T cells actively crawl on FRCs and follow the FRC 

network while migrating within the paracortex [21].  Secondly, the FRC network in the paracortex 
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functions as a specialised conduit system rapidly delivering small lymph-borne Ags and chemokines 

from the subcapsular sinus to HEVs [62].  The Ags transported by the FRC network are subsequently 

captured and processed by conduit-associated APCs in the paracortex [48].  Follicles also contain a 

loose FRC network that functions as a conduit system mediating delivery of small Ags from the 

subcapsular sinus to follicular B cells and FDCs [53,63].  Lastly, FRCs in the paracortex support the 

homeostasis of LN T cells by providing IL-7, a factor enhancing the survival of T cells [39].   

Although FRCs are thought to be derived from mesenchymal progenitors, their precise origin and 

differentiation process remains unknown.  In this regard, recent studies of murine LNs demonstrated 

that differentiation of immature-FRCs into mature immunocompetent FRCs requires LTβR signalling, 

and loss of this signalling severely impairs production of IL-7, CCL19 and CCL21 by FRCs [57,64].     

 

1.2.2. Follicular dendritic cells 

FDCs constitute the majority of stromal cells in follicles and are only present within follicles.  

Morphologically, FDCs are characterised by their intricate, entangled cytoplasmic processes and 

frequent desmosomes [65].  FDCs are non-phagocytic cells and weak producers of reticular fibres 

[47].  While the FDCs in primary follicles tend to localise in the follicular centre, the FDC network in 

secondary follicles is more concentrated in the light zone compared to the dark zone [2].   

Phenotypically, FDCs in murine LNs are characterised by their expression of PDPN, complement 

receptors (CD21, CD35), complement components such as C4 (FDC-M2), Fc receptors (CD16, 

CD23, CD32), and various cell adhesion molecules (ICAM-1, VCAM-1, MAdCAM-1) (Table 1-1) 

[16,66].  Although FDCs are easily identified by these markers on tissue sections, little success has 

been made in isolating them by collagenase digestion since they are relatively sparse and tightly 

associated with the ECM and B cells [2].   

FDCs in human LNs express complement receptors including CD21 and CD35, Fc receptor CD32, 

and adhesion molecules such as VCAM-1 [65]; however, these markers are not exclusive to FDCs.  A 

monoclonal antibody CNA.42, which recognises a formalin-resistant glycosylated antigen of unknown 

identity [67], is reported to be useful for detection of FDCs in paraffin-embedded human tissues 

including tonsil and LNs [65].   

FDCs are understood to play a crucial role in presenting Ag to B cells owing to their excellent ability to 

trap and retain Ag in the form of immune complexes for extended periods [68-70].  Murine FDCs not 

only present Ag to naïve B cells but also to GC B cells, contributing to the selection of high affinity B 

cells [16].  FDCs are a major source of the B cell attractant CXCL13 and the B cell survival factor 
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BAFF [16].  In addition, FDCs contribute to the removal of apoptotic cells in follicles by secreting milk 

fat globule-EGF factor 8 (MFG-E8), which is also known as FDC-M1 [71].  

The origin of FDCs is unclear.  It was previously thought that FDCs derive from the local 

mesenchymal cells in follicles through the differentiation process mediated by B cell-derived tumour 

necrosis factor α (TNF-α) and LTαβ [2,72].  However, a recent study in mice showed that FDCs can 

also arise from ubiquitous perivascular cells characterised by their expression of platelet-derived 

growth factor receptor-β (PDGFRβ) and MFG-E8 [73]; LTαβ-LTβR signalling plays an essential role in 

the differentiation of perivascular precursor cells into mature FDCs. 

 

1.2.3. Blood endothelial cells 

BECs construct a complex vascular network in LNs and are defined as PDPN-CD31+ cells in murine 

LNs (Table 1-1).  They also express endothelial markers including CD31, CD105, CD144 and CD157 

[1,45].  In human LNs, BECs express CD31, CD59, CD105 and CD144 [9]. 

In addition to the adhesion molecules common to most venules, HEV endothelial cells in murine 

peripheral LNs specifically express highly glycosylated and sulphated forms of sialomucins including 

endomucin, CD34, podocalyxin, endoglycan, and glycosylation-dependent cell-adhesion molecule 1 

(GLYCAM-1) [24].  The unique sugar structures on these sialomucins are known as peripheral-node 

addressin (PNAd), and HEVs are often identified by their PNAd expression by histology.  PNAd is 

understood to mediate lymphocyte rolling in HEVs through interactions with L-selectin (CD62L), a LN 

homing receptor expressed on lymphocytes [4,24].  HEVs in murine mesenteric LNs express 

MAdCAM-1 [24,74], a ligand for both L-selectin and α4β7 integrin on lymphocytes.  HEV endothelial 

cells in murine LNs also express the chemokine CCL21 [75]. 

 

1.2.4. Lymphatic endothelial cells 

In LNs, LECs are located in the afferent and efferent lymphatic vessels as well as the lymphatic 

sinuses.  LECs in murine LNs are defined as PDPN+CD31+ cells (Table 1-1), but they also express 

PROX-1, VEGFR-3, LYVE-1 and CCL21 [1,45].  During immune responses, LECs rapidly proliferate 

and remodel the lymphatic vasculature to facilitate the increased transport of lymph and immune cells 

into LNs [76].  In addition to their structural role in the LN, LECs also play an important role in 

immunological events.  In murine LNs, LECs provide a source of IL-7 in addition to FRCs [77,78].  

Importantly, LECs are the primary source of lymph-derived sphingosine-1-phospate (S1P) that 

promotes lymphocyte egress from LNs (Section 1.3.2.2) [79].   
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LECs in human LNs are identified by their expression of CD31, CD144, VEGFR-3, LYVE-1 and 

PROX-1 [9].  PROX-1, a master regulator of lymphatic vessel development [80,81], was found to be 

particularly useful in detecting LECs in human LNs since it stains all LECs in the sinuses and vessels 

but its expression is absent in other cell types including BECs.  In contrast, LYVE-1 is reportedly 

absent in some lymphatic sinuses in human LNs [9], although it is widely used as a LEC marker in 

various tissues.   

 

1.2.5. Marginal reticular cells 

MRCs are a recently identified stromal cell population identified in murine LNs and other secondary 

lymphoid organs [14].  It has been unknown whether MRCs exist in human LNs (addressed in Section 

3.7).  In murine LNs, MRCs form a unique layer at the outer follicular margin immediately underneath 

the subcapsular sinus; however this layer is absent in the cortical and medullary sinuses.  Similar to 

FRCs, murine MRCs express stromal markers such as ER-TR7, VCAM-1, ICAM-1, and PDPN (Table 

1-1).  MRCs also express several FDCs markers including CXCL13 and MAdCAM-1.  Receptor 

activator of nuclear factor kappa-B ligand (RANKL; also known as TRANCE), a critical factor of LN 

organogenesis [82,83], is also an important marker for MRCs in murine LNs [14].   

MRCs are understood to represent the adult counterpart of lymphoid tissue organiser (LTo) cells, 

mesenchymal stromal cells found in the LN anlagen that play a critical role in LN organogenesis 

[2,14,15,35].  MRCs and LTo cells share many molecular markers including RANKL, LTβR, PDPN, 

ICAM-1, VCAM-1 and MAdCAM-1 [14].  Furthermore, it was shown that LTo cells in the outer margin 

of the LN anlagen form the MRC layer during postnatal development [14].  Both MRCs and LTo cells 

require LTβR signalling for their maintenance [2,14,35].  

The function of MRCs is unknown although they are likely to be an important source of CXCL13 in 

addition to FDCs.  It was reported that CXCL13 expression is constitutively present around  the MRC 

layer even if FDCs in some primary follicles express almost undetectable levels of CXCL13 [15]. In 

vitro, MRC-like cells derived from peripheral LNs produce CXCL13 and support the motility of B cells 

[14].  Given their unique location at the boundary between the subcapsular sinus and the outer follicle, 

MRCs are also likely involved in the delivery of lymph-borne molecules and Ags from the subcapsular 

sinus to follicles either directly or via the follicular conduits [14,53,63].  
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1.2.6. Additional stromal cell populations   

Additional stromal cell populations identified in murine LNs include integrin α7+ pericytes (IAPs) and 

extrathymic Aire-expressing cells (e-TACs).  ITGA7+ pericytes (IAPs) are characterised by their 

expression of integrin α7 (ITGA) and a lack of expression of PDPN and CD31 [3].  IAPs also express 

numerous integrins at high levels although the significance of this integrin expression is unknown [3].  

A recent transcriptome study showed that IAPs transcribe high levels of CCL19, CCL21a and 

CXCL12 genes [42] 

e-TACs are located in the paracortex of murine LNs and understood to mediate peripheral tolerance 

to self-Ags [84-86].  e-TACs constitutively express a diverse range of tissue-derived self-Ags, and 

cognate interaction between e-TACs and T cells deletes self-reactive T cells that have escaped 

thymic negative selection.  Although e-TACs are mainly found in the paracortex, it is not yet 

established whether they are equivalent to the PDPN+CD31- FRCs.   
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1.3. Regulation of T cell trafficking in lymph nodes 

1.3.1. T cell entry into the lymph node 

The majority of blood-derived naïve T cells access LNs through HEVs, while memory T cells and 

some naïve T cells enter LNs via afferent lymphatics [5,87].  Previous studies using murine models 

showed that the LN homing of naïve T cells via HEVs is a multistep process that involves a series of 

molecular interactions between T cells and HEV endothelial cells [5,24].  In the peripheral LNs of 

mice, the following steps mediate this process [5,24]: 1) the initial engagement of L-selectin on T cells 

and PNAd on HEV endothelial cells allows T cells to loosely bind to endothelial cells and slowly roll 

along the endothelium (step 1: tethering and rolling);  2) rolling T cells then encounter CCL21/19 on 

the endothelium, and the binding of these chemokines to CCR7 activates integrins on the T-cell 

surface (step 2: activation); 3)  integrin activation subsequently results in the firm adhesion of T cells 

to the HEV endothelium, this process is mainly mediated by interactions between lymphocyte 

function-associated antigen (LFA1) on T cells and ICAM-1/ICAM-2 on HEVs (step 3: adhesion); 4) 

finally, T cells extravasate through the HEV wall and migrate into the LN parenchyma (step 4: 

transmigration).  

After crossing HEVs, T cells come into immediate contact with the FRC network [21].  T cell trafficking 

within the LN paracortex is guided by the chemokines CCL21 and CCL19 which are produced by the 

FRC network [47,52,61].  CCR7+ T cells migrate in response to the presence of CCL21 and CCL19 in 

a ‘random walk’ manner [88] or by crawling on the path established by the FRC network [21].  

 

1.3.2. S1P controlled T cell egress  

In mice, naïve T cells explore the LN for 8-12 hours to search for Ags [7].  When T cells fail to find 

cognate Ags, they become sensitive to ‘exit’ signals and leave the LNs by entering lymphatic sinuses.  

It was previously thought that T cells exit from LNs via the medullary sinuses that merge into the 

efferent lymphatics [89], however, recent studies of murine LNs showed that cortical sinuses located 

in the paracortex serve as the major T-cell egress sites [27,90].  Following their egress from LNs, T 

cells eventually return to the circulation via the thoracic and right lymphatic ducts [5-7].   

Timely egress from LNs ensures that T cells are returned to the circulation for optimal immune 

surveillance.  The discovery of FTY720 (Fingolimod/GilenyaTM; Novartis), an immunosuppressive drug 

that blocks T cell egress from LNs and depletes circulating T cells from the blood and lymph [91], led 

to studies demonstrating that sphingosine-1-phospate (S1P) is involved in mediating T cell egress 

from murine LNs [6,7,27,92-94].  Extensive studies in mice demonstrated that the following features 
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are crucial for homeostatic T cell egress as well as the FTY720-mediated inhibition of egress: 1) 

under normal conditions, the LN parenchyma is maintained as an S1P-low environment, whilst the 

lymph and blood contain high levels of S1P; this differential generates a gradient of S1P between the 

LN parenchyma and the lymphatic sinuses, which is critically required for homeostatic T cell egress 

from LNs;  2) in vivo, FTY720 is rapidly converted into a phosphorylated metabolite of FTY720 

(FTY720-P), a close structural homolog of S1P which increases the S1P levels in the LN 

parenchyma;  3) disruption of the S1P gradient by FTY720-P prevents T cells from entering the 

lymphatic sinuses, T cells are therefore sequestered within the LN parenchyma, leading to 

lymphopenia; 4) the egress-blocking activity of FTY720 is mediated by its effects on S1P receptor 1 

(S1P1).   

Facilitated by the discovery of FTY720, considerable efforts were made in recent years to elucidate 

the molecular mechanism mediating T cell egress from LNs.  In the following sections, we briefly 

review S1P metabolism and discuss in detail how S1P regulates T cell egress from murine LNs. 

 

1.3.2.1. Sphingosine-1-phospate metabolism   

S1P is a bioactive metabolite of plasma membrane sphingolipids which functions as a key signalling 

molecule, acting both as an extracellular ligand and an intracellular second messenger [95-97].  S1P 

regulates diverse cellular processes including cell growth, survival, differentiation, vascular integrity, 

cytokine production, and lymphocyte trafficking [95-97].  The concentration of S1P available to 

perform these processes is tightly controlled by the balance between its synthesis and degradation.   

S1P is generated intracellularly through phosphorylation of sphingosine in a reaction catalysed by the 

two isoforms of sphingosine kinase (SPHK) − SPHK1 and SPHK2 [95-97].  These kinases also 

convert FTY720 into FTY720-P [98].  S1P is synthesized by most cells, but only certain cell types 

(e.g. erythrocytes, platelets, and LECs) are known to constitutively secrete S1P [96].  It is unclear how 

intracellular S1P is released into the extracellular milieu, although the ATP-binding cassette (ABC) 

transporters have been suggested as potential S1P exporters [96,99].  Recent studies have also 

suggested that the S1P transporter spinster homolog 2 (SPNS2) may mediate the efflux of S1P and 

FTY720-P out of cells [100-102].   

It is understood that S1P released into the extracellular environment can signal through a family of 

five plasma membrane G-protein coupled receptors known as S1P1−S1P5 that are differentially 

expressed by immune cells [96].  Upon binding of extracellular S1P, these S1P receptors mediate 

their diverse cellular functions through differential coupling of the receptor to heterotrimeric G-proteins 

(α1, αq or α12/13) [96].  Extracellular S1P may also be imported into the intracellular environment by the 
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ABC transporter ABCC7, also known as the cystic fibrosis transmembrane conductance regulator 

(CFTR) [96,103,104].  

Finally, the enzymatic degradation of S1P is tightly controlled.  Free S1P is rapidly removed from the 

pool through dephosphorylation mediated by the S1P phosphatases (SPP1 and SPP2) in the 

endoplasmic reticulum (ER) or by broad-specificity lipid phosphatases known as LPPs located in the 

plasma membrane and the Golgi [95-97].  Alternatively, S1P can be irreversibly degraded by S1P 

lyase (SGPL1) which cleaves S1P at the C2-3 carbon-carbon bond and generates 2-hexadecenal and 

ethanolamine phosphate [95-97,105]; this reaction is dependent on the coenzyme pyridoxal 5 

phosphate, an active form of vitamin B6.  The primary location of SGPL1 is the ER membrane, and 

the catalytic domain of this enzyme is on the cytosolic side of the membrane [106].  SGPL1 has not 

been detected in the serum, plasma and extracellular space, suggesting that the activity of this 

enzyme is restricted to the intracellular environment [105].   

 

1.3.2.2. S1P gradient 

In most tissues including LNs, levels of extracellular S1P are extremely low, as free S1P is rapidly 

degraded by SGPL1 or SPPs.  Notable exceptions are the blood and lymph where S1P is present at 

high concentrations (0.1-1µM in blood and 30-300 nM in lymph) [6,7,95-97].  In mice, blood S1P is 

mainly secreted by haematopoietic cells, with erythrocytes a major contributor [107,108], whereas 

lymph S1P is produced by non-haematopoietic lymphatic endothelial cells [79,107]. Consequently, the 

concentration of extracellular S1P available significantly differs in different areas of the LN.  Only low 

amounts of S1P are available in the LN parenchyma, whereas the blood vasculature and the 

lymphatic sinuses contain high levels of S1P.  This differential generates a gradient of S1P within the 

LN, and T cells are understood to exit from the LN by responding to this gradient and migrating 

towards S1P in the lymph [109].   

Studies in mice demonstrated that the action of SGPL1 is critical for maintaining the LN parenchyma 

as an S1P-low environment for preserving the S1P gradient between the parenchyma and lymphatic 

sinuses [94].  Blocking the activity of SGPL1 using inhibitors elevates the S1P levels in LNs more than 

1000-fold, and severely impairs T cell egress from LNs [94].  Interestingly, FTY720 was also shown to 

moderately inhibit SGPL1 in vitro and in vivo [110].  Consistent with the inhibitor studies, SGPL1-

deficient mice display lymphopenia and T cells are sequestered within the LNs [111].  Despite the 

critical role of SGPL1 in maintaining the S1P gradient, the identity of the cell type that expresses 

SGPL1 and irreversibly degrades S1P in LNs has remained unknown [6] (addressed in Chapter 4).  
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1.3.2.3. Effects of FTY720 on S1P1  

FTY720, in its phosphorylated form, is a high-affinity agonist for four of the five known S1P receptors 

including S1P1, S1P3, S1P4 and S1P5 [92,112].  Of these receptors, S1P1 was found to be the main 

target of FTY720 [93].  Studies in mice showed that FTY720 treatment downregulates S1P1 

expressed on T cells and creates a temporary pharmacological S1P1-null state [93].  These T cells 

were unable to migrate in response to S1P ex vivo, suggesting that the egress-blocking activity of 

FTY720 is likely to result from its S1P1 downmodulating effect on T cells.  Consistent with the 

FTY720-induced downmodulation of S1P1, it was shown that S1P1 is downregulated and internalised 

in T cells in S1P-high blood and lymph, whilst it is upregulated on T cells in the S1P-low environment 

of the LN [113].  It was also shown that T cells rapidly internalise S1P1 upon exposure to S1P in vitro 

[94].  Furthermore, the increase of S1P in the LNs induced by SGPL1 inhibition reduces S1P1 

expression on T cells and impairs their ability to migrate towards S1P [94].  These findings collectively 

suggest that the S1P1 expressed on LN T cells is likely to mediate T cell egress in response to S1P.  

Indeed, it was shown that S1P1-deficient T cells are compromised in their ability to enter lymphatic 

sinuses, which results their failure to egress and consequent sequestration within LNs [93,113].   

Although these findings point to the requirement of S1P1 expression on T cells during the process of 

their egress from LNs, this picture is complicated by the fact that endothelial cells including both the 

LECs and BECs in LNs also express high levels of S1P1 [92,97].  S1P-S1P1 signaling in endothelial 

cells has been shown to tighten endothelial-cell junctions, implying that FTY720 may also inhibit T cell 

exit from LNs through agonistic effects on endothelial cells [89,97].  It has been difficult to precisely 

delineate the respective roles of T cell-expressed S1P1 and endothelial-expressed S1P1 in mediating 

T cell egress.  The following sections discuss two models proposed to explain potential mechanisms 

by which S1P1 expressed on each cell type regulates T cell egress from murine LNs.  

 

1.3.2.4. S1P-S1P1 control of T cell egress 

A widely supported model known as the ‘S1P-S1P1 control of T cell egress’ suggests that S1P1 

expressed on the surface of T cells functions as a chemotactic receptor enabling T cells to sense the 

S1P gradient and migrate towards the high levels of S1P in the lymph sinuses [6,7,93].  The main 

piece of evidence supporting this model is that S1P1-deficient T cells fail to enter lymphatic sinuses 

and sequestrate within LNs, although they do probe the sinus endothelium [27,93].  S1P1 is 

understood to direct T cells out of the LNs by overriding CCR7-mediated LN retention signals 

including CCL21 and CCL19 [114].  According to this model, FTY720 (in its phosphorylated form) acts 

as a ‘functional antagonist’ by triggering downregulation and internalisation of S1P1, making T cells 

unresponsive to the S1P gradient. 
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This model collectively suggests the following scenario of T cell egress from LNs [6,7]: 1) T cells 

downregulate and internalise S1P1 in the blood which contains high levels of S1P; 2) after entering 

the LN parenchyma where S1P levels are maintained at low levels by the activity of SGPL1, S1P1 

returns to the surface of T cells; 3) at the boundary between the LN parenchyma and the lymphatic 

sinus, the motility of T cells is regulated by competition between signals from S1P and CCR7 ligands; 

3) S1P1+ T cells responding to the S1P gradient enter the sinus and exit the LN, while those 

responding to the CCR7 ligands move back to the paracortex.  

The ‘S1P-S1P1 control of T cell egress’ model also explains how T cell egress is transiently blocked 

during some immune responses, a phenomenon known as ‘LN shut down’ [115].  Studies in mice 

have shown that the rapid upregulation of CD69 by activated T cells negatively regulates the surface 

expression of S1P1, which prevents the migration of activated T cells into the cortical sinuses 

[90,115].  Activated T cells downregulate S1P1 to 1-10% of that in naive T cells and consequently 

lose their ability to migrate towards S1P [93].  Several days after activation, these T cells fully recover 

S1P1 expression, regain their S1P responsiveness, and exit the LNs [93,115].   

 

1.3.2.5. Stromal gate control model of T cell egress 

The second model proposed to explain the mechanism of T cell egress is known as the ‘stromal gate 

control’ model.  In murine LNs, not only T cells but also endothelial cells including LECs and BECs 

express high levels of S1P1 [97].  The stromal gate control model proposes that endothelial S1P1 is 

the target of S1P1-agonists including FTY720 and SEW2871 [89,97].  In this model, T cell egress 

under physiological S1P concentrations is not regulated by the S1P1 expressed on T cells.  Instead, T 

cells that reach the egress sites simply pass through constitutively open endothelial cell junctions and 

exit the LNs [89,97].  According to this model, S1P1-agonist drugs block T cell egress by engaging 

S1P1 on the endothelial cell surface, which results in tightening of the endothelial cell junctions and 

subsequent closure of the egress sites [89,97].  Consequently, T cells cannot pass through these 

closed junctions and sequestrate within the LNs.      

This model implies that homeostatic T cell egress occurs independently of S1P-mediated signalling 

(i.e. in the absence of S1P).  However, it was shown that T cell egress is blocked in SPHK-deficient 

mice in which circulatory S1P is undetectable [107].  Furthermore, no conclusive data is available 

demonstrating that actual changes are induced in the lymphatic endothelium following the treatment 

of S1P1-agonist drugs [7].  Although the possibility that S1P1 agonists may influence the permeability 

of the lymphatic endothelium cannot be excluded, it is more widely accepted that these agonists block 

T cell egress by downregulating S1P1 expressed on T cells.  
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1.4. Regulation of B cell trafficking in lymph nodes 

1.4.1. B cell homing to follicles 

Studies using murine models have greatly improved our understanding of the molecular process 

mediating B cell trafficking in LNs.  The mechanism mediating naïve B cell entry into LNs through 

HEVs is similar to that of naïve T cells in that B cells also use L-selectin as a major rolling receptor 

[5,24].  However, B cell adhesion to HEVs is less dependent on CCL21 and is predominantly 

supported by the chemokines CXCL12 and CXCL13  which play an important role in activating 

integrins on B cells [24,116]. 

Following their arrival in the LN via the HEVs in the paracortex, naïve B cells home to the follicles in a 

process dependent on the expression of CXCR5 by B cells and its ligand CXCL13 which is secreted 

by FDCs [4,117].  It has long been thought that a gradient of CXCL13 exists between the follicles and 

HEVs and that newly-arrived B cells instantly follow this gradient from the HEVs and rapidly move 

towards the follicles.  However, recent two-photon microscopy studies of murine LNs demonstrated 

that, following their LN entry via HEVs, the majority of newly-arrived B cells do not immediately 

approach the follicles, and instead they remain confined close to the HEVs for 3-4 hours [118].  

Interestingly, although some B cells do approach the follicles during this period, they do not enter the 

follicles but instead return to the areas around the HEVs [118].   

After leaving the perivenular space around the HEVs, B cells crawl along the FRC network in the 

paracortex [21].  CXCR5+ B cells eventually enter the follicles in response to the high concentrations 

of CXCL13 in the follicles and accumulate over a period of 2-3 hours [119].  Two-photon microscopy 

showed that newly-entered B cells tend to localise in the centre of follicles whereas long-term resident 

B cells move towards to the follicular edges closer to the egress sites (e.g. cortical sinuses) [28].   

Although CXCR5 plays a crucial role in mediating B cell homing to follicles, it is not the only receptor 

involved in this process, as suggested by the observation that some CXCR5-deficient B cells continue 

to localise within LN follicles [117,119-121].  Recent studies in mice suggest that Epstein-Barr virus 

induced molecule-2 (EBI2; also known as GPR183) and guanine nucleotide-binding protein G(i) 

subunit α-2 (Gnai2) are also likely to be involved in guiding the migration of B cells to the follicles 

[118,119,122-124].  
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1.4.2. Antigen encounter by B cells 

After populating the follicles, naïve B cells move around by a ‘random walk’ for 12-18 hours searching 

for Ags [4,120].  Naïve B cells can encounter Ag delivered by various routes.  FDCs are understood to 

play a major role in presenting Ag to naïve B cells due to their ability to capture and retain Ag in the 

form of immune complexes.  Previous studies demonstrated that such Ags travel rapidly to the LNs 

where they are deposited on FDCs within hours of immunization, and are subsequently acquired by B 

cells in the follicles [68,125].  The binding of immune complexes by FDCs is mediated by Fc receptors 

and complement receptors (e.g. CD21/CD35) expressed at their cell surface.   

Furthermore, recent studies of murine LNs have shown that CD169+ macrophages lining the 

subcapsular sinus are able to capture lymph-borne Ags in the form of viruses, particulates, or immune 

complexes, and display them to either cognate B cells in the underlying follicles or FDCs [31-33].  It is 

unclear how these CD169+ macrophages retain intact Ag, although it was postulated that they are 

likely to translocate intact Ag along their cell surface which enables the transfer of Ag from their 

protrusions into the sinus to the protrusions in contact with follicular B cells [126].  

Alternatively, naïve B cells can encounter Ag captured by dendritic cells in the T cell zone during their 

transit from the HEV to the follicle [127].  Naïve B cells themselves also provide an additional path of 

Ag delivery by transferring Ag from the CD169+ subcapsular macrophages to FDCs in a complement 

receptor-dependent manner [32]. 

Finally, some lymph-borne Ags do not require cell-mediated capture and presentation, but rather 

directly enter the LN follicles.  It was shown that small soluble Ags can diffuse into the follicles via the 

gaps in the floor of the subcapsular sinus [128].  Small Ags may also enter the follicles via the 

conduits that originate from the subcapsular sinus and extend into the follicles [53,69].  

 

1.4.3. Trafficking of activated B cells  

Upon encountering Ag, the pattern of B cell trafficking within the LN changes dramatically.  In murine 

LNs, B cells undergo a series of migratory events that guide them to the appropriate 

microenvironments for their activation and differentiation into antibody-secreting plasma cells and 

memory B cells.  Studies using murine models demonstrated that the movement of activated B cells is 

regulated by multiple chemokine receptors including CXCR5 (the receptor for CXCL13), CXCR4 (the 

receptor for CXCL12), and CCR7 (the receptor for CCL21/19) [129].  Furthermore, recent studies 

have identified the crucial role of EBI2 in regulating the motility of activated B cells [123,124,130,131].  

EBI2 is constitutively expressed on naïve B cells and rapidly upregulated after activation.  The specific 
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ligands for EBI2, oxysterols, are oxygenated derivatives of cholesterol produced by LN stromal cells 

located at the follicular perimeter [132-134].  

Studies in mice have demonstrated how these multiple chemokine receptors and diverse migratory 

signals mediate the trafficking of activated B cells during antibody responses.  The initial movement of 

activated B cells is guided by EBI2 and CCR7.  Following antigenic stimulation, B cells in the follicles 

immediately upregulate EBI2 and CCR7, and then migrate to the extrafollicular areas rich in 

oxysterols [123,124].  In vitro studies suggest that EBI2 is likely to downmodulate CXCL13-mediated 

responses through heterodimerization with CXCR5, therefore reducing the affinity of CXCL13 for 

CXCR5 [135].  Subsequently, the activity of CCR7 begins to dominate and B cells migrate to the 

boundary between the follicle and T cell zone (B-T boundary) by responding to CCL21/CCL19.  EBI2 

continues to function at this stage in coordination with CCR7 and CXCR5 to retain cells along the B-T 

boundary where activated B cells interact with T helper cells [130,131].  After receiving ‘help’ from 

cognate T cells, activated B cells downregulate CCR7 while maintaining high levels of EBI2 and 

relocate to the extrafollicular sites in response to oxysterols [123,131].  These B cells then begin to 

proliferate at the extrafollicular sites [136], and from here, they follow one of two independent 

pathways of migration and differentiation.  Some of these proliferating Ag-specific B cells at the 

extrafollicular sites become plasmablasts that provide an immediate source of antibodies.  

Upregulation of CXCR4 and downregulation of CXCR5 is required to retain these plasmablasts at the 

extrafollicular sites [129].  Alternatively, those B cells entering the pathway governed by the 

transcription factor BCL-6 (B-cell lymphoma 6) downregulate EBI2 and migrate to the FDC-rich region 

of the follicles where they form a GC and become GC B cells [123,124,137-139].  BCL-6+ GC B cells 

then undergo rapid proliferation and a series of GC reactions including somatic hypermutation and 

antibody affinity maturation [17].  During the GC reaction, GC B cells express high levels of S1P 

receptor 2 (S1P2) which retains them within the GC by inhibiting the chemotaxis of GC B cells toward 

the follicular chemoattractant CXCL13 [140].  

Finally, GC B cells differentiate into memory B cells or plasma cells that provide a sustained source of 

high-affinity antibodies.  Terminal differentiation into plasma cells is critically dependent on the 

transcription factor BLIMP-1 (B-lymphocyte induced maturation protein-1) which antagonises the 

expression of BCL-6 [141,142].  Subsequently, plasma cells re-express EBI2, downregulate CXCR5, 

and leave the GCs [123].   Plasma cells also upregulate CXCR4 at this stage which enables their 

relocation to the LN medullary cords or bone marrow rich in CXCL12 [143,144].  

 

1.4.4. B cell egress from follicles 

In mice, naïve B cells explore LNs for approximately 24 hours to find Ag [7,28].  In the absence of 

antigenic activation, naïve B cells gradually lose their responsiveness to the follicular chemoattractant 
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CXCL13 and leave the LNs by entering lymphatic sinuses such as the cortical sinuses located at the 

boundary between the follicles and the T cell zone [28].    

Studies in mice demonstrated that, similar to the control of T cell egress, S1P is also involved in 

regulating B cell egress from LNs [7,94].  Treatment of mice with FTY720 blocks the egress of B cells 

through the cortical sinuses and displaces them to the T cell zone, indicating a requirement for the 

S1P gradient for B cell egress from LNs [28,94].  Recent studies suggest that, under homeostatic 

conditions, B cells gradually reacquire S1P1 after entering the LN parenchyma [28,118]; histological 

analysis of murine LNs showed that the majority of B cells in the follicles express higher levels of 

S1P1 compared to those in the cortical sinuses or near HEVs.  However, FTY720 treatment results in 

downregulation of S1P1 expressed on B cells [28,118].  This pattern of S1P1 expression appears to 

support the ‘S1P-S1P1 control of egress’ model discussed earlier (Section 1.3.2.4).  However, it is 

unclear whether this receptor functions in vivo as a chemotactic receptor directly promoting the 

movement of B cells towards S1P, since in vitro studies using S1P1 antagonists observed no 

apparent role for S1P1 in mediating B cell chemotaxis to S1P [28,118].   

Recent studies suggest that the maintenance of the S1P gradient is also critical during the process of 

GC responses [140,145].  GCs are maintained as an S1P-low environment ensuring that GC B cells 

are retained in this specialised niche for sufficient time to undergo a series of events required for their 

differentiation into plasma cells and memory B cells [140,145,146].  Although GCs are understood to 

be the lowest-S1P niche within the secondary follicles, the mechanism regulating S1P levels in GCs 

remains unknown.   

Finally, S1P is also likely to be involved in mediating the egress of antibody-secreting plasma cells 

from LNs.  In mice treated with FTY720 or that lack S1P1 expression in B cells, antibody-secreting 

cells are normally induced in LNs but are reduced in numbers in the blood and bone marrow, 

suggesting that their exit from the LNs and subsequent accumulation in the bone marrow requires 

S1P-S1P1 mediated signalling [7,147].  
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1.5. Study aims 

LNs are strategically positioned 'Ag libraries' that are constantly visited and monitored by naïve T and 

B cells [5].  The structure of LNs is highly organised to maximise the likelihood of circulating naïve 

lymphocytes encountering their rare cognate Ag within a given time.  Studies in mice have shown that 

distinct stromal cell populations construct specialised microenvironments within LNs where they 

actively participate in and contribute to the generation of immune responses.  Lymphocyte trafficking 

within these microenvironments is tightly controlled by molecular cues provided by stromal cells and 

other factors.  Knowledge of the mechanisms regulating lymphocyte trafficking in LN 

microenvironments provides insight into the design of new therapeutic strategies, as seen from the 

recent discovery of FTY720, an immunosuppressive drug that targets lymphocyte egress from LNs 

[91].    

Over the last few decades, studies using murine models have greatly improved our understanding of 

the various components of LNs that regulate the movement of lymphocytes and their immune 

surveillance activities.  However, limited information is available on the components of human LNs 

involved in such processes.  The stromal architecture of human LNs has not been defined, and it is 

unknown how many types of stromal cells exist in human LNs.  The function of human LN stromal 

cells remains largely unexplored due to the lack of knowledge on their molecular profiles and 

technical difficulties in isolating them for functional studies.  Furthermore, it is not well understood how 

lymphocytes traffic into, within, and out of human LNs.  Although a series of molecular signals guiding 

lymphocyte movement has been identified in murine models, it is unclear whether these signals also 

coordinate the migratory behaviour of lymphocytes in human LNs in the same manner as 

demonstrated in mice.   

Therefore, this study sought to address these issues and investigate how distinct components of 

human LNs mediate immune cell trafficking and support interactions between different cell 

populations, thereby ultimately facilitating the generation of immune responses.  The aims of this 

study were largely threefold: firstly, we sought to define the profiles of stromal cell populations in 

human LNs; secondly, we aimed to examine how T cell migration is controlled in human LNs, with a 

particular focus on the ‘LN egress’ process; lastly, we sought to investigate the components mediating 

dynamic movement of B cells in human LNs.  
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Chapter 2. Materials and methods  

2.1.  General cell culture 

2.1.1. Culture media, cell maintenance and cryopreservation 

The different types of medium used for the preparation of cell samples and subsequent culture are 

listed in Table 2-1.  With the exception of AIM V® medium which contains pre-treated L-glutamine (50 

µg/mL), streptomycin sulphate (50 µg/mL), and gentamicin sulphate (10 µg/mL), all culture media 

were supplemented with 2 mM GlutaMAX™ (Gibco®, Life technologies) and the mixture of 100 U/mL 

penicillin and 100 µg/mL streptomycin (Gibco®, Life technologies).  Complete RPMI 1640 and DMEM 

supplemented with 10% FBS (Gibco®, Life technologies) is denoted throughout as RF10 and DF10, 

respectively.  RPMI 1640 supplemented with 5% human serum (BD) is denoted as RS5.  When 

required, cells were maintained in serum-free conditions using OpTmizer™ or AIM V® medium.  All 

cells were cultured in a humidified incubator at 37°C with 5% CO2.  All culture media and required 

cytokines were replaced every 2-3 days during culture.  Proliferating cells were sub-cultured when 

they reach 70-80% confluence.  Adherent cells were harvested from culture plates using TrypLE™ 

Express Enzyme (Gibco®, Life technologies).  For cryopreservation, cells were resuspended in the 

appropriate culture medium (0.5 mL) in a cryovial and mixed with an equal volume of freezing media 

containing 80% FBS and 20% DMSO (Sigma).  Cryovials were placed in a freezing container filled 

with isopropanol and frozen at a controlled rate to -80°C.  Once frozen, cryovials were transferred to 

liquid nitrogen for storage.  

Table 2-1.  Cell culture medium and its use 

FRC, fibroblastic reticular cell; LN, lymph node; MoAPC, monocyte-derived APC; MPC, mesenchymal progenitor 
cell; PBMC, peripheral blood mononuclear cell;  
 

2.1.2. Photography 

Images of cells in culture were acquired with a Leica DMI3000 B inverted microscope equipped with a 

Leica DFC290 camera and Leica Application Suite (LAS) software. 

Medium Brand/Supplier Use 

RPMI 1640 Gibco®/Life technologies PBMCs, LN cells, LN FRC line 

DMEM Gibco®/Life technologies LN MPC line 

DMEM/F12 Gibco®/Life technologies LN MPC line 

AIM V®  Gibco®/Life technologies MoAPCs, T cells 

OpTmizer™ Gibco®/Life technologies MoAPCs, T cells 
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2.1.3. PBMC preparation 

Peripheral blood mononuclear cells (PBMCs) were isolated from blood drawn from healthy donors.  

Collected blood was first mixed with heparin (1000 IU/mL) and diluted with RPMI 1640 at a 1:1 ratio.  

Diluted blood was then added to Lymphoprep™ separation medium (Axis-Shield) at a 2:1 ratio in 

LeucoSep™ tubes (Greiner Bio One) and centrifuged at 800g for 15 min at RT with medium 

acceleration and no brake for deceleration.  After centrifugation, the mononuclear cells forming a 

distinct band at the sample/medium interface were harvested using a Pasteur pipette, washed twice 

with RPMI 1640 and pelleted by centrifugation at 400g for 10 min at RT.  The PBMC pellet was 

resuspended in RPMI 1640 for cell enrichment procedures or in RF10 for cryopreservation.    

 

2.1.4. Generation of monocyte derived APCs 

Monocytes were first isolated from PBMCs by negative selection depleting non-monocytes using the 

Monocyte Isolation Kit II (Miltenyi Biotec) according to the manufacturer's instructions.  Briefly, 

PBMCs were mixed with a cocktail of biotin-conjugated antibodies and anti-biotin microbeads, and the 

mixture was subsequently applied to a LS MACS column (Miltenyi Biotec) attached to a MidiMACS™ 

separator (Miltenyi Biotec).  Unlabeled monocytes were obtained by depleting magnetically labeled 

cells.  Monocyte-derived APCs (MoAPCs) were generated by culturing monocytes in RF10 or AIM V® 

medium supplemented with 100 ng/mL M-CSF (Peprotech) for 6 days.  

 

2.1.5. Isolation of T cells from human blood 

Peripheral blood T cells were isolated from PBMCs using the Pan T isolation Kit II (Miltenyi Biotec) 

according to the manufacturer's instructions.  Briefly, PBMCs mixed with a cocktail of biotin-

conjugated antibodies and anti-biotin microbeads were applied to a LS MACS column attached to a 

MidiMACS™ separator.  Unlabeled Pan T cells were obtained by depleting magnetically labeled non-

T cells.  Isolated T cells were cultured in RS5 containing 5 ng/mL IL-7 (Peprotech) until required. 
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2.2. Lymph node samples 

2.2.1. Lymph node tissues  

LN tissues used for immunohistochemistry and flow cytometry analysis (Table 2-2) were provided by 

collaborators at the Ludwig Institute for Cancer Research (Melbourne, Australia) and Auckland City 

Hospital (Auckland, New Zealand).  Written informed consent for the samples was given by patients 

or next of kin under protocols approved by the Austin Health Human Research Ethics Committee, 

Heidelberg, Melbourne, and by the Northern Regional Ethics Committee, New Zealand. 

LNs assessed included both normal and reactive LNs obtained from patients undergoing surgery and 

donors post-mortem.  Reactive LNs were identified by the presence of GC and reactive features 

including paracortical expansion, follicular hyperplasia, and non-specific reactive changes.  LNs were 

sampled from several different locations, including the axillary, inguinal, cervical, porta hepatis, 

parotid, and mesenteric fields.  Highly reactive LNs were excluded from this study. 

 

2.2.2. Generation of lymph node single-cell suspensions for flow cytometry 

Mesenteric LNs obtained from patients undergoing abdominal surgery were used for flow cytometric 

analysis.  Single-cell suspensions were prepared from LNs within 2h after extirpation.  After removing 

surrounding fatty tissue, the LN capsule was first punctured with 26-gauge needles and the LN was 

cut into small pieces.  LN pieces were then digested in RPMI 1640 containing 0.2 mg/mL Liberase DH 

(Roche) and 100 units/mL DNAseI (Sigma) at 37ºC/5% CO2 for 20-60 min and the suspension was 

gently pipetted every 10 min to facilitate tissue dissociation; this digestion procedure was repeated for 

up to 3 rounds and the enzymes were replenished after each round.  Remaining tissue fragments 

were mechanically processed with a gentleMACS™ dissociator (Miltenyi Biotec).  All the liberated cell 

suspensions were combined, passed through a 75µm nylon mesh and washed with RPMI 1640.  

Thereafter, erythrocytes were lysed with RBC lysis buffer (Biolegend) and the remaining cells were 

washed and cryopreserved until required. 
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Table 2-2.  LN tissues used for immunohistochemistry and flow cytometry 

N/A: Histological details are not available 
 

 

Sample     Site                                         Detail 

Frozen LN samples for immunohistochemistry 

1 Inguinal  Mild paracortical expansion, very occasional secondary follicles, lymphadenopathy 

2 Axillary Non-specific reactive features, very occasional secondary follicles 

3 Axillary Reactive follicular hyperplasia and transformed germinal centres 

4 Axillary  Occasional secondary follicles, lymphadenopathy 

5 Axillary Florid reactive follicular hyperplasia without specific diagnostic features 

6 Axillary Mild non-specific reactive changes.  Lymphadenopathy 

7 Axillary Post mortem, 16h delay 

8 Cervical Florid reactive changes, occasional secondary follicles 

9 Cervical Non-specific reactive features,  occasional secondary follicles 

10 Cervical Non-specific reactive features, occasional secondary follicles 

11 Cervical Reactive follicular hyperplasia 

12 Cervical Reactive hyperplasia with fibrosis, several large secondary follicles 

13 Parotid Lymphoid hyperplasia, occasional secondary follicles 

14 Porta hepatis Non-specific reactive features, occasional secondary follicles 

15 Mesenteric Occasional secondary follicles 

16 Mesenteric Occasional secondary follicles  

17 Mesenteric Occasional secondary follicles 

18 Mesenteric Occasional secondary follicles 

19 Mesenteric  Occasional secondary follicles 

20 Mesenteric  Occasional secondary follicles 

Paraffin-embedded LN samples  for immunohistochemistry 

1 Mesenteric Occasional secondary follicles 

2 Mesenteric Occasional secondary follicles 

3 Mesenteric Occasional secondary follicles 

4 Mesenteric Occasional secondary follicles 

LN samples for flow cytometry 

1 Mesenteric N/A 

2 Mesenteric N/A 

3 Mesenteric N/A 

4 Mesenteric Occasional secondary follicles 

5 Mesenteric N/A 

6 Mesenteric N/A 

7 Mesenteric Occasional secondary follicles 

8 Mesenteric N/A 

9 Mesenteric N/A 
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2.2.3. Generation of a lymph node FRC line 

A human LN FRC line (P010 LN FRC) was previously established in our laboratory.  Briefly, a 

mesenteric LN single-cell suspension generated by a gentleMACS™ dissociator (Miltenyi Biotec) was 

first cultured for 3 days in RF10 and non-adherent cells were washed away.  Adherent stromal cells 

were cultured until confluent to obtain a culture enriched with FRCs, then split into new culture flasks.  

Culture medium was replaced every 2-3 days during the culture.  The established cell line displayed 

morphological and phenotypical (Section 3.2.2) features that are characteristic of FRCs.  Cells 

between passage 8 and 16 were used for flow cytometric analysis and in vitro assessment of IL-7 

production. 

 

2.2.4. Generation of a lymph node MPC line 

A human LN MPC line (P023 LN MPC) was established by culturing primary MPCs isolated from a 

mesenteric LN single-cell suspension using fluorescence activated cell sorting (FACS).  Briefly, 

FACS-isolated LN MPCs (Section 2.4.3) were sorted into a chamber slide (BD) containing DF10 and 

cultured for 17 days.  Proliferating adherent cells were subsequently passaged into culture plates and 

flasks, and the medium was replaced every 2-3 days during the culture.  Sufficient numbers of MPCs 

were obtained following 45 days in culture for functional studies.  
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2.3.  Multicolour immunofluorescence microscopy 

2.3.1. Immunohistochemistry of frozen lymph node sections 

LN tissues were embedded in TissueTek OCT compound (Sakura Finetek), snap-frozen in liquid 

nitrogen, cut into 5μm thick sections using a cryostat and placed on slides.  For antibody staining, 

sections were first fixed with ice-cold acetone for 5 min.  A different fixation method was used when 

detecting ABCC7/CFTR expression; LNs were fixed with 4% paraformaldehyde and treated with 0.1% 

Triton X-100 prior to antigen retrieval as previously described [148].  Fixed sections were rinsed with 

TBS, blocked with 0.25% casein in a humidity chamber for 10 min at RT, washed in TBS, and 

subsequently probed with primary antibodies listed in Table 2-3 for 1h at RT.  Sometimes, different 

primary antibody isotypes for the same antigen were used as required; in each case the expression 

pattern detected by the different isotypes was validated to be the same.  Following incubation with 

primary antibodies, sections were washed with TBS and then incubated with appropriate isotype 

specific goat anti-mouse, goat anti-rat, goat anti-FITC or goat anti-rabbit secondary antibodies 

conjugated to a fluorochrome (Table 2-4) for 30 min at RT.  DAPI was included at 0.0005% w/v with 

secondary antibodies.  After secondary antibody staining, sections were washed with TBS and the 

slides were mounted using ProLong® Gold antifade reagent (Life technologies). 

In some cases, two primary antibodies of the same isotype were sequentially applied to the same 

section.  The section was first incubated with an unconjugated primary antibody for 1h at RT, washed 

with TBS, and probed with the isotype-specific secondary antibody that detects the first primary 

antibody for 30 min at RT.  After washing in TBS, the section was blocked with 5% mouse serum for 

10 min at RT, subsequently probed with the FITC-conjugated primary antibody for 1h at RT, and 

washed with TBS.  The section was then incubated for 30 min at RT with DAPI and the Alexa Fluor® 

488 conjugated anti–FITC secondary antibody that detects the FITC-conjugated primary antibody.  

The section was mounted using ProLong® Gold after washing in TBS. 

Immunostained slides were visualised with a Leica DMRE fluorescent microscope equipped with epi 

fluorescent filters (UV, 450-490nm and 530-560nm: Leica; 590-650nm: Chroma) and objectives 

(5x/0.15, 10x/0.30, 20x/0.50, and 40x/0.7 numerical aperture, Leica).  Images were acquired at RT by 

Leica DC500 digital camera or SPOT camera (Sterling Heights) using analySIS FIVE software 

(Olympus).  Final figures were generated using Cytosketch (CytoCode).   
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Table 2-3.  Primary antibodies used in multicolour immunohistochemistry of frozen LN sections 

Primary antibody Species Clone Cat # Manufacturer 

ABCC7/CFTR Mouse 24-1 MAB25031 R&D 

α-SMA (FITC) Mouse 1A4 ab8211 Abcam 

BCL-6 Mouse PG-B6P ab17249 Abcam 

BLIMP-1 Mouse ROS195G 648202 BioLegend 

CD3 Mouse UCHT1 555330 BD Biosciences 

CD3 Rabbit Polyclonal 103A-74 Cell Marque 

CD3 Rabbit Polyclonal 08-0102 Zymed 

CD11c Rabbit EP1347Y ab52632 Abcam 

CD20 Mouse L26 120M-85 Cell Marque 

CD27 Mouse 137B4 ab49518 Abcam 

CD31 Mouse WM59 555444 BD Biosciences 

CD31 (FITC) Mouse WM59 555445 BD Biosciences 

CD32 Mouse FUN-2 303201 BioLegend 

CD34 Mouse  581 555820 BD Biosciences 

CD34 Rabbit EP373Y ab81289 Abcam 

CD35 Mouse To15      − Oxford 

CD45 Mouse F10-89-4 ab30470 Abcam 

CD59 Mouse p282 (H19) 555761 BD Biosciences 

CD68 Mouse Y1/82A 556059 BD Biosciences 

CD68 Mouse Y1/82A 333802 BioLegend 

CD90 (FITC) Mouse F15-42-1 MCA90F Serotec 

CD90 (FITC) Mouse 5E10 328108 BioLegend 

CD103 Mouse Ber-ACT8 550258 BD Biosciences 

CD105 (Alexa Fluor® 488)  Mouse SN6 MCA1557A488 Serotec 

CD141 Mouse AD5-14H12 130-090-694 Miltenyi Biotec 

CD144 Mouse 55-7H1 555661 BD Biosciences 

CD144 Mouse  BV6 ALX-803-305 Alexis Biochemicals 

CD146 Mouse  P1H12 550314 BD Biosciences 

CD163 Mouse EDHu-1 MCA1853 Serotec 

CD169 Mouse HSn7D2 ab18619 Abcam 

CD169 Mouse 7-239 346001 BioLegend 

CD172α Mouse SE5A5 323801 BioLegend 

CD209*(DCN46) Mouse DCN46 551186 BD Biosciences 

CD209 Mouse 9E9A8 330102 BioLegend 

CNA.42 Mouse CNA.42 14-9968-80 eBioscience 

Collagen I/II/III/IV/V Rabbit Polyclonal 2150-2206 Serotec 

CXCR5 Mouse J252D4 356901 BioLegend 

Desmin Mouse RD301 550626 BD Biosciences 

EBI2 Rabbit Polyclonal HPA028847 Sigma 

ICAM-1 Mouse LB-2 559047 BD Biosciences 

Ki-67 Rabbit SP6 275R-14 Cell Marque 

Laminin 1+2 Rabbit Polyclonal ab7463 Abcam 
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LYVE-1 Mouse 264712 MAB2089 R&D 

LYVE-1 Rabbit Polyclonal ab36993 Abcam 

MAdCAM-1 Mouse 314G8 ab34247 Abcam 

MFG-E8 Mouse SPM291 ab17787 Abcam 

PDGFR-β Rabbit Polyclonal 3162 Cell Signaling 

PNAd Rat MECA-79 120801 BioLegend 

Podoplanin Rat NC-08 337001 BioLegend 

Podoplanin  Rabbit Polyclonal P5374 Sigma 

PROX-1 Mouse 4G10 P0089 Sigma 

PROX-1 Rabbit Polyclonal ab11941 Abcam 

PU.1 Rabbit EPR3158Y ab76543 Abcam 

S1P1/EDG-1 Rabbit Polyclonal sc-25489 Santa Cruz 

SGPL-1 Rabbit Polyclonal HPA021125 Sigma 

STAB-2 Rabbit Polyclonal HPA026871 Sigma 

VCAM-1 Mouse STA 305802 BioLegend 

VEGFR3 Mouse 9D9F9 MAB3757 Millipore 

Primary antibodies were diluted at pre-optimised doses in dilution buffer (1% FBS in TBS).  *A monoclonal 
antibody marketed as specific for CD209 (DCN46) was used to detect CD209 although it was later shown to also 
detect CD299/L-SIGN/CLEC4M [149]; the antigen stained by this antibody, that is common to CD209 and CD299, 
is therefore referred to as DCN46 in the results section.  
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Table 2-4.  Secondary antibodies used in multicolour immunohistochemistry 

Secondary antibody Fluorochrome Species Cat # Manufacturer 

Anti-mouse IgG1 (γ1) Alexa Fluor® 350 Goat A21120 Molecular Probes 

Anti-mouse IgG1 (γ1) Alexa Fluor® 488 Goat A21121 Molecular Probes 

Anti-mouse IgG1 (γ1) Alexa Fluor® 555 Goat A21127 Molecular Probes 

Anti-mouse IgG1 (γ1) Alexa Fluor® 647 Goat A21240 Molecular Probes 

Anti-mouse IgG2a (γ2a) Alexa Fluor® 488 Goat A21131 Molecular Probes 

Anti-mouse IgG2a (γ2a) Alexa Fluor® 555 Goat A21137 Molecular Probes 

Anti-mouse IgG2a (γ2a) Alexa Fluor® 647 Goat A21241 Molecular Probes 

Anti-mouse IgG2b (γ2b) Alexa Fluor® 350 Goat A21140 Molecular Probes 

Anti-mouse IgG2b (γ2b) Alexa Fluor® 488 Goat A21141 Molecular Probes 

Anti-mouse IgG2b (γ2b) Alexa Fluor® 555 Goat A21147 Molecular Probes 

Anti-mouse IgG2b (γ2b) Alexa Fluor® 647 Goat A21242 Molecular Probes 

Anti-mouse IgM (µ chain)    Alexa Fluor® 488 Goat A21042 Molecular Probes 

Anti-rat IgG (H+L) Alexa Fluor® 488 Goat A11006 Molecular Probes 

Anti-rat IgG (H+L) Alexa Fluor® 555 Goat A21434 Molecular Probes 

Anti-rat IgG (H+L) Alexa Fluor® 647 Goat A21247 Molecular Probes 

Anti-rat IgM  (µ chain)    Alexa Fluor® 488 Goat A21212 Molecular Probes 

Anti-rabbit IgG (H+L) Alexa Fluor® 350 Goat A11046 Molecular Probes 

Anti-rabbit IgG (H+L) Alexa Fluor® 488 Goat A11008 Molecular Probes 

Anti-rabbit IgG (H+L) Alexa Fluor® 555 Goat A21428 Molecular Probes 

Anti-rabbit IgG (H+L) Alexa Fluor® 647 Goat A21244 Molecular Probes 

Anti-Fluorescein/Oregon Green Alexa Fluor® 488 Goat A11096 Molecular Probes 

Secondary antibodies were diluted at pre-optimised doses in dilution buffer (1% FBS in TBS) to detect primary 
antibodies.   
 

 

2.3.2. Immunohistochemistry of paraffin embedded lymph node sections 

3µm thick sections were cut from paraffin-embedded LN blocks and mounted on slides.  Sections 

were deparaffinised with xylene and rehydrated using descending concentrations of ethanol (99%, 

90%, 70%, 50%, 30%, and distilled water).  Antigen retrieval was performed by heat-treating the 

slides immersed in R-buffer A (Electron Microscopy Sciences) to 120°C for 20 min and then slowly 

cooling down to RT for 2h using a Retriever 2100 (PickCell Laboratories).  Sections were briefly 

rinsed with distilled water and washed with TBS.  Subsequently, sections were blocked with 0.25% 

casein in a humidity chamber for 10 min at RT, rinsed with TBS, and incubated with primary 

antibodies (Table 2-5) at 4°C overnight.  After washing with TBS, sections were probed with 

appropriate isotype specific goat anti-mouse or goat anti-rabbit secondary antibodies conjugated to a 

fluorochrome (Table 2-4) for 30 min at RT.  DAPI was included at 0.0005% w/v with secondary 

antibodies.  The slides were washed, treated with 0.1% Sudan black solution for 15 min in the dark to 
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reduce background fluorescence, washed in TBS, and mounted using ProLong® Gold.  Images were 

acquired and generated by the same method described in a previous section (Section 2.3.1)   

Table 2-5.  Primary antibodies used in multicolour immunohistochemistry of paraffin-embedded LN 
sections 

Primary antibody Species Clone Cat # Manufacturer 
CD20 Mouse L26 120M-85 Cell Marque 
BCL-6 Mouse PG-B6P ab17249 Abcam 
CXCR5 Mouse J252D4 356901 BioLegend 
EBI2 Rabbit Polyclonal HPA028847 Sigma 
Primary antibodies were diluted at pre-optimised doses in dilution buffer (1% FBS in TBS).  
 

 

2.3.3. Multicolour Immunocytochemistry 

For immunofluorescence staining of LN MPCs, initially 10,000 cells were seeded per chamber in 

culture slides (BD Falcon) containing ASC medium or adipogenic medium (Section 2.5.2).  For 

staining MoAPCs and T cells, approximately 200,000-300,000 cells resuspended in RPMI 1640 or 

AIM V® were seeded per chamber coated with Poly-D-Lysine (0.1 mg/mL) and rested for 1h on ice.  

Prior to antibody staining, cells were washed with PBS, fixed with ice-cold acetone for 5 min, and 

blocked with 0.25% casein for 10 min at RT.  Subsequently, cells were stained with primary 

antibodies (Table 2-6) for 1h at RT.  Cells were then washed with PBS and incubated with appropriate 

isotype specific goat anti-mouse or goat anti-rabbit secondary antibodies conjugated to a 

fluorochrome (Table 2-4) for 30 min at RT.  DAPI was included at 0.0005% w/v with secondary 

antibodies.  After secondary antibody staining, cells were washed with PBS and the slides were 

mounted using ProLong® Gold.  Cells were examined with a Leica DMRE fluorescent microscope 

and images were acquired at RT using Leica DC500 digital camera and analySIS FIVE software.  

Final figures were generated using Cytosketch.   

Table 2-6.  Primary antibodies used in immunocytochemistry 

Primary antibody Species Clone Cat # Manufacturer 
  ABCC7/CFTR Mouse 24-1 MAB25031 R&D 
  CD3 Mouse UCHT1 555330 BD Biosciences 
  CD68 Mouse Y1/82A 556059 BD Biosciences 
  CD169 Mouse HSn7D2 ab18619 Abcam 
  CD209 Mouse DCN46 551186 BD Biosciences 
  Fabp4 Rabbit Polyclonal 10004944 Caymen Chemical 
  SGPL-1 Rabbit Polyclonal HPA021125 Sigma 
  SGPL-1 Rabbit Polyclonal sc-67368 Santa Cruz 
  RANKL/TRANCE Mouse 70525 MAB626 R&D 
  RANKL/TRANCE Rabbit Polyclonal ab65024 Abcam 
Primary antibodies were diluted at pre-optimised doses in dilution buffer (1% FBS in PBS).  
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2.4. Flow Cytometry 

2.4.1. Cell surface staining 

For flow cytometry analysis of surface markers of LN cells, frozen LN cells were thawed in RF10 

supplemented with 50 U/mL Benzonase® Nuclease (Merck Millipore), washed, and rested in the 

aforementioned medium at 37ºC/5% CO2 for 1h prior to antibody staining.  LN cells were washed and 

then resuspended in PBS containing 1% human serum and 1 mM EDTA.  For phenotypic analysis of 

adherent cells (i.e. LN FRC and MPC lines), cells in culture were harvested using TrypLE™ Express 

Enzyme, washed, and resuspended in PBS containing 1% FBS and 1 mM EDTA.  Subsequently, 

cells were stained with fluorescently labelled antibodies (Table 2-7) at pre-optimised doses on ice for 

30 min and washed.  DAPI (1:5000) was added prior to analyses to determine cell viability.  Specific 

antibody panels used for polychromatic flow cytometry are shown in Table 2-8 and Table 2-9.   

Table 2-7.  Antibodies used for flow cytometry analysis of cell surface markers 

Fluorochrome abbreviations: APC, Allophycocyanin; Cy7, Cyanine 7; ECD, Energy coupled dye; FITC, 
Fluorescein isothiocyanate; PE, R-Phycoerythrin; PerCP, Peridinin chlorophyll protein complex; TR, Texas Red®; 
BV, Brilliant Violet™  

Target Fluorochrome Species Clone Cat # Manufacturer 

CD3 APC Mouse UCHT1 300412 BioLegend 
CD3 BV 510 Mouse OKT3 317331 BioLegend 
CD19 BV 785 Mouse HIB19 302239 BioLegend 
CD20 PE Mouse 2H7 302306 BioLegend 
CD27 APC-Cy7 Mouse O323 302816 BioLegend 
CD31 APC-Cy7 Mouse WM59 303119 BioLegend 
CD34 PerCP Mouse 8G12 340430 BD Biosciences 
CD38 PE-TR Mouse HIT2 MHCD3817 Molecular Probes 
CD45 PE-CF595 Mouse HI30 562279 BD Biosciences 
CD45 PE-TR Mouse HI30 MHCD4517 Caltag 
CD45 ECD Mouse J.33 IM2710U Beckman Coulter 
CD45 BV 570 Mouse HI30 304033 BioLegend 
CD45R (B220) PE-Cy7 Rat RA3-6B2 103222 BioLegend 
CD73 PE Mouse AD2 550257 BD Biosciences 
CD90 FITC Mouse 5E10 328108 BioLegend 
CD90 Alexa Fluor® 700 Mouse 5E10 328119 BioLegend 
CD105 Alexa Fluor® 488 Mouse 43A3 323209 BioLegend 
CD141 PE Mouse M80 344103 BioLegend 
CD144 Alexa Fluor® 700 Mouse 16B1 56-1449 eBioscience 
CD146 PE-Cy7 Mouse SHM-57 342009 BioLegend 
CD184 (CXCR4) PE Mouse 12G5 555974 BD Biosciences 
CD185 (CXCR5) APC Mouse J252D4 356907 BioLegend 
CD197 (CCR7) BV 605 Mouse G043H7 353223 BioLegend 
MAdCAM-1 FITC Mouse 314G8 MCA2320FT Serotec 
Podoplanin Alexa Fluor® 647 Rat NC8 337007 BioLegend 
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Table 2-8.  LN stromal cell panels for polychromatic flow cytometry 

Fluorochrome abbreviations: APC, Allophycocyanin; Cy7, Cyanine 7; ECD, Energy coupled dye; FITC, 
Fluorescein isothiocyanate; PE, R-Phycoerythrin; PerCP, Peridinin chlorophyll protein complex.  
 
 
 
 

Table 2-9.  LN B cell panel for polychromatic flow cytometry 

Fluorochrome abbreviations: APC, Allophycocyanin; Cy7, Cyanine 7; PE, R-Phycoerythrin; TR, Texas Red®; BV, 
Brilliant Violet™  
 
 

    Target Fluorochrome Species Clone Cat # Manufacturer 
A      
    CD31 APC-Cy7 Mouse WM59 303119 Biolegend 
    CD34 PerCP Mouse 8G12 340430 BD Biosciences 
    CD45 ECD Mouse J.33 IM2710U Beckman Coulter 
    CD90 Alexa Fluor® 700 Mouse 5E10 328119 Biolegend 
    CD105 Alexa Fluor® 488 Mouse 43A3 323209 Biolegend 
    CD141 PE Mouse M80 344103 Biolegend 
    CD146 PE-Cy7 Mouse SHM-57 342009 Biolegend 
    Podoplanin Alexa Fluor® 647 Rat NC-08 337007 Biolegend 
B      
    CD31 APC-Cy7 Mouse WM59 303119 Biolegend 
    CD34 PerCP Mouse 8G12 340430 BD Biosciences 
    CD45 BV 570 Mouse HI30  304033 Biolegend 
    CD90 Alexa Fluor® 700 Mouse 5E10 328119 Biolegend 
    CD141 PE Mouse M80 344103 Biolegend 
    CD146 PE-Cy7 Mouse SHM-57 342009 Biolegend 
    MAdCAM-1 FITC Mouse MCA2320FT MCA2320FT Serotec 
    Podoplanin Alexa Fluor® 647 Rat NC-08 337007 Biolegend 
C      
    CD31 APC-Cy7 Mouse WM59 303119 Biolegend 
    CD34 PerCP Mouse 8G12 340430 BD Biosciences 
    CD45 PE CF595 Mouse HI30 562279 BD Biosciences 
    CD90 FITC Mouse 5E10 328108 Biolegend 
    CD141 PE Mouse M80 344103 Biolegend 
    CD144 Alexa Fluor® 700 Mouse 16B1 56-1449 eBioscience 
    CD146 PE-Cy7 Mouse SHM-57 342009 Biolegend 
    Podoplanin Alexa Fluor® 647 Rat NC-08 337007 Biolegend 

    Target Fluorochrome Species Clone Cat # Manufacturer 
    CD3 BV 510 Mouse OKT3 317331 BioLegend 
    CD19 BV 785 Mouse HIB19 302239 BioLegend 
    CD27  APC-Cy7 Mouse O323 302816 BioLegend 
    CD38 PE-TR Mouse HIT2 MHCD3817 Molecular Probes 
    CD45R PE-Cy7 Rat RA3-6B2 103222 BioLegend 
    CCR7 BV 605 Mouse G043H7 353223 BioLegend 
    CXCR4 PE Mouse 12G5 555974 BD Biosciences 
    CXCR5 APC Mouse J252D4 356907 BioLegend 
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2.4.2. Intracellular staining of S1P1 

For flow cytometry analysis of intracellular S1P1, frozen LN cells were first thawed in RF10 containing 

Benzonase® Nuclease (50 U/mL), washed, rested for 1h, and resuspended in PBS containing 1% 

human serum and 1 mM EDTA.  Cells were then stained with T and B cell-specific fluorescently 

labelled antibodies for 30 min on ice.  Subsequently, cells were washed, fixed and permeabilized with 

BD Cytofix/Cytoperm™ Fixation/Permeabilization solution (BD Biosciences) for 20 min on ice.  Cells 

were washed with BD Perm/Wash buffer™ (BD Biosciences), resuspended in the same buffer, and 

incubated on ice for 30 min in the dark with an unconjugated rabbit polyclonal anti-S1P1 antibody 

(Santa Cruz; cat# sc-25489), which was previously used for flow cytometry [118].  Cells were then 

washed with BD Perm/Wash buffer™, resuspended in the same buffer, stained with Alexa Fluor® 488 

anti-rabbit IgG antibody (Molecular Probes) that detects anti-S1P1 on ice for 30min in the dark, and 

washed.  

  

2.4.3. Live cell sorting of lymph node MPCs 

For isolation of MPCs from a LN using FACS, LN cells were first thawed in DF10 containing 

Benzonase® Nuclease (50 U/mL), washed, and rested in the same medium at 37ºC/5% CO2 for 1h. 

Prior to antibody staining, CD45 negative stromal cells were enriched using the EasySep™ Human 

CD45 depletion kit (STEMCELL Technologies) according to the manufacturer's instructions.  Briefly, 

LN cells were mixed with antibody complexes recognising CD45 and dextran, and dextran-coated 

magnetic nanoparticles.  CD45- cells were obtained by depleting magnetically labeled CD45+ 

haematopoietic cells using the EasySep™ Magnet (STEMCELL Technologies).  CD45- stromal cells 

were then incubated with Human TruStain FcX™ Fc receptor blocking solution (Biolegend) for 10 min 

at RT, washed, resuspended in PBS containing 1% human serum and 1 mM EDTA, and stained with 

antibodies on ice for 30min.  DAPI (1:5000) was added for the last 5 min of antibody incubation.  Cells 

were washed and resuspended in phenol free RPMI containing 1% human serum and 0.02% EDTA.  

With the help of Dr Anna Brooks, the sample was run on a BD FACSAria™ II machine equipped with 

BD FACSDiva™ software using 16 purity, 16 yield sort mask, 85μm nozzle with the stream running at 

a pressure of 45psi and a frequency of 47 (47000 drops/sec).  Live LN MPCs were subsequently 

sorted into a chamber slide containing DF10 based on their expression of CD34 and CD90, and their 

lack of expression of CD45, CD31, CD144 and CD146.   
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2.4.4. Flow cytometry data acquisition and analysis  

Antibody stained cell samples were run on a BD FACSAria™ II machine and data were analysed 

using FlowJo V7.6.5.  During analysis of flow cytometry data, the following steps were routinely 

performed to identify the cell populations of interest: Forward scatter (FSC) and side scatter (SSC) 

profiles were first employed to exclude cell debris.  Cell doublets were excluded by FSC-area 

(A)/FSC-height (H) and SSC-A/SSC-H, and dead cells were subsequently excluded by DAPI uptake.  

A typical example is shown below (Fig. 2-1).  Detailed gating strategies to identify each population of 

interest are indicated in the results section. 

 

Figure 2-1.  Example of live cell gating 
An example of gating strategies used to identify live cells is shown above (A-B).  The final ‘live’ gate was set 
based on comparison with the unstained sample. 
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2.5. Functional assays 

2.5.1. Assessment of IL-7 production by lymph node FRCs  

The ability of human LN FRCs to produce IL-7 was examined in vitro using previously generated 

P010 LN FRCs (Section 2.2.3) with the help of Dr Julie McIntosh.  P010 LN FRCs (passage 8) were 

cultured in DF10 for 24 or 48h at 37°C with 5% CO2.  Supernatants from 24 and 48h cultured cells 

were collected by centrifugation and concentrated (10x) using a 3kDa or 10kDa concentrator (GE 

Healthcare Life Sciences).  IL-7 in culture supernatants was then measured using the Human IL-7 

Quantikine HS ELISA Kit (R&D Systems) according to the manufacturer’s instructions.  Briefly, 

concentrated culture supernatants were incubated in the microplate coated with a monoclonal IL-7 

antibody at RT overnight, and the plate was washed and incubated with a polyclonal IL-7 antibody 

conjugated to alkaline phosphatase for 2h at RT.  After washing, the plate was incubated with a 

substrate (NADPH) solution for 45 min at RT, then with an amplifier solution for 45 min at RT.  

Subsequently, colour developed in proportion to the amount of IL-7 in the samples, and the colour 

development was stopped by adding a stop solution.  The intensity of the colour was measured at 

490nm using EnSpire® Multilabel Plate Reader (PerkinElmer).  

 

2.5.2. Adipogenic differentiation assay of lymph node MPCs 

P023 human LN MPCs derived from the FACS-isolated CD34+CD90+CD45-CD31-CD144-CD146- 

LN cells (Section 2.2.4 and 2.4.3) were examined for their potential to differentiate into adipocytes in 

vitro with the help of Dr Vaughan Feisst (Appendix I).  P023 LN MPCs (passage 7) were first seeded 

into chamber slides containing ASC medium (DMEM/F12 with 10% FBS) and cultured at 37°C with 

5% CO2.  After 4 days, the culture medium was replaced with either fresh ASC medium, for 

undifferentiated samples, or adipogenic medium [ASC medium supplement with 0.25 mM IBMX 

(Sigma), 0.5µM dexamethasone (Sigma), 5µM insulin (Sigma), and 100µM indomethacin (Sigma)] for 

differentiated samples.  The medium was replenished every 2-3 days for 14 days.  Subsequently, 

cells were fluorescently stained (Section 2.3.3) for expression Fatty Acid Binding Protein 4 (FABP4), a 

marker of adipocytes, and counterstained with Alexa Fluor® 555 conjugated Phalloidin (Molecular 

Probes®) that selectively labels F-actin.  

 

2.5.3. Assessment of S1P uptake and degradation by MoAPCs 

Prior to examining the ability of MoAPCs to uptake and metabolise S1P in vitro, pilot experiments 

were performed without cells to ensure the stability of S1P during the culture and to select an 
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appropriate culture medium.  C17-S1P (Avanti Polar Lipids), a synthetic 17-carbon analog of S1P, 

was used in these experiments as cells endogenously produce C18-S1P [108].  Different types of 

culture medium (RF10, OpTmizer™ and AIM V®) were incubated overnight with or without 300nM 

C17-S1P at 37°C/5% CO2.  Samples were subsequently collected, mixed with the internal standard 

(reserpine; Applied Biosystems), extracted on Oasis HLB SPE cartridges (Waters), dried in a vacuum 

centrifuge (Thermo Savant) to approximately 15ul, and diluted to 250µl with 25% methanol and 0.1% 

phosphoric acid for mass spectrometry analysis (LC-MS/MS).  

To examine whether MoAPCs are able to uptake and internalise exogenous S1P, C17-S1P (300-

500nM) was added to 3.5 × 105 MoAPCs or T cells in OpTmizer™ medium and cultured for 18h at 

37°C/5% CO2.  Following incubation, culture supernatants were aspirated, mixed with the internal 

standard (reserpine), extracted on Oasis HLB SPE cartridges, dried in a vacuum centrifuge, and 

diluted to 250µl with 25% methanol and 0.1% phosphoric acid for LC-MS/MS.  To measure 

intracellular C17-S1P, C17-Sph and C17-S1P-derived hexadecenal, MoAPCs were incubated with 

C17-S1P (300-500nM) in OpTmizer™ or AIM V® medium for different durations (overnight, 45min, 

and 90min), separated from the culture supernatants, and lysed in methanol as described previously 

[150].  Lysed MoAPC and supernatant samples were then added with the internal standard (reserpine 

or C20-S1P; Avanti Polar Lipids), extracted on Oasis HLB SPE cartridges, derivatised with 

semicarbazide hydroxide (Sigma) at 40°C, dried in a vacuum centrifuge, and diluted with 25% 

methanol and 0.1% phosphoric acid for LC-MS/MS.  

The ability of MoAPCs to irreversibly degrade S1P into (2E)-hexadecenal was further examined 

according to the method described previously [151] with some modifications.  MoAPCs and T cells 

resuspended in lysis buffer (5 mM MOPS, 1 mM EDTA, 0.25M sucrose, 1 mM PMSF and 10% (v/v) 

glycerol at pH 7.4) were first lysed by 5 rounds of 6 strokes passing through a 31 gauge needle; the 

efficiency of this method yielding the lysates containing microsomal fractions was validated by 

Glucose-6-phosphate assay [152]. Following centrifugation to remove cellular debris, the protein 

concentration in the lysate was measured by the BCA Protein Assay Kit (Pierce™) and adjusted to 

500 µg/mL with lysis buffer.  Subsequently, protein extract (25µg) of the cell lysates was mixed with 

0.4  mM C18-S1P (Avanti Polar Lipids) and 0.175 mL reaction buffer containing 35 mM potassium 

phosphate, 70 mM sucrose, 0.6 mM EDTA, 0.57 mM pyridoxal-5’-phosphate and 36 mM sodium 

fluoride.  Where indicated, SGPL-1 activity was inhibited by the addition of 30µM FTY720 (Cayman 

Chemical).  The reaction was allowed to proceed for 20 min at 37ºC and quenched by the addition of 

methanol (2 mL).  Samples were mixed with the internal standard (2E)-d5-hexadecenal (Avanti Polar 

Lipids) and chloroform (2 mL), and phase separation was initiated by the addition of 1.55 mL 0.9% 

KCl in water.  After voltexing samples extensively, the chloroform phase was separated by 

centrifugation and chloroform was evaporated by a stream of nitrogen.  Samples were resuspended in 

200µL methanol containing 5% formic acid and derivatised with semicarbazide hydroxide for 10 min 

at 40°C.  Derivatised samples were then diluted 5-fold in 50% acetonitrile 0.1% formic acid for LC-MS. 
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Finally, all the samples from the above experiments were analysed using mass spectrometry at the 

Centre for Genomics, Proteomics and Metabolomics by Martin Middleditch (The University of 

Auckland).  To measure relative concentrations of C17-S1P, C17-Sph and C17-S1P-derived 

hexadecenal in supernatant and lysed MoAPC samples, each sample (10µl) was injected onto a 0.3 x 

5 mm PepMap cartridge (LC Packing) followed by separation on a Zorbax 300SB-C18 3.5um 0.3 x 

100 mm column (Agilent) using the following gradient at 6µl/min: 0-3min 30%B; 29min 60%B; 31min 

97%B; 34min 97%B; 35.5min 30%B; 40min 30%B, where buffer A was 0.1% formic acid in water and 

buffer B was 0.1% formic acid in acetonitrile.  To measure the relative concentrations of C18-S1P-

derived hexadecenal semicarbazide in the cell lysates incubated with C18-S1P, derivatised samples 

(10µl) were injected onto a 0.3 x 5 mm PepMap cartridge followed by separation on a Zorbax 300SB-

C18 3.5um 0.3 x 100 mm column using the following gradient at 6µl/min: 0-3min 45%B; 27min 85%B; 

30min 98%B; 34.5min 98%B; 36min 45%B; 40min 45%B, where buffer A was 0.1% formic acid in 

water and buffer B was 0.1% formic acid in acetonitrile.  The column effluent was directed into the 

IonSpray source of a QSTAR XL hybrid mass spectrometer (Applied Biosystems).  Product ion scans 

for C17-S1P (mass-to-charge ratio (m/z) 366.20), C17-Sph (m/z 301.3), C18-S1P (m/z 380.25) and 

C18-Sph (m/z 300.30) were performed and fragment ion chromatograms were subsequently 

constructed corresponding to compound-specific ions for each molecule.  For the detection of 

hexadecenal semicarbazide (m/z 296.2) and d5-hexadecenal semicarbazide (m/z 301.3), extracted 

ion chromatograms were constructed corresponding to the sum of three compound-specific ions for 

each molecule.  The areas under resulting curves were then integrated using the Quantitate function 

within Analyst QS 2.0 (Applied Biosystems). 
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Chapter 3. Characterisation of stromal cells in human lymph 

nodes 

 

3.1. Background 

The elaborate architecture of LNs is constructed by various types of stromal cells of mesenchymal 

and endothelial origin.  Previous studies of murine LNs demonstrated that at least 5 distinct stromal 

cell subsets exist in the LNs [1-3,14,42]; 1) FRCs in the T cell zone, 2) FDCs in the follicles, 3) BECs 

constructing a complex network of blood vessels, 4) LECs forming a labyrinth of lymphatic sinuses 

which connects the afferent and efferent lymphatics in the LNs, and 5) MRCs located underneath the 

subcapsular sinus.  In murine LNs, these stromal cell populations not only provide structural support 

in each specialised microenvironment but also contribute to the generation of immune responses by 

interacting with haematopoietic cells and providing various signals required for their proper functions.  

For example, FRCs and LECs in murine LNs secrete a T cell survival factor IL-7 [39,78].  FRCs and 

FDCs, respectively, produce the homeostatic chemokines CCL19/21 and CXCL13 that guide 

migration of T and B cells [5,61,153].  MRCs are also understood to be an important source of 

CXCL13 [14].  In addition, LECs transport soluble antigens into LNs and control lymphocyte egress 

[6], while BECs regulate lymphocyte entry to LNs [4,5].     

In comparison, stromal cells in human LNs are poorly understood, mainly due to the limited 

information on their molecular phenotypes and the resulting difficulties of cell isolation using FACS.  

Although earlier studies of murine LNs proposed several markers specific to each stromal cell subset 

[1-3,14,42], it has not been systematically assessed whether these markers can also be used to 

define stromal cells in human LNs.  Furthermore, since stromal cells constitute approximately 1% of 

total LN cell population [42], it has been technically challenging to retrieve viable stromal cells from 

human LNs.  It is also unknown whether recently identified new stromal cell subsets in murine LNs 

such as MRCs exist in human LNs.    

Therefore, we sought to examine stromal cell populations in human LNs to better understand how 

they organise various structural components within the LNs and interact with immune cells.  In this 

chapter, we first define molecular characteristics of distinct stromal cell subsets (FRCs, FDCs, BECs 

and LECs) in human LNs using multicolour immunofluorescence microscopy and flow cytometry, and 

explore some of their functions in vitro.  The second part of this chapter describes the existence of 

two new stromal cell populations (MRCs and MPCs) that were previously unappreciated in human 

LNs.  
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3.2. Fibroblastic reticular cells in human lymph nodes 

3.2.1. Molecular phenotype of FRCs 

FRCs constitute the main stromal cell population in the LN paracortex (T cell zone).  FRCs in murine 

LNs are characterised by their expression of ER-TR7, PDPN, VCAM-1, ICAM-1, desmin, and α-

smooth muscle actin (α-SMA) and by production of IL-7, CCL-19 and CCL21 [1,39,47,61].  In human 

LNs, FRCs can be identified based on expression of CD29 and CD90 [9]: CD29+CD90+ FRCs wrap 

around reticular fibres and blood vessels spanning the paracortex, constructing an intricate 3-

dimensional network that serves as a scaffold for the migration of immune cells.   

Although CD29 and CD90 serve as useful markers to histologically detect FRCs in human LNs,   

these markers are not truly FRC-specific.  Given that fibroblasts in the capsule, trabeculae and hilum 

also express CD29 and CD90 [9], additional markers are required to separate FRCs from other 

CD29+CD90+ stromal populations. Therefore, using multicolour immunofluorescence microscopy, we 

sought to assess the molecular phenotype of human FRCs in more detail to identify markers that can 

differentiate the paracortical FRCs from the fibroblasts in the collagenous structures.  The markers 

examined include PDPN, CD146, VCAM-1, ICAM-1, α-SMA, PDGFR-β and desmin.  

PDPN, a mucin-type membrane glycoprotein with unknown function, is widely used as a FRC marker 

in murine models although it is also expressed by LECs and FDCs [39,41,55].  Co-staining of CD90 

and PDPN showed that CD90+ FRCs in the paracortex of human LNs expressed PDPN (Fig. 3-1A).  

Within the paracortex, PDPN+CD90+ FRCs formed a web-like network and encapsulated blood 

vessels (Fig. 3-1A, asterisks).  While CD90 was expressed by both the pericytic FRCs (Fig. 3-1A, 

asterisks) and endothelial cells lining the blood vessels [9], PDPN was solely expressed by the FRCs 

encapsulating the vessels (Fig. 3-1A, asterisks) but absent from the CD90+ endothelial cells that 

formed the inner layer of the vessels.  Consistent with the observations in murine LNs [39,41,55], 

PDPN was also expressed by stromal cell populations other than FRCs: FDCs in the follicles 

expressed much higher levels of PDPN as compared to the FRCs in the paracortex (Fig. 3-1B, right 

panel).  In addition, LECs forming the afferent lymphatic vessels penetrating the capsule showed high 

levels of PDPN expression (Fig. 3-1C, arrowheads ).  

Interestingly, apart from a few PDPN+ afferent lymphatic vessels, no obvious PDPN expression was 

detected in the capsule (Fig. 3-1, B-D).  CD90+ fibroblasts in the capsule clearly lacked PDPN 

expression (Fig. 3-1D).  PDPN expression was also absent in the majority of CD90+ cells constructing 

the  ECM-dense structures such as the trabeculae (Fig. 3-1D) and hilum (Fig. 3-1E).  Several large 

PDPN+CD90- vessels were found in the hilum (Fig. 3-1E, arrowheads), which are likely to represent 

efferent lymphatic vessels.   
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Figure 3-1.   PDPN expression by FRCs  
Frozen human LN sections were stained for PDPN (A-E) and the FRC marker CD90 (A, D-E).  Blue represents 
DAPI staining of cell nuclei (B-D).  Asterisks in (A) indicate pericytic FRCs.  Arrowheads in (E) indicate efferent 
lymphatic vessels.  Data are representative of 3 independent experiments.  CA, capsule; FO, follicle; HI, hilum; 
PA, paracortex; TR, trabecular. 
 
 

The discrepancy of PDPN expression between CD90+ FRCs in the paracortex and CD90+ cells in the 

ECM-dense structures indicates that FRCs represent a population distinct from the fibroblasts in the 

capsule, trabeculae and hilum.  The phenotype of FRCs was further examined by staining for 

additional stromal cell markers.  CD146, a surface glycoprotein also known as the melanoma cell 

adhesion molecule (MCAM), was expressed by the FRCs that co-localised with the collagen network 

in the paracortex (Fig. 3-2, A-B).  In contrast, CD146 expression was not detected in the collagenous 

structures such as the capsule (Fig. 3-2, A and C), trabeculae (Fig. 3-2B) and hilum (Fig. 3-2D).  In 

these structures, CD146 expression appeared to be restricted to the blood vessels and absent from 

the thick connective tissue made of collagen fibres (Fig. 3-2 B-D, right panels).  In the paracortex, 
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numerous Collagen+ blood vessels were stained for CD146 (Fig. 3-2 A-B, right panels), although it 

was difficult to determine whether CD146 was expressed by pericytic FRCs or by BECs [154,155].   

 

Figure 3-2.   CD146 expression by FRCs  
LN sections were stained for CD146 and collagen to examine FRC expression of CD146 (A-D).  Blue represents 
DAPI staining of cell nuclei (B-D).  Data are representative of 3 independent experiments. CA, capsule; PA, 
paracortex; HI, hilum; TR, trabecular.  
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To further examine CD146 expression in the blood vasculature, LN sections were co-stained for 

CD146 and PDPN (Fig. 3-3A).  Close inspection of blood vessels showed that CD146 expression was 

extended to the vascular lumen, while PDPN was exclusively expressed by the FRCs encapsulating 

the vessels (Fig. 3-3A, right panels).  Therefore, pericytic FRCs were CD146+PDPN+ and BECs were 

CD146+PDPN- (Fig. 3-3A).  Co-staining of CD146 and the BEC marker CD144 [9] clearly 

distinguished the CD144+CD146+ BECs from the CD146+CD144- pericytic FRCs (Fig. 3-3B). 

Figure 3-3.   Vascular expression of CD146 
Vascular expression of CD146 was examined by co-staining with PDPN (A) or CD144 (B).  Blue represents DAPI 
staining of cell nuclei (B).  Data are representative of 2 independent experiments.  Arrowheads indicate pericytic 
FRCs.   

 

VCAM-1 and ICAM-1 are important adhesion molecules expressed by FRCs in murine LNs [47].  In 

human LNs, networks of VCAM-1+ cells were observed in the paracortex and follicles (Fig. 3-4A), 

while the capsule (Fig. 3-4A) and trabeculae (Fig. 3-4B) largely lacked VCAM-1.  Within the 

paracortex, VCAM-1+ cells co-localised with the collagen network, indicating FRC expression of 

VCAM-1 in this area (Fig. 3-4C).  In addition, VCAM-1+ FRCs enclosed blood vessels (Fig. 3-4 C-D, 

asterisks), forming an outer layer surrounding the BECs expressing CD34 [156,157].  The spaces 

between the VCAM-1+ FRCs were occupied by CD45+ haematopoietic cells (Fig. 3-4E, right panels).  

VCAM-1+ FRCs expressed low to intermediate levels of ICAM-1 (Fig. 3-4F); ICAM-1 expression was 

also observed in cell types other than FRCs (Fig. 3-4F and data not shown).  

FRCs in human LNs also expressed α-SMA, as demonstrated by the overlap of α-SMA and the 

collagen network in the paracortex (Fig. 3-5A) and by the pericytic localisation of α-SMA (Fig. 3-5B, 

asterisk).  However, α-SMA was expressed by both the FRCs in the paracortex (Fig. 3-5C, left panel) 

and the fibroblasts in the capsule and trabeculae (Fig. 3-5C, right panels).  No α-SMA expression was 

detected in the follicles (Fig. 3-5C). 
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Figure 3-4.   FRC expression of VCAM-1 and ICAM-1 
Expression of VCAM-1 (A-F) and ICAM-1 (F) was examined in human LNs in combination with collagen (C), 
CD34 (D) and CD45 (E).  Blue represents DAPI staining of cell nuclei (A-B).  Asterisks in (C) and (D) indicate 
pericytic FRCs.  Data are representative of at least 2 independent experiments except (C) and (E).  CA, capsule; 
PA, paracortex; TR, trabecular.   

 

 

 

 



Chapter 3 

 44 

Figure 3-5.   Expression of α-SMA in human LNs 
Human LN sections were stained for α-SMA (A-C), collagen (A), and CD34 (B).  Blue represents DAPI staining of 
cell nuclei (C).  Asterisk in (B) indicates pericytic FRCs. Data are representative of 2 independent experiments 
except (B).  CA, capsule; PA, paracortex; TR, trabecular; FO, follicle.   
 

Lastly, we examined whether FRCs in human LNs express PDGFR-β and desmin, molecules highly 

expressed by murine FRCs [158,159].  Expression patterns of PDGFR-β were inconsistent between 

LNs draining different regions.  In mesenteric LNs, FRCs consistently expressed PDGFR-β (Fig. 3-6, 

A-B), as demonstrated by the overlap of PDGFR-β and PDPN in the paracortex (Fig. 3-6B).  PDGFR-

β+ FRCs encapsulated CD31+ blood vessels (Fig. 3-6C, right panels) and also lined the mesh-like 

structure of CD31+ lymphatic sinuses.  However, no apparent FRC expression of PDGFR-β was 

detected in the cervical LN and the LN of porta hepatis (data not shown).  Double staining of desmin 

and PDPN showed that PDPN+ FRCs co-expressed desmin whilst PDPN+ FDCs lacked desmin 

expression (Fig. 3-6D).   

Taken together, these data suggest that FRCs in the paracortex of human LNs are phenotypically 

distinct from the fibroblasts in the capsule, trabeculae and hilum, possibly reflecting their specialised 

functions.  A summary of the phenotype of FRC in human LNs is shown in Table 3-1.  
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Figure 3-6.   Expression of PDGFR-β and desmin in human LNs 
Expression of PDGFR-β (A-C) and desmin (D) was examined in human LNs. LS, Lymphatic sinus; PA, 
paracortex; FO, follicle.  
 

 

 

 

Table 3-1.  Phenotype of FRCs in human LNs 

 
ND: Not determined 
  

Markers FRCs in the paracortex Fibroblasts in the capsule, trabeculae 
and hilum 

CD90 + + 

PDPN + - 

CD146 + - 

VCAM-1 + - 

ICAM-1 + - 

α-SMA + + 

PDGFR-β +/- ND 

Desmin + ND 
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3.2.2.  IL-7 production by lymph node FRCs 

Having established the phenotype of human LN FRCs (Table 3-1), we sought to examine their 

function.  FRCs in murine LNs have been identified as an important source of IL-7, a factor 

responsible for enhancing the survival of T cells [39,78].  However, it was not unknown whether 

human FRCs are capable of producing IL-7.  Since FRCs make up less than 0.5% of total LN cells 

[39], it was not possible to isolate substantial numbers of FRCs using cell sorting and examine their 

ability to produce IL-7.  Instead, we used a primary FRC line (P010) derived from a human LN (2.2.3).  

This FRC line displayed typical fibroblast-like morphology and phenotypically resembled LN FRCs in 

situ, expressing CD90, PDPN and CD146 but lacking the haematopoietic marker CD45 and 

endothelial markers such as CD31 and CD34 (Fig. 3-7).  

 

Figure 3-7.   Surface phenotype of a LN FRC line  
P010 LN FRCs (passage 16) were stained for indicated surface markers (CD45, CD90, PDPN, CD105, CD146, 
CD34 and CD31) and analysed by flow cytometry.  Data are representative of two experiments. 

 
 

The ability of LN FRCs to produce IL-7 was examined by culturing the LN FRC line in DF10 for 24 or 

48h.  Supernatants were subsequently concentrated (10x) and analysed by ELISA (2.5.1).  Indeed, 

IL-7 was detected in the culture supernatants of FRCs while no significant amount of IL-7 was 

detected in the medium incubated alone (Fig. 3-8).  Higher levels of IL-7 were detected in the 

supernatant of 48h-cultured FRCs than the 24h-cultured supernatant.  Therefore, in human LNs, 

FRCs are likely to play an important role in maintaining homeostasis of T cells by providing IL-7. 



Characterisation of stromal cells in human lymph nodes 

 47 

Figure 3-8.   IL-7 production by FRCs in vitro  
P010 LN FRCs (passage 8) were cultured in DF10 for 24 or 48 h.  The same medium was incubated without cells 
for 48h as a control.  Collected supernatants were concentrated and subsequently analysed by ELISA. Error bars 
indicate standard deviation.  Data is representative of two independent experiments.  
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3.3. Follicular dendritic cells in human lymph nodes 

3.3.1. Molecular phenotype of FDCs 

FDCs are the major type of stromal cells constructing the stroma of B cell follicles.  FDCs play pivotal 

roles in the GC reaction which is critical in the generation of high-affinity plasma cells and memory B 

cells [16].  Although a previous study assessed FDC markers in paraffin-embedded human tissues 

including the LN [65], a comprehensive analysis of FDC markers in frozen LN tissues has been 

lacking.  Furthermore, many FDC markers are reportedly expressed by other cell types [1].  We 

therefore examined frozen human LN sections by immunohistochemistry to identify molecular 

markers that can efficiently distinguish FDCs from other cell populations. 

In all LNs examined, FDCs expressed high levels of PDPN (Fig. 3-9, A-C).  The pattern of DAPI 

staining was useful to locate follicles and demarcate the GC from the surrounding mantle zone (Fig. 

3-9, A-B).  In secondary follicles with GC formation, PDPN+ FDCs were densely clustered within the 

GC while some FDCs were also present in the follicular mantle (Fig. 3-9, A-B).  In contrast, PDPN+ 

FDCs in primary follicles appeared to be more broadly distributed throughout the follicles (Fig. 3-9C).  

FDCs expressed much higher levels of PDPN compared to the FRCs in the paracortex (Fig. 3-9C, 

right panels).  

Figure 3-9.   PDPN expression by FDCs  
Frozen human LN sections were examined for PDPN expression by FDCs (A-C).  Blue represents DAPI staining 
of cell nuclei (A-C).  Data are representative of at least 3 independent experiments.  CA, capsule; FO, follicle; GC, 
germinal centre; MT, mantle; PA, paracortex.  
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In addition, FDCs in human LNs expressed high levels of VCAM-1 and ICAM-1 (Fig. 3-10, A-B), the 

adhesion molecules also expressed by human FRCs (Section 3.2.1).  A dense network of VCAM-

1+ICAM-1+ FDCs filled the large GC of secondary follicles (Fig. 3-10 A-B, right panel); within the GC, 

most B cells (i.e. CD20+VCAM-1-ICAM-1-/+) were in intimate contact with the VCAM-1+ICAM-1+ 

FDCs.  The neighbouring CD20+ primary follicle contained a smaller, less developed FDC network 

although its size was comparable to the adjacent secondary follicle (Fig. 3-10, A-B).  

Figure 3-10.  Additional FDC markers in human LNs 
Frozen LN sections were examined for the expression of various FDC markers (A-F).  DAPI staining (C-E: blue) 
was used to determine the location of GCs.  Data are representative of 3 independent experiments except (F).  
FO, follicle; GC, germinal centre.  

 

The monoclonal antibody CNA.42 was shown to recognise a glycosylated antigen expressed by 

FDCs  [67].  In frozen human LN sections, CNA.42 appeared relatively specific to FDCs compared 

with other FDC markers (e.g. PDPN, VCAM-1 and ICAM-1); CNA.42 strongly stained the cells with 

interdigitating processes in the follicles, while other stromal cell subsets lacked the reactivity to this 

antibody (Fig. 3-10, C-D).  MFG-E8, also known as FDC-M1, is an important marker of murine FDCs 

with a role in the engulfment of apoptotic B cells [71].  No MFG-E8 expression was detected in human 
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LN FDCs (Fig. 3-10E), although numerous MFG-E8+ cells were observed in the extrafollicular areas.  

Expression of the Fc receptor CD32 and the complement receptor CD35  was not useful in idenfitying 

FDCs in human LNs (Fig. 3-10F), as these molecules were also expressed by CD20+ follicular B 

cells.    

Recent studies of murine LNs have reported the presence of the collagen+ conduit network in 

follicles, which is capable of delivering small Ag to FDCs and cognate B cells [53,63].  A loose 

network of collagen fibres was also present in the follicles of human LNs (Fig. 3-11, A-C).  The 

collagen+ conduits in the follicles were shown to be far less dense than those observed in the 

paracortex (Fig. 3-11A).  Double staining of collagen and VCAM-1 revealed the close association 

between VCAM-1+ FDCs and the follicular conduits; however, unlike the paracortical FRCs that co-

localised with the collagen network (Section 3.2.1), VCAM-1+ FDCs did not always overlap the 

collagen+ conduits (Fig. 3-11C, right panels).  FDCs in human LNs lacked expression of α-SMA (Fig. 

3-11D, right panel), CD29 and CD90 (data not shown), the molecules highly expressed by human 

FRCs.  

In summary, FDCs in human LNs appear as PDPN+VCAM-1+ICAM-1+CNA.42+CD32+CD35+ cells.  

Many of the known FDC markers could not efficiently distinguish between FDCs and other cell 

populations, while CNA.42 was relatively specific to FDCs.  
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Figure 3-11.  Follicular conduits in human LNs  
LN sections were stained for collagen (A-C), CD20 (A-B), VCAM-1 (C) and α-SMA (D) to examine morphological 
features of the follicular conduits.  DAPI staining (C-D: blue) was used to determine the location of GCs.  Data 
are representative of at least 2 independent experiments except (C).  FO, follicle; GC, germinal centre; PA, 
paracortex.   
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3.4. BECs in human lymph nodes 

3.4.1. Molecular phenotype of BECs 

The blood vasculature provides a main port of entry for blood-borne lymphocytes to LNs.  An earlier 

study demonstrated that blood vessels in human LNs appear as ring-like structures composed of 

BECs expressing CD144, CD31, CD59 and CD105 [9].  LECs in lymphatic sinuses also express the 

pan-endothelial markers CD31 and CD144, but they can be distinguished from BECs based on their 

exclusive expression of PROX-1 [9], the master regulator of the LEC differentiation [81], and their 

unique mesh-like expression pattern of CD31 and CD144 [9].  Additional BEC markers were 

examined to further define the phenotype of BECs in human LNs.  

PNAd (peripheral node addressin) is a mixture of glycoproteins that functions as a ligand for L-

selectin (CD62L), the LN homing receptor expressed on lymphocytes [160].  In murine LNs, PNAd 

expression is restricted to HEVs where it interacts with L-selectin on lymphocytes and facilitates the 

extravasation of lymphocytes into the parenchyma [5].  Expression of PNAd was examined in human 

LNs by staining with the rat anti-mouse PNAd antibody (MECA-79) which cross-reacts with a 

carbohydrate epitope of  human PNAd [161].  In peripheral LNs, PNAd was expressed by many HEV-

like large vessels expressing CD144 (Fig. 3-12 A-D, arrowheads).  Occasionally, smaller 

Figure 3-12.  Expression of PNAd in human LNs 
Peripheral (A-D) and mesenteric (E) LNs were examined for vascular expression of PNAd.  Blue represents 
DAPI staining of cell nuclei (A, B & E).  Arrowheads indicate PNAd+ HEV-like vessels and asterisks indicate 
PNAd+ small blood vessels.  CA, capsule; LS, lymphatic sinus. 
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PNAd+CD144+ were observed in the parenchyma (Fig. 3-12 A & C, asterisks).  Consistent with being 

a HEV marker, PNAd was co-expressed by the CD144+ BECs with a cuboidal morphology (Fig. 3-

12B).  In contrast, CD144+ blood vessels in the capsule (Fig. 3-12A, 3rd panel), numerous capillary-

sized CD144+ vessels in the parenchyma (Fig. 3-12A; bottom panel & Fig.3-12C) and mesh-like 

CD144+ lymphatic sinuses (Fig. 3-12 A & D) lacked PNAd expression.  In mesenteric LNs, PNAd was 

expressed by HEV-like large vessels (Fig. 3-12E), consistent with the observation in murine 

mesenteric LNs [162], and by smaller blood vessels.  

CD34 is a transmembrane glycoprotein expressed on BECs of capillaries and some large vessels 

[156].  CD34 is known to be the major functional component of PNAd, mediating lymphocyte tethering 

and rolling [163].  In human LNs, CD34 was expressed by the majority of CD31+CD144+ blood 

vessels while its expression was absent in mesh-like CD31+CD144+ lymphatic sinuses (Fig. 3-13, A-

C).  Close inspection of the large CD34+CD31+ vessels showed that CD34 was expressed along the 

vascular lumen whilst CD31 displayed a typical junctional pattern (Fig. 3-13B, arrowheads).   

Figure 3-13.  Expression of CD34 by BECs  
Human LN sections were stained for CD34 (A-C), CD31 (A-B) and CD144 (C).  Arrowheads in (B) indicate large 
CD34+CD31+ blood vessels.  Data are representative of 2 independent experiments.  LS, lymphatic sinus.  
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In addition to PNAd, HEVs in murine mesenteric LNs express another addressin molecule known as 

MAdCAM-1 [74], a ligand for both L-selectin and α4β7 integrin on lymphocytes.  In humans, 

MAdCAM-1+ blood vessels of variable sizes were observed in LN draining mesenteric fields (Fig. 3-

14A), and the LN of porta hepatis (Fig. 3-14B).  However, no MAdCAM-1+ vessels were observed in 

two cervical LNs examined (Fig. 3-14, C-D) suggesting MAdCAM-1 expression varies between the 

LNs draining different regions.  

 

Figure 3-14.  MadCAM-1 expression in LNs from different locations  
Blood vascular expression of MAdCAM-1 was examined in the LNs draining mesenteric (A), porta hepatis (B) 
and cervical (C-D) fields.  Asterisks in (C) and (D) indicate putative locations of blood vessels based on DAPI 
staining.  Data are representative of 2 independent experiments.  
 

Collectively, these results indicate that a single LN contains phenotypically heterogeneous 

subpopulations of BECs (e.g. PNAd+/-).  The phenotype of BECs also varies greatly depending on 

the location of LNs (e.g. MAdCAM-1). 
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3.5. LECs in human lymph nodes 

3.5.1. Molecular phenotype of LECs 

Lymphatic sinuses provide routes for the lymph flow and immune cell migration into and out of LNs.  

The sinuses in human LNs are divided into the subcapsular, trabecular, paracortical and medullary 

sinuses [9,10].  An earlier study showed that these sinuses are made of multiple layers of LECs that 

consistently express the pan-endothelial markers CD31 and CD144 as well as the LEC-specific 

transcription factor PROX-1 [9].  However, this study [9] was unable to detect LEC expression of 

PDPN in LNs although LECs in other human tissues are known to highly express PDPN [164].  

Furthermore, it was noted that LYVE-1 expression is absent in the subcapsular region [9]; this 

observation was unexpected as LYVE-1 is one of the most widely used LEC markers in human and 

mice [165].  To address these issues, human LNs were examined for the expression of well-known 

LEC markers including PDPN, LYVE-1 and STAB-2 [165-167]. 

Frozen LN sections were co-stained for PDPN and the pan-endothelial marker CD31.  In addition to 

the FRCs (Section 3.2.1) and FDCs (Section 3.3.1), CD31+ LECs in lymphatic sinuses expressed 

PDPN (Fig. 3-15, A-B).  Consistent with the observation in murine LNs [39,41], expression of CD31 

was useful to distinguish between PDPN+CD31+ LECs and PDPN+CD31- FRCs and FDCs (Fig. 3-

15B and data not shown).  CD31+ LECs expressed much higher levels of PDPN than CD31- FRCs 

(Fig. 3-15B).  CD31+ BECs of blood vessels clearly lacked PDPN expression (Fig. 3-15 A-B, 

arrowheads).   

 

 
 

 

 

 

 

 

 

 

Figure 3-15.  PDPN expression by LECs 
LN sections were co-stained for PDPN and CD31 (A-B).  Arrowheads in (A) indicate CD31+PDPN- blood 
vessels.  Data are representative of 2 independent experiments.  LS, lymphatic sinus.   
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LYVE-1 is a hyaluronan receptor with a potential role in the control of immune cell trafficking [167].  

To further investigate the inconsistency of LYVE-1 expression observed previously [9], LYVE-1 was 

examined in human LNs in relation to CD31 and the LEC-specific transcription factor PROX-1 [81]. 

Co-staining of LYVE-1 and CD31 demonstrated that the subcapsular sinus made of CD31+ LECs 

indeed lacked LYVE-1 while the CD31+ sinuses in the paracortex and medulla expressed LYVE-1 

(Fig. 3-16A).  Simultaneous staining of LYVE-1, PROX1 and CD31 also confirmed that LYVE-1 was 

expressed by the CD31+PROX1+ LECs in the sinuses located in deeper areas of the LN (Fig. 3-16B).  

In contrast, LYVE-1 was absent from the CD31+PROX1+ LECs in the subcapsular and trabecular 

sinuses (Fig. 3-16C).  

Figure 3-16.  Expression of LYVE1 by LECs 
Lymphatic sinuses located in  the subcapsular, trabecular, paracortical, and medullary regions were examined for 
LYVE-1 expression by co-staining LYVE-1 (A-C), CD31 (A-C) and PROX-1 (B-C).  Blue represents DAPI staining 
of cell nuclei (A).  Data are representative of 3 independent experiments.  CA, capsule; PA, paracortex; LS, 
lymphatic sinus; ME, medulla; TR, trabecular.  

The discrepancy of LYVE-1 expression between sinuses in different regions was interesting, as this 

contrasts the LYVE-1 pattern in murine LNs where LYVE-1 is uniformly expressed by all LECs in 

various locations [27,90,168].  To further investigate this issue, STAB-2, another hyaluronan receptor 
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reportedly expressed by LECs [166], was examined in human LNs. Consistent with the LYVE-1 

expression pattern, STAB-2 was expressed by the CD31+PROX-1+ LECs in the paracortical and 

medullary sinuses but not by the LECs in the subcapsular and trabecular sinuses (Fig. 3-17, A-C).   

Figure 3-17.  STAB2 expression by LECs 
Lymphatic sinuses located in the subcapsular, trabecular, paracortical, and medullary regions were examined for 
STAB-2 expression by co-staining STAB-2 (A-C), CD31 (A-C) and PROX-1 (B-C).  Blue represents DAPI staining 
of cell nuclei (A).  Data are representative of 3 independent experiments.  CA, capsule; PA, paracortex; LS, 
lymphatic sinus; ME, medulla; TR, trabecular.  
 

To examine whether the observed differences in sinus expression of LYVE-1 and STAB-2 were 

related to the particular location or inflammatory status of LNs, these markers were further assessed 

in a number of LNs obtained from different anatomical fields.  In the axillary, cervical, and mesenteric 

LNs, expression of LYVE-1 and STAB-2 was restricted to the CD31+ sinuses in the paracortex and 

medulla and absent from the CD31+ subcapsular and trabecular sinuses (Fig. 3-18, A-L), indicating 

the distinctive pattern of LYVE-1 and STAB-2 was conserved between LNs draining different regions.  

Collectively, these data suggest that two distinct LEC populations exist in human LNs: 

PDPN+CD31+PROX1+LYVE-1-STAB2- LECs in the subcapsular and trabecular sinuses, and 

PDPN+CD31+PROX1+LYVE-1+STAB2+ LECs in the paracortical and medullary sinuses.   
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Figure 3-18.  Two distinct LEC populations in LNs from different locations 
Axillary, cervical and mesenteric LNs were stained for LYVE-1 (A-F), STAB-2 (G-L) and CD31 (A-L).  Grey 
represents DAPI staining of cell nuclei (D-F & J-L).  Data are representative of 3 independent experiments.  CA, 
capsule; TR, trabecular; LS, lymphatic sinus.  
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3.5.2. Distinguishing between LECs and sinus-resident APCs 

Lymphatic sinuses are populated by sinus-resident APCs that capture and eliminate lymph-borne 

antigens [169]. Many sinuses in human LNs contain a large population of APCs expressing CD209 

[9,10,170], a C-type lectin also known as DC-SIGN.  Histological distinction between the sinus APCs 

and LECs can be challenging, as the spaces between LECs are densely packed with CD209+ sinus 

APCs.  A monoclonal antibody DCN46 was used in previous studies to detect CD209 expression in 

human LNs [9,10,170].  However, it was noted that this antibody stained more cells within the sinuses 

than antibodies to CD206, CD14, or CD68 [10], which also labeled APCs in the sinuses.  Interestingly, 

the DCN46 antibody has recently been shown to cross-react with CD299 (also known as DC-SIGNR 

or L-SIGN) [149], a molecule previously reported to be expressed by sinusoidal endothelial cells in 

human LNs and liver [170,171].  To clarify the confusion regarding the sinus expression of DCN46, 

human LN sections were co-stained for DCN46 and sinus APC and/or LEC markers (Fig. 3-19).  

Consistent with the earlier observations [9,10], DCN46 stained a dense network of cells in the 

paracortical and medullary sinuses as well as the cells in the sinus lining the hilum region (Fig. 3-

19A).  However, the DCN46 antibody did not stain the LECs in the subcapsular and trabecular 

sinuses in the vast majority of LNs studied (Fig. 3-19A).  Within the paracortical and medullary 

sinuses densely filled with DCN46+ cells, LECs could be identified as a meshwork of CD144+ cells 

(Fig. 3-19B).  Sometimes, DCN46+ cells in the sinus appeared to completely overlap CD144+ LECs 

(Fig. 3-19C); it was therefore difficult to determine whether this pattern indicates the tight association 

between DCN46+ sinus APCs and CD144+ LECs, or the expression of DCN46 by CD144+ LECs. 

The majority of DCN46+ cells in the paracortical and medullary sinuses expressed another sinus APC 

marker CD169 (Fig. 3-19D), an adhesion molecule also known as sialic acid binding Ig-like lectin 1 

(siglec-1).  However, some DCN46+ cells lacking CD169 and displaying a LEC-like morphology 

clearly existed in these sinuses (Fig. 3-19D, arrowheads).  Unlike the overlapping pattern of DCN46 

and CD144 in the paracortical and medullary sinuses (Fig. 3-19, B-C), CD169+ sinus APCs could be 

readily distinguished from the CD144+CD169- LECs (Fig. 3-19E).  Taken together, these 

observations suggest that DCN46 may detect LECs as well as sinus APCs.  To examine this 

possibility, LN sections were stained for DCN46 and PROX-1.  Co-staining showed that a subset of 

the DCN46+ cells in the paracortical and medullary sinuses expressed the LEC-specific transcription 

factor PROX-1 (Fig. 3-19F), indicating the DCN46 antibody indeed recognises LECs.  Simultaneous 

staining of DCN46, CD169 and PROX-1 confirmed that DCN46+CD169− cells in the sinuses were 

equivalent to the PROX1+ LECs, while DCN46+CD169+ cells were negative for PROX-1 therefore 

representing the sinus-resident APCs (Fig. 3-19G).   
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Figure 3-19.  DCN46+ APCs and LECs in lymphatic sinuses 
Sinus expression of DCN46 was examined in relation to the pan-endothelial marker CD144 (A-C), sinus APC 
marker CD169 (D & G), and LEC-specific transcription factor  PROX1 (F-G). Note the nuclear staining pattern of 
PROX-1 (F-G).  LN sections were co-stained for CD169 and CD144 (E).  Blue in (A & C) represents DAPI 
staining of cell nuclei.  Arrowheads in (D) indicate DCN46+CD169- cells.  Data are representative of 3 
independent experiments except (E).  CA, capsule; LS, lymphatic sinus; PA, paracortex; ME, medulla; Hi, hilum.   
 

Given that the DCN46 antibody also recognises CD299 [149], it was unclear whether the DCN46 

staining observed on sinus APCs and LECs was due to the genuine expression of CD209 (DC-SIGN), 

or the cross-reactivity with CD299 (DC-SIGNR).  To examine which of the DCN46+ cells in the 

sinuses were the APCs expressing CD209, LN tissues were stained for CD209 using a second 

antibody to CD209 (clone 9E9A8) and CD169.  In all LNs examined using this CD209 antibody, the 

majority of CD169+ sinus APCs expressed CD209 (Fig. 3-20, A-C), and CD169+CD209- APCs were 
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very rare.  Occasional CD209+CD169- cells with the morphology of LECs were observed interspersed 

between the CD169+ CD209+ APCs in the paracortical and medullary sinuses (Fig. 3-20 B-C, 

asterisks); however whether these cells are indeed LECs or APCs is unclear.   

Figure 3-20.  CD209 expression in lymphatic sinuses  
LN sections were stained with anti-CD209 antibody (clone 9E9A8) and anti-CD169 antibody.  Blue represents 
DAPI staining of cell nuclei (A).  Asterisks indicate CD209+CD169- cells with the morphology of LECs (B-C).  
Data are representative of at least 3 independent experiments.  LS, lymphatic sinus.   
 

Distinguishing between sinus APCs and LECs can also be problematic when LYVE-1 is used as a 

LEC marker.  LYVE-1, although routinely used as a LEC marker, has been reported to be expressed 

by some APCs [10,172-175].  To examine whether sinus APCs in human LNs expressed LYVE-1, LN 

sections were co-stained for LYVE-1, the APC marker CD169, and the LEC marker PROX-1.  Within 

the paracortical and medullary sinuses, the majority of CD169+ APCs lacked LYVE-1 while the LECs 

were LYVE-1+PROX-1+CD169- (Fig. 3-21A), indicating the sinus expression of LYVE-1 was 

restricted to the LECs.  Occasional LYVE-1+ cells in these sinuses appeared to be CD169+ (Fig. 3-

21B, right panels), although it was difficult to distinguish between closely associated APCs and LECs.  

Co-staining of LYVE1 and the haematopoietic marker CD45 showed that the majority of LYVE1+ cells 

in the paracortical and medullary sinuses lacked CD45 (Fig. 3-21C), confirming the LYVE-1 signal 
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was from the non-haematopoietic LECs and not from the APCs.  CD169+ APCs located in the 

PROX1+ subcapsular and trabecular sinuses also lacked LYVE-1 expression (Fig. 3-21B).  CD169+ 

sinus APCs were readily identified in the densely packed paracortical and medullary sinuses when 

STAB-2 was used a LEC marker (Fig. 3-21, D-E); within these sinuses, CD169+STAB-2- APCs were 

closely associated with the STAB-2+CD169- LECs.  CD169+ APCs in the subcapsular and trabecular 

sinuses clearly lacked STAB-2 expression (Fig. 3-21F).   

Figure 3-21.  Further examination of LYVE-1 and STAB-2 in lymphatic sinuses  
Sinus expression of LYVE-1 was further examined by co-staining with the LEC marker PROX1 (A-B), sinus APC 
marker CD169 (A-B) and haematopoietic cell marker CD45 (C).  Note the nuclear staining pattern of PROX-1.  
LN sections were stained for STAB-2 and CD169 (D-F).  Blue in (F) represents DAPI staining of cell nuclei.  Data 
are representative of 3 independent experiments except (C).  CA, capsule; LS, lymphatic sinus; TR, trabecular.  
 

Interestingly, while the majority of sinus APCs lacked LYVE-1 expression (Fig. 3-21A), some LYVE-1+ 

cells with the morphology of APCs were found in the capsule and trabeculae (Fig. 3-22, A-C).  These 

LYVE-1+ cells in the fibrous structures expressed CD45 and CD68, consistent with them being APCs 
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(Fig. 3-22, A-C).  In contrast, LYVE1+ LECs in the sinuses were negative for CD45 (Fig. 3-21C) and 

CD68 (Fig. 3-22D).  

Figure 3-22.  LYVE1+ APCs in the fibrous structures  
LN sections were stained for LYVE-1 (A-C), CD45 (A-B) and CD68 (C-D) to examine the identity of LYVE-1+ 
cells in the fibrous structures.  Blue represents DAPI staining of cell nuclei (A & C).  CA, capsule; LS, lymphatic 
sinus; TR, trabecular.  

 

In summary, DCN46 stains both the APCs and the LECs in the paracortical and medullary sinuses.  

CD169 exclusively stains the APCs in all sinuses, with no overlap with the LEC markers PROX1 and 

STAB2.  It is possible that small numbers of CD169+ sinus APCs may express LYVE1, but this 

appearance could also be due to the contiguous nature of these CD169+ APCs with LYVE1+ LECs.  

LYVE-1 is mainly expressed by the LECs in the paracortical and medullary sinuses while the capsule 

and trabeculae contain occasional LYVE-1+ APCs.    
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3.6. Flow cytometric analysis of lymph node stromal cell subsets  

Functional exploration of LN stromal cells has been hampered by technical difficulties in cell isolation, 

which requires mechanical dissociation and/or enzymatic digestion to disrupt ECM proteins and cell-

cell contacts.  As cells are sensitive to mechanical stress and over-exposure to enzymes [41], it is 

critical to determine the right combination of techniques and optimal digestion time to successfully 

recover viable stromal cells.  Recent studies using murine models have begun to isolate LN stromal 

cells by fluorescence-activated cell sorting (FACS) [39-43]; although the digestion methods used vary 

slightly, all of these studies used the expression of PDPN and CD31 to isolate 4 distinct stromal 

subsets: PDPN+CD31- FRCs, PDPN+CD31+ LECs, PDPN-CD31+ BECs, and PDPN-CD31- cells 

postulated to be contractile pericytes [42].  Nevertheless, little success has been made in purifying 

stromal cells from human LNs [41], and consequently current knowledge of human LN stromal cells 

largely relies on immunohistochemical studies.  Therefore, we aimed to establish a method optimised 

for the isolation of distinct stromal cell subsets from human LNs, which would enable further functional 

studies.    

To obtain single-cell suspensions from human LNs, previous work in our laboratory used the 

gentleMACS™ dissociator, an instrument designed for rapid generation of cell suspensions in a 

standardised, semi-automated manner.  The LN cell suspension prepared by the gentleMACS™ 

dissociator contained a high percentage (~97%) of viable cells (Fig. 3-23); however, only ~0.5% of the 

Figure 3-23.  Flow cytometric profiles of human LN stromal cells obtained by mechanical dissociation 
A single-cell suspension generated from the human mesenteric LN using the gentleMACS™ dissociator was 
stained by a panel of antibodies (Section 2.4.1; Table 2-8A) and analysed by flow cytometry.  Non-haematopoietic 
stromal cells were identified by the following gating strategy.  Cells were first gated by FSC-A and SCC-A, doublets 
were excluded by FCS-A/FSC-H and SSC-A/SSC-H, and dead cells were excluded by DAPI uptake.  Stromal cells 
were identified by gating on the CD45- cell population.  Expression of PDPN and CD31 by CD45- cells was used to 
distinguish 4 stromal cell subsets: PDPN+CD31- FRCs, PDPN+CD31+ LECs, PDPN-CD31+ BECs, and double-
negative cells.  Data are representative of 2 independent experiments. 
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live cells corresponded to the CD45- stromal cells.  Besides, PDPN+CD31- FRCs and PDPN+CD31+  

LECs were nearly absent within the CD45-negative gate although small numbers of PDPN-CD31+ 

BECs were present (Fig. 3-23).  PDPN-CD31- cells were the dominant CD45- stromal population 

present in this LN preparation.  

The absence of FRCs and LECs in the LN sample processed by the gentleMACS™ dissociator 

suggested that mechanical disruption using this instrument might not be effective in liberating all 

stromal cell populations.  Therefore, an enzymatic digestion step was added prior to the mechanical 

dissociation; the LN sample was first digested by the enzyme Liberase DH which contains 

Collagenase I, Collagenase II and Dispase®, and subsequently the remaining tissue aggregates were 

processed by the gentleMACS™ dissociator.  This method recovered a higher proportion of CD45- 

stromal cells (~0.9%; data not shown) as compared to the previous method.  However, during the 

enzymatic digestion, aggregates of dead cells and tissue debris were occasionally noted.  As these 

aggregates could reduce the efficiency of stromal cell recovery, DNAseI was also added to the 

enzyme mix.  The final method therefore employed the enzymatic digestion using the Liberase and 

DNAseI followed by mechanical dissociation using the gentleMACS™.  This method was highly 

efficient for the isolation of LN stromal cells, obtaining large populations of FRCs, LECs and BECs 

(Fig. 3-24).  Subset composition of the CD45- cells (Fig. 3-24) differed greatly from the previously 

observed; this sample contained much higher proportions of FRCs (26.1%), LECs (4.36%), and BECs 

(44.1%).   

Figure 3-24.  Flow cytometric profiles of human LN stromal cells obtained by enzymatic digestion using 
Liberase DH and DNAseI in combination with mechanical dissociation  
A mesenteric LN was digested by the enzyme mix containing Liberase DH and DNAseI and subsequently 
processed by the gentleMACS™ dissociator.  The resulting single-cell suspension was stained with a panel of 
antibodies (Section 2.4.1; Table 2-8B) and analysed by flow cytometry.  Cells were first gated by FSC-A and 
SSC-A, doublets were excluded by FCS-A/FSC-H and SSC-A/SSC-H, and dead cells were excluded by DAPI 
uptake (data not shown).  Non-haematopoietic stromal cells were identified by gating on the CD45- cell 
population.  A PDPN vs CD31 plot of the CD45- cell population separated 4 distinct stromal cell subsets: 
PDPN+CD31- FRCs, PDPN+CD31+ LECs, PDPN-CD31+ BECs, and double-negative stromal cells.  FRC and 
LEC gates were set using the fluorescence-minus-one (FMO) control for PDPN.  Data are representative of 3 
independent experiments. 
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Surface phenotypes of FRCs, LECs and BECs were further analysed by flow cytometry using a panel 

of markers.  CD31- FRCs expressed lower levels of PDPN than CD31+ LECs (Fig. 3-25), consistent 

with the immunohistochemistry data (Section 3.2.1 & 3.5.1).  Polychromatic flow cytometry also 

confirmed the phenotypic characteristics of FRCs and BECs identified earlier (Section 3.2.1 & 3.4.1); 

FRCs were CD90+CD146+CD34- and the majority of BECs were CD34+ (Fig. 3-25).  CD34+ BECs in 

mesenteric LNs were further divided into the MAdCAM-1+ and MAdCAM-1- subpopulations (Fig. 3-

25).  The proportion between the MAdCAM-1+ BECs and MAdCAM-1- BECs varied between the LNs 

assessed (Fig. 3-25 & 3-26).  

 

 

 

 

 

 

Figure 3-25.  Distinctive phenotypes of LN stromal cell subsets  
Surface phenotype of different stromal cell subsets was analysed by polychromatic flow cytometry using a panel 
of antibodies (Section 2.4.1; Table 2-8B).  After excluding cell doublets and dead cells, stromal cells were 
identified by gating on the CD45- cell population (data not shown).  A PDPN vs CD31 plot of the CD45- cell 
population separated 4 distinct stromal cell subsets: PDPN+CD31- FRCs, PDPN+CD31+ LECs, PDPN-CD31+ 
BECs, and double-negative stromal cells.  Plotting MadCAM-1 vs CD34 further separated BEC subpopulations.  
Data are representative of 2 independent experiments. 

Figure 3-26.  Variable expression of MAdCAM-1 by BEC subpopulations in mesenteric LNs  
MAdCAM-1 expression by BECs was analysed by polychromatic flow cytometry (Section 2.4.1; Table 2-8B).  
After excluding cell doublets and dead cells, stromal cells were identified by gating on the CD45- cell population 
(data not shown).  A PDPN vs CD31 plot of the CD45- cell population separated 4 distinct stromal cell subsets: 
PDPN+CD31- FRCs, PDPN+CD31+ LECs, PDPN-CD31+ BECs, and double-negative stromal cells.  Plotting 
MadCAM-1 vs CD34 further separates BEC subpopulations.  The MAdCAM-1+ and MAdCAM1- gates were set 
using the FMO control for MAdCAM-1.  Data are representative of 2 independent experiments. 
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In summary, we have established a tissue digestion method enabling successful isolation of FRCs, 

LECs and BECs from human LNs.  Addition of the enzymes appears to be important in liberating 

stromal cell populations.  Consistent with previous findings in murine LNs [39-43], expression of 

PDPN and CD31 was useful in distinguishing different stromal cell subsets in human LNs.  The 

phenotype of each stromal subset identified by polychromatic flow cytometry was consistent with the 

immunohistochemical data.  
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Figure 3-27.  Distribution of CD141high cells in human LNs 
Expression of CD141 was examined in human LNs (A-D) by co-staining with the T cell marker CD3 (B-C), sinus 
APC marker DCN46, (C), and haematopoietic cell marker CD45 (D).  Blue in (A& D) represents DAPI staining of 
cell nuclei. Data are representative of at least 3 independent experiments.  CA, capsule; FO, follicle; ME, 
medulla; PA, paracortex; TR, trabecular. 

3.7. Identification and characterisation of MRCs in human lymph nodes 

Previous work in our laboratory designed to identify CD141+CLEC9A+ APCs in human LNs [176] 

noted the presence of CD141high cells in a distinctive pattern; CD141high cells that appeared to be 

different from APCs formed a membrane-like cell layer around certain structures neighbouring the 

capsule, trabeculae and hilum.  The structures lined by CD141high cells were subsequently identified 

as lymphatic sinuses [9]; the layer of CD141high cells not only surrounded the subcapsular and 

trabecular sinuses but also the sinuses in the paracortex and medulla, forming a demarcation line 

between the sinuses and the parenchyma.  Some APCs and T cells were found in the gaps of the 

CD141high cell layer [9], suggesting these cells may be able to traverse the CD141high cell layer to 

migrate between the sinus and parenchyma.  The identity of CD141high cells has been unclear, 

although one study reported CD141 expression by LECs and some perisinusoidal FRCs in human 

LNs [30].  Given their specific location, particularly at the boundary between the subcapsular sinus 

and the outer parenchyma, these CD141high cells resembled MRCs, a stromal cell subset recently 

identified in murine LNs [14].  In this study, we sought to examine the identity of CD141high cells in 

human LNs and determine whether they are related to murine MRCs.  

Consistent with the previous observation [9], a layer of cells expressing high levels of CD141 lined the 

subcapsular region (Fig. 3-27A).  Unlike the murine MRC layer exclusively present at the interface 
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between the subcapsular sinus and outer cortex [14], CD141high cells also lined the trabecular, 

paracortical and medullary sinuses in human LNs (Fig. 3-27, A-C).  Occasional T cells and a large 

population of DCN46+ APCs occupied the paracortical and medullary sinuses demarcated by 

CD141high cells (Fig. 3-27, B-C).  These CD141high cells were CD45- (Fig. 3-27D), therefore 

representing non-haematopoietic stromal cells distinct from the CD45+CD141+CLEC9a+ APCs [176].   

To examine the identity of CD141high cells, LN sections were stained for CD141 with various LEC 

markers such as PROX-1, LYVE-1, and STAB-2, and the pan-endothelial cell marker CD31 (Fig. 3-

28).  Co-staining showed that CD141high cells lining the sinuses represent a stromal cell population 

distinct from the PROX-1+CD31+LYVE-1+STAB-2+ LECs (Fig. 3-28, A-F).  Within the paracortical 

and medullary sinuses, the outer layer of CD141high cells lacking LYVE-1 and STAB-2 could be clearly 

Figure 3-28.  Distinction between CD141+ MRCs and LECs 
Expression of CD141 was assessed in human LNs in relation to PROX-1 (A-B), CD31 (C-D), LYVE-1 (E), 
and STAB-2 (F).  Blue represents DAPI staining of cell nuclei (A).  Arrowheads indicate CD31+CD141- 
blood vessels.  Data are representative of 3 independent experiments except (F).  LS, lymphatic sinus.  



Chapter 3 

 70 

Figure 3-29.  Molecular phenotype of CD141high cells 
Phenotype of CD141high cells was examined by staining for ICAM-1 (A-B), VCAM-1 (B), PDPN (C-D), CD31 (C), 
MAdCAM-1 (E), collagen (F), and laminin (G).  Arrowheads indicate CD141high PDPN+ cells. Data are 
representative of 3 independent experiments except (E).  CA, capsule; LS, lymphatic sinus.  
 

distinguished from the LYVE-1+STAB-2+CD141-/low LECs (Fig. 3-28, E-F).  The majority of CD31+ 

blood vessels lacked CD141 expression (Fig. 3-28 C-D, arrowheads), although some capillaries did 

stain for CD141 (Fig. 3-28D, right panels).  Occasionally, a few lone CD141+ cells were observed in 

the parenchyma and the sinuses (data not shown), which are likely to represent the CD141+ 

CLEC9A+ APCs recently identified in human LNs [176-178].  

MRCs in murine LNs express molecules such as VCAM-1, ICAM-1, PDPN, and MAdCAM-1 but lack 

endothelial markers [14,15].  To determine whether CD141high cells in human LNs are equivalent to 

murine MRCs, the phenotype of CD141high cells was examined using the aforementioned markers.  

Double staining of CD141 and ICAM-1 confirmed that CD141high cells co-expressed ICAM-1 (Fig. 3-

29A), amongst a wide range of cells that stained for ICAM-1.  It was not possible to co-stain CD141 
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and VCAM-1 due to lack of suitable antibody isotypes; however, co-staining of VCAM-1 and ICAM-1 

showed that ICAM-1+ cells with the localisation and morphology of CD141high cells were also VCAM-

1+ (Fig. 3-29B).  CD141high cells expressed PDPN (Fig. 3-29C, arrowheads) at levels lower than 

PDPN+CD31+ LECs and PDPN+ FDCs (Fig. 3-20, C-D).  Staining for MAdCAM-1 by 

immunofluorescence microscopy was not technically robust, although MAdCAM-1 expression by 

MRC-like ICAM-1+ cells was occasionally observed (Fig. 3-29E).  CD141high cells co-localised with 

collagen and laminin (Fig. 3-29, F-G), either due to expression of these proteins themselves or due to 

very close relationships to layers of extracellular matrix containing these components.  While many of 

the markers examined were shared between CD141high cells and other stromal cell types, CD141high 

cells could be clearly distinguished from the neighbouring FRCs based on their lack of α-SMA (Fig. 3-

30A), and from FDCs (CD141-CNA.42+) based on the lack of the FDC marker CNA.42 (Fig. 3-30, B-

C).  Lastly, although murine MRCs have been reported to express RANKL [14], we were unable to 

detect RANKL expression by CD141high cells (data not shown).  Taken together, the phenotype and 

localisation of CD141high cells identified by immunofluorescence microscopy suggest that these 

CD141high cells are human equivalent of murine MRCs.  

Figure 3-30.  Distinguishing CD141high cells from FRCs and FDCs  
CD141high cells were further examined in relation to α-SMA+ FRCs (A), ICAM-1+ FRCs and FDCs (B), and 
CNA.42+ FDCs (C).  Data are representative of 3 independent experiments.  CA, capsule; FO, follicle; PA, 
paracortex; LS, lymphatic sinus; TR, trabecular.   
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To validate the immunohistochemistry data and further establish the surface phenotype of human 

MRCs, single-cell suspensions from human LNs were analysed using 9-colour flow cytometry.  A 

population of CD141high MRCs was identified in LN single-cell suspensions by excluding CD45+ 

haematopoietic cells and CD31+CD144+ endothelial cells, and then gating on PDPN+CD31- FRCs 

(Fig. 3-31).  Therefore, flow cytometry confirmed that MRCs are the brightest CD141+ stromal 

population in human LNs, and are non-endothelial and non-haematopoietic.  Flow cytometry also 

demonstrated that CD141high MRCs co-expressed additional stromal markers including CD90 and 

CD146 but lacked the endothelial marker CD34 (Fig. 3-31), which was confirmed by 

immunohistochemistry (Fig. 3-32).   

 

 

 

 

 

 

 

 

 

 

Figure 3-31.  Flow cytometric analysis of MRCs in human LNs  
Surface phenotype of CD141high MRCs was analysed by 9-colour flow cytometry (Section 2.4.1; Table 2-8C).  
After excluding cell doublets and dead cells, stromal cells were identified by gating on the CD45- cell population 
(data not shown).  A PDPN vs CD31 plot of the CD45- cell population separated distinct stromal cell populations.  
CD141highCD90+CD146+ MRCs were subsequently revealed by excluding CD31+CD144+CD34+ endothelial 
cells and gating on PDPN+ cells.  Data are representative of 3 independent experiments. 

 

In summary, MRCs in human LNs express CD141, CD90, CD146, ICAM-1 and VCAM-1, and also 

express PDPN to lower levels than LECs and FDCs, while they lack expression of CD45, PROX-1, 

CD31, CD144, LYVE-1, STAB-2, CD34, α-SMA and CNA.42.  Combining the immunofluorescence 

data with flow cytometry data, It was concluded that the molecular phenotype of human MRCs is 

largely consistent with the phenotype of murine MRCs [14,15]. 

MRCs 
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Figure 3-32.  Immunohistochemical examination of MRC expression of CD146 and CD90 
LN sections were immunohistochemically examined to confirm the phenotype of CD141high MRCs (arrowheads) 
identified by flow cytometry.  Due to the lack of suitable antibody isotypes, sequential sections were stained for 
CD141 and CD146 in combination with LYVE-1 or collagen (A-D).  The localisation of CD146+LYVE-1-Collagen+ 
cells was similar to that of CD141+LYVE-1-Collagen+ MRCs (A-D), suggesting MRC expression of CD146.  
CD141high MRCs co-expressed CD90 (E) but lacked CD34 (F). Data are representative of 3 independent 
experiments except (A).  LS, lymphatic sinus; TR, trabecular.  
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3.8. Identification and characterisation of MPCs in human lymph nodes 

During the studies of LN single-cell suspensions using polychromatic flow cytometry with a panel of 9 

markers, it was noted that a CD45-CD31- fraction of non-haematopoietic and non-endothelial cells 

contained a population of CD34+ stromal cells that co-expressed CD90 but lacked CD146 and PDPN 

(Fig. 3-33).  Interestingly, the surface phenotype of this population (i.e. CD45-CD31-

CD34+CD90+CD146-) was consistent with that of several MSC subtypes identified in various human 

tissues including adipose-derived stem cells (ASCs) [179,180], dermal mesenchymal progenitor cell 1 

(DMPC1) [181], and bone marrow-derived MSCs [182]; we therefore named this population LN-

derived mesenchymal progenitor cells (LN-MPCs).    

 

Figure 3-33.  Identification of human LN-MPCs 
Polychromatic flow cytometry using a panel of 9 markers (Section 2.4.1; Table 2-8C) identified a population of 
CD45-CD31-CD144-CD34+CD146-PDPN- cells named LN-MPCs.  After excluding cell doublets and dead cells 
(data not shown), stromal cells were identified by gating on the CD45- cell population.  A CD31 versus SSC-A 
plot separated non-endothelial and endothelial cell populations.  LECs and BECs were identified by expression of 
CD31 and PDPN.  Data are representative of at least 3 independent experiments. 
 

 

MSCs are adult stem cells with promising therapeutic potential, due to their capacity for self-renewal 

and differentiation into multi-lineage cell types including adipocytes, chondrocytes, and osteoblasts 

[183].  Given the phenotypical similarities between MSCs and LN-MPCs, we wanted to assess 
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whether LN-MPCs are capable of differentiating into different mesenchymal cell lineages in vitro; in 

particular, the adipocyte lineage.  To examine this possibility, we first FACS-isolated CD45-CD31-

CD34+CD90+CD146- MPCs from a mesenteric LN and established a LN-MPC line.  During the 

culture, LN-MPCs adhered to the plastic surface, proliferated extensively, and displayed a fibroblast-

like morphology (Fig. 3-34), consistent with the characteristics of MSCs derived from other tissues 

[183,184].  Following 45 days in culture, sufficient numbers of MPCs were obtained for functional 

studies.   

 

Figure 3-34.  Establishing a LN MPC line   
FACS-isolated LN-MPCs were initially seeded into a chamber slide and subsequently passaged in culture plates 
and flasks.   

 

Several changes were observed in the surface phenotype of LN-MPCs during the culture.  Compared 

to the phenotype of LN-MPCs in situ (Fig. 3-33), cultured LN-MPCs lost CD34 expression and gained 

low level expression of CD146 and PDPN, while consistently being CD45-CD31-CD144-CD90+ (Fig. 

3-35, A-B).  LN-MPCs additionally expressed high levels of CD73 (Fig. 3-35B), an important marker of 

MSCs [181,183].  Interestingly, cultured LN-MPCs also expressed RANKL (Fig. 3-36), a molecule 

expressed by osteoblasts and their progenitor cells [185] as well as bone marrow-derived MSCs 

[186].  
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Figure 3-35.  Surface phenotype of cultured LN-MPCs 
Cultured LN-MPCs (passage 6 and 7) were stained for indicated surface markers and analysed by flow cytometry. 
 

Figure 3-36.  RANKL expression by LN MPCs 
Cultured LN-MPCs (passage 7) were stained with mouse monoclonal (A) or rabbit polyclonal (B) anti-RANKL 
antibodies.  Blue represents DAPI staining of cell nuclei (A-B).  Negative controls show the specificity of each 
staining. 
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To examine the potential of LN-MPCs to differentiate into adipocytes, LN-MPCs were cultured in 

either adipogenic medium or normal growth medium for 28 days and examined for expression of 

FABP4, a marker of adipogenic differentiation.  Indeed, some LN-MPCs cultured in adipogenic 

medium differentiated into FABP4+ adipocytes (Appendix I), while the cells cultured in normal medium 

showed no FABP4 expression.  

After demonstrating that human LNs contain a stromal cell population capable of adipogenic 

differentiation, we wanted to localise them in tissue sections.  Frozen LN sections were examined by 

immunofluorescence microscopy using either a mouse monoclonal or rabbit polyclonal anti-CD34 

antibody.  Both antibodies detected numerous blood vessels expressing CD34 (Fig. 3-37, A-C), 

consistent with the earlier results (Section 3.4.1).  Interestingly, fibrous structures such as the 

capsule, trabeculae and hilum also showed strong reactivity to both CD34 antibodies in all LNs 

examined (Fig. 3-37, A-C), indicating these structures might represent a potential niche for LN-MPCs.   

Figure 3-37.  Distribution of CD34+ cells in human LNs 
LN sections were stained with mouse monoclonal (A) or rabbit polyclonal (B-C) anti-CD34 antibodies.  A 
representative negative control (D) shows the specificity of CD34 staining.  Blue represents DAPI staining of cell 
nuclei  (A-D).  Data are representative of at least 3 independent experiments.  CA, capsule; TR, trabecular.  
 

To further examine whether LN-MPCs are located in the fibrous structures, LN sections were stained 

for CD34 and various stromal cell markers (Fig. 3-38).  Co-staining CD34 and CD31 showed that the 

majority of CD34+ cells in the capsule (Fig. 3-38A) and other fibrous structures lacked CD31 

expression.  CD34+ cells in these fibrous structures also lacked CD146 and VCAM-1 (Fig. 3-38, B-C), 

consistent with the phenotype of LN-MPCs identified by flow cytometry.  Close inspection showed that 

some CD34+CD146- cells were also present in the perivascular area surrounding the CD146+ large 
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vessels adjacent the capsule (Fig. 3-38 D-E, arrowheads), while the majority of CD34+CD146- cells 

were confined within the fibrous layers of the capsule.  However, such perivascular CD34+ cells were 

absent in the LN parenchyma.  Within the parenchyma, CD34 expression was restricted to BECs that 

make up large blood vessels and capillaries (Fig. 3-39A).  Comparison of CD34 and CD31 in vascular 

areas of the parenchyma confirmed that CD34 was exclusively expressed by BECs and not by 

Figure 3-38.  Examination of CD34+ cells in the capsule  
LN sections were stained for CD34 (A-E), CD31 (A), CD146 (B, D-E) and VCAM-1 (C) to determine the 
location of CD34+CD31-CD146- LN-MPCs.  Blue represents DAPI staining of cell nuclei (B & D).  
Arrowheads indicate perivascular CD34+CD146- cells.  Data are representative of at least 2 independent 
experiments.  CA, capsule; LS, lymphatic sinus; TR, trabecular. 
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perivascular cells (Fig. 3-39B); all CD34+ cells were enclosed by the laminin+CD34- basement 

membrane (Fig. 3-39C) and α-SMA+CD34- pericytic FRCs (Fig. 3-39D).  Therefore, 

immunofluorescence microscopy suggests that LN-MPCs are mainly located in the fibrous structures 

such as the capsule. 

Figure 3-39.  Examination of vascular CD34+ cells  
To examine whether perivascular CD34+ cells exist in the parenchyma, LN sections were stained for CD34 (A-D), 
pan-endothelial marker CD31 (B), basement membrane component laminin (C), and FRC marker αSMA (D).  
Grey represents DAPI staining of cell nuclei (A & C).  Data are representative of at least 2 independent 
experiments except (D).  CA, capsule; LS, lymphatic sinus; TR, trabecular.  
 

In summary, our data demonstrate that human LNs contain a population of MPCs capable of 

differentiating into adipocytes under certain conditions.  The phenotype of LN-MPCs (i.e. CD45-CD31-

CD34+CD90+CD146-) is consistent with that of MSCs identified in various human tissues.  The 

majority of LN-MPCs appear to reside within the fibrous structures, but occasional LN-MPCs also 

exist in the perivascular areas adjacent to the capsule.  
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3.9. Summary and discussion 

Distinct subsets of stromal cells construct specialised microenvironments within LNs where they 

interact with haematopoietic cells and contribute to the generation of immune responses.  There has 

been little information available on molecular characteristics of stromal cells in human LNs, hindering 

further functional investigations.  To our knowledge, this study represents one of the first and most 

comprehensive analyses of human LN stromal cell populations.  Using multicolour 

immunohistochemistry and flow cytometry, we have established the molecular profiles of stromal cell 

populations in human LNs including FRCs, BECs and LECs.  Furthermore, for the first time, this study 

reports the presence of two new stromal cell subsets in human LNs − MRCs and MPCs.  A summary 

of the phenotype of each stromal cell subset assessed in this study is provided in Table 3-2.  

Collectively, our data demonstrate a far more complex composition of the human LN stroma than 

previously appreciated.  

 

Table 3-2.  Molecular profiles of stromal cell subsets in human LNs 

 
+, the majority positive; +/–, expression by some cells not others; –, the majority negative  

Subset Location Expression Markers 

FRCs Paracortex 

+ CD90, CD146, PDPN,  ICAM-1, VCAM-1, α-SMA, Desmin 

+/- PDGFR-β 

- CNA.42, CD141 

FDCs Follicles 
+ CNA.42, CD32, CD35, PDPN, ICAM-1, VCAM-1, 

- MFG-E8,  CD141,  α-SMA 

BECs Blood vessels 

+ CD31, CD34, CD144 

+/- PNAd, MAdCAM-1 

- PROX-1, PDPN, LYVE-1, STAB-2 

LECs 
Lymphatic sinuses, 
afferent and efferent 

lymphatics, 

+ CD31, CD144, PROX-1, PDPN 

+/- LYVE-1, STAB-2 

- CD34 

MRCs 
Interface between the 

parenchyma and 
lymphatic sinuses 

+ CD141, CD90, CD146, PDPN, ICAM-1, VCAM-1 

- CD31, CD34, CD144, LYVE-1, PROX-1, α-SMA, CNA.42 

MPCs Capsule, trabeculae 
and hilum 

+ CD34, CD90 

- CD31, CD144, CD146, PDPN, VCAM-1 
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3.9.1. Stromal cells in human lymph nodes: FRCs, FDCs, BECs and LECs 

We have examined molecular characteristics of FRCs in the paracortex of human LNs using various 

molecular markers (Section 3.2.1).  Our results, combined with previous data [9,10], demonstrate that 

FRCs in human LNs can be defined as non-haematopoietic cells expressing CD29, CD90, CD146, 

PDPN, VCAM-1, ICAM-1, α-SMA, desmin, collagen, laminin and fibronectin.  The FRCs construct an 

intricate reticular network in the paracortex and can be distinguished from the typical fibroblast-type 

cells in the capsule, trabeculae and hilum based on their expression of ICAM-1, VCAM-1, CD146 and 

PDPN.  The restricted expression of these markers by FRCs but not by those in the fibrous tissue 

suggests that FRCs have specialised functions in the paracortex.  In particular, the expression of the 

integrin ligands VCAM-1 and ICAM-1 by FRCs is likely to be related to their ability to support and 

guide T cell migration in the paracortex, as demonstrated in murine LNs [187,188].  It will be 

interesting to examine whether human FRCs are capable of producing the T-cell chemoattractants 

CCL19 and CCL21 as shown in mice [61].  Histological detection of such chemokines is challenging, 

therefore the human FRC line established in our laboratory would provide a valuable tool to study the 

biology of LN FRCs including cytokine/chemokine production.  Using this FRC line, we were able to 

demonstrate IL-7 production by FRCs (Section 3.2.2), indicating human FRCs are likely to play an 

important role in maintaining the homeostasis of T cells in LNs.   

This study also highlights the similarities and differences in molecular profiles of FRCs and FDCs in 

human LNs (Section 3.2.1 & 3.3.1).  FRCs and FDCs shared expression of many markers, including 

PDPN, VCAM-1 and ICAM-1.  However, FDCs could be distinguished from FRCs based on their 

unique expression of CNA.42, and their lack of expression of α-SMA, CD29 and CD90.  Although 

regarded as traditional FDC markers [16], the Fc receptor CD32 and the complement receptor CD35 

could not efficiently define FDCs in human LNs as follicular B cells also high expressed these 

markers.  Therefore, in human LNs, CNA.42 appears to be a more specific marker for FDCs than 

other well-known FDC markers.  MFG-E8, the molecule mediating the engulfment of apoptotic B cells 

[71], serves as a good marker for murine FDCs [16,71]; nevertheless, human FDCs lacked MFG-E8 

expression, indicating the clearance of apoptotic B cells in human LN follicles is likely to be regulated 

by mechanisms other than the MFG-E8-mediated.  Our results also demonstrate the close 

association between FDCs and collagen+ conduits in follicles, raising an intriguing possibility that 

follicular conduits in human LNs may provide a route transporting soluble Ag to FDCs as previously 

shown in mice [53,63].  

Our data also extend the knowledge of the molecular characteristics of BECs in human LNs (3.4.1) 

from the previously established profile [9].  We particularly focused on assessing markers specific to 

HEVs, specialised blood vessels mediating lymphocyte entry to LNs.  In the parenchyma, many large 

vessels displaying a typical HEV-morphology expressed PNAd, a ligand for the LN homing receptor 

CD62L; in contrast, the majority of capillaries in the parenchyma and blood vessels in the capsule 

lacked PNAd.  These observations provide insight into potential entry points for CD62L+ lymphocytes 
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into the parenchyma of human LNs.  Interestingly, while we identified many PNAd+ HEVs in both 

peripheral and mesenteric LNs, blood vessels expressing MAdCAM-1, a ligand for the lymphocyte 

mucosal homing receptor integrin α4β7, were only observed in mesenteric LNs.  Therefore, the 

molecular composition of HEVs appears to vary between peripheral and mesenteric LNs, and such 

differences are likely to direct preferential homing of integrin α4β7+ lymphocyte to mesenteric LNs 

containing MAdCAM-1+ HEVs as suggested by earlier studies in mice [74].  Our data also showed 

that BECs in human LNs express CD34, while LECs lack this marker.  Therefore, as compared to 

CD31 and CD144 expressed by both BECs and LECs [9], CD34 appears to be a more specific 

marker of BECs in human LNs.        

In this study, we have conducted a detailed phenotypic analysis of LECs located in different regions of 

human LNs (Section 3.5.1) using PROX-1 as the definitive and exclusive marker of LECs [81].  Our 

data demonstrate that LECs in human LNs are phenotypically heterogeneous.  Two different 

subgroups of LECs were identified based on differential expression of LYVE-1 and STAB-2: 1) LYVE-

1+STAB-2+PROX-1+ LECs in the paracortical and medullary sinuses, and 2) LYVE-1-STAB-2-PROX-

1+ LECs in the subcapsular and trabecular sinuses.  These results were unexpected as both markers 

are routinely used to detect LECs in various tissues including LNs [34,170,175,189].  Lymphatic 

sinuses in murine LNs consistently express LYVE-1 [27,90,168]; however, the absence of LYVE-1 

mRNA was noted in the subcapsular sinus of LNs from healthy adult cynomolgus macaques [190].  

Previous studies assessing LYVE-1 in human LNs did not report the discrepancy of LYVE-1 

expression between sinuses in different locations [30,34,170], perhaps due to their focus on 

medullary sinuses.  We considered the possibility that the anatomical locations of LNs might affect the 

expression of these markers.  However, LNs draining different fields displayed the same pattern.  

Therefore, LYVE-1 and STAB-2 are not reliable markers of all LECs in human LNs.  In contrast to 

LYVE-1 and STAB-2, PROX-1 was consistently expressed by LECs in all lymphatic sinuses and 

vessels.  Other markers expressed by all LECs in human LNs were CD31, CD144 and PDPN.  

However, these markers were also expressed by other stromal cell types; BECs expressed CD31 and 

CD144, while FRCs and FDCs expressed PDPN.  Therefore, these results suggest that PROX-1, a 

transcription factor regulating lymphatic development [80], is the only exclusive LEC marker capable 

of detecting all lymphatic sinuses and vessels in every zone of the LN.  This finding is consistent with 

an earlier study that concluded PROX-1 is constitutively expressed by all LECs in human tissues, 

although this study did not assess LNs [81].   

Restricted expression of LYVE-1 and STAB-2 by the LECs in the efferent lymphatic interface (e.g. 

paracortical and medullary sinuses) but not by those in the afferent lymphatic interface (e.g. 

subcapsular and trabecular sinuses) may indicate that two distinct LEC populations occupy different 

sinuses of the same LN.  Alternatively, this feature might indicate two different phenotypic states of 

the LEC population in response to environmental factors, as suggested by previous studies 

[175,189,191].  In particular, it was shown that LECs rapidly downregulate surface expression of 

LYVE-1 in vitro after exposure to pro-inflammatory cytokines such as TNF-α and TNF-β [191].  We 



Characterisation of stromal cells in human lymph nodes 

 83 

also noted that the antibody DCN46 stains the LECs in the paracortical and medullary sinuses but not 

the LECs in other sinuses.  Collectively, our data support the idea that LECs in different sinuses may 

co-regulate expression of LYVE-1, STAB-2 and the DCN46 antigen.   

The phenotypic heterogeneity of LECs observed in this study suggests that LECs in different locations 

may play different roles.  It has been suggested that LYVE-1 is involved in regulation of immune cell 

trafficking [167,192].  STAB-2 has also been shown to mediate the adhesion of lymphocytes to the 

hepatic sinusoidal endothelium [193].  Collectively, the current literature suggests that expression of 

LYVE-1 and STAB-2 are restricted to certain subsets of endothelial cells, such as sinusoidal 

endothelial cells in the liver and spleen [34,189,193], where lymphocyte adhesion occurs under 

unique low shear conditions.  Therefore, it is probable that expression of these markers by the LECs 

in the paracortical and medullary sinuses of LNs mediate lymphocyte adhesion to the LECs, thereby 

facilitating lymphocyte migration into these sinuses.  In this context, the lack of LYVE-1 and STAB-2 in 

the subcapsular and trabecular sinuses suggests quite different interactions between lymphocytes 

and the LECs in these sinuses – or perhaps a paucity of lymphocyte migration at these sites.   

Our data also reveal the phenotypic similarities and differences between LECs and sinus APCs 

(Section 3.5.2), and clarify the confusion in the literature regarding expression of CD209/DCN46 and 

LYVE-1 in LNs.  Due to the intimate juxtaposition between sinus APCs and LECs, it can be 

challenging to distinguish between these two closely associated cell populations.  Indeed, several 

studies reported the sinus endothelial cell expression of CD209/DCN46 [34,194], a molecule thought 

to be exclusively expressed by APCs [10].  Our data showed that DCN46 stains PROX1+ LECs as 

well as sinus APCs, although it remains to be determined whether this indicates genuine CD209 

expression by LECs or cross-reactivity with CD299 [149].  In contrast to CD209/DCN46, CD169 

expression is restricted to sinus APCs and absent from LECs.  Therefore, sinus APCs in human LNs 

can be distinguished from LECs by their expression of CD169 and lack of expression of PROX-1 and 

STAB-2.  Our analysis did not find strong evidence that sinus APCs can express LYVE-1 as 

previously reported [175]; the majority of sinus APCs clearly lacked LYVE-1 expression, while rare 

LYVE-1+ APCs were observed in the capsule and trabeculae.   

We have also assessed the surface phenotype of LN stromal cells using polychromatic flow cytometry 

(Section 3.6).  Due to their rarity and susceptibility to tissue digestion techniques, it has been 

challenging to obtain stromal cells from LNs.  Our optimised method successfully recovered viable 

stromal cells from human LNs and enabled detailed flow cytometric analyses of LN single-cell 

suspensions.  Flow cytometry demonstrated that relative expression of PDPN and CD31 can define 

FRCs (PDPN+CD31-), BECs (PDPN-CD31+), and LECs (PDPN+CD31+) in human LNs, consistent 

with previous findings in mice [39,41,42].  Flow cytometry also confirmed the phenotype of each 

stromal cell subset identified by immunohistochemistry.  The established profile of stromal cell 

markers provides valuable information for the isolation of these stromal cell subsets for future 

functional studies.  
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3.9.2. Identification of new lymph node stromal cell subsets: MRCs and MPCs 

For the first time, this study demonstrated the presence of MRCs in human LNs and established their 

molecular profile and distribution (Section 3.7).  MRCs are a novel stromal cell subset recently 

identified in murine LNs and located at the interface between the subcapsular sinus and the outer 

cortex [14].  We found a continuous layer of cells expressing high levels of CD141 at the same 

location in human LNs.  Flow cytometry and immunohistochemistry showed that these CD141high cells 

display a phenotype reminiscent of murine MRCs, expressing PDPN, ICAM-1 and VCAM-1 but 

lacking the haematopoietic marker CD45 and endothelial markers (PROX-1, LYVE-1, STAB-2, CD31, 

CD34 and CD144).  CD141high cells also express additional stromal cell markers such as CD90 and 

CD146.  Collectively, the distinctive phenotype and localisation of CD141high cells suggest that they 

represent a human equivalent of murine MRCs, although we were unable to determine whether 

CD141high human MRCs express RANKL, a marker reportedly expressed by murine MRCs [14].  

Interestingly, while the murine MRC layer is exclusively located at the boundary between the 

subcapsular sinus and the outer cortex [14], CD141high MRCs in human LNs are present at the 

interface between the parenchyma and lymphatic sinuses in different locations including the 

subcapsular, trabecular, paracortical and medullary sinuses.  One possible explanation for this 

difference is the far more complex structure of human LNs, including the presence of the trabeculae 

which are absent in murine LNs.  

Several studies previously noted CD141 expression at the periphery of lymphatic sinuses in human 

LNs [30,34], however, these studies concluded that CD141 was expressed by the LECs in sinuses.  

Our data clearly demonstrates that CD141high MRCs represent a population distinct from LECs as they 

lack PROX-1 expression.  Although CD141high MRCs share some markers with FRCs and FDCs (e.g. 

PDPN, ICAM-1 and VCAM-1), our detailed analysis shows that they can be distinguished from FRCs 

based on their lack of α-SMA, and from FDCs based on their lack of CNA.42.  CD141 is also 

expressed by a population of APCs in human LNs [176].  However, while CD141+CLEC9A+ APCs 

are distributed as single discrete cells [176], CD141high MRCs appear as a distinctive layer of cells 

constructing the boundaries between the parenchyma and lymphatic sinuses.  Furthermore, flow 

cytometric analysis demonstrates that CD141high MRCs form a subset within the non-haematopoietic 

FRC gate (i.e. CD45-PDPN+CD31-).  

No information is available on the immunological functions of MRCs although histological analysis of 

murine LNs suggests that they are likely to be an additional source of CXCL13 [14,15].  However, 

given their unique location at the interface between the parenchyma and lymphatic sinuses, it is 

intriguing to speculate that human MRCs are likely to play a role in regulating immune cell trafficking 

between the parenchyma and sinuses.  Our results suggest that CD141high MRCs form a barrier that 

lymphocytes must traverse in order to exit the LN parenchyma.  Many T cells were found intercalating 

between MRCs, presumably moving from the parenchyma into the sinuses to exit the LN [7].  

Interestingly a number of DCN46+ APCs were also observed in the gaps between MRCs, indicating 
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these gaps are likely to represent “gates” for APC migration from the sinuses into the lymphocyte-rich 

parenchyma.  High expression of adhesion molecules (e.g. ICAM-1, VCAM-1 and CD146) in MRCs 

also supports the idea that the MRC layer provides a potential scaffold facilitating immune cell 

migration.  The characterisation of human LN MRCs reported here will facilitate further studies of their 

functions in normal human physiology and in disease.   

Studies of LN stromal cells using polychromatic flow cytometry also enabled us to identify a 

population of mesenchymal progenitor cells in human LNs that is capable of differentiating into 

adipocytes (Section 3.8).  We named this population LN-MPCs (instead of MSCs) since it is unknown 

at this stage whether they are also able to differentiate into mesenchymal lineages other than 

adipocytes.  In vitro, LN-MPCs adhere to a plastic surface, display a fibroblast-like morphology and 

proliferate extensively, features common to MSCs [183,184].  MSCs are multipotent stromal cells 

capable of at least trilineage differentiation (i.e. adipocytes, chondrocytes and osteoblasts) [183] and 

have been characterised in various human tissues including the skin, fat, heart, spleen and bone 

marrow [179-182,195].  However, to our knowledge, such a progenitor population has not been 

previously identified in adult LNs.   

Our flow cytometry data revealed that LN-MPCs display the cell surface phenotype characteristics of 

MSCs; they express CD34 and CD90 but lack CD45, CD31 and CD146.  Although the current 

literature suggests that MSCs lack CD34 expression, this observation is mainly based on flow 

cytometric analyses of cultured MSCs.  Studies of freshly-isolated MSCs reported that MSCs clearly 

express CD34 [181,182].  Our data also confirmed that LN-MPCs lose CD34 expression upon culture; 

therefore CD34 appears to be a useful marker defining LN-MPCs.  In situ, MPCs and BECs are the 

major populations expressing CD34 in human LNs whereas other mesenchymal populations including 

FRC, FDCs and MRCs lack CD34.  MPCs in LNs can also be distinguished from FRC, FDCs and 

MRCs based on their lack of PDPN expression; however, they gain PDPN expression upon culture.  

Another interesting observation was that cultured LN-MPCs express RANKL, a molecule reportedly 

expressed by osteoblasts and their progenitor cells, and bone marrow-derived MSCs [185,186]; in 

murine LNs, MRCs and LTo cells also express RANKL [14,15].  

Immunofluorescence microscopy demonstrated the majority of LN-MPCs reside in the fibrous 

structures such as the capsule and trabeculae.  Occasionally, a few MPCs were present in the 

perivascular area surrounding large blood vessels; however, these perivascular MPCs were only 

observed near the blood vessels adjacent the capsule but not associated with the vessels distributed 

in the main LN parenchyma.  

It remains to be determined whether LN-MPCs function as multipotent stromal stem cells.  In 

particular, it will be interesting to examine whether they can give rise to various subtypes of LN 

stromal cells.  Given that LNs maintain structural integrity while undergoing rapid expansion triggered 

by immunological challenges, an intriguing possibility is that LN-MPCs provide a replenishing source 
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of cells to remodel various stromal cell networks within the LN.  In this regard, a recent study has 

identified a population of mesenchymal precursor cells in murine embryonic and adult LNs possessing 

the capacity to differentiate into a variety of LN stromal cells [196].  Under homeostatic conditions, this 

murine precursor population differentiates into adipocytes.  However, upon LTβR signalling, they 

differentiate into LN stromal cells expressing high levels of VCAM-1, ICAM-1, CCL19, CXCL13 and 

IL-7 [196].  Interestingly, these murine mesenchymal precursor cells appear to share several 

characteristics with human LN-MPCs; phenotypically, both populations express CD34 but lack CD31.  

In addition, the murine precursor population is localised in the LN capsular areas, similar to the 

distribution of human LN-MPCs, and also in the LN-associated fat pads [196].  Further studies are 

required to examine the possibility that human LN-MPCs may represent a population equivalent to the 

mesenchymal precursor cells identified in murine LNs.  A better understanding of LN-MPCs will 

provide insight into the mechanisms controlling the structural organisation of human LN stroma. 
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Chapter 4. Regulation of T cell trafficking in human lymph nodes  

4.1. Background 

Continual circulation of T cells between blood, LNs, and lymph is critical for immune surveillance.  

Blood-derived naïve T cells enter LNs through HEVs, search for Ag in the LN parenchyma for several 

hours, then return to the circulation via the efferent lymphatics that eventually merge into the thoracic 

and right lymphatic ducts [5-7].  Activated T cells are retained longer prior to leaving the LNs to reach 

effector sites.  Traditionally, it has been thought that T cells exit the LN by entering medullary sinuses 

connected to the efferent lymphatics [89,197].  However, recent studies of murine LNs showed that 

cortical sinuses located in T cell areas proximal to follicles provide a major site for T cell egress 

[27,90].    

Studies using murine models have demonstrated that T cell egress from LNs is driven by 

sphingosine-1-phosphate (S1P) [27,89,90,93,94,114].  S1P acts as a chemoattractant for T cells 

expressing S1P receptor 1 (S1P1) [93,94] and is present in lymph at high levels due to the production 

of S1P by LECs [79].  In contrast, only low amounts of S1P are available in the LN parenchyma.  

Consequently, a gradient of S1P is generated in the LN across the parenchyma and lymphatic 

sinuses, and this gradient promotes the egress of S1P1+ T cells [94].  The action of the enzyme S1P 

lyase (SGPL1) was found to be critical in maintaining this gradient [94] although the cell types 

expressing SGPL1 have not yet been identified [6].  Inhibition, knock-down or knock-out of SGPL1 

disrupts the S1P gradient, resulting in sequestration of T cells within LNs and concomitant 

lymphopenia [94,111,198].  FTY720, a recently approved immunosuppressant for the treatment of 

multiple sclerosis, acts as an S1P mimic once phosphorylated in vivo by sphingosine kinase 2 and 

prevents T cell egress either by downregulating the responsiveness of T cells to the S1P gradient or 

by interfering with the generation of the S1P gradient [7,91,92] 

Although previous studies of murine LNs have greatly improved our understanding of the molecular 

process mediating T cell egress, how this process is controlled in human LNs remains unclear.  

Limited information is available on the location of the egress site, and the expression profile of S1P1 

has not been established.  Furthermore, the primary cell types that mediate S1P degradation by 

SGPL1 have not previously been identified in either murine or human LNs [6].  Therefore, we sought 

to explore how the egress of T cells is regulated in human LNs.  In this chapter, we first examine the 

vascular structures mediating T cell trafficking in human LNs and assess S1P1 expression.  

Subsequently, we identify a population of cells expressing SGPL1 in human LNs and demonstrate 

that these cells have the capacity to irreversibly degrade S1P, suggesting a possible mechanism for 

the regulation of the S1P gradient in human LNs. 
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4.2. Vascular structures regulating T cell trafficking in human lymph nodes 

We first assessed the location of the blood and lymphatic vasculatures that mediate T cell trafficking 

into and out of human LNs.  Blood-derived T cells enter LNs through specialised postcapillary venules 

termed HEVs [5].  The distribution of HEVs was examined in human LNs by staining for PNAd, a 

ligand for the LN homing receptor L-selectin expressed on lymphocytes [160].  A number of PNAd+ 

HEVs were observed in the paracortex occupied by a large population of T cells (Fig. 4-1, A-B).  

Some T cells, which are likely to be the T cells that had just arrived at the LN, were found within the 

lumen of PNAd+ HEVs (Fig. 4-1A-B, arrowheads), and many of them appeared to be in contact with 

the PNAd+ endothelial cells.    

 

Figure 4-1.  HEVs in the paracortex 
Frozen human LN sections were stained for the T cell marker CD3 and HEV marker PNAd (A-B).  Arrowheads 
indicate T cells traversing the HEV lumen.  Data are representative of 2 independent experiments. 
 

 

After searching for Ag, T cells leave the LNs by entering lymphatic sinuses [5-7].  Particularly, in 

murine LNs, cortical sinuses in T cell areas provide an important site for T cell egress [27].  

Nevertheless, it is currently unknown whether T cells in human LNs also leave the LNs through the 

cortical sinuses.  Double staining of CD3 and the pan-endothelial marker CD144 revealed the 

presence of CD144+ cortical sinuses in close proximity to the CD3+ T cell-rich paracortex (Fig. 4-2A); 



 Regulation of T cell trafficking in human lymph nodes 

 89 

these sinuses were filled with many T cells, which are likely to be egressing T cells.  At the boundary 

between the paracortex and cortical sinuses, some T cells were closely associated with the CD141high 

MRCs lining the sinuses (Fig. 4-2B).  A number of T cells were found in the gaps between MRCs (Fig. 

4-2B, arrowhead), indicating T cells are likely to leave the LNs by passing through the portals in the 

MRC layer and subsequently entering the cortical sinuses.  Taken together, these results suggest that 

T cells in human LNs also use the HEVs to access the LN parenchyma and the cortical sinuses to 

egress from the parenchyma.  Having established a possible site of egress, the potential mechanism 

regulating T cell egress from human LNs was examined in the following sections.  

 

Figure 4-2.  Cortical sinuses in human LNs 
LN sections were stained for the T cell marker CD3 (A-B), pan-endothelial marker CD144 (A), and MRC marker 
CD141 (B).  Arrowhead indicates T cells associated with the MRCs. Data are representative of at least 3 
independent experiments.  LS, lymphatic sinus. 
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Figure 4-3.  S1P1 expression in human LNs 
Frozen human LN sections were stained for S1P1 and CD3.  Data are representative of 3 independent 
experiments.   

4.3. S1P-mediated T cell egress from human lymph nodes 

4.3.1. Expression of S1P1 

S1P1 (EDG1) is a G-protein-coupled receptor with a high affinity for S1P [199].  S1P1 expression is 

low on circulating T cells in blood and lymph while it is upregulated on T cells within LNs [93,113].  

Previous studies using murine models have demonstrated that S1P and S1P1 promote T cell egress 

from LNs [27,93,94,114].  In particular, the role of S1P1 expressed on T cells was found to be crucial 

in sensing the gradient of S1P generated across the parenchyma and lymphatic sinuses; while S1P1+ 

T cells exit the LN by responding to high levels of S1P in lymphatic sinuses, S1P1- T cells fail to enter 

the sinuses although they normally probe the sinus surface [27].  Nevertheless, limited information is 

available on S1P1 expression in human LNs.  We first assessed S1P1 expression in human LNs 

using immunofluorescence microscopy.  Strong S1P1 expression was detected in the structures 

resembling blood vessels (Fig. 4-3, A-D), while CD3+ T cells expressed variable levels of S1P1.   
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To clarify the vascular expression of S1P1, LN sections were stained for S1P1 and the pan-

endothelial marker CD144.  Double staining confirmed  that ring-like S1P1+ structures were indeed 

blood vessels (Fig. 4-4, A-B), as shown by the overlap of S1P1 and CD144 expressed by BECs (Fig. 

4-4B, arrowheads).  CD144+PDPN+ LECs in the mesh-like sinuses also expressed moderate levels 

of S1P1 (Fig. 4-4, B-D). 

 

Figure 4-4.  Vascular expression of S1P1 in human LNs 
LN sections were stained for S1P1 (A-D), CD144 (B-C) and PDPN to examine S1P1 expression by BECs and 
LECs.  In (B), blue represents DAPI staining of cell nuclei and arrowheads indicate S1P1+CD144+ blood vessels. 
Data are representative of 3 independent experiments.   LS, lymphatic sinus.  



Chapter 4 

 92 

As shown in Fig. 4-3, the majority of CD3+ T cells in the paracortex appeared to express S1P1 at 

lower levels than BECs and LECs.  In general, T cells displayed a low-intensity membranous pattern 

of S1P1 expression (Fig. 4-3 & 4-5).  Occasional S1P1low/- T cells were noted in the paracortex (Fig. 4-

3, C-D), although it was not possible to determine whether these S1P1low/- cells were located at 

particular anatomical areas within the paracortex.  In contrast to the S1P1+ T cells in the paracortex, 

most of the T cells located in lymphatic sinuses appeared to be S1P1- or exhibited low levels of 

punctate S1P1 staining (Fig. 4-5 A-C, left panels), implying internalisation of S1P1.  

Figure 4-5.  T cell expression of S1P1 in human LNs 
LN sections were stained for S1P1 and CD3 to compare S1P1 expression by T cells in the paracortex and T cells 
in lymphatic sinuses (A-C).  Data are representative of 3 independent experiments.  LS, lymphatic sinus.  
 

To further examine S1P1 expression by LN T cells, LN single-cell suspensions were analysed by flow 

cytometry using a rabbit polyclonal anti-S1P1 antibody.  This antibody, raised against amino acid 

residues 322-381 from the intracellular region of human S1P1, has been previously used for flow 

cytometric analysis of S1P1 [118].  Flow cytometry analysis showed that the majority of LN T cells 

expressed high levels of S1P1 (Fig. 4-6), consistent with the immunohistochemistry data.  We were 

unable determine whether S1P1 is expressed on the surface of LN T cells as no antibodies were 

commercially available for detection of the surface-expressed S1P1.  Collectively, our data show that 
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S1P1 is expressed by BECs, LECs and T cells in human LNs, in agreement with earlier studies of 

murine LNs [27,89,113]. 

 

Figure 4-6.  Flow cytometry of S1P1 expression by LN T cells 
LN cells were stained with rabbit polyclonal anti-S1P1 antibody raised against the intracellular (a.a.322-381) 
region of human S1P1 and subsequently analysed by flow cytometry.  The ‘anti-rabbit only’ control, with no anti-
S1P1 antibody added, confirms the specificity of anti-rabbit IgG antibody (Section 2.4.2).  Data are representative 
of 3 independent experiments. 
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4.3.2. Expression of SGPL1 

Previous studies of murine LNs demonstrated that a gradient of S1P exists across the boundary 

between the parenchyma and lymphatic sinuses [94].  S1P lyase (SGPL1), the enzyme that 

irreversibly degrades S1P, is particularly important in maintaining this gradient [94]; inhibition of this 

enzyme results in elevated levels of S1P in the parenchyma and sequestering of lymphocytes in the 

LN [94,111,198].  However, the cell types primarily involved in S1P degradation by SGPL1 have not 

been identified in either murine or human LNs [6].  Therefore, we sought to examine the identity and 

distribution of cells expressing SGPL1 in human LNs using immunofluorescence microscopy. 

In all LNs examined, cells expressing high levels of SGPL1 were detected in the parenchyma (Fig. 4-

7).  In particular, numerous SGPL1+ cells were found in the paracortex occupied by CD3+ T cells 

(Fig. 4-7, A-C); SGPL1+ cells were much bigger than T cells in size and they were closely associated 

with T cells lacking detectable levels of SGPL1 expression (Fig. 4-7 A & C, right panels).  Less 

frequent SGPL1+ cells were also present in the B cell follicles (Fig. 4-7B; Section 5.4.2).   

Figure 4-7.  SGPL1+ cells in human LNs  
Human LN sections were stained for SGPL1 and CD3 to examine the distribution of SGPL1+ cells (A-C).  Data 
are representative of 3 independent experiments.   CA; capsule; FO, follicle; PA, paracortex.  

 

Interestingly, in contrast to the parenchyma containing frequent SGPL1+ cells, CD144+ lymphatic 

sinuses including the subcapsular (Fig. 4-8A, left panel), trabecular (Fig. 4-8B, right panel), 

paracortical (Fig. 4-8A, right panel), and medullary sinuses (Fig. 4-8C) largely lacked SGPL+ cells in 

the majority of LNs examined.  In a few LNs examined, rare SGPL1+ cells were observed in some of 
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the sinuses; however, these rare cells expressed much lower levels of SGPL1 (Fig. 4-8D, left panel) 

than the parenchymal SGPL1+ cells (Fig. 4-8D, right panel).  Co-staining of CD141 and SGPL1 also 

demonstrated the paucity of SGPL1+ cells in the sinuses demarcated by CD141+ MRCs (Fig. 4-8E).  

LECs and BECs, identified by their expression of CD144 (Fig. 4-8, A-C) and CD31 (Fig. 4-8F) lacked 

SGPL1 expression.   

Figure 4-8.  SGPL1+ cells in the LN parenchyma  
The distribution of SGPL1+ cells was examined in relation to CD144+ lymphatic sinuses (A-C), CD3+ paracortex 
(D), CD141+ MRC (E) and CD31+ blood vessels (F).  Data are representative of 3 independent experiments.  
CA; capsule; LS, lymphatic sinus; PA, paracortex.  
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Further examination showed that all of the SGPL1high cells in the parenchyma expressed CD68 (Fig. 

4-9, A-B), indicating they represent a population of APCs.  In contrast, the majority of CD68+ APCs 

located in lymphatic sinuses appeared to be SGPL1− (Fig. 4-9, C-D).  This stark contrast in SGPL1 

expression is particularly clear in Fig. 4-9C, where the CD68+ APCs in the sinuses demarcated by the 

CD141high MRC barrier lacked SGPL1 whilst those outside the barrier in the parenchyma had high 

levels expression of SGPL1.   

Figure 4-9.  SGPL1+CD68+ cells in the parenchyma  
LN sections were stained for SGPL1 (A-D), CD68 (A-D), and CD141 (C-D) to examine the identity of SGPL1+ 
cells.  Data are representative of at least 3 independent experiments.  CA; capsule; LS, lymphatic sinus.  

 

In most of the LNs examined, the majority of SGPL1+ APCs in the parenchyma expressed variable 

levels of DCN46 and CD169.  The majority of DCN46+ or CD169+ APCs in the sinuses clearly lacked 

SGPL1 expression (Fig. 4-10, A-E).  In one LN examined, SGPL1+ APCs lacking DCN46 were 

occasionally noted in the parenchyma (Fig. 4-10C, left panel); in this LN, a few DCN46+ sinus APCs 

appeared to be SGPL1+ (Fig. 4-10C, arrowheads), but they stained much less brightly than the 

parenchymal SGPL1+ APCs.  Collectively, the phenotype of SGPL1+ APCs (i.e. 
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CD68+DCN46±CD169±) suggests that this population is likely to be equivalent to the CD209low/-

CD68+ APCs previously identified in the paracortex of human LNs [10].  

Figure 4-10.  Phenotype of SGPL1+ APCs  
The phenotype of SGPL1+ APCs was further examined by staining for DCN46 (A-C) and CD169 (D-E).  Data are 
representative of at least 3 independent experiments.  LS, lymphatic sinus.  

 

Given that SGPL1 was selectively expressed by parenchymal CD68+ APCs and not by sinus APCs, it 

was intriguing to speculate that these SGPL1+CD68+ APCs might be able to regulate the S1P 

gradient by degrading S1P in the parenchyma thereby creating an S1P-low niche.  SGPL1 is located 

in the ER membrane, therefore, extracellular S1P must first be internalised to be irreversibly degraded 

by SGPL1.  Interestingly, the majority of SGPL1+ APCs in the parenchyma co-expressed the ABC 
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transporter ABCC7/CFTR (Fig. 4-11A), a molecule known to be capable of transporting extracellular 

S1P inside the cell [103,104].  S1P receptors such as S1P1 also bind S1P [106]; however, no 

apparent S1P1 expression was found in the CD68+ parenchymal APCs in situ (Fig. 4-11B).  Taken 

together, these data suggest that SGPL1+CD68+ APCs distributed in the parenchyma of human LNs 

are likely to play an important role in regulating the S1P gradient required for T cell egress.  

 

Figure 4-11.  Expression of potential S1P transporters    
LN sections were stained for SGPL1 (A), ABCC7 (A), CD68 (B) and S1P1 (B) to examine potential S1P 
transporters expressed by SGPL1+CD68+ APCs.  Data are representative of 3 independent experiments except 
(B).  
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4.3.3. In vitro studies of S1P degradation by MoAPCs 

We initially wanted to isolate SGPL1+CD68+ parenchymal APCs using cell sorting and examine 

whether they could internalise and irreversibly degrade S1P in vitro.  However, isolating sufficient 

numbers of APCs from human LNs was technically not feasible due to the scarcity of APCs.  

Furthermore, it was not possible to sort SGPL1+ APCs based on expression of SGPL1 and CD68, as 

detection of these intracellular markers requires cell permeabilization which precludes isolation of live 

cells.  It was also challenging to identify cell surface markers that could efficiently distinguish between 

CD68+SGPL1+ APCs in the parenchyma and CD68+SGPL- APCs in lymphatic sinuses.  Due to 

these difficulties, we turned to a well characterised system for generating human APCs in vitro and 

tested whether we could induce SGPL1+CD68+ABCC7+ APCs from monocytes.  Using M-CSF, we 

generated APCs from human monocytes (MoAPCs) that expressed CD68, CD209/DCN46, CD169, 

SGPL1 and ABCC7 (Fig. 4-12, A-E), consistent with the phenotype of SGPL1+ APCs in the T cell-rich 

parenchyma of human LNs.  Compared to the SGPL1+ MoAPCs, CD3+ T cells isolated from blood 

appeared to lack SGPL1 expression (Fig. 4-12F).  Based on their phenotype, MoAPCs appeared to 

be a good in vitro model to study whether SGPL+ APCs could internalise and degrade S1P.  

 

Figure 4-12.  Phenotype of MoAPCs  
MoAPCs were stained for expression of CD68 (A), CD209/DCN46 (B), CD169 (C), SGPL1 (D), and ABCC7 (E).  
T cells were stained for CD3 and SGPL1 (F).  Blue represents DAPI staining of cell nuclei.  Data are 
representative of 3 independent experiments. 
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4.3.3.1. Detection of extracellular S1P and sphingosine 

Prior to examining the ability of MoAPCs to degrade S1P in vitro, pilot experiments were performed in 

the absence of cells to determine the stability of exogenously added S1P.  C17-S1P (MW 365.445) 

was used in these experiments as cells can endogenously produce C18-S1P (MW 379.472) [108].  

Different types of cell culture media including RF10, serum-free OpTmizer™, and serum-free AIM V® 

were incubated overnight with or without C17-S1P.  Following incubation, levels of C17-S1P in the 

culture media were measured using mass spectrometry; C17-Sphingosine (Sph) was also measured 

to track dephosphorylation of C17-S1P.  Mass spectrometry showed that in the absence of cells C17-

S1P remained stable in all types of media, indicating that no spontaneous dephosphorylation or 

breakdown of C17-S1P had occurred (Fig. 4-13, A-C).  However, to minimise any possible effects of 

lipid phosphatases in the serum, subsequent experiments were carried out using serum-free   

OpTmizer™ or AIM V® medium.  

 

Figure 4-13.  Mass spectrometry detection of C17-S1P in different culture medium 
Different types of culture medium (RF10, OpTmizer™, and AIM V®) were incubated with or without 300nM C17-
S1P.  Following incubation, levels of C17-S1P and C17-Sph were measured using mass spectrometry.  The 
concentration of each analyte was normalised to an internal standard (reserpine) and shown as a relative 
concentration.  Error bars indicate standard deviation (A-C).  S1P, Sphingosine-1-phosphate; Sph, Sphingosine.   
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Since SGPL1 is located in the ER membrane [106], degradation of exogenous S1P by this enzyme 

requires transport of S1P into the cytoplasm.  To examine whether SGPL+ MoAPCs could uptake and 

internalise S1P, MoAPCs were incubated with C17-S1P overnight and the concentration of remaining 

C17-S1P in the culture medium was measured by mass spectrometry (Fig. 4-14).  Following overnight 

culture, the level of C17-S1P in the medium incubated with MoAPCs was significantly reduced, whilst 

overnight culture of C17-S1P alone or C17-S1P with T cells induced no substantial changes in C17-

S1P concentrations (Fig. 4-14).  The decrease in C17-S1P did not result in a concomitant increase of 

C17-Sph in the culture medium, indicating the clearance of exogenous C17-S1P was not due to the 

dephosphorylation of S1P into sphingosine (Fig. 4-14).    

 

Figure 4-14.  Clearance of exogenous S1P by MoAPCs 
C17-S1P (300nM) was added to serum-free OpTmizer™ medium and incubated in the presence or absence of 
MoAPCs and T cells.  Following overnight incubation, levels of C17-S1P and C17-Sph remaining in the culture 
medium was measured by mass spectrometry.  The concentration of each analyte was normalised to an internal 
standard (reserpine) and shown as a relative concentration.  Error bars indicate standard deviation.  Data are 
representative of 3 independent experiments.  The statistical significance of differences between experiments 
was assessed using t-tests and Holm's method, and is indicated in [200].  S1P, Sphingosine-1-phosphate; Sph, 
Sphingosine.  

 

 

4.3.3.2. Fate of internalised S1P 

S1P can be either metabolised into sphingosine by the activity of lipid phosphatases, or irreversibly 

degraded into the long chain aldehyde (2E)-hexadecenal by SGPL1 [105].  Given that no sphingosine 

was detected in the medium cultured with MoAPCs, S1P was likely internalised by MoAPCs and 

converted into sphingosine or (2E)-hexadecenal intracellularly.  Therefore, the fate of exogenously 
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added S1P was examined in the lysate of MoAPCs.  Following overnight culture of MoAPCs with 

C17-S1P, the medium and MoAPCs were collected separately and MoAPCs were lysed as described 

[150].  Subsequently, the levels of C17-S1P and C17-Sph in the culture supernatant and the lysate of 

MoAPCs were measured by mass spectrometry.  While the level of C17-S1P was greatly reduced in 

the supernatant of MoAPCs cultured with C17-S1P, no significant amount of C17-Sph was detected in 

either the culture supernatant or the MoAPC lysate (Fig. 4-15, A-B).  In addition, no apparent 

intracellular conversion of C17-S1P into (2E)-hexadecenal was detected in the lysate of MoAPCs 

(Fig. 4-15B).  We also examined whether (2E)-hexadecenal was detectable after short term 

incubation of C17-S1P with MoAPCs; MoAPCs were incubated with C17-S1P for 45 or 90 min and 

the lysates were analysed by mass spectrometry.  The lysates of 90 min incubated samples 

contained much lower levels of C17-S1P than the lysates of 45 min incubated samples, indicating 

efficient intracellular conversion of C17-S1P by MoAPCs between 45 and 90 min (Fig. 4-15C).  

Internalised C17-S1P was not dephosphorylated during this time period, as indicated by the low levels 

of C17-Sph in the MoAPC lysates (Fig. 4-15C).  The lysates of MoAPCs also lacked C17-S1P-derived 

(2E)-hexadecenal (Fig. 4-15C).          

 

Figure 4-15.  Tracking internalised S1P 
The fate of exogenously added S1P was examined in the supernatants and lysates of MoAPCs incubated with 
C17-S1P overnight (A-B), or 45-90 min (C).  The concentration of each analyte was normalised to an internal 
standard (reserpine or C20-S1P) and shown as a relative concentration.  Error bars indicate standard deviation 
(A & C).  S1P, Sphingosine-1-phosphate; Sph, Sphingosine; Hex, (2E)-hexadecenal.  
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Collectively, these data suggest that SGPL1+ MoAPCs were able to internalise extracellular C17-S1P 

and convert it into a metabolite other than C17-Sph, which is likely to be (2E)-hexadecenal.  However, 

we were unable to detect (2E)-hexadecenal in the lysate of MoAPCs incubated with C17-S1P.  As no 

commercial standard was available for C17-S1P-derived (2E)-hexadecenal, the molecular ion peak 

used for the detection of C17-S1P-derived (2E)-hexadecenal was determined by calculation relative 

to the m/z value of C17-S1P.  Although several experiments using various lipid extraction methods 

displayed both MS and MS/MS signals at the same m/z values as those expected from this 

metabolite, these signals were also present at various retention times in the blank samples.  

Collectively, these factors prevented accurate measurement of genuine (2E)-hexadecenal derived 

from C17-S1P in these samples.  Subsequent experiments therefore used C18-S1P instead as no 

such interferences were observed for this compound. 

The ability of SGPL1+ MoAPCs to convert C18-S1P into C18-S1P-derived (2E)-hexadecenal was 

assessed following the method described previously [151] with some modifications.  Briefly, MoAPCs 

were processed to yield the lysate containing microsomal fractions (Section 2.5.3) and the lysate was 

incubated with or without C18-S1P.  Mass spectrometry detected large amounts of (2E)-hexadecenal 

in the MoAPC lysate incubated with C18-S1P (Fig. 4-16A), indicating a high rate of SGPL1 activity.  In 

contrast, incubation of the MoAPC lysate alone did not induce generation of (2E)-hexadecenal (Fig. 4-

16A).  In three independent experiments, MoAPCs showed a greater than 50-fold increase in (2E)-

hexadecenal concentration as compared to the untreated control (range 53-105%; data not shown).  

The level of (2E)-hexadecenal generated in the lysate was substantially elevated when the enzymatic 

reaction was allowed to proceed for longer duration (Fig. 4-16B).  In contrast to the SGPL1+ MoAPCs 

that vigorously converted S1P into (2E)-hexadecenal, T cells lacking detectable levels of SGPL1 

expression (Fig. 4-12F) were unable to generate (2E)-hexadecenal (Fig. 4-16C).  Therefore, MoAPCs 

appeared to have superior ability to irreversibly degrade S1P into (2E)-hexadecenal.   

Interestingly, when the MoAPC lysate was treated with S1P and FTY720, a known inhibitor of SGPL1 

[110,151], the generation of (2E)-hexadecenal was greatly reduced (Fig. 4-17) ranging from 55 to 

77% (data not shown).  In summary, our in vitro studies using SGPL1+CD68+ABCC7+ MoAPCs 

support the hypothesis that SGPL1+CD68+ABCC7+ APCs in the T cell-rich parenchyma of human 

LNs are likely able to internalise and irreversibly degrade extracellular S1P, therefore maintaining the 

gradient of S1P across the parenchyma and lymphatic sinuses which is critical for the control of T cell 

egress.   
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Figure 4-16.  Examining the capacity of MoAPC lysates to degrade C18-S1P into (2E)-hexadecenal 
Concentrations of (2E)-hexadecenal in the lysates of MoAPCs were measured by mass spectrometry following 
20 min (A-B) or 45 min (B) incubation with or without exogenously added C18-S1P (0.4 mM).  In (C), the ability of 
SGPL1+ MoAPC lysates to irreversibly degrade S1P was examined in comparison to SGPL-/low T cells lysates 
purified from blood.  The concentration of (2E)-hexadecenal was normalised to an internal standard (2E)-
hexadecenal-d5 and shown as a relative concentration (A-C).  Data in (C) are representative of 3 independent 
experiments and error bars indicate standard deviation.  The statistical significance of differences between 
experiments was assessed using t-tests and Holm's method, and is indicated in [200]. 
 

Figure 4-17.  Degradation of S1P into (2E)-hexadecenal by MoAPCs  
(2E)-hexadecenal production of MoAPCs was examined in the presence or absence of FTY720.  The 
concentration of (2E)-hexadecenal was measured by mass spectrometry, normalised to an internal standard 
(2E)-hexadecenal-d5, and shown as a relative concentration.  Data are representative of 3 independent 
experiments and error bars indicate standard deviation.  The statistical significance of differences between 
experiments was assessed using t-tests and Holm's method, and is indicated in [200].   
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4.4.   Summary and discussion 

In recent years, lymphocyte egress has generated considerable interest as a target for 

immunosuppressive therapy.  Elucidation of the mechanism controlling T cell egress from the LN was 

largely led by the discovery that the egress inhibitor FTY720 (once phosphorylated in vivo) is a ligand 

for S1P receptors and the interplay between S1P and S1P1 is essential for T cell exit from LNs [92-

94].  Studies in mice suggested that S1P1 expressed on T cells functions as a chemoattractant 

receptor guiding T cells toward S1P [93].  Furthermore, egress requires not only S1P1 on T cells but 

also an S1P gradient [94]; S1P exists in higher concentrations in lymph than in LNs, and this 

differential generates the S1P gradient between the LN parenchyma and lymphatic sinuses.  S1P1+ T 

cells in the S1P-low parenchyma sense S1P in the sinuses and subsequently enter the sinuses to exit 

the LN [93].  In contrast, S1P1-deficient T cells normally probe the sinus surface but fail to enter the 

sinuses [27].  Treatment with FTY720 disrupts this gradient (as phosphorylated FTY720 acts as S1P 

in vivo) and subsequently downregulates S1P1 on T cells; consequently, T cells are unable to enter 

the sinuses and sequester within the LNs, leading to T cell depletion in the lymph and blood 

[92,93,113].  The action of SGPL1, the enzyme that irreversibly degrades S1P into hexadecenal, is 

critical in maintaining the S1P gradient; inhibition of this enzyme results in elevated S1P levels in LNs 

and subsequent reduction of surface S1P1 on T cells, which severely impairs T cell egress 

[94,111,198].  However, the identity of the cell type(s) that express SGPL1 and irreversibly degrade 

S1P in LNs has until now remained unknown [6].  

Although previous studies using murine models have greatly increased our understanding of the 

process mediating T cell egress, how this process is controlled in human LNs is not well understood.  

In particular, little information is available on the location of egress structures and the mechanisms 

maintaining the S1P gradient.  This study therefore sought to examine the structural and cellular 

components regulating T cell egress from human LNs.   

Having established the organisation of lymphatic sinuses constructed by LECs and MRCs in the 

previous chapter, we were able to determine potential sites of T cell migration from the parenchyma 

into the sinuses (Section 4.2).  Our data showed that cortical sinuses located in the paracortex are 

likely to provide important egress sites for T cells in human LNs.  These cortical sinuses were packed 

with many T cells, and some T cells were also found in the gaps between the CD141high MRCs 

demarcating the sinuses.  Although early literature suggested the presence of cortical sinuses in 

murine LNs [201], it has long been thought that T cells leave the LNs by entering medullary sinuses 

where they are flushed by lymph flowing towards the efferent lymphatics; therefore, most egress 

studies have focused on the medullary sinuses [89,92].  However, recent studies of murine LNs using 

intravital two-photon microscopy showed that cortical sinuses serve as the major site for T cell exit 

from LNs  [27,90].  These studies showed that randomly migrating S1P1+ T cells contact LYVE-1+ 

cortical sinuses, probe the sinus surface, and enter the sinus endothelium; however, S1P1-deficient T 

cells cannot cross the sinus endothelium.  Our histology results are in agreement with these studies; 
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large numbers of T cells were found in the cortical sinuses, supporting the idea that cortical sinuses 

provide the major egress sites for T cells from LNs.  Our data also suggest that T cells are likely to 

first interact with MRCs to gain access to the cortical sinuses, as many T cells were found to be 

closely associated with the CD141high MRCs at the boundary between the parenchyma and cortical 

sinuses.  The presence of egress sites in the paracortex appears to be sensible given that T cells will 

not be required to travel to the medullary sinuses to exit the LN.  

We then assessed LN expression of S1P1 (Section 4.3.1).  Although previous studies of murine LNs 

have established the role of S1P1 expressed on T cells in sensing the S1P gradient [27,92-94], little 

information is available on the expression profile of this receptor in human LNs.  Our 

immunohistochemistry and flow cytometry data showed that the majority of T cells in human LNs 

express S1P1.  Interestingly, T cells located in the sinuses appeared to lack S1P1 or expressed much 

lower levels of S1P1 compared to the T cells in the parenchyma, suggesting downregulation of this 

receptor by the T cells in the sinuses.  This pattern is consistent with previous findings of murine 

models showing that S1P1 is downregulated by T cells in lymph and is upregulated by T cells in the 

LN parenchyma [113].  In vitro studies have also demonstrated that S1P1 is rapidly internalised upon 

S1P treatment [202].  Our immunohistochemistry data therefore supports the hypothesis that the 

S1P1 expressed on the surface of T cells is involved in sensing S1P and promoting T cell egress, 

which is also known as the ‘S1P-S1P1 control of T cell egress’ model [6,7,27,93,94,113].  According 

to this model, T cells in blood and lymph which contain high concentrations of S1P downregulate and 

internalise S1P1.  However, when T cells enter the S1P-low parenchyma of the LN, S1P1 is re-

expressed on the surface of T cells, thus enabling T cells to migrate towards the high levels of S1P in 

the lymphatic sinuses and subsequently leave the LN.  Although our results appear to support this 

model, we were unable to precisely determine the surface expression of S1P1 by LN T cells due to 

the lack of the surface S1P1 antibodies for flow cytometry.  Our data also showed that LECs in human 

LNs express high levels of S1P1, raising a possibility that FTY720 may also target this population by 

affecting vascular permeability and blocking transmigration of T cells into the sinuses as suggested by 

the ‘stromal-gate control of T cell egress’ model [89,97].  However, no conclusive data is available 

demonstrating that FTY720 treatment induces actual changes in the sinus endothelium of LNs.  

Further studies are required to better understand the mechanism by which S1P1 mediates T cell 

egress from human LNs. 

In this study, we have also identified the cell population expressing SGPL1 in the T cell-rich 

parenchyma of human LNs (Section 4.3.2), providing insight into how the S1P gradient is regulated in 

human LNs.  Despite the critical role of SGPL1 in maintaining the S1P gradient [94,111,198], the 

primary cell types mediating irreversible degradation of S1P by SGPL1 have not previously been 

identified in either murine or human LNs [6].  This study, for the first time, demonstrated that the 

CD68+ APCs in the T-cell rich parenchyma of human LNs express high levels of SGPL1.  

SGPL1+CD68+ APCs were frequently found in the T cell areas, and the majority of APCs also 

expressed CD169 and CD209, marking them as the parenchymal equivalents of sinus APCs [10].  In 
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contrast, SGPL1+ cells were mostly absent from the lymphatic sinuses; CD68+ APCs were detected 

in the sinuses but they clearly lacked SGPL1.  Occasionally, rare SGPL1low APCs were observed in 

the sinuses; however, given their infrequency, they are unlikely to have a major impact on the high 

levels of S1P in the sinuses which is constantly produced by LECs [79].  Furthermore, 

SGPL1+CD68+ APCs in the T-cell rich parenchyma co-expressed ABCC7, a membrane protein 

capable of transporting extracellular S1P into the cell [103,104].  In contrast to the CD68+ APCs in the 

parenchyma, T cells in this region expressed no detectable levels of SGPL1 consistent with earlier 

observations [203] and also lacked ABCC7 expression.  Based on these data, we hypothesised that 

SGPL1+CD68+ APCs in the T-cell rich parenchyma are likely to play a role in regulating S1P levels in 

human LNs.  

To establish whether SGPL1+CD68+ APCs are functionally capable of internalising and irreversibly 

degrading S1P (Section 4.3.3), we used MoAPCs generated in vitro expressing the same phenotype 

as the SGPL1+ APCs in situ (i.e. CD68+CD209+CD169+SGPL1+ABCC7+).  Following culture with 

S1P, these MoAPCs significantly reduced the amount of S1P in the culture media.  It is unclear yet 

whether the observed internalisation of S1P by MoAPCs is mediated by ABCC7 or by other S1P 

receptors expressed by MoAPCs [204,205]; further experiments using ABCC7 inhibitors (e.g. CFTR 

Inhibitor-172) would clarify the mechanism of S1P uptake.  As earlier studies proposed that 

extracellular S1P could be dephosphorylated into sphingosine by S1P phosphatase [206,207], we 

also measured the sphingosine concentrations in the culture media.  The sphingosine levels remained 

low indicating that S1P had not been dephosphorylated.  We then demonstrated that S1P incubated 

in the presence of the MoAPC lysate was degraded into (2E)-hexadecenal – a metabolic product 

specific to the SGPL1 degradation of S1P.  In contrast, SGPL1-/low T cells were unable to convert 

S1P into (2E)-hexadecenal.  Our results therefore confirm the ability of SGPL1+CD68+ APCs to 

internalise and irreversibly degrade S1P.  We also showed that FTY720 treatment suppresses the 

SGPL1 activity in MoAPCs, supporting the hypothesis that SGPL1 inhibition by this drug may 

contribute to the lymphopenia it induces [110].  Collectively, our results suggest that SGPL1+CD68+ 

parenchymal APCs are likely to maintain the low levels of S1P in the parenchyma of the human LN 

and hence regulate the S1P gradient between the sinus and the parenchyma which facilitates T cell 

egress from the LN.  Furthermore, we have identified these APCs as a potential target for the 

immunosuppressive drug FTY720.   

Taken together, the following egress scenario can be proposed from our combined data: 1) the 

parenchyma of human LNs, particularly the T cell zone, is maintained as an S1P-low niche through 

the action of the SGPL1 expressed by CD68+ APCs in this region; in contrast, lymphatic sinuses 

contain high levels of S1P which is produced by the LECs; therefore, a gradient of S1P is generated 

between the sinuses and the parenchyma; 2) in the S1P-low parenchyma, T cells gradually 

upregulate surface S1P1; 3) when S1P1+ T cells encounter lymphatic sinuses (e.g. cortical sinuses), 

the S1P1 expressed on their surface senses the S1P in the sinuses by probing through the gaps 

between CD141high MRCs; 4) S1P1+ T cells then transmigrate into the sinuses by passing through the 
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gaps between MRCs; T cells that do not express sufficient levels of surface S1P1 may probe the 

MRC layer but cannot gain access into the sinuses; 5) after entering the sinuses, T cells rapidly 

downregulate and internalise S1P1 in response to the high S1P levels in the lymph; 6)  the flow of 

lymph subsequently carries the T cells into the medullary sinuses and out of the LN via the efferent 

lymphatics 

Finally, our findings provide a potential mechanism by which FTY720 shuts down T cell egress from 

human LNs.  Given that FTY720 inhibited the SGPL1 activity by CD68+ APCs, we propose that in 

vivo this effect would lead to increased levels of S1P in the T-cell rich parenchyma which would ablate 

the S1P gradient present and prevent the T cells from re-expressing their surface S1P1.  Collectively, 

these events would inhibit T cell egress via the lymphatic sinuses and eventually lead to the 

lymphopenia observed following FTY720 treatment.  However, the possibility that FTY720 may also 

act through the effects on S1P1 expressed by LECs cannot be excluded.   
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Chapter 5. Regulation of B cell trafficking in human lymph nodes 

5.1. Background 

Circulating B cells express multiple chemokine receptors including CXCR5 (the receptor for CXCL13), 

CCR7 (the receptor for CCL19 and CCL21), CXCR4 (the receptor for CXCL12), and EBI2 (the 

receptor for oxysterol).  Studies in mice have demonstrated that differential expression of these 

chemokine receptors determines the localisation of B cell subpopulations to their distinct 

microenvironments within LNs.  Upon their entry into LNs via HEVs in T cell areas, naïve B cells home 

to the CXCL13-rich follicles in a CXCR5-dependent manner [117,119]; it is generally believed that B 

cells access the follicles by actively following a gradient of CXCL13 formed between the HEVs and 

follicles.  After populating the follicles, B cells search for Ag diffused into the follicles, or displayed on 

FDCs, subcapsular macrophages and follicular conduits [120].  When naïve B cells fail to find their 

cognate Ag, they gradually downregulate CXCR5, lose the responsiveness to CXCL13, and leave the 

LNs by entering cortical sinuses located at the boundary between the follicles and T cell zone [28].  

Treatment of mice with FTY720 prevents B cells from entering the sinuses [28,92], suggesting the 

egress of B cells is also regulated by S1P [7,94].  The majority of follicular B cells in murine LNs 

express S1P1 [28,118], although it is unclear whether this receptor directly mediates the chemotaxis 

of B cells to S1P in vivo.  

Studies using murine models have also demonstrated that the migration pattern of B cells rapidly 

changes upon encountering cognate Ag [123,124,130-134,136]:  Activated B cells upregulate both 

CCR7 and EBI2 and migrate to the boundary between the follicles and T cell zone where they receive 

‘help’ from cognate T cells.  Subsequently, these B cells downregulate CCR7 while maintaining high 

levels of EBI2 and relocate to the follicular perimeter rich in oxysterol.  B cells initially begin to 

proliferate in this region and then they follow one of two independent pathways of migration and 

differentiation.  Some proliferating B cells migrate to the extrafollicular areas where they differentiate 

into plasmablasts and short-lived plasma cells providing an immediate source of Ag-specific 

antibodies.  Alternatively, they downregulate EBI2 and enter the FDC-rich region of the follicles to 

form GCs.  Within the GCs, B cells rapidly proliferate and undergo distinct differentiation stages 

including somatic hypermutation and affinity-based selection [17].  GCs are maintained as an S1P-low 

niche, and therefore GC B cells can be retained for sufficient time within this specialised 

microenvironment to complete the GC reaction.  However, the mechanism regulating S1P levels in 

GCs remains unknown.  B cells that have successfully completed the GC reaction differentiate into 

either memory B cells or long-lived plasma cells providing a sustained source of high-affinity 

antibodies.  Plasma cells are understood to downregulate CXCR5 and upregulate EBI2 and CXCR4, 

which enables their relocation to the LN medullary cords or bone marrow [143].  Given that FTY720 

inhibits egress of plasmablasts and plasma cells from LNs and spleen [147], S1P is also likely to be 



Chapter 5 

 110 

involved in controlling the egress of antibody-secreting cells, possibly in a S1P1-dependant 

mechanism [7].  

As demonstrated in murine models, generation of antibody responses in LNs is critically associated 

with the dynamic changes in B cell localisation.  However, little is known about the mechanisms 

controlling B cell movement within human LNs.  Therefore, we sought to comprehensively investigate 

the components regulating B cell trafficking in human LNs.  In this chapter, we first examine the 

vasculatures mediating the migration of B cells into and out of LNs.  We then explore how B cells are 

likely to encounter Ag in human LNs, and assess the location of B cell subpopulations at different 

stages of differentiation.  Lastly, we establish a profile of the multiple chemokine receptors expressed 

by B cells in human LNs and examine how the egress of B cells is likely to be controlled.    
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5.2. Vascular structures regulating B cell trafficking in human lymph nodes 

We first assessed the distribution of the blood and lymphatic vasculatures in relation to B cell follicles.  

Unlike the murine LNs where follicles are predominantly located in the superficial cortex [12], in 

human LNs, follicles were not only present in the superficial areas underneath the capsule but were 

also observed in the deeper parenchyma (Fig. 5-1, A-C).  Some follicles were detected next to the 

paracortex colonised by CD3+ T cells (Fig. 5-1, B-C); the cortical sinuses filled with CD169+ sinus 

APCs often separated these follicles from the neighbouring T cell areas (Fig. 5-1C, right panel).    

Figure 5-1. Locations of follicles in human LNs 
LN sections were stained for CD20 (A-C), CD3 (B-C) and CD169 (C) to examine the distribution of follicles.  Data 
are representative of at least 3 independent experiments except (C).  CA, capsule; FO, follicle; LS, lymphatic 
sinus; PA, paracortex.  

 

In murine LNs, HEVs located in the paracortex provide a route of entry for newly arrived B cells from 

the blood [119].  However, in most of the human LNs examined, PNAd+CD144+ HEVs were not only 

present in the paracortex (4.2) but were also in close proximity to the follicles (Fig. 5-2, A-E).  Many 

HEVs were situated in the extrafollicular areas (Fig. 5-2, A & C-D), and some of these HEVs 
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neighboured two follicles (Fig. 5-2, D-E).  Within the HEV lumen, a number of CD20+ B cells were 

found to be in close contact with PNAd+ BECs (Fig. 5-2 A & C, arrowheads); these B cells are likely to 

represent the B cells traversing the HEVs to access the neighbouring follicles.  Some B cells were 

also observed in the perivenular space surrounding the HEVs (Fig. 5-2B, right panel).  

 

Figure 5-2. Blood vasculature adjacent to the follicles 
Human LN sections were stained for CD20 (A-E), PNAd (A-D) and CD144 (E) to examine the distribution of 
HEVs in relation to the follicles.  Arrows (A & C) indicate the B cells traversing the PNAd+ HEVs. Data are 
representative of at least 3 independent experiments except (E).  FO, follicle.   
 

We next examined the distribution of lymphatic sinuses in relation to the follicles to determine which 

sinuses mediate B cell egress from human LNs.  Co-staining of CD20 and CD144 revealed the 

presence of mesh-like CD144+ cortical sinuses around the follicles (Fig. 5-3, A-D).  In some LNs 

examined, almost every follicle including those in the deeper parenchyma appeared to be surrounded 

by the meshwork of CD144+ cortical sinuses (Fig. 5-3A).  In many follicles, a major part of the surface 

area was covered by the neighbouring sinus (Fig. 5-3A, bottom panels).  The cortical sinuses 

bordering the follicles contained numerous B cells (Fig. 5-3 B-D, right panels), indicating that these 

sinuses are likely to support the egress of B cells.   
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Figure 5-3.  Distribution of lymphatic sinuses relative to the follicles  
Human LN sections were stained for CD20 and CD144 to examine the distribution of lymphatic sinuses relative to 
the follicles (A-D).  Three representative fields of the cortical sinuses neighbouring the follicles are shown in (B-D).  
Data are representative of at least 2 independent experiments.  FO, follicle; LS, lymphatic sinus.  
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Staining of CD20 and the LEC marker STAB-2 confirmed the close association between the follicles 

and cortical sinuses (Fig. 5-4, A-E).  Egressing B cells were not only found in the sinuses directly 

neighbouring the follicles (Fig. 5-4 A & C, right panel) but also in the sinuses distal from the follicles 

(Fig. 5-4E).  Within the cortical sinuses, B cells were in close contact with STAB-2+ LECs (Fig. 5-4 A 

& C-E, enlarged panels).   

Figure 5-4.  Cortical sinuses neighbouring the follicles 
LN sections were co-stained for CD20 and STAB-2 to examine the distribution of cortical sinuses relative to the 
follicle.  Images show five representative fields of the cortical sinuses neighbouring the follicles (A-E). Data are 
representative of 3 independent experiments.  FO, follicle; LS, lymphatic sinus.  

 

In earlier chapters, we showed that lymphatic sinuses in T cell areas are surrounded by CD141high 

MRCs (Section 3.7 and 4.2).  Similarly, CD141highICAM-1+VCAM-1+ MRCs also surrounded the 

cortical sinuses neighbouring the follicles (Fig. 5-5 A-D, arrowheads), demarcating two anatomically 

distinct regions.  Although both MRCs and FDCs expressed ICAM-1 and VCAM-1, FDCs lacked 

CD141 expression (Fig. 5-5, A & C).  At the interface between the follicles and cortical sinuses, 

CD20+ B cells were intimately associated with the CD141high MRC layer and many B cells were found 
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in the gaps between the MRCs (Fig. 5-5E, arrowheads); therefore, it appears that B cells are first 

required to pass through the MRCs to enter the cortical sinuses and subsequently exit the LNs. 

Figure 5-5.  MRCs demarcating the cortical sinues around the follicles 
LN sections were stained for CD141 (A, C & E), ICAM-1 (A-D), VCAM-1 (B & D), and CD20 (E) to examine the 
MRCs lining the cortical sinuses around the follicles.  Blue represents DAPI staining of cell nuclei (A-D).  
Arrowheads indicate the MRCs (A-D) or B cells in the gaps between the MRCs (E).  Data are representative of 3 
independent experiments.  FO, follicle; LS, lymphatic sinus.   
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In summary, our data show that the blood and lymphatic vasculatures mediating the trafficking of B 

cells in human LNs are located in close proximity to the follicles; this strategic positioning would allow 

B cells to use these adjacent routes to migrate into and out of the follicles, ensuring efficient 

circulation of B cells.  

 
 

5.3. General features associated with B cell responses in human lymph 

nodes 

Upon encountering cognate Ag in LNs, the trafficking pattern of activated B cells changes dramatically 

[129].  Recent studies of murine LNs have mapped the path of B cell migration from the point of 

activation to the generation of GC responses [123,130-133,136]; B cells unable to follow this path fail 

to generate efficient humoral responses.  Nevertheless, it is unknown whether activated B cells in 

human LNs follow the same migration path as those in murine LNs.  Therefore, we sought to assess 

possible routes of B cell trafficking within human LNs during the different stages of B cell responses.  

To address this point, we first considered the APC populations likely to present Ag to B cells in order 

to define the areas where Ag is encountered by B cells in human LNs.  We then examined several 

molecular markers that can define B cell subpopulations at different stages of differentiation.  

 

5.3.1. APC populations associated with follicles  

FDCs play a major role in the retention of Ag within the follicles and subsequent presentation to B 

cells [68-70].  We showed in Chapter 3 that FDCs in human LNs are equipped with the complement 

receptor CD35 (CR1) and Fc receptor CD32 (Section 3.3.1), molecules known to be important for the  

FDC-mediated capture of Ag [120].  In murine LNs, CD169+ subcapsular sinus macrophages also 

play a  critical role in capturing and presenting lymph-derived Ag to follicular B cells [31-33].  We 

therefore examined the association between CD169+ sinus APCs and follicular B cells in human LNs.   

Consistent with the observations in murine LNs [31-33], CD169+ APCs were present in the 

subcapsular sinus of human LNs (Fig. 5-6, A-B).  Many B cells at the follicular periphery underneath 

the subcapsular sinus were in direct contact with the CD169+ sinus APCs (Fig. 5-6 A-B, right panels).  

Some B cells were also observed in the subcapsular sinus where they were closely associated with 

the CD169+ APCs (Fig. 5-6 A-B, arrowheads).  In general, CD169+ APCs were absent in most of the 

follicles examined (Fig. 5-6 A-B and data not shown).  However, occasional CD169+ APCs were 

observed in a few follicles that were less spherical in shape and contained relatively loosely packed B 

cells (Fig. 5-6C, right panels); in these follicles, B cells were associated with both the sinus CD169+ 

APCs and rare CD169+ APCs in the follicle.  The morphology of these CD169+ APCs in the follicles 
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was significantly different from that of typical sinus APCs expressing CD169 in that they were smaller 

and elongated (Fig. 5-6C, right panels).  In addition, these rare APCs expressed lower levels of 

CD169 than the sinus APCs (Fig. 5-6C).  

Figure 5-6.  Association between CD169+ APCs in the subcapsular sinus and B cells  
LN sections were stained for CD169, CD20 and CD3 (A-C) to examine the distribution of CD169+ APCs relative 
to the location of follicles and T cell zone.  Data are representative of 2 independent experiments.  FO, follicle; LS, 
lymphatic sinus. 
 

CD169+ APCs were not only present in the subcapsular sinus but were also observed in the cortical 

sinuses neighbouring the follicles (Fig. 5-7A); some of these APCs were in close contact with the 

follicular B cells (Fig. 5-7A, arrowheads).  The cortical sinuses bordering secondary follicles that had 

developed a GC also contained a large population of CD169+ APCs (Fig. 5-7B).  CD169+ APCs were 

also observed in the T cell zone (Fig. 5-7C), and at the boundary between the follicle and T cell zone 

where they appeared to interact with both B and T cells (Fig. 5-7D, right panels).  Therefore, in human 

LNs, CD169+ APCs are not exclusively localised in the sinuses but can also be present in various 

areas of the parenchyma.   
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Figure 5-7.  CD169+ APCs in the cortical sinuses 
LN sections were stained for CD169 (A-D), CD20 (A and D) and CD3 (A and C-D) to examine the distribution of 
CD169+ APCs in various areas of the LNs. DAPI staining was used to determine the location of the secondary 
follicles containing a GC (B).  Data are representative of at least 2 independent experiments.  CA, capsule; FO, 
follicle; GC, germinal centre; LS, lymphatic sinus; PA, paracortex. 

 

We then examined other APC populations associated with follicular B cells in human LNs.  A 

population of APCs expressing CD68 were detected in most of the follicles examined (Fig. 5-8, A-E); 

CD68+ APCs were less frequently observed in the primary follicles (Fig. 5-8A) when compared to the 

secondary follicles (Fig. 5-8, B-E).  In the secondary follicles, CD68+ APCs tended to be concentrated 

in the GCs (Fig. 5-8, B-E).  CD68+ APCs in the follicles co-expressed CD11c (Fig. 5-8B), and the 

transcription factor PU.1 (Fig. 5-8C) which is involved in macrophage differentiation [208]; PU.1 was 

also expressed by B cells.  Collectively, the molecular phenotype of CD68+ APCs in the follicles 

suggests that they are likely to represent tingible body macrophages (TBMs) – an important type of 

phagocytic cell involved in the clearance of apoptotic B cells [209].  However, these 

CD68+CD11c+PU.1+ APCs lacked expression of MFG-E8 (Fig. 5-8D), a molecule strongly expressed 
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by TBMs in murine LNs [209].  Finally, co-staining of CD68 and CNA.42 showed that CD68+ APCs 

were clearly distinct from the CNA.42+ FDCs (Fig. 5-8E).  

 

Figure 5-8.  CD68+ APCs in the follicles 
LN sections were stained for CD68 and various markers to examine the phenotype and identity of CD68+ cells in 
the follicles.  DAPI staining (blue in A, C, D & E; grey in F) was used to determine the presence or absence of the 
GC in the follicles (A-E).  Data are representative of 2 independent experiments except (C) and (D).  CA, capsule; 
FO, follicle; GC, germinal centre.   
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CD163, a molecule highly expressed on resident tissue macrophages, functions as a surface receptor 

that recognises and binds to bacteria [210].  A close association between CD163+ APCs and follicular 

B cells was often observed in human LNs (Fig. 5-9, A-E).  A few of the CD163+ APCs were found at 

the follicular periphery (Fig. 5-9, A-C) and also in the inner follicle (Fig. 5-9, C-D), whilst the majority of 

CD163+ APCs were predominantly distributed along the boundary between the follicle and T cell zone 

– the region also known as a cortical ridge [52].  A few CD163+ APCs were present in the GC of the 

secondary follicles (Fig. 5-9E, left bottom panel).  Co-staining of CD163 and DCN46 showed that 

CD163+ APCs were largely distinct from the DCN46+ APCs (Fig. 5-9E), although occasional 

CD163+DCN46+ cells were observed. Given that the majority of CD163+ APCs were DCN46−, they 

are also likely to be distinct from the CD169+ APCs that co-express DCN46 (data not shown).  

CD163+ APCs were also present in the DCN46+ cortical sinuses neighbouring the follicles (Fig. 5-

9E).  Taken together, our results identify APC subsets that are likely to be involved in initiating B cell 

responses in human LNs and suggest potential regions where B cells may encounter Ag.  

Figure 5-9.  Association between CD163+ APCs and B cells 
LN sections were stained for CD163 (A-E), CD20 (A-D), and DCN46 (E) to examine the distribution of CD163+ 
APCs relative to the follicles and cortical sinuses.  DAPI staining was used to determine the location of GCs (E).  
Data are representative of 2 independent experiments.  FO, follicle; GC, germinal centre. 
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5.3.2. Assessing the status of activation and differentiation of B cells 

We subsequently examined the distribution of B cell subpopulations at various stages of 

differentiation using the LN samples classified as ‘normal’ as well as the reactive LN samples 

containing frequent secondary follicles with GCs.  We identified these B cell subpopulations using 

several markers defined in murine models [137-139,141,142].  Staining for Ki-67, a nuclear protein 

expressed in cells during all active phases of the cell cycle, was useful to track proliferating B cells 

within LNs.  The majority of CD20+ B cells in the primary follicles lacking a GC were negative for Ki-

67 expression (Fig. 5-10, A-D).  However, occasional Ki-67+ B cells were observed at the perimeter of 

Figure 5-10.  Ki-67 expression in primary follicles 
LN sections were stained for CD20 (A-D), Ki-67 (A-D), and CD141 (D) to track proliferating B cells.  Four 
representative images of the primary follicles are shown in (A-D).  Blue in (A & B) represents DAPI staining 
of cell nuclei.  Data are representative of 3 independent experiments.  FO, follicle; LS, lymphatic sinus. 
 



Chapter 5 

 122 

primary follicles (Fig. 5-10 A-D, right panels); sometimes, these Ki-67+ B cells were associated with 

the CD141high MRCs lining the cortical sinus (Fig. 5-10D, right panels).   

In contrast, secondary follicles contained numerous Ki-67+ proliferating B cells (Fig. 5-11, A-B).  The 

majority of Ki-67+ B cells were confined within the GC, indicating an active ongoing clonal expansion 

in this compartment (Fig. 5-11B, right panels).  Although less frequent, Ki-67+ B cells were also found 

in the mantle zone surrounding the GC (Fig. 5-11A, bottom left panels).  Interestingly, several primary 

follicles could be observed close to the secondary follicle which contained numerous Ki-67+ GC B 

cells (Fig. 5-11A); occasional Ki-67+ cells were found at the perimeter of these primary follicles (Fig. 

5-11A, bottom right panels), suggesting that activated B cells may start proliferating at the follicular 

perimeter before migrating deep into the follicles to form the GCs. 

Figure 5-11. Ki-67 expression in secondary follicles 
LN sections were stained for CD20 and Ki-67 to track proliferating B cells (A-B).  DAPI staining was used to 
determine the location of GCs (A-B).  Data are representative of 3 independent experiments.  FO, follicle; GC, 
germinal centre.   
 

Reactive LN sections were then examined for the expression of the transcription factors BCL-6 and 

BLIMP-1 which are involved in B cell differentiation.  BCL-6 is critical for the formation of GCs [137-
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139].  Consistent with the role in regulating differentiation of GC B cells [137-139], BCL-6 was 

expressed by numerous B cells in the GCs (Fig. 5-12, A-D).  In contrast to the BCL-6+ GC B cells, the 

CD20+ naïve B cells in the mantle zone of the secondary follicles lacked BCL-6 expression (Fig. 5-12, 

B-D).  The BCL-6+ GC B cells appeared to be bigger and expressed slightly lower levels of CD20 

(Fig. 5-12, B-D) than the BCL-6- naïve B cells.  

Figure 5-12.  BCL-6 expression in human LNs 
LN sections were stained for BCL-6 and CD20 to examine GC B cells.  DAPI staining was used to determine the 
location of GCs (A, B & D).  Data are representative of at least 3 independent experiments.  GC, germinal centre; 
MT, mantle zone.  



Chapter 5 

 124 

BLIMP-1 is a transcription factor that drives the terminal differentiation of GC B cells into 

immunoglobulin-secreting plasma cells [141,142].  Large numbers of BLIMP-1+ plasma cells were 

found in the GCs (Fig. 5-13A, left panel), while occasional BLIMP-1+ cells were observed in 

parenchymal areas remote from the follicles (Fig. 5-13A, right panel) and also at the extrafollicular 

sites (Fig. 5-13B).  The majority of the BLIMP-1+ cells located in these non-follicular sites lacked 

CD20 (Fig. 5-13, B-C), and are likely to represent the plasma cells that have downregulated CD20.  

BLIMP-1 has also been reported to be expressed by subsets of T cells [211].  Co-staining of BLIMP-1 

and CD3 demonstrated the presence of frequent BLIMP-1+ cells in the T cell zone (Fig. 5-13, D-E).  

However, most of the BLIMP-1+ cells located in the T cell zone were CD3- and appeared to be 

bigger than the CD3+ T cells (Fig. 5-13D, right panel).  CD3+BLIMP-1+ cells were rare in the T cell 

zone (Fig. 5-13E, arrowheads). 

Figure 5-13.  BLIMP-1 expression in human LNs 
LN sections were stained for BLIMP-1 (A-E), CD20 (B-C) and CD3 (D-E) to examine the distribution of plasma 
cells.  DAPI staining was used to determine the location of GCs (A).  Data are representative of 2 independent 
experiments.  GC, germinal centre; FO, follicle.  
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Staining serial sections for BCL-6 and BLIMP-1 showed the relative differentiation status of each GC 

(Fig. 5-14, A-C).  In some GCs, BCL-6+ cells outnumbered BLIMP-1+ cells (Fig. 5-14A), indicating the 

majority of GC cells were still undergoing active GC responses.  GCs with similar numbers of BCL-6+ 

GC B cells and BLIMP-1+ plasma cells were also observed (Fig. 5-14B).  Lastly, some GCs contained 

numerous BLIMP-1+ cells and rare BCL-6 cells (Fig. 5-14C), indicating the majority of cells in the GCs 

had completed the differentiation processes and were fully committed to a plasma cell fate.  

Figure 5-14.  Expression of BCL-6 and BLIMP-1 in GCs  
Serial LN sections were stained for BCL-6 and BLIMP-1 (A-C).  DAPI staining was used to determine the location 
of GCs (A-C).  Data are representative of 3 independent experiments.  GC, germinal centre.  
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Finally, LN sections were co-stained for CD20 and CD27 to assess the distribution of memory B cells 

(Fig. 5-15).  Large numbers of CD20+ B cells expressing the memory B cell marker CD27 [212] were 

observed in the GCs of secondary follicles (Fig. 5-15, bottom right panels).  The mantle zone 

surrounding the GC also contained many CD20+CD27+ memory B cells as well as CD20+CD27- 

naïve B cells (Fig. 5-15, bottom left panels).  As expected, the majority of T cells in the paracortex 

expressed CD27 (Fig. 5-15; T cells in the paracortex were identified as CD20-DAPI+ cells).  

Collectively, these data show that various subpopulations of B cells can be identified in human LNs 

using markers specific for each stage of B cell differentiation.  

Figure 5-15.  CD27+ memory B cells in human LNs 
LN sections were stained for CD20 and CD27 to assess the distribution of memory B cells.  DAPI staining was 
used to determine the location of GCs. GC, germinal centre; PA, paracortex; MT, mantle zone.  
 

 

5.4. Molecular signals regulating B cell trafficking in human lymph nodes 

5.4.1. Chemokine receptors guiding B cell movement  

5.4.1.1. Expression of CXCR5 

Having assessed the vascular structures regulating B cell trafficking (Section 5.2) and considered 

several factors associated with the generation of B cell responses (Section 5.3), we subsequently 

examined the molecular signals that guide the movement of B cells in human LNs.  Earlier studies 

using murine models have identified various chemokine receptors that mediate B cell migration within 

the LN [116-119,130,213].  In particular, the role of CXCR5 was found to be critical in guiding newly 
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arrived B cells to the follicles where high levels of CXCL13 are present [117,119]; B cells lacking 

CXCR5 fail to enter the follicles and remain in the areas adjacent to the HEVs [119].  Nevertheless, 

how CXCR5 shapes B cell behaviour in human LNs is not well understood.  We therefore first 

examined CXCR5 expression by B cells in human LNs using immunohistochemistry (Fig. 5-16, 17 

and 18).  Consistent with the role of CXCR5 in promoting follicular entry of B cells [117,119], the 

majority of CD20+ B cells residing in primary follicles expressed high levels of CXCR5 (Fig. 5-16, A-

B).  Interestingly, a number of CD20+ B cells localised in the extrafollicular areas appeared to lack 

CXCR5 (Fig. 5-16A, bottom right panels).  Furthermore, in contrast to the CXCR5high B cells in the 

inner follicle (Fig. 5-16B, bottom left panels), CD20+ B cells located in the outer follicle appeared to 

lack CXCR5 or express only low levels of CXCR5 (Fig. 5-16B, bottom right panels).  Therefore, the 

staining intensity of CXCR5 increased from the follicular margin towards the centre (Fig. 5-16B, 

arrow), implying that a short-range gradient of CXCL13 may exist in the follicles. 

Figure 5-16.  CXCR5 expression in primary follicles 
LN sections were stained for CXCR5, CD20 and CD3 to examine CXCR5 expression by B cells in different 
locations (A: bottom left, inner follicle; bottom right, extrafollicular site; B: bottom left, inner follicle; bottom right, 
outer follicle).  DAPI staining was used to determine the presence or absence of GCs (A).  A dashed arrow in (B) 
indicates increasing staining intensity of CXCR5 towards the follicular centre.  Data are representative of at least 
3 independent experiments.  FO, Follicle.  
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Further examination of CXCR5 expression showed that CD20+ B cells located in the CD3+ T cell 

zone mostly lacked CXCR5 expression (Fig. 5-17 A-B, right panels); this was surprising as the widely 

held belief is that B cells enter the LN via the HEVs in the T cell zone and subsequently access the 

follicles by following a CXCL13 gradient existing between the HEVs and follicles through the sensing 

action of CXCR5 [5].  These CXCR5- B cells observed in the T cell zone might simply represent the B 

cells leaving the LNs or the B cells looking for Ag in the T zone, which would not require expression of 

CXCR5.  Nevertheless, we were unable locate any B cells that expressed detectable levels of CXCR5 

in the T cell zone; almost every B cell expressing CXCR5 appeared to be confined to the follicles (Fig. 

5-16 and 5-17).  The majority of CD3+ T cells in the paracortex lacked CXCR5 (Fig. 5-17C), whilst the 

T cells in the follicles expressed high levels of CXCR5 (Fig. 5-17D), indicating they represent follicular 

helper T (TFH) cells [214]. 

Figure 5-17.  CXCR5 expression in the T cell zone 
LN sections were stained for CXCR5, CD20 and CD3 to examine CXCR5 expression by B and T cells in different 
locations (A-D).  Data are representative of at least 3 independent experiments.FO, Follicle; PA, paracortex.  
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We then examined whether there are any changes in CXCR5 expression as B cells undergo a series 

of GC responses.  Two distinct patterns of CXCR5 expression were observed in the secondary 

follicles that developed GCs (Fig. 5-18).  In some secondary follicles, no apparent difference was 

found in the CXCR5 expression levels between the GC B cells and the B cells in the mantle zone 

(Fig. 5-18A, right panels); those B cells at the outer edge of the mantle zone also expressed high 

levels of CXCR5.  However, in other secondary follicles, the majority of B cells in the GCs expressed 

much lower levels of CXCR5 when compared with the B cells in the mantle zone (Fig. 5-18 B-C, right 

panels).  These CXCR5low/- B cells are likely to represent more differentiated B cells (e.g. plasma 

cells) that are destined to leave the GC once they have fully completed the various stages of GC 

responses. 

Figure 5-18.  CXCR5 expression in secondary follicles  
LN sections were stained for CXCR5 (A-C) and CD20 (A-B) to compare CXCR5 expression by GC B cells and 
mantle zone B cells.  DAPI staining was used to determine the location of GCs (A-C). Data are representative of 
at least 3 independent experiments.  GC, germinal centre; MT, mantle zone. 
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5.4.1.2. Flow cytometric analysis of chemokine receptors  

 

In addition to CXCR5, chemokine receptors such as CCR7 and CXCR4 also contribute to the motility 

of B cells in murine LNs [116].  Therefore, using polychromatic flow cytometry with a panel of 10 

markers, we sought to examine the profile of multiple chemokine receptors expressed by human LN B 

cells (Fig. 5-19, A-J).  Populations of B (CD19+CD3-) and T (CD19-CD3+) cells were first identified in 

LN single-cell suspensions based on expression of CD19 and CD3 (Fig. 5-19A). CD19+ LN B cells 

were divided into two subsets based on expression of the memory B cell marker CD27 and CD45R, 

the CD45 isoform equivalent to the murine pan-B cell marker B220 (Fig. 5-19B).  CD45R expression 

was mainly restricted to the CD27- B cell subset while the majority of CD27+ memory B cells lacked 

CD45R (Fig. 5-19B), in agreement with previous data from flow cytometric analysis of human 

peripheral blood B cells [215].  

Consistent with the role of CCR7 as a chemokine receptor mediating lymphocyte homing to LNs 

[216], the majority of LN T cells expressed CCR7 (Fig. 5-19C).  As expected, the majority of LN B 

cells were CXCR5+ although a small subset of CXCR5- B cells were also detected (Fig. 5-19 D & E).  

Interestingly, large numbers of CXCR5+ LN B cells co-expressed CCR7 at levels comparable to the 

CCR7+ LN T cells (Fig. 5-19F); in contrast, peripheral blood B cells expressed lower levels of CCR7 

than blood T cells (Fig. 5-19G).  The majority of LN B cells also expressed CXCR4 (Fig. 5-19H), the 

receptor for CXCL12.  The small subset of CXCR5- LN B cells were found to express high levels of 

CD38 (Fig. 5-19I), indicating they represent plasma cells.  The majority of CD27+ memory B cells 

present in the LNs retained CXCR5 expression (Fig. 5-19J).   
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Figure 5-19.  Flow cytometric analysis of chemokine receptors 
LN single-cell suspensions of a mesenteric origin (A-F & H-J) and PBMCs (G) were stained with a panel of 
antibodies to examine B cell expression of various chemokine receptors.  After excluding cell doublets and 
dead cells (data not shown), B cells and T cells were identified by gating on the CD19+CD3- population and 
CD19-CD3+ population, respectively.  Data are representative of 2 independent experiments.  
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5.4.1.3. Expression of EBI2  

Lastly, we examined expression of EBI2 in human LNs by multicolour immunohistochemistry.  Recent 

studies using murine models have identified EBI2 as an additional receptor regulating the movement 

of naïve and activated B cells in follicles [123,124,131].  In particular, it was shown that EBI2 mediates 

the migration of activated B cells towards the outer areas of follicles where its ligand oxysterol is 

highly expressed [131-134].  In human LNs, CXCR5+ naïve B cells in primary follicles appeared to 

express moderate levels of EBI2 (Fig. 5-20A).  In the LNs containing secondary follicles, the strongest 

EBI2 expression was consistently observed in cells located within the GCs (Fig. 5-20, B-C); the cells 

in the GCs expressed much higher levels of EBI2 than the B cells in the mantle zone (Fig. 5-20 B-C, 

right panels).  This observation was unexpected as earlier murine studies have shown that 

downregulation of EBI2 is critical for movement of activated B cells from the outer follicle into the GC 

Figure 5-20.  EBI2 expression in primary and secondary follicles 
LN sections were stained for EBI2 (A-C), CXCR5 (A), and CD20 (C) to examine EBI2 expression by B cells.  
DAPI staining was used to determine the presence or absence of GCs (A-C).  Data are representative of at 
least 3 independent experiments.  GC, germinal centre; MT, mantle zone.  
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[123,124,131-133].  Close inspection of the GCs showed that not all cells in the GCs expressed EBI2 

(Fig. 5-21, A-B); while the majority of cells highly expressed EBI2, some cells that appeared to be 

EBI2− clearly existed in the GCs (Fig. 5-21B, asterisks).  

Figure 5-21.  EBI2 expression in GCs  
To further examine EBI2 expression by GC cells, LN sections were co-stained for EBI2 and CD20 (A-B).  
Asterisks indicate EBI2-/low cells.  Data are representative of at least 3 independent experiments.  GC, germinal 
centre.  
 
 

Variable expression of EBI2 among the cells within the same GC suggests that expression levels of 

EBI2 might be linked to the relative status of B cell differentiation.  Interestingly, it has been reported 

that terminally differentiated murine plasma cells re-express EBI2 [213].  To determine the identity of 

the EBI2+ cells in the GCs, LN sections were co-stained for EBI2 and the GC B cell marker BCL-6 

(Fig. 5-22A).  Many BCL-6+ GC B cells located at the periphery of GCs appeared to lack EBI2, while 

some BCL-6+EBI2+ cells were observed in the middle of GCs (Fig. 5-22A, right panels).  This 

expression pattern suggests that EBI2 expression may change as BCL-6+ GC B cells undergo further 

differentiation.  This idea is supported by the observation that EBI2+ cells in the GCs expressed 

variable levels of CXCR5 (Fig. 5-22, B-C).  In some secondary follicles, EBI2high cells in the GCs 

expressed similar levels of CXCR5 to the mantle zone B cells (Fig. 5-22B).  However, in other 

secondary follicles, EBI2high cells in the GCs appeared to lack CXCR5 expression (Fig. 5-22C), while 

the mantle zone B cells highly expressed CXCR5.  Given that plasma cells downregulate CXCR5 

[143], which we confirmed by flow cytometry (Fig. 5-19I), EBI2+CXCR5- cells in the GCs are likely to 

represent the plasma cells that have completed the differentiation processes. 
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Figure 5-22.  Expression of EBI2, BCL-6 and CXCR5 in GCs 
LN sections were co-stained for EBI2 (A-C), BCL-6 (A) and CXCR5 (B-C) to examine the identity of EBI2+ cells 
in the GCs.  Data are representative of at least 2 independent experiments.  GC, germinal centre. 
 

In summary, our immunohistochemistry and flow cytometry data demonstrate that multiple chemokine 

receptors are expressed by human LN B cells.  Most strikingly, in primary follicles, CXCR5 expression 

was restricted to the B cells located in the inner follicles.  CXCR5+ LN B cells co-expressed high 

levels of CCR7 and CXCR4 as well as moderate levels of EBI2.   
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5.4.2. B cell egress from human lymph nodes 

In murine LNs, follicular B cells exit LNs by entering cortical sinuses [28].  We further investigated how 

the egress of B cells is controlled in human LNs.  Immunofluorescence microscopy showed that 

CXCR5 was downregulated by the CD20+ B cells located at the extrafollicular areas neighbouring the 

LYVE1+ cortical sinuses (Fig. 5-23, top right panels), while it was highly expressed by follicular B cells 

(Fig. 5-23, top left panels).  In addition, a number of B cells located in the LYVE-1+ sinuses appeared 

to lack CXCR5 (Fig. 5-23, bottom panels), indicating downregulation of CXCR5 is required for B cells 

to leave the LNs through the cortical sinuses.  

Figure 5-23. CXCR5 expression by B cells in different locations 
LN sections were stained for CXCR5, CD20 and LYVE-1 to examine CXCR5 expression by B cells in different 
locations.  Data are representative of 3 independent experiments.  FO, follicle; LS, lymphatic sinus.  
 

Previous studies of murine LNs have shown that S1P plays a critical role in mediating B cell egress 

through the cortical sinuses [28,118], although it has not been determined yet whether the S1P1 

expressed by B cells functions as a chemotactic receptor facilitating B cell movement towards S1P.  

To examine how S1P is likely to mediate B cell egress from human LNs, we first examined S1P1 

expression by LN B cells using immunofluorescence microscopy.  The majority of CD20+ follicular B 

cells expressed moderate levels of S1P1 (Fig. 5-24A) and displayed a typical membrane staining 

pattern.  Occasionally, some B cells located at the follicular periphery expressed lower levels of S1P1 
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(Fig. 5-24 B-C, left panels) when compared to those B cells deep in the follicles (Fig. 5-24 B-C, right 

panels).  Flow cytometry confirmed that the majority of LN B cells expressed S1P1 (Fig. 5-25, A-B).    

Figure 5-24. S1P1 expression by B cells in human LNs 
LN sections were co-stained for S1P1 and CD20 to examine S1P1 expression by follicular B cells.  Data are 
representative of 3 independent experiments.   FO, follicle.  
 
 

Figure 5-25.  Flow cytometry of S1P1 expression by LN B cells 
LN cells were stained with rabbit polyclonal anti-S1P1 antibody raised against the intracellular region (a.a.322-
381) of human S1P1 and subsequently analysed by flow cytometry.  The ‘anti-rabbit only’ control, with no anti-
S1P1 antibody added, confirms the specificity of anti-rabbit IgG antibody (Section 2.4.2).  Data are representative 
of 3 independent experiments. 
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We then examined whether there are any changes in S1P1 expression as B cells leave the follicles 

and enter the cortical sinuses.  Cortical sinuses were identified by their high levels of S1P1 

expression (Fig. 5-26), as we demonstrated earlier (Section 4.3.1).  Co-staining of CD20 and S1P1 

revealed that CD20+ B cells in the cortical sinuses expressed much lower levels of S1P1 (Fig. 5-26 A-

C, right panels) when compared to the follicular B cells (Fig. 5-26 A-C, left panels).  A number of B 

cells clearly lacking S1P1 were also observed in some sinuses (Fig. 5-26C, right panels).  Therefore, 

it appears that B cells downregulate S1P1 as they enter the cortical sinuses containing high levels of 

S1P.          

Figure 5-26.  Variable levels of S1P1 expression by B cells in different locations 
LN sections were co-stained for S1P1 and CD20 to examine S1P1 expression by follicular B cells and B cells in 
cortical sinuses.  Arrowheads in (A-B) indicate S1P1low/- B cells in the sinuses. Data are representative of 3 
independent experiments.  FO, follicle; LS, lymphatic sinus.  
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Lastly, we assessed the distribution of SGPL1+ cells in relation to the follicle, to explore possible 

mechanisms of regulating S1P levels in this area.  In Chapter 4, we demonstrated that 

SGPL1+CD68+ APCs are located in the T-cell rich parenchyma and absent from the lymphatic 

sinuses (Section 4.3.2).  In vitro, SGPL1+CD68+ APCs were able to internalise exogenous S1P and 

irreversibly degrade it into hexadecenal (Section 4.3.3.), suggesting SGPL1+CD68+ APCs in the T-

cell rich parenchyma are likely to play a critical role in maintaining the T-cell zone as a low-S1P niche 

thereby contributing to the control of T cell egress.  In human LNs, SGPL1+ cells were not only found 

in the T cell zone but also in the primary (Fig. 5-27, A-B) and secondary follicles (Fig. 5-28, A-B).  In 

these follicles, SGPL1+ cells were closely associated with the follicular B cells that appeared to lack 

SGPL1 expression (Fig. 5-27 A-B, right panels).  

SGPL1+ cells were more frequently observed in the secondary follicles with GCs (Fig. 5-28, A-B); 

SGPL1+ cells were predominantly located within the GC while the mantle zone contained occasional 

SGPL1+ cells (Fig. 5-28A).  Almost every GC contained a large population of SGPL1+ cells (Fig. 5-

28B).  Consistent with the phenotype of SGPL1+ cells in the T-cell rich parenchyma, the SGPL1+ 

cells in the follicles expressed CD68 (Fig. 5-29, A-B), indicating they represent a population of APCs 

defined as TBMs (Section 5.3.1).  However, in contrast to the SGPL1+ APCs in the T cell zone that 

co-expressed variable levels of CD169 and DCN46 (Section 4.3.2), these follicular SGPL1+APCs  

lacked expression of CD169 and DCN46 (Fig. 5-29, C-D).     

Figure 5-27.  SGPL1 expression in primary follicles  
LN sections were stained for SGPL1 (A-B), CD20 (A-B) and CD3 (A) to examine the distribution of SGPL1+ 
cells relative to the follicles.  DAPI staining was used to determine the presence or absence of GCs (B). Data 
are representative of at least 3 independent experiments.  FO, follicle.  
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Figure 5-28.  SGPL1 expression in secondary follicles   
LN sections were stained for SGPL1 and CD20 to examine the distribution of SGPL1+ cells in the GCs and 
mantle zone (A-B).  DAPI staining was used to determine the location of GCs.  Data are representative of at least 
3 independent experiments.  GC, germinal centre; MT, mantle zone. 

 

Figure 5-29.  Phenotype of SGPL1+ cells in follicles  
LN sections were stained for SGPL1 (A-D), CD68 (A-B), CD169 (C) and DCN46 (D) to examine the 
phenotype of SGPL1+ APCS in the follicles.  DAPI staining pattern was used to determine the location of 
GCs.  Data are representative of at least 3 independent experiments.  GC; germinal centre. 
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Further examination showed that SGPL1+APCs were largely absent from the cortical sinuses 

neighbouring the follicles (Fig. 5-30, A-B).  In addition, DCN46+ APCs and CD31+ LECs in the cortical 

sinuses lacked SGPL1 expression (Fig. 5-30 A-B, right panels).  Some CD68+ APCs were found in 

the CD31+ cortical sinuses neighbouring the follicles; nevertheless, these CD68+ sinus APCs were 

negative for SGPL1 (Fig. 5-30B, bottom right panels), while the follicular CD68+ APCs expressed high 

levels of SGPL1 (Fig. 5-30B, bottom left panels).  Given their likely ability to internalise and degrade 

S1P (Section 4.3.3), these SGPL1+ follicular APCs may maintain the follicles as an low-S1P 

environment.  Therefore, in human LNs, SGPL1+ follicular APCs may be involved in maintaining the 

S1P gradient between the follicles and cortical sinuses, which is required for the control of B cell 

egress [7,28,94].    

Figure 5-30.  Distribution of follicular SGPL1+ cells relative to lymphatic sinuses  
LN sections were stained for SGPL1 (A-B), DCN46 (A), CD68 (B) and CD31 (B) to examine the distribution of 
SGPL1+ APCs relative to the cortical sinuses.  DAPI staining pattern was used to determine the location of GCs. 
Data are representative of at least 2 independent experiments.  GC; germinal centre; LS, lymphatic sinus.  
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5.5. Summary and discussion 

In order to mount humoral responses, B cells undergo a series of dynamic migratory events that guide 

them to the appropriate LN microenvironments where they are activated and differentiate into effector 

cells [120,129,213].  Studies in mice have demonstrated that B cell trafficking within LNs is 

orchestrated to facilitate: 1) encounter with Ag; 2) interactions with cognate helper T cells; and 3) 

proliferation and differentiation into plasma cells and memory B cells.  Each stage of the trafficking 

process is regulated by migration cues provided by distinct stromal cells (e.g. FDCs, MRCs and 

FRCs) and various chemokines (e.g. CXCL13, CXCL12, CCL19/21, EBI2 and S1P).  Proper migration 

of B cells from niche to niche is critical to ensure the efficient generation of antibodies.  Although 

much has been learned from murine models regarding the migratory behaviours of B cells, it is still 

unclear how the trafficking of B cells is regulated in human LNs.  Therefore, this study sought to 

examine the structural and molecular components that regulate B cell trafficking in human LNs to 

better understand how antibody responses are generated in humans.  Our results are consistent with 

several findings from murine models and also highlight the unique features of B cell responses 

generated in human LNs.  

 

5.5.1. Vascular structures regulating B cell trafficking in human lymph nodes 

We first examined the distribution of the blood and lymphatic vasculatures in relation to the location of 

follicles in order to understand how blood-derived B cells enter and leave the LNs (Section 5.2).  

Unlike murine LNs where follicles are predominantly situated in the superficial cortex, in human LNs 

many follicles were also located in the deeper parenchyma close to T cell zones, reflecting a more 

complex anatomy.  HEVs, identified by staining for PNAd, were found in close proximity to follicles 

regardless of the location of follicles; some HEVs were directly adjacent to the follicles, and many B 

cells were found within the lumen of these HEVs.  Earlier studies in mice showed that B cells gain 

access to LNs through the HEVs in the T cell zone and subsequently home to the follicles in a 

CXCR5-dependent manner.  However, our observations suggest that in human LNs, some of the 

newly arrived B cells may enter the LN parenchyma via the perifollicular HEVs instead of the HEVs in 

T cell areas.  CXCR5+ B cells entering the parenchyma through these perifollicular HEVs could be 

immediately exposed to the strong CXCL13 signal from the follicles, which may facilitate their rapid 

homing to the follicles.  However, some B cells are expected to enter LNs through the HEVs in the T 

cell zone as demonstrated in murine models [118].  These B cells are likely to be subjected to a 

number of chemotactic signals including CCL19 and CCL21 from the T cell zone in addition to 

CXCL13 from the follicles, which may delay their homing to follicles until they integrate the divergent 

chemoattractant signals and choose the follicular passage.  Therefore, these findings suggest that B 

cells that gain access to LNs through the perifollicular HEVs and those using the HEVs in the T zone 

are likely to display different patterns of follicular homing behaviour.           
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Another interesting observation was that most of the follicles in the LN samples examined were 

located in close proximity to lymphatic sinuses.  The follicles in the superficial cortex neighboured the 

subcapsular and/or trabecular sinuses, while those in the deeper parenchyma were adjacent to the 

cortical sinuses.  The intimate association between follicles and lymphatic sinuses suggests that 

follicles are strategically located to face the portals of antigen entry, increasing the chance of rare B 

cells encountering cognate antigens.  Our results also provide evidence that B cells are likely to exit 

the LNs by entering lymphatic sinuses in close proximity to the follicles.  In particular, 

immunohistochemistry demonstrated that cortical sinuses directly neighbouring the follicles were filled 

with numerous B cells that are likely to represent the egressing B cells.  Furthermore, at the interface 

between the follicles and cortical sinuses, many B cells were closely associated with the CD141high 

MRCs enclosing the cortical sinuses; some B cells appeared to be traversing the MRC layer, 

presumably in order to access the cortical sinuses.  Collectively, these observations suggest that the 

cortical sinuses in human LNs are likely to provide important egress sites for B cells, which is 

consistent with recent findings in murine models [28].  The presence of exit routes adjacent to the 

follicles would enable efficient egress of follicular B cells, ensuring timely recirculation of B cells.  

 

5.5.2. APC populations associated with follicles 

Having established the location of the vasculature mediating B cell migration into and out of the LNs, 

we considered how the B cells in human LNs are likely to encounter Ag (Section 5.3.1).  Apart from 

the well-established role of FDCs in acquiring and presenting Ag to B cells [68-70], little information is 

available describing the APC populations involved in Ag presentation to B cells in human LNs.  Our 

data showed that CD169+ sinus APCs are positioned at optimal locations to present Ag to follicular B 

cells in human LNs; CD169+ APCs were not only present in the subcapsular and trabecular sinuses 

bordering the superficial follicles but also found in the cortical sinuses neighbouring the follicles 

located in the deeper parenchyma.  Some of these CD169+ sinus APCs were in direct contact with 

follicular B cells, implying they might be able to display Ag to B cells.  This possibility is supported by 

recent findings in murine LNs that CD169+ APCs in the subcapsular sinus are capable of capturing 

and presenting Ag to follicular B cells by simply translocating Ag along their surface (i.e. Ag is 

transferred from the ‘sinus side’ protrusions of APCs to the ‘follicular side’ protrusions in contact with 

follicular B cells) [31-33].  Another intriguing feature of CD169+ APCs observed in human LNs was 

that CD169+ APCs were occasionally present in the follicles, whilst the majority of CD169+ APCs 

were confined to the sinuses neighbouring the follicles.  This observation raises the possibility that 

some of the CD169+ APCs might be able to collect Ag in the sinus and migrate into the follicle where 

they present Ag to B cells.  Interestingly, previous studies in mice noted that CD169+ APCs can 

migrate to the follicles during the course of immune responses triggered by LPS or ovalbumin [217-

219].   
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Our results also demonstrated that follicles in human LNs are occupied by large numbers of 

CD68+CD11c+PU.1+ APCs − the population likely to be equivalent to the TBMs described previously 

[209].  TBMs play a role in eliminating apoptotic B cells; however it is unknown whether they are 

capable of presenting Ag to B cells.  Finally, another APC population closely associated with follicular 

B cells in human LNs was the APC subset expressing CD163, a molecule that binds both Gram-

positive and -negative bacteria [210].  Collectively, our data propose several APC candidates that are 

likely involved in Ag presentation to B cells.  Further studies are required to investigate whether these 

APC populations are indeed capable of presenting Ag and initiating B cell responses in human LNs.  

Other intriguing possibilities to consider are that B cells may acquire Ag from the conduits present in 

the follicles (Section 3.3.1) as demonstrated in murine LNs [53], or from CD141high MRCs that are 

located at the interface between the follicles and lymphatic sinuses.  

 

5.5.3. Assessing the status of activation and differentiation of B cells 

We then assessed the localisation of distinct B cell subpopulations in human LNs to better understand 

how B cells migrate within LNs as they undergo various stages of differentiation (Section 5.3.2).  Our 

data showed that initial proliferation of Ag-activated B cells is likely to occur at the periphery of 

follicles.  In the primary follicles of human LNs, Ki-67+ B cells constituted the minority of total follicular 

B cells and were predominantly located at the perimeter of follicles.  However, in secondary follicles, 

numerous Ki-67+ B cells were detected within the GCs while the mantle zone contained only 

occasional Ki-67+ cells.  These observations are consistent with the recent finding in mice showing 

that activated B cells first undergo several days of clonal expansion at the follicular perimeter prior to 

entering the centre of follicles where they further proliferate and form GCs [136].  

We then demonstrated that GC B cells and plasma cells in human LNs can easily be distinguished by 

staining for the subset-specific transcription factors BCL-6 and BLIMP-1, respectively.  In our 

experience, staining for these transcription factors provides a more precise and efficient way to 

identify distinct B cell subsets than using other reported markers of GC B cells and plasma cells, 

many of which are also expressed by other cell populations.  BLIMP-1+ plasma cells are located in 

several different areas including the GC, extrafollicular sites, and T cell-rich parenchyma.  BLIMP-1+ 

cells at the extrafollicular sites might be equivalent to the plasmablasts and short-lived plasma cells 

capable of providing an immediate source of antibodies.  The presence of BLIMP-1+ plasma cells in 

the T cell-rich parenchyma is intriguing.  However, it is unclear whether these plasma cells reside 

here or simply transit through this area to relocate into the medullary cord or to egress from LNs.  

Further studies are required to clarify how newly generated plasma cells migrate from the GCs to 

different niches in the human LN.  Our data also showed that CD27+ memory B cells are located in 

both the GC and mantle zone.  The relationship between these two anatomically distinct CD27+ 

memory populations remains to be determined.  
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5.5.4. Chemokine receptors guiding B cell movement 

Armed with the ability to visualise the vascular structures regulating B cell trafficking in LNs (Section 

5.2) and detect distinct B cell subpopulations at various stages of activation and differentiation 

(Section 5.3), we subsequently examined the profiles of chemokine receptors expressed by human 

LN B cells (Section 5.4.1).  One of the most striking observations was that, in primary follicles, only 

the B cells in the inner follicle expressed high levels of CXCR5, whereas the B cells located in the 

outer follicle lacked CXCR5 or expressed only low levels of CXCR5.  Furthermore, the B cells in the 

extrafollicular areas and those in the T cell zone also appeared to lack CXCR5.  These observations 

suggest the following possibilities: Firstly, CXCR5−/low B cells might represent B cells which have 

downregulated CXCR5 in order to exit the follicles.  This idea is supported by the recent finding in 

murine LNs that newly entered B cells tend to colonise the follicular centre high in CXCR13, while 

long-term resident B cells move toward the follicular edges closer to egress sites [28].  Alternatively, it 

may indicate that, while CXCR5 mediates the entry of B cells into follicles, it does not play an 

important role in regulating B cell motility outside the follicles.  The observation that B cells in the 

parenchymal areas other than follicles expressed minimal levels of CXCR5 favours this possibility.  

It has long been understood that newly arrived B cells predominantly rely on their CXCR5 expression 

to migrate from the HEVs in the T cell zone to the follicles in a directed manner [5].  This concept was 

built on the hypothesis that a long-range gradient of CXCL13 exists between the HEVs and the 

follicles.  Our results raise the question as to whether such a long-range CXCL13 gradient exists in 

human LNs given the paucity of CXCR5 expression by the B cells in the extrafollicular areas and T 

cell zone.  It also remains possible that additional receptors other than CXCR5 may be involved in 

guiding the migration of B cells from the HEVs in the T cell zone to the follicular perimeter.  Our data 

further demonstrated that a short-range CXCL13 gradient is likely to exist within the follicles since the 

CXCR5 staining intensity increased from the follicular perimeter towards the centre of the follicles; our 

general impression was that B cells appear to acquire higher levels of CXCR5 expression as they get 

closer to the follicular centre.  Collectively, these results suggest that the activity of CXCR5 would 

become crucial as B cells approach the follicular perimeter.  One intriguing possibility is that, although 

CXCR5 does not mediate directed movement of B cells from HEVs to the follicular perimeter, when B 

cells reach the follicular perimeter, only cells expressing a certain level of CXCR5 would sense 

CXCL13 and successfully enter the follicles.  Interestingly, our results are in line with a recent two-

photon microscopy study of murine LNs which demonstrated that CXCR5 is required for efficient 

follicular entry but largely dispensable for B cell motility in the T zone [119].  In this study, it was 

shown that CXCR5-/- B cells also display a robust motility in the T zone, indicating additional factors 

are involved in regulating B cell movement in this region [119].  Furthermore, two-photon microscopy 

found no evidence of directional B cell migration from the T cell zone towards the follicles, implying 

that a long-range CXCL13 gradient is not detectable in the T cell area.  This study also noted that 

CXCR5-/- B cells occasionally enter the follicles despite their reduced speed.   
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Using polychromatic flow cytometry, our study further demonstrated that B cells in human LNs 

express multiple chemokine receptors.  Interestingly, it was found that large numbers of CXCR5+ LN 

B cells co-expressed CCR7 at levels similar to that of LN T cells, while peripheral blood B cells 

expressed lower levels of CCR7 than blood T cells.  Studies in mice suggest that naïve B cells in vivo 

do not efficiently respond to the physiologically available levels of CCR7 ligands in the T cell zone as 

they express lower levels of CCR7 than T cells [119].  Therefore, it has been presumed that the 

dominant activity of CXCR5 drives rapid migration of CXCR5highCCR7low B cells from HEVs to follicles.  

However, our data suggest that the impact of CCR7 on B cell motility in human LNs is likely to be 

more significant than previously appreciated.  Our data also demonstrated that the majority of LN B 

cells express high levels of CXCR4, consistent with its role in mediating LN homing [116].  

Furthermore, flow cytometry showed that CD38+ plasma cells in LNs lack CXCR5 indicating that the 

CXCR5- cells observed in GCs by immunohistochemistry are likely to represent plasma cells.  In 

comparison, CD27+ memory B cells were found to retain CXCR5 expression.  Another interesting 

observation was that CD27+ memory B cells in LNs lack CD45R, consistent with the phenotype of 

memory B cells in human blood [215].  Therefore, human B cells appear to downregulate CD45R as 

they differentiate into memory cells.    

We also examined expression of EBI2, a receptor recently found to be involved in regulating motility 

of naïve and activated B cells in mice.  In particular, it was demonstrated in murine models that EBI2 

directs the migration of activated B cells to the extrafollicular areas where its ligand oxysterol is 

concentrated, and that activated B cells are required to downregulate EBI2 in order to enter GCs 

[123,124,130-134].  Our immunohistochemistry data showed that naïve B cells in human LNs express 

low to moderate levels of EBI2, consistent with the findings in mice.  However, we were unable to 

identify B cells expressing high levels of EBI2 in the extrafollicular areas.  This may be explained by 

the following possibilities: Firstly, the level of EBI2 expression by activated B cells in human LNs may 

differ from that observed in mice, especially given that most EBI2 studies have focused on the spleen.  

Secondly, our immunohistochemical analysis was not robust enough to capture the kinetics of EBI2 

expression by B cells; for example, activated B cells may only upregulate EBI2 for a short duration in 

the extrafollicular areas (which might have been easily missed by histology) and rapidly downregulate 

EBI2 as they enter GCs.  Surprisingly, our data also revealed that numerous cells located in the GCs 

express high levels of EBI2.  This observation initially appeared to contradict the findings from murine 

models showing that GC B cells downregulate EBI2.  However, the strong EBI2 signal observed in 

GCs could also be interpreted as re-expression of EBI2 by plasma cells as previously suggested 

[213].  We then demonstrated that only a subset of BCL-6+ GC B cells retains EBI2 expression.  

Although we do not have sufficient information to fully elucidate how EBI2 expression is regulated in 

human LN B cells, an intriguing possibility is that EBI2 is re-expressed as BCL-6+ GC B cells 

differentiate into BLIMP-1+ plasma cells.  Re-expression of EBI2 may enable plasma cells to leave 

the GCs and migrate to the extrafollicular areas.  This idea is supported by the observation that large 

numbers of EBI2+ cells in GCs lack CXCR5 which promotes the follicular localisation.  Further studies 

are required to better understand how EBI2 modulates B cell migration in human LNs.   
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5.5.5. B cell egress from human lymph nodes 

We then investigated the last step of B cell trafficking within LNs − exit through lymphatic sinuses 

(Section 5.4.2).  Our results suggest that B cell egress from human LNs first requires downregulation 

of CXCR5.  Immunofluorescence microscopy showed that B cells located at the boundary between 

the follicle and cortical sinus and those in the sinuses express significantly lower levels of CXCR5 

than follicular B cells, indicating B cells downregulate CXCR5 prior to entering the neighbouring 

sinuses.  Therefore, reduced responsiveness to CXCL13 (as a result of CXCR5 downregulation) 

appears to contribute to the re-distribution of B cells from the follicle to the cortical sinus.   

We also examined how S1P is likely to mediate B cell egress through the cortical sinuses.  Our data 

point to the potential involvement of S1P1 in promoting B cell entry into the sinuses.  

Immunohistochemistry showed that the degree of S1P1 expression by LN B cells correlates well with 

the known gradient of S1P.  The majority of follicular B cells expressed S1P1, consistent with earlier 

observations in murine LNs [28,118,140]; in contrast, B cells in the cortical sinuses appeared to be 

S1P1-/low, suggesting internalisation of this receptor.  These results support the idea that S1P1 

expressed on B cells functions as a chemotactic receptor directing B cells towards the cortical sinuses 

containing high concentrations of S1P.  Although this is an attractive hypothesis, a recent report that 

S1P1 is dispensable for mediating in vitro chemotaxis of murine B cells to S1P complicates this 

picture [28].  The precise role of S1P1 in mediating B cell egress from human LNs awaits future 

investigation.   

Interestingly, our data for the first time demonstrated that CD68+ APCs are the primary cell type 

expressing SGPL1 in human LN follicles; CD68+ APCs expressing high levels of SGPL1 were 

frequently observed in the follicles, while follicular B cells appeared to lack SGPL1.  Furthermore, the 

cortical sinuses adjacent to the follicles largely lacked SGPL1+ cells.  These observations suggest 

that CD68+SGPL1+ follicular APCs are likely to maintain the follicles as an S1P-low niche, generating 

the S1P gradient between the follicles and cortical sinuses required for the egress of follicular B cells.  

Giving further support to this possibility, we demonstrated in Chapter 4 that CD68+SGPL1+ MoAPCs 

have the ability to internalise extracellular S1P and irreversibly degrade it into (2E)-hexadecenal in 

vitro (Section 4.4.3).   

Another interesting observation was that the CD68+SGPL1+ APCs in the secondary follicles were 

predominantly confined within GCs, implying that S1P levels in GCs are likely to be lower than the 

outer follicle which contains less frequent CD68+SGPL1+ APCs.  It is currently understood that GCs 

are the lowest S1P niche in secondary follicles, ensuring that B cells undergoing a series of GC 

reactions are retained in this specialised microenvironment for sufficient time until they complete the 

differentiation process  [140,145,146].  However, it has remained unknown how S1P is distributed in 

such a way that the GC is maintained as the S1P-lowest environment and segregated from the outer 

follicle slightly higher in S1P.  A recent study in mice examined the possibility that FDCs might 
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mediate S1P degradation in GCs [146]; however, FDC-ablation did not affect S1P levels in follicles.  

Our finding that CD68+SGPL1+ APCs are predominantly located in the GCs suggests that this 

population is likely to play a major role in maintaining the S1P-low environment of GCs.  Another 

recent study in mice suggested that follicular B cells are likely involved in S1P degradation [140].  

Although this study detected SGPL1 transcripts in B cells, we found no detectable levels of SGPL1 

protein expression by follicular B cells in human LNs.  Further studies are required to reconcile these 

inconsistent observations and to establish whether other follicular cell populations (e.g. B cells, FDCs) 

also contribute to S1P degradation in the follicles of human LNs.   
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Chapter 6. General discussion 

The proper functioning of the adaptive immune system requires dynamic interactions between diverse 

cell populations in LNs.  Our current understanding of immune responses in LNs is largely based on 

knowledge gained from studies using murine models.  In this study, we have examined the distinct 

stromal elements of human LNs and assessed the components controlling immune cell trafficking 

within human LNs.  Our results reveal many interesting features of the human LN that were previously 

unappreciated. 

 

6.1. Stromal cells in human lymph nodes 

Studies in mice suggest that LN stromal cells play an important role in the generation of efficient 

immune responses along with their essential role in maintaining the LN structure [1,2].  However, 

stromal cells in human LNs are poorly understood, and it has been unknown how many types of 

stromal cells exist in human LNs.  A major impediment to the analysis of human LN stromal cells has 

been the lack of suitable markers to identify them.  In this study, we have established the molecular 

profile and distribution of stromal cell populations that construct distinct microenvironments within 

human LNs (Chapter 3, Table 3-2).  These results can be summarised as follows.   

FRCs and FDCs, the main stromal cell types in the paracortex and follicles, respectively, display 

phenotypic similarities in that both cell types express PDPN, VCAM-1 and ICAM-1.  However, FRCs 

can be distinguished from FDCs based on their expression of α-SMA, CD29, CD90, and IL-7, while 

FDCs uniquely express CNA.42.  Our results also highlight that the FRCs in the paracortex represent 

a population distinct from the typical fibroblast-type cells in the capsule, trabeculae and hilum because 

only the FRCs express CD146, ICAM-1, VCAM-1, and PDPN. 

BECs and LECs construct the complex vascular networks within the LN and share several molecular 

markers including CD31 and CD144.  However, BECs can be distinguished from LECs based on their 

expression of CD34 and their lack of expression of PROX-1, PDPN, LYVE-1 and STAB-2.  Our data 

also revealed the phenotypic heterogeneity within each endothelial population.  For instance, 

expression of PNAd is mainly restricted to the HEV-endothelial cells, and is absent from the BECs in 

non-HEVs.  The LECs in the paracortical and medullary sinuses express LYVE-1 and STAB-2, while 

those in the subcapsular and trabecular sinuses lack both of these markers.  These findings indicate 

that each endothelial population is likely to be composed of several different subsets with distinct 

phenotypic and functional characteristics.   

Importantly, our study has also identified the presence of two stromal cell populations not previously 

characterised in human LNs − MRCs and LN-MPCs.  MRCs in human LNs are uniquely located at the 



 General discussion 
 

 149 

interface between the parenchyma and lymphatic sinuses in different locations, including the 

subcapsular, trabecular, paracortical and medullary sinuses.  In contrast, the previously identified 

murine MRCs are exclusively located at the boundary between the subcapsular sinus and the outer 

cortex [14].  Phenotypically, human MRCs are characterised by their expression of high levels of 

CD141 and additional stromal markers including PDPN, ICAM-1, VCAM-1, CD90, and CD146.  

Although CD141high MRCs share some markers with FRCs and FDCs (e.g. PDPN, ICAM-1 and 

VCAM-1), they can be distinguished from FRCs based on their lack of expression of α-SMA, and from 

FDCs based on their lack of expression of CNA.42.  LN-MPCs are characterised by their ability to 

differentiate into adipocytes in vitro and by their expression of CD34 and CD90; in particular, the 

expression of CD34 by LN-MPCs distinguishes them from the FRC, FDCs and MRCs. LN-MPCs 

mainly reside in the fibrous structures of the LN such as the capsule and trabeculae.  These 

structures are therefore not only important for supporting the LN architecture but also provide a 

reservoir of stromal cells with differentiation potential in adulthood.   

Collectively, our findings demonstrate a more complex composition of the human LN stroma than 

previously appreciated.  Our study also raises many interesting questions for further research.  The 

following sections highlight several key issues and questions arising from this study, which require 

further investigation.   

 

MRCs 

This study represents the first detailed analysis of human MRCs.  While human MRCs share many 

phenotypic similarities to their murine equivalents, we were unable to determine whether human 

MRCs express RANKL and MAdCAM-1 as has been reported for murine MRCs [14].  Studies in mice 

suggest that expression of these markers by MRCs requires LTβR signalling and that RANKL 

expression is lost when murine MRCs are cultured in vitro [14].  Therefore, expression of these 

markers may vary depending on environmental conditions.  It is unclear at this stage whether human 

MRCs lack these markers, or express them at levels below the detection limit for 

immunohistochemistry.   

Another intriguing question for future research is why human MRCs express such high levels of 

CD141 (Thrombomodulin), a molecule understood to be involved in the anti-coagulation process 

[220,221].  It is currently unknown whether MRCs in murine LNs express CD141, although two recent 

studies noted CD141 expression in non-endothelial stromal cells in murine LNs; however, these 

studies did not further examine MRC expression of CD141 [159,222].   

The functional role(s) of human LN MRCs requires further investigation.  Given their unique location 

at the interface between the LN parenchyma and lymphatic sinuses, we speculate that MRCs are 

likely to be involved in regulating immune cell trafficking between these two regions.  In particular, the 
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MRC layer may represent an important control point for lymphocyte egress from the LN.  Further 

examination of the molecular components of MRCs may provide insight into how lymphocytes interact 

with MRCs to enter the sinuses.  Another intriguing possibility is that MRCs may be involved in Ag 

presentation to B cells.  The MRCs delineating the boundary between the cortical sinus and the 

follicle are often closely associated with the FDC network and follicular conduits.  Therefore, human 

MRCs may be able to transfer lymph-borne Ag to the FDCs or conduits, as previously suggested in 

murine models [53,63].   

Recently, there has been a growing interest in MRCs as they are thought to be the adult counterpart 

of LTo cells [14,15].  In mice, MRCs are not only present in LNs but are also found in particular 

regions of various secondary lymphoid organs including the spleen, Peyer’s patches and nasal-

associated lymphoid tissues [14].  These murine MRCs have been postulated to be a precursor of 

FDCs [2], or potential stromal stem cells that may continuously supply all of the stromal subsets 

throughout adulthood [15].  It remains to be examined if human MRCs are also present in these other 

secondary lymphoid organs, and have the capacity to differentiate into different types of stromal cells.  

Interestingly, previous studies reported CD141 expression by fibroblasts delineating the outer 

marginal zone in the human spleen [223,224].   

 

LN-MPCs 

It remains to be determined whether the population of LN-MPCs we have identified represents a 

population equivalent to the multipotent MSCs characterised in various human tissues capable of 

trilineage differentiation (i.e. adipocytes, chondrocytes and osteoblasts).  Another intriguing possibility 

to be examined is whether LN-MPCs have the capacity to differentiate into different types of LN 

stromal cells and support changes to LN infrastructure that occur during immune responses as well as 

for normal maintenance of LN structure.  In this regard, recent studies in mice demonstrated that 

murine LNs contain a mesenchymal progenitor cell population that can give rise to different stromal 

populations including FRCs and MRCs [57,196].  These studies also showed that LTβR signalling 

plays a critical role in the differentiation of these progenitor cells into immunologically active, mature 

LN stromal cells.  It remains to be examined whether LTβR signalling can regulate the differentiation 

fate of human LN-MPCs.  Interestingly,  it was shown that human bone marrow-derived MSCs can 

differentiate into LN FRC-like cells in vitro in response to LTβR stimulation [225]. 

 

Additional questions 

In addition to the future research questions for individual stromal populations mentioned above, 

several additional issues are worth addressing.  Firstly, further studies are required to unveil any 

additional functions of LN stromal cells and investigate how they regulate immune responses in 
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human LNs.  However, functional studies of human LN stromal cells can be challenging due to their 

scarcity (~1% of total LN cells) [2,41].  In this regard, transcriptomic analysis of FACS–isolated LN 

stromal cells is likely to provide insight into the functional characteristics of the distinct stromal cell 

subsets in human LNs including the expression of cytokines and growth factors, as demonstrated in a 

recent transcriptome study of murine LN stromal cells [42]. 

Secondly, it remains to be examined how the characteristics of LN stromal cell populations identified 

in this study are altered in inflamed LNs.  Although LN stromal cells have a remarkable ability to 

remodel the LN architecture upon immune challenges, some pathogens target these stromal cells and 

impair their ability to support the generation of immune responses [1].  A better understanding of the 

changes occurring in the biology of LN stromal cells during both acute and chronic infections is likely 

to help in the design of therapeutic strategies.   

Lastly, it remains to be explored whether human LNs contain other types of stromal cell populations in 

addition to the six populations shown in this study (i.e. FRCs, FDCs, BECs, LECs, MRCs, and MPCs).  

In particular, studies in mice suggest that the LN medulla contains a stromal cell subset which 

provides a predominant source of CXCL12, and the follicles also contain a stromal cell population 

which is distinct from FDCs [16,143].  However, these populations have not been identified in human 

LNs.   

The results presented in this study now provide a comprehensive molecular map of stromal cell 

populations in human LNs which may facilitate new studies of these LN stromal cells.  A better 

understanding of these stromal cells will improve our knowledge of immune responses generated in 

human LNs. 
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6.2. T cell egress from human lymph nodes 

After exploring the stromal architecture of human LNs, we sought to investigate some of the 

components regulating T cell egress from LNs (Chapter 4).  Although studies using murine models 

have provided insight into the process of T cell egress, little information has been available on the 

mechanisms mediating T cell egress from human LNs.  

We first showed that the cortical sinuses located in the paracortex are likely to provide important 

egress sites for T cells in human LNs.  It was only recently realised from studies in mice that cortical 

sinuses can serve as egress sites [27,90].  It is difficult to identify cortical sinuses by histology as 

these sinuses are located in the paracortex densely packed with T cells and are often concealed by 

the surrounding stromal network [6].  Therefore, it was previously thought that T cells leave the LN via 

the medullary sinuses, which are easily detected by histology [89,197].  Our data demonstrated that 

cortical sinuses which contain the T cells presumably egressing from the parenchyma clearly exist in 

human LNs.  These cortical sinuses in human LNs are likely to provide an efficient egress route for T 

cells, ensuring timely recirculation of T cells.   

The cortical sinuses appear to be the major T cell egress sites in human LNs.  However, it remains 

possible that some T cells may leave the LN through the sinuses in different locations including the 

subcapsular, trabecular, and medullary sinuses.  In particular, we often observe many T cells in the 

medullary sinuses, although it is not clear whether these cells represent the T cells that use the 

medullary sinuses as an egress route or those flushed from the cortical sinuses by the lymph.  Further 

studies are required to elucidate how T cells in human LNs choose their egress sites. 

Previous studies in mice showed that T cell egress via the sinuses is controlled by the S1P gradient 

and that treatment with the immunosuppressive drug FTY720 disrupts this gradient and impairs the 

egress of T cells from the LN [92-94].  It was also found that the function of SGPL1, the enzyme that 

irreversibly degrades S1P, is critical in maintaining the S1P gradient in murine LNs [94].  Having 

established the location of the egress sites, we subsequently examined the potential mechanism 

regulating the S1P gradient in human LNs.  This study demonstrated for the first time that CD68+ 

APCs in the T cell-rich parenchyma of human LNs are the main cell population expressing SGPL1.  

We then demonstrated that MoAPCs which express the same phenotype as the SGPL1+CD68+ 

parenchymal APCs in situ have the remarkable ability to internalise extracellular S1P, and the lysate 

of the SGPL1+CD68+ MoAPCs irreversibly degrades S1P into (2E)-hexadecenal.  Collectively, our 

data suggest that the S1P gradient from the lymphatic sinuses to the T-cell rich parenchyma is likely 

to be controlled by the SGPL1+CD68+ APCs.  Interestingly, FTY720 treatment was found to inhibit 

the SGPL1 activity in MoAPCs, suggesting that SGPL1+CD68+ parenchymal APCs are likely to be a 

potential target for FTY720.   
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It remains to be determined how SGPL1 expression by CD68+ APCs is regulated in human LNs.  

While the CD68+ APCs in the T-cell rich parenchyma express high levels of SGPL1, the CD68+ 

APCs in the lymphatic sinuses lack SGPL expression.  A better understanding of the factors 

modulating SGPL1 expression by CD68+ APCs will provide further insight into the mechanism 

regulating S1P levels in human LNs.   

It was a surprising finding that a population of CD68+ APCs is the main cell type expressing SGPL1 in 

human LNs.  The primary cell type expressing SGPL1 in murine LNs remains unknown [6], although it 

was shown that reduced SGPL1 expression in haematopoietic cells impairs T cell egress from LNs 

and results in lymphopenia [94].  Interestingly, recent studies in mice showed that CD8α+ dendritic 

cells localised in the T cell zone are involved in regulating oxysterol gradients required for B cell 

trafficking [134].  Therefore, APCs appear to be involved in regulating lymphocyte migration in several 

ways, a previously unappreciated role of APCs.  

In order to better understand how S1P mediates the egress of T cells from human LNs, we also 

examined the expression of S1P1 in human LNs.  Our data showed that the majority of T cells in the 

parenchyma express S1P1, while those T cells in the lymphatic sinuses lack S1P1 or express much 

lower levels of S1P1.  These findings appear to be largely consistent with the ‘S1P-S1P1 control of T 

cell egress’ model suggesting that the S1P1 expressed on the surface of T cells is involved in sensing 

the S1P gradient and promoting T cell egress [6,7,27,93,94,113]. However, LECs in human LNs also 

express S1P1, as we have demonstrated.  Further studies are required to determine whether the 

S1P1 expressed on human LN T cells functions as a chemoattractant receptor guiding T cells toward 

S1P and to establish the respective roles of T cell-expressed S1P1 and endothelial-expressed S1P1 

in mediating T cell egress from human LNs.  It will be also interesting to examine whether other S1P 

receptors are involved in the process of T cell egress from human LNs.  

The results presented in this study explain how the immunomodulatory drug FTY720 is likely to inhibit 

T cell egress from human LNs.  Given that FTY720 inhibited the SGPL1 activity by CD68+ MoAPCs, 

FTY720 (in its phosphorylated form in vivo) is likely to increase S1P levels in the T-cell rich 

parenchyma, which would disrupt the S1P gradient and consequently prevent T cells from entering 

the lymphatic sinuses (presumably by suppressing the surface expression of S1P1 by T cells).  

Interestingly, a previous study showed that, while FTY720 inhibits the activity of SGPL1 in vitro, 

FTY720-P remains stable in the presence of SGPL1 [110].  Therefore, it is intriguing to speculate that 

both the ability of FTY720 to inhibit the SGPL1 activity and the resistance of FTY720-P to the 

degradation by SGPL1 is likely to contribute to the disruption of the S1P gradient in vivo.  It also 

remains possible that the egress-blocking activity of FTY720 is partially mediated by its effects on the 

lymphatic endothelium, given that LECs in human LNs also express S1P1. 

Collectively, our findings provide a better understanding of the components regulating T cell egress 

from human LNs.  In this study, we mainly focused on examining the factors controlling T cell egress 
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under homeostatic conditions.  One area that requires further investigation is how these factors are 

changed in stimulated LNs, as it is understood that T cell egress from the LN is transiently shut down 

during immune responses.  Such knowledge will provide more comprehensive information on the 

process of T cell egress from human LNs, which may help develop new immunomodulatory therapy.  
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6.3. B cell trafficking within human lymph nodes 

Earlier studies in mice demonstrated that LN B cells undergo a series of migratory events that guide 

them to the appropriate LN microenvironments where they encounter Ag, become activated, and 

differentiate into effector cells [117,119,123,124,130-134,136].  However, the migratory behaviour of 

B cells in human LNs is not well understood.  While examining the structural and molecular 

components regulating B cell trafficking within human LNs (Chapter 5), we encountered several 

interesting and unexpected observations highlighted below.    

Studies of murine LNs showed that B cells enter the LN parenchyma through the HEVs located in the 

T cell zone.  However, our results demonstrated that many HEVs are also located in close proximity 

to the follicles in human LNs and that some B cells appear to enter the LN parenchyma via these peri-

follicular HEVs instead of the HEVs in the T cell zone.  These B cells may home into the follicles more 

efficiently than the B cells entering the LN through the HEVs in the T cell zone, as they could be 

rapidly exposed to the strong CXCL13 signal from the follicles.  Therefore, the pattern of B cell 

homing to the follicles in human LNs may be different from that demonstrated in mice.  Further 

investigation is required to better understand how B cells choose their entry sites into human LNs.  

Although previous studies in mice suggested that local chemokine availability can influence the LN 

entry of B cells via the HEVs [116,118], little information is available on the factors controlling this 

process in human LNs.  

Furthermore, we found an unexpected pattern of CXCR5 expression by B cells in human LNs.  In 

primary follicles, while the B cells in the inner follicle did express high levels of CXCR5, those B cells 

at the outer rim of the follicles appeared to lack CXCR5.  The B cells in the extrafollicular areas and 

those in the T cell zone also lacked CXCR5 or expressed only low levels of CXCR5.  These 

observations suggest that the motility of B cells outside the follicles is unlikely to be mediated by 

CXCR5.  These findings also raise the question as to whether CXCR5 functions as the predominant 

receptor guiding the migration of newly-arrived B cells from the HEVs to the follicles.  However, the 

expression of CXCR5 by B cells still appears to be critical in determining the follicular localisation of B 

cells, given that the B cells in the inner follicle, which make the majority of the B cells in the primary 

follicles, expressed high levels of CXCR5.  These results are consistent with a recent two-photon  

microscopy study of murine LNs which demonstrated that CXCR5 is required for efficient follicular 

entry but largely dispensable for the B cell motility in the T cell zone [119].  

These findings raise a possibility that additional receptors and/or other factors may be involved in 

guiding the migration of B cells from the HEVs to the extrafollicular areas and that CXCR5 is mainly 

involved in promoting the entry of the B cells from the extrafollicular areas into the follicles.  An 

attractive hypothesis is that when B cells are recruited to the extrafollicular areas, they display 

‘chemokinetic’ behaviour towards the strong signal of CXCL13 and subsequently enter the follicles.  

Further investigation is required to determine whether additional components are involved in 
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mediating the migration of B cells towards the follicles in human LNs.  These may include chemokine 

receptors or stromal elements as suggested in a recent study of murine LNs [119].  Additional 

chemokine receptors that may be involved include CCR7 and CXCR4, which we have shown to be 

expressed at high levels by human LN B cells.  Studies in mice also suggest that EBI2 and Gnai2 

mediate the movement of B cells towards the follicles [118,119].  It also remains to be examined how 

B cells expressing multiple chemokine receptors integrate various overlapping, divergent chemokine 

signals and choose the passage into the follicles in human LNs.  

Previously, little was known about how and where B cells encounter Ag in human LNs.  Our data 

suggest that CD169+ sinus APCs are likely to play an important role in presenting lymph-borne Ag to 

B cells.  Optimally positioned in the subcapsular and cortical sinuses neighbouring the follicles, many 

of these CD169+ sinus APCs were closely associated with follicular B cells.  Interestingly, some 

CD169+ APCs were occasionally identified in the follicles and even at the boundary between the 

follicles and the T cell zone.  These observations raise the possibility that CD169+ sinus APCs may 

have the ability to collect Ag in the sinus and migrate into the follicle where they present Ag to B cells.  

Our data also suggest an intriguing possibility that CD141high MRCs delineating the lymphatic sinuses 

neighbouring the follicles may be involved in presenting Ag to B cells by transferring Ag to the FDC 

network or follicular conduits.  

The results presented in this study also provide insight into the migration process of activated B cells 

in human LNs.  Our findings are largely consistent with previous observations in murine LNs.  In 

human LNs, activated B cells are likely to proliferate initially at the follicular perimeter; however, we 

were unable to determine whether EBI2 is involved in guiding activated B cells towards the follicular 

perimeter as suggested in murine models [123,124,130,131].  During the later stages of GC 

responses in human LNs, plasma cells appear to lose CXCR5 and possibly re-express EBI2, which 

may enable them to leave the GCs and migrate to the extrafollicular areas.  It remains to be 

elucidated how EBI2 expression is modulated in human LN B cells.  Examining the source of EBI2 

ligand oxysterols in human LNs may help understand how the expression of this receptor is regulated 

in human LNs. 

Lastly, our findings explain how B cells are likely to exit from human LNs.  In human LNs, the cortical 

sinuses neighbouring the follicles appear to provide the major egress sites for B cells, which is 

consistent with recent findings in murine models [28].  The majority of B cells in the follicles expressed 

S1P1, implying that S1P1 expressed on B cells may function as a chemotactic receptor directing B 

cells towards the cortical sinuses containing high concentrations of S1P.  Our data also showed that 

follicular B cells are likely to downregulate CXCR5 and possibly upregulate S1P1 in order to leave the 

follicles and enter the neighbouring cortical sinuses.  We then showed that CD68+ APCs located in 

the follicles are the primary cell type expressing SGPL1 in human LN follicles, suggesting that these 

APCs are likely to maintain the follicles as an S1P-low environment and contribute to the generation 

of the S1P gradient between the follicles and cortical sinuses required for the egress of follicular B 
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cells.  Therefore, CD68+SGPL1+ APCs appear to play an important role in regulating S1P levels in 

both the paracortex and the follicles.  Interestingly, in secondary follicles, these CD68+SGPL1+ APCs 

were predominantly confined within the GC, and the mantle zone surrounding the GC contained less 

frequent CD68+SGPL1+ APCs.  Although GCs are understood to be the lowest S1P niche in 

secondary follicles, it has remained unknown what factors regulate S1P levels in GCs.  Our data 

suggest that, by preferentially localising into the GC of secondary follicles, CD68+SGPL1+ APCs are 

likely to maintain the GC as the lowest S1P environment and ensure that cells undergoing GC 

reactions are retained in this specialised microenvironment for sufficient time until they complete the 

differentiation process.  

Recent studies in mice have suggested that other follicular cell populations (e.g. B cells and FDCs) 

are involved in S1P degradation [140,146].  We found no detectable levels of SGPL1 expression in 

follicular B cells and FDCs in human LNs.  However, it remains possible that these populations may 

also contribute to the degradation of S1P within the follicles through the action of other S1P-degrading 

enzymes including SPPs and LPPs.   

Taken together, our findings provide insight into the process of B cell trafficking within human LNs.  

One area that requires further examination is how plasma cells generated in human LNs migrate from 

GCs to different niches in LNs or to bone marrow.  A better understanding of the migratory path 

followed by plasma cells will improve our knowledge of how antibody responses are generated in 

human LNs.  
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6.4. Concluding remarks 

Studies using murine models have yielded tremendous insight into the LN biology and increased our 

understanding of how immune responses are generated in the LN, however, human LNs are different 

from murine LNs in many aspects [12].  In particular, as human LNs are constantly exposed to a 

range of diverse challenges, some immune responses generated in human LNs cannot be easily 

modelled in mice.  Therefore, it is important to study human LNs and assess whether knowledge 

gained from murine models can be directly transferrable to explain various cellular processes in 

human LNs.  In this study, we have examined the distinct stromal elements of human LNs and 

investigated the factors controlling immune cell trafficking in human LNs.  The results presented in 

this study not only explain whether previous findings in murine LNs are valid in human LNs, but also 

provide novel insight into the components regulating various activities of the LN that were previously 

unappreciated in murine models.  Our findings provide a sound basis for future studies of human LNs 

which will undoubtedly lead to a more comprehensive knowledge of the human immune system and 

help in the design of immunomodulatory therapies.  
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Appendix I 

Adipogenic differentiation assay of LN-MPCs 

LN-MPCs derived from the FACS-isolated CD34+CD90+CD45-CD31-CD144-CD146- LN cells 

(Section 2.2.4 and 2.4.3) were examined for their potential to differentiate into adipocytes in vitro with 

the help of Dr Vaughan Feisst.  LN-MPCs were cultured in either adipogenic medium or normal 

growth medium (Section 2.5.2) and examined for expression of FABP4, a marker of adipogenic 

differentiation (Figure I).   

Figure I. Adipogenic differentiation of LN-MPCs 

LN-MPCs were cultured in either adipogenic medium (A-C) or normal ASC medium (D).  Differentiated (A-C) and 
undifferentiated (D) cells were stained for FABP4 and cytoskeletal actin using phalloidin.  Images show 3 
representative areas of three differentiated (A-C) and one undifferentiated (D) samples.  Blue indicates DAPI 
staining of cell nuclei (A-D). 
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