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Abstract 

Mesenchymal stromal cells (MCs) in the tumour microenvironment (TME) are receiving increasing 

interest, as they can support tumourigenesis. The analysis of MCs in lymph node (LN) is important 

as what happens in this organ may support early tumour metastasis and may regulate generation of 

anti-tumour immune responses. However, very little is known about the phenotype and function 

MCs in both healthy LNs and tumour infiltrated LNs, which hinders targeting of these cells in cancer 

therapy. 

In this study, we present molecular markers that enable a new level of discrimination between the 

different subtypes of MCs in healthy LNs. We characterised a population of CD90+ CD34+ cells 

residing in the capsule, trabeculae and hilum and overall showed a similar phenotypic profile to 

adult mesenchymal stem/stromal cells (MSCs) identified in other tissues. We showed that we could 

distinguish pericytes (CD34- podoplanin- CD146+ cells) from other LN MCs. These cells showed 

interesting dichotomy of NG2 and CD36 expression on arterial versus venous vasculature. This 

finding is likely to be helpful in distinguishing pericyte populations in other human tissues as well. 

We next sought to examine melanoma infiltrated LNs (MILNs) surgically resected from patients. 

We identified CD90+ CD34+ MCs in regions containing dense collagen fibres. These cells expressed 

FAP and CD26, suggesting they have become activated. CD34- reticular cells showed dim or no 

expression of immune cell adhesion molecules, ICAM1 and VCAM1. Despite this, we observed 

tight association of T cells with the stromal network, which suggested that CD34- reticular cells may 

be preventing T cells from migrating into melanoma nests. These results suggest that both CD90+ 

CD34+ cells and CD34- reticular cells were altered by infiltrating melanoma cells to acquire different 

phenotypic and functional properties.  

We subsequently examined the transcriptome profile of CD90+ CD34+ cells and CD34- reticular cells 

using microarray. CD90+ CD34+ cells expressed several genes that are part of ECM or related to 

ECM modulation, as well as genes related to adipogenic, osteogenic and chondrogenic lineages. 

CD34- reticular cells expressed genes that promote migration of immune cells, as well as number of 

other genes associated with immune system. Overall, the gene signature of CD90+ CD34+ cells were 

similar to adult MSCs, and the gene signature of CD34- reticular cells were similar to reticular 

stromal cells in healthy LNs. CD90+ CD34+ cells also expressed genes associated with chemokine 

degradation, suggesting that interplay of 2 types of MCs may play key roles in modulating migration 

of T cells. The revealed markers now offer new ways to further discriminate melanoma-associated 

MCs. 
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Next, we sought to analyse the function of MCs in vitro. However, the MCs in vitro showed different 

phenotypic profiles to MCs in tissues and we were not able to observe any functional differences 

between MCs cultured from healthy LNs and MILNs. These results highlighted the difficulties in 

establishing in vitro analysis of MCs that properly represents their function in vivo.  

Collectively, we now have better understanding about the diversity of MCs in both healthy and 

melanoma LNs. For the first time, we described the presence of CD34+ cells in MILNs and we have 

divided melanoma-associated MCs into distinct subtypes; CD90+ CD34+ cells producing thick ECM, 

CD34- reticular cells producing chemokines and CD34- podoplanin- CD146+ pericytes surrounding 

vasculature. These results will enable deeper analysis of melanoma-associated MCs and aid 

discovery of new therapeutic targets.  
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Chapter 1. Introduction 

1.1 Mesenchymal stromal cells in health 

The mesenchymal stromal cells (MCs) are major constituents of connective tissues in adults [1]. 

MCs are defined by their spindle-shaped morphology and the ability to adhere to plastic in in vitro 

culture [2]. In a resting state, MCs are present as single cells embedded in the extracellular matrix 

(ECM), with no association with the basement membrane [2]. These cells play a major role in 

constructing an ECM by secreting various fibres and ground substances [1,3]. Recently, it was 

pointed out that the term ‘mesenchymal’ is misused in current literatures [4]. A ‘mesenchyme’ is a 

histological term for a transient embryonic connective tissue arising from mesoderm primarily, but 

also from parts of ectoderm. Hence, the term ‘mesenchymal’ and ‘mesoderm’ should not be used 

interchangeably [4]. Despite this, in the current and following chapters, we chose to use the term 

‘mesenchymal’ to distinguish the cells described earlier from endothelial cells, which also form the 

‘stroma’ of various tissues. 

1.1.1 Mesenchymal stromal cells in wound healing 

MCs play critical roles when tissue is wounded. Wound healing begins with the formation of a fibrin 

clot, which is composed of platelets and fibrin fibres [5]. Various factors trigger the recruitment of 

neutrophils and monocytes into the wound site, which clear out bacterial contaminants and activate 

quiescent MCs in surrounding tissues. This process is followed by the division of keratinocytes in 

the epithelial layer. After 3-4 days, activated MCs begin to migrate into the wound clot. This 

migration is triggered by factors such as platelet derived growth factor (PDGF) and transforming 

growth factor beta 1 (TGFβ1). At the wound site, MCs produce new collagen-rich matrix. Some 

MCs also gain expression of α-SMA and acquire a phenotype similar to smooth muscle cells. These 

‘myofibroblasts’ collectively pull and close the wound site [5]. When the wound is fully closed, 

myofibroblasts are removed from tissue by apoptosis [6]. If the apoptotic process is not triggered 

properly, myofibroblasts continue to produce abnormal amounts of ECM and results in  excessive 

fibrosis that deforms surrounding tissues [6].  

1.1.2 Diversity and complexity of mesenchymal stromal cells 

MCs used to be viewed as a homogenous population of cells, but now increasing evidence proves 

their diverse nature [7]. MCs in any one type of tissue can be divided into multiple sub-populations 

by their location in the tissue, production of ECM and their replicative potential [7]. Rodemann and 

colleagues analysed MCs by their replicative potential and found that MCs can be divided into 
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mitotically active MCs or postmitotic MCs that have reached the end of the replicative cycle [8,9]. 

MCs also show varied function depending on the anatomical location of the tissue of origin [7]. 

Chang and colleagues sought to characterise MC populations in different depots of adult skin tissue 

by microarray and bioinformatics [10]. The results revealed that MCs from different sites display 

distinct gene expression patterns. The differentially expressed genes were those involved in ECM 

synthesis, lipid metabolism, cell proliferation, cell migration and differentiation [10].  

1.1.3 Mesenchymal stem cells 

Mesenchymal stem/stromal cells (MSCs) are another type of MCs that have been identified in bone 

marrow and adipose tissues, as well as multiple other adult tissues including skin, kidney and thyroid 

glands [11–13]. MSCs show some similarities to MCs, such as the ability to adhere to plastic in in 

vitro culture, but they are specialised in that they maintain the ability to differentiate into other 

mesenchymal lineages like osteoblasts, chondrocytes and adipocytes [14]. MSCs show slightly 

different phenotypic profile in different tissues, but human MSCs generally express CD105, CD90 

and CD73 and lack expression of CD45 and CD31 [12,15].  

In bone marrow [16], adipose tissue [17,18] and skin [19], MSCs were found in the adventitial layer. 

The adventitial layer, also known as tunica adventitia, is the outermost layer of the large arteries and 

veins [20]. It surrounds the tunica media, composed of vascular smooth muscle cells, and tunica 

intima, composed of blood endothelial cells [21]. The adventitia is a complex cell layer composed 

of multiple cell types, including MCs, immune cells, perivascular nerves and endothelial cells of 

microvessels (vasa vasorum) [20]. Other than being the common stem cell niche, the adventitia is 

thought to play major roles in controlling immune cell traffic, maintaining vasa vasorum and sensing 

vascular injury [20,22]. 

The endogenous function of MSC is not yet fully described [13,23]. This is mainly because many 

of the traditional definitions of MSCs depended on their in vitro properties [23]. MSC differentiation 

in the tissue is thought to be dependent on contacts with adjacent cells and the ECM, cytokines, 

chemokines and growth factors [13]. They are most likely to participate in wound healing process 

by differentiating into MCs and pericytes [13].  

1.1.4 Pericytes and vascular smooth muscle cells 

The different parts of the vasculature, such as arteries, veins and capillaries, are covered with a 

continuum of cells that support their structure and function [24,25]. These cells are referred to as 

‘pericytes’ when they are enclosing microvasculature and as ‘vascular smooth muscle cells’ (vSMCs) 
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when they are enclosing larger vessels such as arteries and veins [24,25]. Pericytes function to 

stabilise or to remodel the vasculature system [24,26]. vSMCs provide contractile strength to large 

vessels [24]. Recently, it has also been suggested that pericytes may play an important role in 

constricting capillaries and controlling blood flow [25].  

Some differences exist between pericytes and vSMCs [27]. vSMCs are wrapped in multiple layers 

and are perpendicularly distributed along the axis of vessels. On the other hand, pericytes are 

organised in a single cell layer and are longitudinally oriented with respect to the axis of vessels. 

Pericytes share a basement membrane with endothelial cells and form close contacts via membrane 

processes called peg-sockets [22,27]. In comparison, vSMCs do not establish direct contact with 

endothelial cells as they are separated by the basement membrane or, in the case of larger arteries, 

by the intima layer [27]. Currently, there is no single phenotypic marker that can distinguish 

pericytes from vSMCs [26]. However, some phenotypic variations have been reported. In rat, NG2 

was expressed on a subset of a-SMA+ pericytes that wrap around arterioles and capillaries but not 

venules [28,29]. This was later shown to be true in various human tissues as well [30].  

Pericytes and vSMCs are often confused with other types of MCs in a similar perivascular niche 

[26]. This is mainly because markers like CD146 and NG2 can also be expressed on MSCs [31]. 

Some have suggested that MSCs may exist as pericytes in certain tissues, but this idea is yet to be 

proven with thorough investigation [31]. The confusion of pericytes and MSCs is most likely to 

stem from the lack of markers that can clearly distinguish between two populations [23]. The small 

number of studies claiming that pericytes and MSCs are identical, used limited selection of 

phenotypic markers to isolate ‘pericytes’ and performed multi-lineage differentiation assays in vitro. 

However, there is a chance that successful differentiation assay was due to contamination by ‘true 

MSCs’ that express same set of markers. In addition, the immunohistochemical analysis of the 

vascular wall in multiple tissues demonstrate a clear separation between the pericyte/vSMC layer 

and the adventitial layer [23]. Finally, a careful study of mouse tissue showed that it was the 

adventitial layer (Gli1+) that formed typical MSCs in vitro, and not the inner layer of pericytes (NG2+) 

[23]. Overall, it appears likely that pericytes and MSCs are distinct populations with different tissue 

location and function. The relationship between pericytes and MSCs in multiple organs needs to be 

analysed with better understanding of their phenotypic profiles.   
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Figure 1-1. Different types of MCs present in healthy tissues 
Different types of MCs play a number of important roles in healthy tissues. In a resting state, quiescent MCs are 

present as single cells among ECM. These cells become activated when the tissue is wounded and differentiate into 

myofibroblasts, which help to resolve the wound by producing new collagen matrices and contracting to close the 

wound site. Blood vessels are covered by a continuum of MCs that support the vascular structure and function. 

These cells are referred to as pericytes, when surrounding microvasculature and as vSMCs, when surrounding larger 

vessels. The key difference is that pericytes share a basement membrane with endothelial cells. MSCs are present 

in the adventitial layer of large vessels, outside of vSMCs. These cells demonstrate an ability to differentiate into 

cells of other mesenchymal lineages. Image adapted from [2,22,26]  
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1.2 Mesenchymal stromal cells in lymph nodes 

1.2.1 Basic structure of lymph node 

The lymph node (LN) is a secondary immune organ, where an adaptive immune response is triggered 

by the interaction between lymphocytes, antigen presenting cells (APC) and mesenchymal cells [32]. 

LNs are covered by a dense collagenous mesh called a capsule, which extends into the organ as  

trabeculae and divides the node into compartments [1]. Trabecula also provides a structural support 

and provide a route for entry of the blood vasculature [1]. The parenchyma of LN are broadly divided 

into outer cortex, containing B cell follicles, inner paracortex, containing mainly T cells, and 

medullary regions [33]. APCs are found throughout the tissue in various locations, such as below 

the capsule, alongside the trabeculae, among the paracortex and within medullary cords [34]. The 

lymph fluid enters LN through afferent lymphatic vessels and flows into the subcapsular sinus, 

beneath the collagenous capsule [35]. The lymph fluid then gets filtered into multiple channels, 

including the conduit network of the paracortex regions, collects in medulla and exits through the 

large efferent vessel of the hilum [35]. 

1.2.2 Mesenchymal stromal cells forming reticular networks 

The two major MCs of the LN are follicular dendritic cells (FDCs) and fibroblastic reticular cells 

(FRCs) (Fig. 1-2) [36–38]. These cells play key roles in the maintenance of effective immune 

responses [36]. Specifically, FDCs are located in germinal centres (B cell zones) and support B cell 

survival and function while FRCs are mostly located in the paracortex (T cell zones) and support T 

cell survival and migration, secrete ECM to form a conduit network that enable flow of lymph 

through the organ and transport antigens to resident dendritic cells in the vicinity. [37,39–42] Unlike 

resting MCs in other tissues, FRCs resemble myofibroblasts and express characteristic molecules, 

such as α-SMA [43]. In addition to ECM and myofibroblast related genes, FRCs are also enriched 

for genes related to antigen presentation and cytokine responses [44].  

More recently, another stromal population was found murine LNs, in the region between B cell 

zones and the subcapsular sinus and was termed ‘marginal reticular cells’ (MRCs) [45]. The 

presence of these cells was also confirmed in the human LN [46]. MRCs are thought to function as 

a selective barrier between the LN parenchyma and surrounding lymphatic sinuses [46].  
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Figure 1-2. The basic structure of LNs 
The LN is composed of immune cells, mesenchymal cells and endothelial cells. The lymphatic fluid enters the LN 

from the afferent lymphatic vessels, collects in the medulla and exits via the efferent lymphatic vessels. The 

parenchyma of the organ is divided into the outer cortex, containing B cells, the inner paracortex, containing T cells 

and the medulla. APCs are found throughout the tissue in various locations. MCs are found among the collagen 

mesh of capsule, trabeculae and hilum. MCs are also found within the parenchyma forming conduit networks. These 

are called FRCs. Another special type of MCs, called FDCs, are found within B cell follicles. Finally, MRCs, are 

present in the region between follicles and subcapular sinus. FRC, fibroblastic reticular cell; FDC, follicular 

dendritic cell; MRC, marginal reticular cell. Image adapted from [1,33,35] 

1.2.3 Pericytes in the lymph node 

High endothelial venules (HEVs) are specialised vessels that allow entry of lymphocytes into LN 

[47]. In mouse, podoplanin+ FRCs were found in the pericytic location around HEVs. These 

pericytic FRCs, together with CLEC2+ platelets, played an important function in controlling the 

permeability of HEVs [47]. Podoplanin+ FRCs were also found to be the major source of VEGF, as 

they showed elevated secretion of VEGF in response to lymphotoxin beta receptor (LTβR) 

stimulation [48]. In tissue, this stimulation of VEGF is likely to be mediated by CD11c cells [49]. 

The single cell transcriptomic study of non-endothelial, LN stromal cells revealed that podoplanin- 
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cells are enriched for structural and contractile genes, such as CCN1 and ITGA7 [44]. In tissue, 

these cells CCN1+ and/or ITGA7+ were localised to subset of blood vessels, and therefore were 

termed as ITGA7+ pericytes (IAPs) [44]. Together, these findings in mouse indicate that both 

podoplanin+ FRCs and podoplanin- contractile pericytes play important roles in maintaining LN 

vasculature.   

1.2.4 Mesenchymal precursor cells in the lymph node 

The mesenchymal population of LN possess the ability to expand during inflammation [50]. 

However, knowledge regarding the identity of progenitor population in the LN is still very vague. 

MRCs are suggested to be these precursor cells [50]. One study in mouse showed that MRCs may 

have potential to differentiate into FDCs [51]. This group used the Ubow mouse model where all 

cells are initially dTomato+, then irreversibly gain expression of either YFP or GFP upon activation 

of Cre-recombinase enzyme. Coupling Cre-1 recombinase expression to Wnt-1 during mouse 

development showed that FDCs derive from local progenitors. When there is a ‘switch’ the cells go 

through a ‘transition mode’ where they co-express dTomato and YFP/CFP. This property revealed 

the transition of RANKL+ MRCs (dTomato+) to CD21/35+ FDCs (YFP+) [51]. There still would 

need to be more studies and also investigation with human cells to confirm if MRCs are truly the 

precursor cell type for FRCs and FDCs.  

Studies in mouse suggest that three different LN MCs are derived from same embryonic cell 

population known as lymphoid organiser cells (LTo) [52,53]. During LN organogenesis, LTo cells, 

expressing LTβR, come into contact with lymphoid inducer cells (LTi) expressing lymphotoxin 

α1β2. LTi cells are haematopoietic cells that are positive for CD45 and CD4 but lack expression of 

CD3. When stimulated by LTi cells, LTo cells respond by increasing the expression of adhesion 

molecules (ICAM1, VCAM1 and MadCAM1) and various chemokines (CXCL13, CCL19 and 

CCL21). This chemokine cocktail then stimulates the clustering of LTi cells, accelerating the 

developmental process. The process of downstream LTo differentiation into various adult MCs is 

currently unknown, but various growth factors for MCs, like TGFβ1, are likely to be involved 

[52,53]. 

Several mouse studies have investigated the potential precursor of LN MCs. Benezech and 

colleagues have described an adipocyte precursor population in mouse embryo to be a source of LN 

MCs. [54] They sorted CD45-, podoplanin+ and CD31- cells from the fat pad of the mouse embryo. 

These cells showed spontaneous differentiation into adipocytes when isolated and cultured in vitro. 

When treated with agonistic anti-LTβR antibody, these cells showed reduced adipogenic 

differentiation potential and increased expression of ICAM 1, VCAM1, CXCL13, CCL19 and IL-
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7, characteristic of LN stromal cells [54]. Another group has suggested mouse aorta smooth muscle 

cells (SMC) as an alternative precursor [55]. They stimulated muscle cells with agnostic anti-LTβR 

antibody or recombinant tumour necrosis factor (TNF). The stimulated cells adopted a phenotype 

that resembled LN stromal cells. On top of this, the supernatants of stimulated cells supported in 

vitro migration of splenic T cells, B cells and macrophages [55]. There is currently no detailed 

investigation of the precursor population of human LNs.  
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1.3 Mesenchymal stromal cells in the tumour microenvironment 

Cancer cells rarely exist by themselves in a tissue [56,57]. The region in the tissue where tumour 

cells form active relationships with non-malignant host cells is termed the tumour microenvironment 

(TME) [57]. Host cells may initially be able to suppress the development of tumours, but advanced 

tumours eventually acquire the ability to subvert the environment to their advantage [56,58]. 

Generally, a TME contains macrophages, lymphocytes, endothelial cells that form lymphatic and 

blood vasculature, pericytes and MCs showing progenitor or differentiated phenotypes [56]. 

1.3.1 General definition and function of tumour-associated mesenchymal stromal cells 

A TME closely resembles a tissue that is chronically inflamed and hence can be viewed as a ‘wound 

that does not heal’ [58,59]. Like a wound, a tumour continuously recruit stromal cells to its vicinity 

[56,57]. Subverted MCs, also known as tumour-associated fibroblasts (TAFs), can actively produce 

various growth factors, cytokines, chemokines and immunomodulatory ligands and play favourable 

roles in survival, proliferation and migration of tumours [56,57]. Due to this, the presence of MCs 

in tumour tissue has often been associated with poor disease outcome and increased risk of 

metastasis [3]. However, it has also been reported in the literature that MC populations can vary 

depending on the tumour type and that certain types of tumour-associated MCs can be tumour 

promoting while others are tumour inhibitory [3].  

There are currently two ways of viewing tumour-associated MCs, as ‘activated’ MCs and as 

‘senescent secretory’ MCs. These two terms describes different aspects of MC subversion by tumour 

cells. The first view arises from the similarity of the TME to ‘wounds that does not heal’ [59]. 

Spindle shaped, quiescent MCs are stimulated, by various stimuli including TGFβ1, to undergo 

differentiation, as if in wound situations [2]. MCs change their morphology to cruciform or stellate 

shaped, gain expression of stress fibres such as α-SMA, and exhibit increased rate of proliferation 

and protein synthesis. However, the difference from myofibroblasts is that these MCs are 

permanently activated and persist in tissue without undergoing apoptosis. MCs gain additional 

functional attributes, which may involve epigenetic changes. This phenomenon is very similar to 

what is observed in tissue fibrosis and the detailed molecular differences between fibrosis associated 

MCs and tumour-associated MCs are yet unknown [2].  

Tumour-associated MCs were also described as ‘senescent secretory’ MCs [60]. These are MCs that 

have exited the division cycle and show multiple features of a senescent cell, such as elevated beta-

galactosidase expression, but still show robust secretion of various mediators that may suppress or 

promote tumourigenesis (senescence associated secretory profile (SASP)) [60]. In melanoma, 
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senescent MCs were shown in vitro and in vivo studies to promote proliferation of melanoma cells 

[61].  

These two descriptions are likely to be describing different functional attributes of tumour-

associated MCs. Tumour-associated MCs are heterogeneous [2] and activated MCs in wound 

models were shown to eventually exit proliferative phase but still show matrix remodelling [60]. 

Hence, when tumours develop at a primary site or enter a distant site, the tumour secreted factors 

are likely to first stimulate quiescent MCs to differentiate and proliferate, leading to fibrosis. Then, 

some of these heterogeneous cells may halt their cell cycle and become senescent, while still 

maintaining their tumour modulatory function.  

1.3.2 Phenotypic markers of tumour-associated mesenchymal stromal cells 

Various phenotypic markers were used previously to identify MCs in the TME. These are roughly 

divided into (1) commonly used markers of MCs, such as CD90, vimentin, desmin and fibroblast 

specific protein 1 (FSP-1), (2) markers of activated MCs, such as fibroblast activation protein (FAP), 

platelet derived growth factor receptor beta (PDGFRβ) and α-SMA, and (3) markers associated with 

ECM production, such as α1β1 integrin, prolyl-4-hydroxylase and pro-collagen 1α2 [2,62–64]. FAP 

is most commonly used, as the expression of this protein was upregulated in various tumours 

compared to healthy counterparts [65]. The expression pattern of various markers in tissue is also 

heterogenous. [64]. This heterogeneity is hypothesised to reflect the different activation status or 

different tissue origin of tumour-associated MCs [64].  

There is increasing research aiming to find novel markers of tumour-associated MCs. Recently, 

CD26 (DPP4) was suggested as a potential marker for tumour-associated MCs [66]. CD26 is a 

molecule that is closely related to FAP [67]. A fluorescence activated cell sorting (FACS) was used 

to label and isolate MCs from a murine model based on the gene expression of Engrailed-1 (En1) in 

its embryonic progenitors [66]. By studying this model, two distinct types of MCs in dorsal skin 

were identified. One subtype of MCs was predominantly involved with ECM production and 

expressed CD26. When CD26 positive or CD26 negative MCs were co-transplanted with melanoma 

into mice, the one with CD26 positive MCs showed increased deposition of ECM [66].  

1.3.3 Immunosuppression mediated by tumour-associated mesenchymal stromal cells 

The tumour-associated MCs are receiving increasing attention following the success of anti-cancer 

immunotherapy. The successful establishment of check-point inhibitors, targeting CTLA4, PDL1 or 

PD1, has been a major breakthrough in cancer therapy [68]. These therapies remove the immune-
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suppressive brake applied by tumours via stimulation of PD1 on T cells. The most remarkable 

clinical benefits were observed in melanoma, where the objective response rate for anti-PD1 in 

advanced stage patients was 30-40%. However, it was quickly noted that stratification exists among 

patients and some patients do not respond as well to the therapy [68]. The TME and host cells, such 

as MCs, are key players that help determine patient response [69,70]. The importance of tumour-

associated MCs in immune suppression has been demonstrated clearly in studies where depletion of 

MCs in mouse model triggered active immune attack against cancers [71]. Further studies have 

revealed that tumour-associated MCs are capable of interacting with and suppressing the host 

immune system via multiple mechanisms [2,70]. 

Firstly, tumour-associated MCs produce factors that interfere with function of anti-tumour T cells. 

MCs, once activated by tumour secreted factors, have been reported to produce immunomodulatory 

factors, including IL-6, IL-10, TNFα, TGFβ and prostaglandin E2 (PGE2) [2]. Collectively, these 

factors can promote the formation of immune suppressive, regulatory T cells (Tregs) and myeloid 

cells, while inhibiting the function of effector cells like CD8+ T cells [2]. 

Secondly, tumour-associated MCs may play critical roles in determining the positioning and the 

migration of lymphocytes [72]. T cells are often not distributed evenly in the TME, and are found 

in much higher concentration in regions dense in MCs and ECM [73]. This was observed in several 

tumour tissues, including lung [74], pancreatic [75] and colorectal cancers [76]. The main idea 

proposed from the study of these tumours is that there are two different types of MCs in the TME: 

one that is penetrating the tumour mass and is favourable for T lymphocyte migration; and another 

that is positioned parallel to the tumour mass and ‘traps’ T lymphocyte migration [73].   

Despite increasing evidence of the critical role of tumour-associated MCs in determining the success 

of anti-tumour immune responses, more work is needed to define their phenotypes and function. 

Therapies that target and remove MCs in unspecific fashion has yielded contradicting results and in 

some cases, has accelerated tumour growth [64]. There are currently several clinical trials targeting 

well-known markers, like FAP, but they have achieved only moderate clinical success so far [64,77]. 

A thorough understanding of heterogeneity of tumour-associated MCs, their origin and key 

modulatory molecules would be essential to developing successful anti-MC therapies.  

1.3.4 Tumour-associated mesenchymal stromal cells in sentinel lymph nodes 

The LN constantly receives lymphatic flow from the primary tumour site. Hence, the discovery of 

tumour cells in this organ has been regarded as a sign of bad prognosis [78]. The prognostic 

significance depends on the size of the tumour and the tumour type [79]. It has been suggested that 
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LNs may function as checkpoints for metastasising tumours as they travel to more distant organs 

[78–80]. Alternatively, both primary and metastasising tumours may alter the LN microenvironment 

and suppress anti-tumour adaptive immune responses [81]. In melanoma, identifying LNs infiltrated 

with melanoma cells is essential for the disease diagnosis and for making prognostic estimates [82]. 

The presence of even a very small cluster of melanoma cells in LNs, not detectable by radiography, 

was shown to hold prognostic significance [82]. In addition, it was found that patients with non-

sentinel LN metastasis have significantly worse disease prognosis compared to those without [83]. 

Tumours first enter the node through the afferent lymph vessel and lodge in the subcapsular sinus 

(SCS) [78]. Tumour cells can gather in this confined space to form larger clusters. This would 

facilitate the survival of tumours by providing the appropriate pro-survival cellular signals and by 

mimicking the clustering of platelets and stimulating the wound healing response [56,78]. Tumours 

then must contact with resident MCs and ECM [56]. Increase in organ size (lymphadenopathy) and 

the formation of dense fibrous networks are often observed in LN following tumour infiltration [84–

86].  

Firstly, the infiltrating tumour cells have the potential to induce vascular reorganisation within LNs. 

Enlarged blood vessels were observed in LN sections from breast cancer patients [87]. The use of 

an animal model with spontaneous LN metastasis has revealed dilation of lymphatic sinus and blood 

vessels in the sentinel LN, even before the actual tumour metastasis [86]. The extent of dilation was 

correlated with the weight of the primary tumour [86]. Similar results were also observed in 

transgenic mice with VEGF-C under the transcriptional control of the keratin 14 promoter and show 

skin specific expression of VEGF-C [88]. When these mice were subjected to chemically induced 

skin carcinogenesis, the dilation of lymphatic vasculature of sentinel LNs occurred prior to tumour 

metastasis [88]. Recent evidence suggests that an altered lymphatic system may play a role in 

immunomodulation and increased immune-tolerance against tumour antigens. For example, 

lymphatic endothelium in skin-draining LN was shown to present melanocyte-specific antigen via 

MHC class 1 molecule to CD8 positive T lymphocytes, leading to deletion of autoreactive cells [89]. 

Qian and colleagues have also observed an increase in the number of HEVs [86]. HEVs were 

composed of unusually thin epithelium and have lost expression of a distinguishing marker, PNAd, 

which collectively suggested that these vessels have been modified to function as blood carriers for 

the tumour [86]. Lee and colleagues have also analysed the role of the HEV in 65 patients with SCC 

of the tongue. Their study has revealed an increase in the density of HEV in patients with established 

lymph node metastasis. As in mouse models, HEV in patient samples were modified in their 

morphology and the increase in the total number of HEV were associated with a bad disease 

prognosis [90]. 
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Sclerosis of the metastatic LN is commonly observed, with the infiltration of many MCs [84]. In a 

mouse model of B16 melanoma, melanoma cells showed preferential binding to LN FRC fibres in 

vitro, suggesting an active relationship between tumour and LN stroma [91]. The presence of 

myofibroblasts in tumour-infiltrated LN has been reported in several tumours, including colorectal 

and breast cancer. Yeung and colleagues have analysed sentinel LNs of patients with end-stage 

colorectal carcinoma [85]. They found the presence of α-SMA expressing myofibroblasts, closely 

associating with actively proliferating cancer cells with stem cell properties [85]. In an independent 

study of colorectal cancers, tumour-associated MCs in LNs were identified using two additional 

markers, podoplanin and S100A4 [92]. α-SMA was consistently co-expressed with S100A4, and 

variable expression of podoplanin. Expression of podoplanin was associated with six favourable 

clinic-pathological parameters and longer disease-free survival. In comparison, α-SMA or S100A4-

expressing MCs were associated with six aggressive clinic- pathological parameters and two tumour 

progression parameters. These findings reveal variability in the characteristics and function of 

tumour-associated MCs in LN [92]. In breast cancer, MCs were defined by the expression of GSTPi, 

vimentin and α-SMA [93]. These MCs were suggested to play a role in protecting GSTPi+ tumour 

cells from chemotherapies [93].  
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1.4 Mesenchymal stromal cells in melanoma 

Although lots of current knowledge regarding tumour-associated MCs is based on studies performed 

in epithelial cancers (carcinomas), MCs were also reported in several studies to play key roles in 

melanoma progression and metastasis. Melanoma is a type of tumour that arises from melanocytes 

[94]. It is a most lethal type of skin cancer [94], showing highest rate of incidence in New Zealand 

and Australia [95,96].  

In healthy human skin, melanocytes reside in the basal membrane of the epidermis or near hair 

follicles and form close contacts with surrounding keratinocytes. The development of melanoma 

occurs in a multi-step process that begins with increased proliferation of melanocytes and formation 

of benign nevi. This subsequently develops into dysplastic nevi, where cells and nuclei show 

irregular morphology. Upon transformation, cells first grow into adjacent epidermis (radial growth 

phase), then into the underlying dermis and subcutaneous layer [94]. To do this, cells undergo 

epithelial-mesenchymal transition (EMT) and display a number of molecular changes [97]. For 

example, transforming melanocytes lose contact with keratinocytes by downregulation of E-

cadherin and form new contacts, instead, with MCs and endothelial cells by upregulation of N-

cadherin [98]. The subsequent interaction of MCs and melanoma is thought to be important for 

mediating melanoma migration across dermis and into vasculature for metastasis to distant tissues 

[98].  

The analysis of dermal metastases [99], melanoma infiltrated LNs (MILNs) and metastasis to other 

organs [100,101], revealed the presence of abundant ECM (periostin, fibronectin-1, versican, pro-

collagen-1) and associated MCs (expressing CD90 or FAP). These melanoma-associated MCs were 

frequently found in higher numbers around the nests of melanoma cells (peritumoural), and less so 

in intratumoural regions. Melanoma-associated MCs were often observed as interconnected 

structures [99,100].  

1.4.1 Sources of melanoma-associated mesenchymal stromal cells 

The source of MCs in melanoma is currently unclear. It is postulated that either resident MCs, or 

migrating MCs from the circulation or bone marrow become stimulated by melanoma driven growth 

factors, such as basic fibroblast growth factor (bFGF), PDGF and TGFβ [98,102]. Of these, TGFβ 

has been particularly emphasised in several independent studies. In mouse studies, the degree of 

stromal expansion (fibrosis) and also the survival and progression of melanoma was directly 

correlated to the amount of TGFβ1 produced by melanoma cells [103]. TGFβ1/SMAD2 pathway 

was activated on both MCs and melanoma cells [100]. In vitro studies using melanoma and MC 
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lines also showed that TNFα and interferon-γ are likely to be stimulators of MCs in the melanoma 

microenvironment [104,105].  

1.4.2 Function of melanoma-associated stromal cells 

Like MCs in other tumours, melanoma-associated MCs were reported to display inflammatory and 

activated gene signatures in vivo [106] and in vitro [104,105,107,108]. Melanoma-associated MCs 

have the potential to secrete ECM digesting enzymes, such as MMP1, MMP3 and MMP13, 

particularly at the border between tumour and peritumoural stroma [107–112]. This elevated 

enzymatic activity of MCs is likely to help melanoma migration and invasion. FAP, commonly 

found upregulated on the surface of melanoma-associated MCs [99,113], is also a membrane bound 

serine protease that can cleave ECM [114,115]. 

Melanoma-associated MCs may support melanoma survival and growth, as MCs stimulated by 

melanoma produce growth factors such as, insulin-like growh factor 1 (IGF1), bFGF, TGFβ and 

endothelin-3 [116]. ECM produced by MCs are also thought to be crucial for survival of melanoma 

cells, as demonstrated in mouse models [103]. Albinet and colleagues found that melanoma and 

MCs communicate via sphingosine-1-phosphate (S1P) molecule [117]. Both melanoma and MCs 

displayed increased activity of sphingosine kinase-1 (SPHK1). Surprisingly, S1P secreted from MCs 

promoted survival and proliferation of melanoma cells in transplantation experiments [117]. In an 

independent study of BRAF mutant melanoma tissues, infiltrating macrophages (CD163+ or CD68+) 

expressed interleukin 1β (IL1β), which in turn stimulated MCs to produce IL6, IL8 and growth 

related oncogene α (GROα) [118]. These ligands subsequently bound to CXCR2 on the surface of 

melanoma cells, promoting growth of melanoma cells as well as mediating protection against 

mitogen-activated protein kinase (MAPK) pathway inhibitors [118]. Hepatocyte growth factor 

(HGF), alternatively known as scatter factor (SF), also may play a role. HGF is a growth factor that 

is mainly secreted by MCs [119,120]. Current evidence suggests HGF can play multiple roles in 

melanoma, promoting growth [121] and metastasis of melanoma cells [122], as well as promoting 

ECM production [123]. 

1.4.3 Immunosuppression mediated by melanoma-associated mesenchymal stromal 

cells 

Several studies suggest that melanoma-associated MCs may play a role in controlling the 

recruitment and migration of immune cells. Previous studies have demonstrated that T cells are not 

distributed evenly across the melanoma microenvironment, but rather exist as distinct clusters at the 

boundary between melanoma cells and stromal cells [101,124]. In a single cell transcriptomic 
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analysis of melanoma tissues [106], expression of CCL19 and CXCL12 on MCs were highly 

correlated to the abundance of T cells in the tissue. When stimulated with melanoma by direct co-

cultures, MCs upregulate expression of CXCL1 and CXCL2 [107,112]. In vivo, human melanoma-

associated MCs were shown to secrete high levels of CCL2 [101]. When isolated in vitro, these MCs 

promoted monocyte migration [101]. A recent study revealed a new perspective where melanoma-

secreted macrophage colony stimulating factor 1 (CSF1) inhibits secretion of granulocyte-specific 

chemokines by MCs in the vicinity [125]. Blocking CSF1 signalling resulted in increased chemokine 

production by MCs and a subsequent increase in granulocytes in the melanoma microenvironment 

[125]. The production of S1P by melanoma-associated MCs, as described above, may also affect T 

cell migration [117]. These findings show that MCs can function as key modulators of immune cell 

recruitment into the melanoma microenvironment.  

Melanoma-associated MCs can alter the function of natural killer (NK) cells. MCs decrease the 

susceptibility of melanoma to NK-mediated lysis through the secretion of active MMPs [126]. This 

secretion reduces the expression of the two NKG2D ligands, MICA/B, at the surface of tumor cells 

and consequently decreases the NKG2D-dependent cytotoxic activity of NK cells against melanoma 

tumor cells [126]. In a different study, melanoma-associated MCs, expressing PGE2, inhibited the 

function of NK cells to a greater extent than normal MCs [127]. NK cells showed decreased 

expression of NKp44 and NKp30 in the presence of melanoma-associated MCs [127]. 
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Figure 1-3. MCs in the melanoma microenvironment 
MCs form an active, reciprocal relationship with melanoma cells. Melanoma cells may activate MCs in the 

vicinity using secreted factors, such as TGFβ. The activated MCs, then may produce various factors that help 

survival and growth of melanoma cells. In addition, MCs may secrete chemokines that recruit both myeloid 

cells and T cells into the melanoma microenvironment. At the same time, MCs may support evasion of immune 

responses by suppressing the activity of melanoma targeting NK cells. Previously, MCs in the melanoma 

microenvironment were found to express FAP and CD90, as well as a number of ECM components. 

References as in text. 
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1.5 Study aims 

MCs play critical roles in maintaining normal tissue homoeostasis and in multiple steps of tumour 

development. MCs actively interact with various types of normal host cells and tumour cells and 

become activated in response to a stimulus to produce a vast array of chemokines, growth factors 

and ECM. Despite their importance, there is a limited number of studies that analyse MCs in depth. 

There is no consensus around the definition of MCs in both healthy and tumour infiltrated tissues. 

There are also no markers that are currently available to specifically define tumour-associated MCs 

from other similar stromal cells like pericytes and vSMCs. This ambiguity around the definition of 

MCs has led to many conflicting results in the literature. Most studies involving tumour-associated 

MCs were performed in mouse models and their findings are yet to be confirmed in human tumours. 

Therefore, targeted research analysing MCs in human tissues is important in enabling manipulation 

of MCs in cancer immunotherapy.  

Therefore, we sought to perform a thorough investigation of the molecular phenotypes of MCs 

present in MILNs. To achieve this aim, we first set to map MC subsets in healthy human LNs using 

a wide range of molecular markers using IF and polychromatic flow cytometry. Next, we aimed to 

use the knowledge gained in healthy tissues to analyse how MCs have been altered in LNs by 

melanoma infiltration. Finally, we aimed to perform detailed molecular analysis of identified 

melanoma-associated MCs in order to identify potential molecular targets for future studies. 
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Chapter 2. Materials and Methods 

2.1 General tissue culture 

2.1.1 Tissue culture media 

MCs isolated from healthy LNs and MILNs were (Section 2.2.4-6) expanded and maintained in 

‘DF10’, which is D-MEM/GlutaMAXTM (Gibco®, Thermo Fisher Scientific), supplemented with 

10% foetal bovine serum (FBS). Pan-T cells isolated from PBMCs were expanded and maintained 

in ‘RS5’, which is RPMI 1640 (Gibco®, Thermo Fisher Scientific), supplemented with 5% human 

serum (HS). All media were supplemented with Pen Strep (Gibco®, Thermo Fisher Scientific), 

which is a mixture of 100 U/mL penicillin and 100 µg/mL streptomycin. Additionally, RPMI 1640 

was supplemented with 2 mM GlutaMAXTM (Gibco®, Thermo Fisher Scientific). All cells were 

maintained in humidified incubator at 37°C, 5% CO2.  

Table 2-1. Types of media used 

Name Base media Supplements Serum supplement 
D0 D-MEM/GlutaMAXTM Pen Strep  
DF10 D-MEM/GlutaMAXTM Pen Strep 10% FBS 
R0 RPMI 1640 Pen Strep, GlutaMAXTM  
RS5 RPMI 1640 Pen Strep, GlutaMAXTM 5% HS 
RS1 RPMI 1640 Pen Strep, GlutaMAXTM 1% HS 

 

2.1.2 Maintenance of mesenchymal stromal cells 

MCs isolated from healthy LNs and MILNs (Section 2.2.4-6) were cultured in polystyrene 

microplates, T25 or T75 tissue culture flasks until they reach 70-80% confluence. Once at 

confluence, the adherent cells were detached from tissue culture ware using pre-warmed TrypLETM 

Express Enzyme (Gibco®, Thermo Fisher Scientific). The enzyme was thoroughly washed away by 

centrifugation at 350g for 5 min, before transferring cells to new tissue culture plates or flasks. Live 

MCs, adhered to tissue culture plates, were imaged using Leica DMI3000B (Leica microsystems). 

For cryopreservation, cells were suspended in the appropriate culture medium and mixed with equal 

volume of freezing media (FBS with 20% DMSO), before transferring to a cryovial. The cryovial 

was placed in Mr. FrostyTM freezing container (Thermo ScientificTM) before transferring to -80°C. 

Afterwards, the cryovial was transferred to liquid nitrogen for storage.  
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2.1.3 Maintenance of T cells 

Pan-T cells isolated from peripheral blood using Pan T Cell Isolation Kit (Miltenyi Biotec) (Section 

2.3.1-2) were cultured in 96 or 48 well polystyrene microplates. To aid T cell survival, RS5 media 

was further supplemented with 5 ng/mL IL-7. For cryopreservation, cells were suspended in RS5 

media supplemented with 10 ng/mL IL-7 (Peprotech) and mixed with equal volume of freezing 

media, before transferring to a cryovial. Cryopreserved T cells were stored for less than 6 months. 

2.2 Lymph node samples 

2.2.1 Tissue collection  

Healthy mesenteric LNs were obtained from patients undergoing abdominal surgery at Auckland 

hospital. Melanoma-associated LNs were obtained from melanoma patients undergoing LN 

resection at hospitals of Waitemata District Health Board (study number RM13153) and Manukau 

District Healthy Board (study number RRN2087). The removal of LN was performed under a 

written patient consent, approved by the Northern A Health and Disability Ethics Committee, New 

Zealand (Healthy mesenteric LNs: NTY/09/09/092, melanoma-associated LNs: NTX/08/09/086). 

Information regarding the anatomical location of LN, degree of tumour infiltration, patient status 

and disease prognosis were provided by clinicians, and were dependent on what they thought was 

appropriate to disclose. For healthy LNs, patients with abdominal disease that is inflammatory in 

nature, with systemic immune disease and with extensive metastatic disease were excluded. LNs 

were dissected from surrounding fat and other tissue in class II laminar flow hoods on receipt by the 

host lab.  

After tissue processing, healthy LNs were examined to make sure that they do not contain any traces 

of abnormal infiltrates, and display normal architecture, including immune cell regions and 

endothelial and stromal networks. If the melanoma LN was large, then this was divided, such that a 

piece was embedded for immunofluorescence microscopy (IF) (Section 2.2.2), while the remaining 

pieces were digested into single cells (Section 2.2.3). We have ensured that tumour infiltrated 

sections are present in both blocks intended for IF and for tissue digest. If the melanoma LN was 

small, then these were embedded as a whole. The LN samples used in this study are summarised in 

Table 2-2.  
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2.2.2 Sample preparation for immunofluorescence microscopy 

For IF, LN samples were embedded in TissueTek OCT compound and frozen in liquid nitrogen. 

Embedded LN blocks were sectioned into 5µm sections using a cryostat (Leica CM1850, Leica 

microsystems) and transferred onto superfrost glass slides (Thermo Scientific). Sections were left to 

dry and were stored at -80°C. Alternatively, tissues were fixed in 10% neutral buffered formalin and 

embedded in paraffin. 

2.2.3 Tissue digestion for isolation of single cell suspensions 

After removing surrounding fatty tissue, the LN capsule was opened by repeated stabbing with 26-

gauge needed to help with enzyme penetration. LN was then cut into small pieces using scalpel and 

digested in RPMI 1640 supplemented with GlutaMAXTM, Pen Strep, 0.2 mg/mL Liberase DH 

(Roche) and 100 U/mL DNAseI (Sigma-Aldrich) at 37 ºC and 5% CO2 for 20 min with occasional 

pipetting to break aggregates. The enzyme reaction was terminated by adding EDTA at 3.5 mM/mL 

and incubating 5 min RT. Digested cells were collected by passing the tissue through the 70 µM cell 

strainer. The digestion process was repeated for up to 3 rounds until all visible pieces were digested. 

If any pieces remain after 3 rounds of digestion, these were mechanically processed using a 

gentleMACS™ dissociator (Miltenyi Biotec). If there were high RBC contamination, RBC lysis was 

performed using RBC lysis buffer (BioLegend). Cells were cryopreserved and stored in liquid 

nitrogen until required. 

Table 2-2. LN samples for IF and flow cytometry  

Sample Sex Age Site Use 

Control LN samples 

L1    Mesenteric IF 

L2   Mesenteric IF 

L3   Mesenteric Flow 

L4   Mesenteric IF, Flow 

L5 F  Mesenteric IF 

L6   Mesenteric IF 

L7   Mesenteric IF 

L8   Mesenteric IF 

L9   Mesenteric IF, Flow 

Melanoma infiltrated LN samples 

ML1 M 75  IF, Flow 
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ML2 M 77  IF, Flow 

ML3 M 51  IF, Flow 

ML4 M 63  IF, Flow 

ML5 M 77  IF, Flow 

ML6 M 65  IF, Flow 

ML7 F 79 Left axillary IF, Flow 

ML8 M 73 Right inguinal IF, Flow 

ML9 M  Left axillar radical dissection IF, Flow 

ML10 M  Right axillar radical dissection IF, Flow 

ML11 F 54 Ilio-inguinal IF, Flow 

ML12 F  Right neck IF, Flow 

ML13 F 63 Periumbilical IF 

 

2.2.4 Generation of cell lines from healthy lymph node mesenchymal stromal cells 

A single cell suspension prepared from healthy LNs was cultured for 3-4 days in RS5 (Table 2-1) in 

polystyrene microplates. After incubation, non-adherent cells were washed away by gentle pipetting 

and the culture medium was changed to DF10 (Table 2-1). Adherent cells were expanded until they 

reached a sufficient size for downstream assays (Section 2.1.2). The established cell line displayed 

morphological and phenotypical features that are characteristic of healthy LN MCs (Section 6.2, Fig. 

6-4).  

2.2.5 Enriching mesenchymal stromal cells in melanoma infiltrated lymph nodes 

To enrich MCs by magnetic activated cell sorting (MACS), LN single cell suspensions were thawed 

in R0, washed then rested in RS5 supplemented with 50 U/mL Benzonase® Nuclease (Merck) at 

37ºC, 5% CO2 for 1h. MCs were enriched using FITC conjugated CD90 antibody and anti-FITC 

microbeads (Miltenyi Biotec) according to the manufacturer’s instructions. Briefly, LN single cell 

suspensions were stained with FITC conjugated anti-CD90 antibody, and then mixed with anti-FITC 

microbeads. CD90+ cell fraction, enriched for MCs, was obtained by depleting CD90- cells, not 

labelled with microbeads, using a magnetic column.  

2.2.6 Generation of cell lines from melanoma-associated mesenchymal stromal cells 

Cell lines of melanoma-associated MCs were generated by expanding the CD90+ cell fraction 

(Section 2.2.5) in DF10, until they reached a sufficient size for downstream assays. Alternatively, 
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more specific MC subtypes (CD34+ versus CD34-) were isolated using polychromatic flow 

cytometry. Briefly, MILN single cell suspensions were stained with a panel of antibodies described 

in Table 2-5. Then, CD90+ cells were enriched using the method described previously (Section 2.2.5). 

The enriched fraction was analysed on BD FACS ARIATM II to identify populations of interest. The 

identified cells were isolated using live cell sorting technique (Section 2.4.3). The sorted cells were 

collected in DF10 media, then immediately transferred to 96 well polystyrene microplates. Cells 

were expanded until they reached a sufficient size for downstream assays. The established cell line 

displayed morphological and phenotypical features that are characteristic of MCs (Section 6.2, Fig. 

6-4). 

2.3 Peripheral blood mononuclear cells 

2.3.1 Isolation of peripheral blood mononuclear cells from peripheral blood 

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

Blood was collected from healthy donors under written consent, approved by University of 

Auckland Human Participants Ethics Committee (reference number: 010558). The blood was first 

mixed with Heparin (1000 IU/mL) to prevent clot formation. RPMI 1640 was added at 1:1 ratio and 

the mixture was transferred to LeucoSepTM tubes (Sigma-Aldrich), each containing LymphoprepTM 

(STEMCELL Technologies). The tube was 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 interface were collected using a plastic Pasteur pipette. Cells were washed twice 

with RPMI 1640 and pelleted by centrifugation at 400g for 10 min at RT.  

2.3.2 Isolation and expansion of pan-T cells 

Pan-T cells were isolated from PBMCs using Pan T Cell Isolation Kit (Miltenyi Biotec). Briefly, 

pelleted cells were suspended in isolation buffer (PBS supplemented with 2mM EDTA and 5% FBS) 

to a final concentration of 2.5x108 cells/mL. Then, cells were mixed with biotin-antibody cocktail 

and anti-biotin microbeads before they were applied to a LS MACS column (Miltenyi Biotec) 

attached to MidiMACSTM separator. The pan-T cells were either cryopreserved (Section 2.1.3) or 

cultured in RS5 media containing 5 ng/mL IL-7 (Peprotech).  

  



Chapter 2 

24 

2.4 Polychromatic flow cytometry 

2.4.1 Cell surface staining 

For flow cytometry analysis of cell surface markers, cryopreserved cells were thawed in RS5, then 

washed and rested in RS5 medium supplemented with 50 U/mL Benzonease® Nuclease (Merck 

Millipore) for 1h at 37°C with 5% CO2. Rested cells were centrifuged and suspended in PBS 

containing 1% HS and 1mM EDTA. For analysis of adherent cells, cells in culture were harvested 

using TrypLETM cell dissociation enzyme, washed and suspended in PBS containing 1% HS and 

1mM EDTA. After sample preparation, cells were stained with fluorescently labelled antibodies at 

pre-optimised doses on ice for 30 min. After staining, cells were washed twice using PBS containing 

1% HS and 1mM EDTA. DAPI (1:5000) was added prior to analysis to determine cell viability. 

Fluorescently labelled antibodies used for this study are shown in Table 2-3, 2-4, 2-5 and 2-6. 

Table 2-3. 15-colour panel for analysing MCs in healthy LNs and MILNs 

Target Fluorochrome Species Clone Cat # Manufacturer 

CD26 FITC Mouse BA5b 302704 BioLegend 

Podoplanin PE Rat NC-08 337003 BioLegend 

CD271 PE-CF594 Mouse C40-1457 563452 BD Biosciences 

CD144 PerCp-Cy5.5 Mouse B55-7H1 561566 BD Biosciences 

CD105 PE-Cy7 Mouse SN6 25-1057-42 eBiosciences 

FAP APC Mouse 427819 FAB3715A R&D Systems 

CD90 Alexa Fluor® 700 Mouse 5E10 328120 BioLegend 

CD36 APC-Cy7 Mouse 5-271 336214 BioLegend 

CD34 BUV395 Mouse 581 563778 BD Biosciences 

CD73 BV421 Mouse AD2 344008 BioLegend 

CD31 BV480 Mouse WM59 566195 BD Biosciences 

HLA-DR BV605 Mouse G46-6 562845 BD Biosciences 

CD45 BV650 Mouse HI30 304043 BioLegend 

CD146 BV711 Mouse P1H12 563186 BD Biosciences 

CD141 BV785 Mouse M80 344115 BioLegend 

Fluorochrome abbreviations: APC, Allophycocyanin; Cy7, Cyanine 7; FITC, Fluorescein isothiocyanate; PE, R-
Phycoerythrin; PerCP, Peridinin chlorophyll protein complex; BV, Brilliant VioletTM; BUV, Brilliant UltravioletTM  
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Table 2-4. FITC-conjugated antibodies for investigating methods of MC enrichment 

Target Fluorochrome Species Clone Cat # Manufacturer 

CD45  FITC Mouse HI30 304006 BioLegend 

CD90 FITC Mouse 5E10 328108 BioLegend 

NG2 FITC Mouse EP-1 130-098-798 Miltenyi Biotec 

Fluorochrome abbreviations: FITC, Fluorescein isothiocyanate  

 

Table 2-5. 8-colour panel for isolation of MCs from healthy LNs and MILNs 

Target Fluorochrome Species Clone Cat # Manufacturer 

CD90 FITC Mouse 5E10 328108 BioLegend 

Podoplanin PE Rat NC-08 337003 BioLegend 

CD26 PE-Cy7 Mouse BA5b 302714 BioLegend 

FAP APC Mouse 427819 FAB3715A R&D Systems 

CD34 BUV395 Mouse 581 563778 BD Biosciences 

CD31 BV480 Mouse WM59 566195 BD Biosciences 

CD45 BV650 Mouse HI30 304043 BioLegend 

CD146 BV711 Mouse P1H12 563186 BD Biosciences 

Fluorochrome abbreviations: APC, Allophycocyanin; Cy7, Cyanine 7; FITC, Fluorescein isothiocyanate; PE, R-
Phycoerythrin; BV, Brilliant VioletTM; BUV, Brilliant UltravioletTM  

 
Table 2-6. 12-colour panel for analysing MCs in vitro 

Target Fluorochrome Species Clone Cat # Manufacturer 

CD26 FITC Mouse BA5b 302704 BioLegend 

Podoplanin PE Rat NC-08 337003 BioLegend 

CD271 PE-CF594 Mouse C40-1457 563452 BD Biosciences 

CD144 PerCp-Cy5.5 Mouse B55-7H1 561566 BD Biosciences 

FAP APC Mouse 427819 FAB3715A R&D Systems 

CD90 Alexa Fluor® 700 Mouse 5E10 348120 BioLegend 

CD36 APC-Cy7 Mouse 5-271 336214 BioLegend 

CD34 BUV395 Mouse 581 563778 BD Biosciences 

CD73 BV421 Mouse AD2 344008 BioLegend 

CD31 BV480 Mouse WM59 566195 BD Biosciences 

CD45 BV650 Mouse HI30 304043 BioLegend 

CD146 BV711 Mouse P1H12 563186 BD Biosciences 

Fluorochrome abbreviations: APC, Allophycocyanin; Cy7, Cyanine 7; FITC, Fluorescein isothiocyanate; PE, R-
Phycoerythrin; PerCP, Peridinin chlorophyll protein complex; BV, Brilliant VioletTM; BUV, Brilliant UltravioletTM  
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2.4.2 Data acquisition 

Antibody stained cell samples were analysed using BD FACS ARIA™ II. For analysis of digested 

LN samples, cells were run without ND filter, on 85µm nozzle, with stream running at 45psi and 

frequency of 47 (47000 drops/sec). For analysis of in vitro cultured cell lines, 1.5 ND filter was 

added.  

Compensation matrix was calculated using BDTM CompBead (BD Biosciences) stained with a single 

dye. For dye colours associated with highly expressed antigens, such as CD90 and CD34, 

compensation matrix was calculated using RBC depleted human stromal vascular fraction (SVF) 

stained with a single dye. SVF was used instead of LN MCs, as it contained a higher percentage of 

MCs and produced bright signal when stained.  

SVFs were isolated in the host lab from human adipose tissue (lipoaspirate) using methods 

previously described [19]. The lipoaspiarate was donated under patient consent, approved by the 

Northern A Health and Disability Ethics Committee, New Zealand (NTX/07/02/003). A vial of 

frozen aliquot was thawed, then treated with RBC lysis buffer (BioLegend). The RBS depleted SVFs 

were then frozen in aliquots, ready to be thawed and used for each experiment. 

2.4.3 Live cell sorting of mesenchymal stromal cells from lymph nodes 

To isolate MCs by FACS, LN single cell suspensions were first stained using panel of markers listed 

in Table 2-5. Then MCs were enriched as previously described (Section 2.2.5). Subsequently, cells 

were washed and suspended in PBS supplemented with 1% HS and 0.02% EDTA. The sample was 

run on a BD FACS ARIATM II machine equipped with BD FACSDIVATM software using 16 purity, 

16 yield sort mask, 100 µm nozzle with stream running at a pressure of 20 psi and a frequency of 30 

(30000 drops/sec).  Live LN MCs were sorted into 96 well polystyrene microplates containing DF10 

based on their surface marker expression. 

If the downstream step was RNA extraction, an alternative buffer was used to lower the 

concentration of ribonucleases. After the enrichment step (Section 2.2.5), cells were suspended in 

PBS supplemented with 100 U/mL RiboLock, 2% ribonuclease (RNase) free bovine serum albumin 

(BSA) and 8% EDTA. Live LN MCs were sorted into RNAse free Eppendorf tube containing lysis 

buffer (Qiagen) supplemented with 1% beta-mercaptoethanol (Sigma-Aldrich). Each tube was 

vortexed at maximum speed for 1 min before proceeding to RNA extraction (Section 2.6.1).  
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2.4.4 Data analysis 

Data obtained from BD FACS ARIA™ II machine were analysed using FlowJo® version 10.4 (Tree 

Star, USA). 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). Graphpad Prism 7 software (GraphPad Software Inc., California, 

USA) was used to perform statistical analysis of quantified results (Student’s t-test (unpaired, 2 

tailed), where a p-value of < 0.05 was considered significant). 

 
Figure 2-1. Gating strategies to identify live, single cells 
An example of gating strategies used to identify live, single cells. First, cells were elected using SSC-A versus FSC-

A plot. Then, doublets were removed by gating on FSC-A versus FSC-H and SSC-A versus SSC-H plots. Finally, 

live cells were selected based on their lack of DAPI expression.  

The final assessment of 15-colour polychromatic flow cytometry panel (Table 2-3) was performed 

using fluorescence minus one (FMO) controls for all channels. This is the sample stained with all 

fluorophores in the panel, except for the one being analysed. It provides more accurate analysis of 

background level of fluorescence in a particular channel than unstained controls, as it reveals the 

effect of ‘spillage’ from other fluorophores that have a spectral overlap [128]. Full FMO of every 

channel was performed for one healthy LN and one MILN. The position of gates were determined 

by overlaying stained sample to each FMO controls. This knowledge of the level of background 

fluorescence in each channel was then used to place gates in additional data obtained from other 

healthy and melanoma LNs. Where necessary, the compensation matrix was manually corrected 

based on FMO data. The detailed gating strategies to identify each MC subtype are described in the 

results section. 
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2.5 Immunofluorescence microscopy 

2.5.1 Staining frozen tissues 

Frozen LN sections were fixed with ice-cold acetone for 5 min. After a brief rinse with tris buffered 

saline (TBS), sections were blocked with 0.25% casein and 10% HS in a humidity chamber for 10 

min at RT. After incubation, sections were rinsed briefly with TBS and probed with primary 

antibodies in the humidity chamber for 1h at RT. Sections were rinsed with TBS to remove unbound 

primary antibodies, then probed with secondary antibodies in the humidity chamber for 45 min at 

RT. DAPI was also added at 0.0005% w/v to label cell nuclei. The simultaneous detection of more 

than one antigen was achieved by using up to 3 primary antibodies with different isotypes and 

secondary antibodies that detect each specific isotype. Stained sections were mounted with 

ProLongTM Gold Antifade Mountant (InvitrogenTM, Thermo Fisher Scientific) and a coverslip. 

Slides were stored at 4°C, wrapped in foil to prevent photobleaching.  

2.5.2 Staining paraffin embedded tissues 

Paraffin tissues were loaded into staining vessels and soaked in xylene, ethanol (99%, 90%, 70%, 

50%, 30%) and dH2O to de-wax and to rehydrate. Antigen retrieval was performed by immersing 

tissue sections in R-buffer A (Electron Microscopy Sciences) and heat-treating (heat to 120°C for 

20 min and cool down to RT for 2h) using Retriever 2100 (PickCell Laboratories). Sections were 

stained with primary and secondary antibodies as in frozen tissues (Section 2.5.1), except that 

primary antibody was incubated overnight at 4°C, instead of 1h RT. Stained sections were immersed 

in 0.1% Sudan Black solution in dark to reduce background fluorescence, before washing and 

mounting with ProLong® Gold and a coverslip. Slides were stored at 4°C, wrapped in foil to prevent 

photobleaching.  

2.5.3 Staining adherent cell lines 

All media was removed and cells were gently rinsed once with TBS. Cells were fixed with ice-cold 

methanol for 5 min at RT. After brief wash with TBS, samples were stained following procedures 

described previously (Section 2.5.1). After final rinse with TBS, all buffer was removed from wells 

and replaced with phosphate buffered saline (PBS) supplemented with 0.4 mg/mL thimerosal. The 

addition of thimerosal was to prevent contamination of samples. The polystyrene microplates were 

stored at 4°C, wrapped in foil to prevent photobleaching. 
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2.5.4 Image acquisition and analysis 

Stained LN sections and cells were examined and imaged using Eclipse Nikon® upright fluorescent 

microscope (Nikon®), equipped with DAPI, GFP, TRITC and Cy5 filter cubes (Table 2-7). Images 

were merged and analysed using Cytosketch (Cytocode Ltd).  

Table 2-7. Filters equipped in Eclipse Nikon® upright fluorescent microscope 

Filter cube name Excitation (nm) Emission (nm) 

DAPI 325-375 435-485 

GFP 450-490 500-550 

TRITC 530-560 590-650 

Cy5 590-650 662-738 

 

For the quantification of positive cells in adherent cell lines, images were acquired using 

ImageXpress Micro XLS high content screening system (Molecular DevicesTM). Four images were 

taken per well at 100x total magnification. The quantification of acquired images was performed 

using the ‘Cell Scoring’ module in MetaXpress software (version 6.2.3, Molecular Devices TM). 

Graphpad Prism 7 software (GraphPad Software Inc., California, USA) was used to perform 

statistical analysis of quantified results (Student’s t-test (unpaired, 2 tailed), where, a p-value of < 

0.05 was considered significant). 

For the quantification of the average thickness of smooth muscle cell layer in the capsular regions, 

healthy and melanoma LNs were stained with a combination of CD146 and CD31. Images were 

acquired using Eclipse Nikon® upright fluorescent microscope (Nikon®) and a single representative 

image at 100x total magnification was chosen. Three length measurements per image were 

performed using a ‘straight line’ tool in ImageJ. The average measurement values, in cm, were 

converted to µm using the scale-bar as a reference.  

The image quantification of the degree of association of T cells with the reticular stroma was not 

performed. This was because of the disorganised architecture and cellular composition of the 

melanoma microenvironment, which meant that the images acquired may not be representative of 

the entire tissue section, even if selected at random. We were unable to perform automated image 

acquisition, hence analysis of the entire tissue section was not possible. This is something that will 

be considered in future studies.    
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2.5.5 Antibodies 

Primary and secondary antibodies used in experiments are listed below. Antibodies against the same 

antigen target but of different isotype or species were used interchangeably, depending on the 

antibody combinations used. 

Table 2-8. Primary antibodies 

Targeting antigen Species Clone Cat # Manufacturer 

CCL2 Rabbit Polyclonal ab9669 Abcam 

CCL21 Goat Polyclonal BAF366 R&D Systems 

CD3 Rabbit MRQ-39 103R-95 Cell MarqueTM 

CD3 Mouse UCHT1 555330 BD Biosciences 

CD20 Rabbit SP32 120R-14 Cell MarqueTM 

CD20 Mouse L26 120M-85 Cell MarqueTM 

CD26 Mouse BA5b 302702 BioLegend 

CD31 Rabbit EPR3094 ab76533 Abcam 

CD31 Mouse WM59 555444 BD Biosciences 

CD34 Rabbit EP373Y ab81289 Abcam 

CD34 Mouse 581 555820 BD Biosciences 

CD36 Mouse 185-1G2 ab76521 Abcam 

CD68 Mouse Y1/82A 333802 BioLegend 

CD73 Mouse AD2 344002 BioLegend 

CD90 Mouse F15-42-1 MCA90 Bio-Rad  

CD90 Mouse Thy-1A1 MAB2067 R&D Systems 

CD105 Mouse MEM229 ab69772 Abcam 

CD144 Mouse 55-7H1 555661 BD Biosciences 

CD146 Rabbit EPR3208 ab75769 Abcam 

CD146 Mouse P1H12 550314 BD Biosciences 

CD271 Mouse ME20.4 345101 BioLegend 

CXCL12 Mouse 79018 MAB350 R&D Systems 

CXCL13 Rabbit Polyclonal ab112521 Abcam 

α-SMA Mouse 1a4 CM202M95 Cell MarqueTM 

Pan-collagen  Rabbit Polyclonal 2150-2206 Bio-Rad  

FAP* Mouse F19   

FAP Mouse 427819 MAB3716 R&D Systems 

ICAM1 Mouse LB-2 559047 BD Biosciences 
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ki-67 Rabbit SP6 275R-14 Cell MarqueTM 

Laminin 1/2 Rabbit Polyclonal ab7463 Abcam 

Melan-A (MART-1) Mouse M2-7C10 CMC755 Cell MarqueTM 

Melan-A (MART-1) Mouse A103 MCA2083 Bio-Rad  

NG2 Mouse 9.2.27 554275 BD Biosciences 

PNAd Rat MECA-79 120804 BioLegend 

Podoplanin Rat NC-08 337001 BioLegend 

Prox1 Mouse 4G10 P0089 Sigma-Adrich 

Sox10 Rabbit EP268 383R-14 Cell MarqueTM 

VCAM1 Mouse STA 305802 BioLegend 

*FAP F19 clone, originally developed and manufactured at Ludwig Institute for Cancer Research, was received 

from Prof. Andrew Scott (Olivia Newton-John Cancer Research Institute) as part of the research collaboration. 
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Table 2-9. Secondary antibodies 

Targeting antibody Fluorochrome Species Cat# Manufacturer 

Mouse IgG1 Alexa Fluor® 488 Goat A21121 Molecular Probes® 

Mouse IgG1 Alexa Fluor® 555 Goat A21127 Molecular Probes® 

Mouse IgG1 Alexa Fluor® 647 Goat A21240 Molecular Probes® 

Mouse IgG2a Alexa Fluor® 488 Goat A21131 Molecular Probes® 

Mouse IgG2a Alexa Fluor® 555 Goat A21137 Molecular Probes® 

Mouse IgG2a Alexa Fluor® 647 Goat A21241 Molecular Probes® 

Mouse IgG2b Alexa Fluor® 488 Goat A21141 Molecular Probes® 

Mouse IgG2b Alexa Fluor® 555 Goat A21147 Molecular Probes® 

Mouse IgG2b Alexa Fluor® 647 Goat A21242 Molecular Probes® 

Rabbit IgG Alexa Fluor® 488 Goat A11008 Molecular Probes® 

Rabbit IgG Alexa Fluor® 555 Goat A21428 Molecular Probes® 

Rabbit IgG Alexa Fluor® 647 Goat A21244 Molecular Probes® 

Rat IgG Alexa Fluor® 488 Goat A11006 Molecular Probes® 

Rat IgG Alexa Fluor® 555 Goat A214341 Molecular Probes® 

Rat IgG Alexa Fluor® 647 Goat A21247 Molecular Probes® 

Rat IgM Alexa Fluor® 488 Goat A21212 Molecular Probes® 
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2.6 Analysis of gene expression 

2.6.1 RNA preparation and quality control 

RNA was prepared from freshly isolated MCs or cultured MCs using RNeasy Micro Kit (Qiagen). 

The quantity and quality of resulting RNA was measured using QubitTM RNA High Sensitivity 

Assay (InvitrogenTM, Thermo Fisher Scientific) or Agilent RNA 6000 Pico Assay (Agilent 

Technologies), depending on the number of starting cells.  

2.6.2 Qualitative reverse transcription PCR 

Qualitative reverse transcription PCR (RT-qPCR) was used to analyse expression of cytokines in 

cultured MCs. Isolated RNA was converted to cDNA using SuperScript® IV First-Strand Synthesis 

System (InvitrogenTM, Thermo Fisher Scientific). Then the expression of various genes were 

analysed using Taqman® gene expression assays and Taqman® Fast Advanced Mastermix (Applied 

BiosystemsTM). Graphpad Prism 7 software (GraphPad Software Inc., California, USA) was used to 

perform statistical analysis of quantified results (Student’s t-test (unpaired, 2 tailed, where, a p-value 

of < 0.05 was considered significant). 

Table 2-10. List of gene expression assays used 

Gene symbol Assay ID Brand Manufacturer 

CXCL13 Hs00757930_m1 Taqman®  Applied BiosystemsTM 

CXCL12 Hs03676656_mH Taqman®  Applied BiosystemsTM 

CCL21 Hs00171076_m1 Taqman®  Applied BiosystemsTM 

CCL19 Hs00171149_m1 Taqman®  Applied BiosystemsTM 

CCL2 Hs00234140_m1 Taqman®  Applied BiosystemsTM 

IL-7 Hs00174202_m1 Taqman®  Applied BiosystemsTM 

HPRT1 Hs02800695_m1 Taqman®  Applied BiosystemsTM 

18S Hs99999901_s1 Taqman®  Applied BiosystemsTM 

 

2.6.3 Microarray and data processing 

Microarray analysis of isolated RNA was performed at Auckland Genomics, using ClariomTM S 

Human Pico Assay (Applied BiosystemsTM). No alterations were made to the manufacturer’s 

protocol. The assessment of quality control parameters was performed using Expression Console 

(EC) (Version 1.4, Affymetrix) and Transcriptome Analysis Console (TAC) (Version 4.0, 
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Affymetrix). Data normalization and comparative analysis were performed using TAC. For 

comparative analysis, genes that show a fold change (FC) greater than 2 (FC > 2), and adjusted p-

value (‘false discovery rate’, FDR) less than 0.05 was considered significant.  

2.6.4 Interpretation of differentially expressed genes 

The Gene Ontology (GO) Enrichment Analysis (the Gene Ontology) was performed using the 

Database for Annotation, Visualisation and Integrated Discovery (DAVID) version 6.8 [129,130], 

available at http://david.abcc.ncifcrf.gov/.  The 254 genes expressed at significantly higher level (FC 

> 2, FDR < 0.05) on CD90+ CD34+ cells compared to CD34- reticular cells and 157 genes expressed 

at significantly higher level (FC > 2, FDR < 0.05) on CD34- reticular cells compared to CD90+ 

CD34+ cells were analysed separately. The Homo sapiens genome was selected as a background.  

The Diseases and Functions Analysis and the Upstream Regulator Analysis was performed using 

Ingenity Pathway Analysis (IPA) version 43605602 (Ingenuity® Systems, Qiagen Inc.) [131].  

2.6.5 Validation of microarray results using immunofluorescence microscopy 

The results of microarray were validated using IF. A number of genes were selected from the results 

of the comparative analysis and primary antibodies against human proteins were purchased to 

confirm the expression in healthy and melanoma LNs (Table 2-11). IF was performed as previously 

described (Section 2.5.1).  

Table 2-11. List of antibodies used to validate microarray results 

Targeting antigen Species Clone Cat # Manufacturer 

ACKR3 Mouse 11G8 MAB42273 R&D Systems 

MFAP5 Rabbit EPR17581 Ab203828 Abcam 

IGF1 Rabbit Polyclonal Ab9572 Abcam 

CXCL9 Rabbit Polyclonal Ab9720 Abcam 

CD74 Mouse LN2 326802 Biolegend 

HLA-DRA Mouse TU36 555556 BD Biosciences 
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2.7 Functional assays 

2.7.1 Cellular senescence 

The degree of cellular senescence was measured by staining for beta-galactosidase expression [132] 

using Senescence cell staining kit (Sigma-Aldrich) (Fig. 2-2), following a manufacturer protocol. 

Briefly, adherent cells were washed with PBS and fixed with fixation buffer included in the kit. 

Staining solution containing X-galactosidase (X-gal) was added to wells and the plate was incubated 

overnight at 37°C. After staining, wells were washed and replaced with 0.4 mg/mL thimerosal before 

imaging.   

 
Figure 2-2. Analysing cellular senescence using X-gal stain 
The images show an example of how X-gal stain can be used to assess the degree of cellular senescence. Comparing 

adipose derived mesenchymal stromal cells (ASCs) at early or late passage, cells that have gone through more cell 

divisions (‘ASC Late’) showed a higher percentage of positive X-gal stain. Dermal MCs that have undergone 

extensive cell division and almost reached the end of cell proliferation (‘Dermal fibs Late’) showed highest X-gal 

stain. Data are representative of a single experiment using 3 different cell lines of human MCs.  

For the quantification of positive cells, images were acquired in far-red (CY5, excitation: 644-656 

nm and emission: 675-723 nm) as X-gal precipitate is able to absorb light at 570-700 nm range and 

emit fluorescence in the 650-770 nm range [133]. Four images were taken per well at 100x total 

magnification, using ImageXpress Micro XLS high content screening system (Molecular 

DevicesTM). The quantification of acquired images were performed using the ‘Cell Scoring’ module 

in MetaXpress software (version 6.2.3, Molecular Devices TM). Graphpad Prism 4 software 

(GraphPad Software Inc., California, USA) was used to perform statistical analysis of quantified 

results. A p-value of < 0.05 was considered significant. 

2.7.2 Cellular migration 

Scratch wound assay [134,135] was performed to assess migratory function of MCs. MCs were 

seeded into 48 well polystyrene microplates at full confluence. After growing cells for a few days 
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in DF10, a complete media change was performed to DMEM supplemented with insulin-transferrin-

selenium (ITS). Cells were further incubated for 3 days to attenuate cell proliferation. A linear 

scratch was performed using 200µL pipette tip and each well was washed twice with DMEM 

supplemented with ITS. Cells were replenished with the same media and a bright field image was 

taken straight away using Operetta (PerkinElmer). The plate was incubated at 37°C, 5% CO2. Images 

were taken at 1h and 48h to observe migration of MCs into the scratch area. The quantification of 

the scratch area was performed using ImageJ (U. S. National Institutes of Health). Graphpad Prism 

4 software (GraphPad Software Inc., California, USA) was used to perform statistical analysis of 

quantified results. A p-value of < 0.05 was considered significant. 

2.7.3 T cell proliferation with mesenchymal stromal cell conditioned media 

The MC-conditioned medium was obtained by first seeding MCs into a 12 well multi-well tissue 

culture plate in RS1 media at ~80% confluence. MCs were cultured at 37°C 5% CO2 and the medium 

was collected from wells every 2 days. The MC-conditioned medium was centrifuged to remove 

any cell debri and filtered using 0.2uM filter prior to use. The conditioned medium was used fresh, 

on the day of collection. 

Pan-T cells isolated from PBMCs (Section 2.3.1-2) were stained with Cell Trace Violet (Molecular 

Probes®, Thermo Fisher Scientific) and rested overnight in RS5 media supplemented with 10 ng/mL 

IL-7. Stained T cells were placed into 96 well plates and activated using Human T activator 

CD3/CD28 (Dynabeads®, Thermo Fisher Scientific). After 24h incubation at 37°C 5% CO2, media 

in each well was replenished with MC-conditioned media supplemented with 5 ng/mL IL-7 and 10 

ng/mL IL-21. The control wells were replenished with RS5 media supplemented with 5 ng/mL IL-

7 and 10 ng/mL IL-21. At day 6, T cells were collected and analysed using BD FACS ARIATM II 

machine. The rate of proliferation of T cells was calculated by measuring division peaks using 

FlowJo® version 10.4 (Tree Star, USA). Graphpad Prism 4 software (GraphPad Software Inc., 

California, USA) was used to perform statistical analysis of quantified results. A p-value of < 0.05 

was considered significant. 
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Chapter 3. Characterisation of mesenchymal stromal cells in 

healthy human lymph nodes 

3.1 Background 

Tumour-associated MCs, also referred to as TAFs, play key roles in tumourigenesis. There is 

evidence that they have multiple roles helping tumours grow, metastasise and to suppress anti-

tumour immune responses. The LN is an important organ in cancers as it constantly receives a 

lymphatic flow from the primary tumour site and is a common site for tumour metastasis [78]. In 

melanoma, patients with melanoma metastasis in distant LNs were shown to have significantly 

worse disease prognosis than those with metastasis limited to the sentinel LN [83]. Stromal changes 

in the LN are important because they may decide whether tumours are able to metastasise to a distant 

organ [78] or, alternatively, they may hinder a development of a successful immune attack against 

tumours [81]. Despite this, not much is currently known about how stromal cells change in response 

to a tumour infiltration. To tackle this question, we first decided to characterise MCs present in 

healthy human LNs.  

The normal physiological function of the LN is to initiate and regulate an adaptive immune reaction. 

Therefore, the key role of LN resident stromal cells is to support survival and migration of immune 

cells. There are three major types of non-endothelial stromal cells in LNs, identified first in mouse 

then in human LNs. These are i) FRCs, forming a reticular network in T cell-rich parenchyma, ii) 

FDCs, supporting B cells in B cell follicles of the cortex and iii) MRCs, located in a border between 

B cell follicles and a sub-capsular sinus [36,37,45,46]. In this report, we will refer to these cells as 

‘mesenchymal stromal cells (MCs)’ of LNs. The term ‘mesenchymal’ was used to distinguish them 

from lymphatic and blood endothelial cells, also forming part of the LN stroma and does not suggest 

these cells are part of the embryonic mesenchyme [4]. LN MCs are specialised to support the 

functions of the LN and show several phenotypical differences to MCs in other tissues [43]. For 

example, FRCs were found to express α-SMA, a well-known marker of myofibroblasts in wound 

healing in skin. [43]. Previously, we performed studies to analyse the expression of markers reported 

for murine LN stroma in human and observed key differences. The molecular phenotypes of each 

cell type in human LNs, as established from previous studies in our laboratory [46,136], are 

summarised in Table 3-1. Similar to murine LN, the human LN MCs shared several common 

markers, notably podoplanin, but also expressed type specific markers, which enabled them to be 

distinguished in LNs. 
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Table 3-1. Phenotype of LN MCs in healthy human LNs 

Cell type Common markers Type specific marker 
FRC Podoplanin+ ICAM1+ VCAM1+ 

CD31- CD34- 
α-SMA+ 

FDC FDC.CNA42+ 
MRC CD141hi 

The molecular phenotype of FRCs, FDCs and MRCs were established from previous studies in our laboratory 
[46,136] 
 

The different parts of the vasculature, such as arteries, veins and capillaries, are all covered with a 

continuum of cells that support their structure and function [24,25]. These cells are located directly 

adjacent to endothelial cells, and are referred to as ‘pericytes’ when they are enclosing the 

microvasculature and as ‘vSMCs’ when they are enclosing larger vessels such as arteries and veins 

[24,25]. Pericytes and vSMCs collectively play important roles in supporting the vasculature [24]. 

However, the phenotype and the diversity of these cells in LNs is not very well understood. In mouse 

LNs, specialised vessels known as HEVs were surrounded by podoplanin+ FRCs, which played an 

important function in controlling the vessel permeability [47]. Another mouse study found a new 

subtype of MCs called IAPs, which express several pericyte related genes and wrap around a subset 

of blood vessels in the tissue [44]. To the best of our knowledge, a thorough phenotypic 

characterization of pericytes and vSMCs has not been performed previously in human LNs.  

In this study, we sought to extend our previous findings and to further characterise MC subtypes 

present in healthy human LNs. We aimed to investigate the presence of novel MC subtypes, in 

addition to FRCs, FDCs and MRCs and to study the phenotypic profile of human LN pericytes and 

vSMCs.  

 
3.2 Identifying CD90+ CD34+ cells in healthy lymph nodes using 

polychromatic flow cytometry 

As well as identifying 3 different podoplanin+ cells in parenchymal regions, previous studies have 

noted the presence of CD90+ cells in the capsular, trabecular and hilar regions that also express 

CD34+ [136]. We hypothesised these could potentially be precursor cells of LN MCs (FRCs), as 

CD34 is a common marker of adult MSCs residing in different tissues [137,138] and because they 

differentiated into adipocytes in vitro. To investigate these cells further, we designed a 

comprehensive polychromatic flow cytometry panel of 15 different markers (Section 2.4.1, Table 

2-3). This panel was built using the knowledge gained from previous studies of human adipose 

tissues, skin tissues [19] and LNs [136] as a foundation and were amended and optimised for use in 

healthy and melanoma LNs, under supervision of Dr Saem Park and Dr Anna Brooks. The resulting 

panel contained markers of healthy LN stroma (CD90, podoplanin, CD141, CD146), as well as 
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additional markers, such as those proposed as markers of adult human MSCs (CD73, CD271, CD105 

and CD36) [31,139].  

When we stained LN single cell suspensions using this panel, we observed that non-haematopoietic 

(CD45-) (Fig. 3-1, A-B) cells contained non-endothelial (CD31- CD144-) and 2 different CD31+ 

endothelial cells with or without CD144- expression (Fig. 3-1C). CD31+ CD144+ endothelial cells 

were CD105+ HLA-DR+, whereas the majority of non-endothelial cells were HLA-DR- and 

expressed varying levels of CD105 (Fig. 3-1D).  

 
Figure 3-1. Gating strategy to identify MCs in healthy LNs 
Polychromatic flow cytometry using a panel of 15 markers (Section 2.4.1, Table 2-3) identified MCs in healthy 

human LNs. After excluding cell doublets and dead cells (A), non-haematopoietic cells were identified by gating 

on CD45- cell population (B). A CD31 versus CD144 separated non-endothelial cells (CD31- CD144-) from CD31+ 

CD144+/- endothelial cells (C). Plotting on CD105 versus HLADR revealed further differences between subtypes 

(D). The numbers indicate percentage of cells in each gate (A-C) or quadrant (D). Data are representative of 3 

different samples. 
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Consistent with previous observations [136], the majority of non-endothelial MCs were CD34- (Fig. 

3-2, A-C, green) (85-91%), but a small proportion of cells (5-9%) were CD90+ CD34+ (Fig. 3-2, A-

C, red). 

 
Figure 3-2. CD90+ CD34+ cells in healthy LNs 
Non-haematopoietic (CD45-), non-endothelial (CD31- CD144-) cells in three different healthy LN samples were 

plotted on CD34 versus CD90 plot to identify CD34- cells (green) and CD90+ CD34+ cells (red). Each row represents 

different healthy LN samples. The gates were placed using FMO controls for CD90 and CD34 (A). The numbers 

indicate percentages of cells in each gate.   

 

 

 

 



Chapter 3 

41 

The identified CD90+ CD34+ cells were CD105+ and CD271+ while mostly (70-95%) lacking 

expression of CD36 (Fig. 3-3). The expression level of podoplanin, CD146, CD141 and CD73 was 

variable depending on the sample (Table 3-2), indicating that expression of these 3 markers on 

CD90+ CD34+ cells may vary between different LN samples. 

 
Figure 3-3. Phenotypic profile of CD90+ CD34+ LN MCs 
Single cell suspensions of healthy LNs were stained with polychromatic flow cytometry panel of 15 markers 

(Section 2.4.1, Table 2-3). After excluding cell doublets and dead cells, CD45- CD31- CD144- CD90+ CD34+ cells 

were selected (Fig. 3-1). The selected stromal cells were plotted against combinations of CD90, podoplanin, CD146, 

CD141, CD36, CD73, CD105 and CD271 to investigate the phenotype. The numbers indicate percentages of cells 

in each quadrant. Data are representative of 3 different samples. 

Table 3-2. The variability of podoplanin, CD146, CD141 and CD73 expression by CD90+ 

CD34+ cells in healthy LNs 

Sample Cell number Podoplanin (%) CD146 (%) CD141 (%) CD73 (%) 
L3 38 60 84 63 48 
L4 60 40 88 22 21 
L9 49 35 55 - 67 

-, mostly (>90%) negative 
Numbers for podoplanin, CD146, CD141 and CD73 indicate percentages of CD90+ CD34+ cells that are positive 
for that marker. The percentage quantification was performed using FlowJo and the numbers were rounded to the 
nearest whole number. 
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3.3 Confirming the phenotypic profile of CD90+ CD34+ cells in healthy 

human lymph nodes 

To locate these cells in LNs, we first stained healthy human LNs with CD34 and CD31 using IF. It 

was important to include a CD31 counter-stain, as LN vasculature can also express CD34. Consistent 

with previous data from our laboratory [136], non-endothelial (CD31-), CD34+ cells were found in 

the capsule (Fig. 3-4A), trabeculae (Fig. 3-4B) and hilum (Fig. 3-4C) of healthy human LNs. The 

CD34+ cells typically showed elongated morphology and were also found wrapping around CD31+ 

vessels (Fig. 3-4A).  

 
Figure 3-4. Locations of CD31- CD34+ cells in healthy LNs 
LN sections were stained with CD31 and CD34 to identify the location of CD31- CD34+ cells in healthy LNs. CD31- 

CD34+ cells were found in capsule (A), trabecula (B) and hilum (C). Blue represents DAPI staining of cell nuclei 

(A-C). CD34 was stained using the antibody clone EP373Y. CD31 was stained using the antibody clone WM59. 

Data are representative of at least 3 different samples. CA, capsule; TR, trabecula; HI, hilum. 

The capsular region holds significance as it contains thick collagen and other ECM fibres and 

functions to maintain the rigidity of the organ [1,32]. The capsule, trabecular and hilum are 

connected structures, where the trabecular is the invagination of the capsule and the hilum is the 
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point in capsule where large vessels enter the LN [1]. The direct counter-stain of CD90 showed that 

the majority of these CD31- CD34+ cells in the capsule (Fig. 3-5A), trabeculae (Fig. 3-5B) and hilum 

(Fig. 3-5C) express CD90. Therefore, it would be plausible to conclude that all outer surfaces of the 

LN are covered with CD90+ CD34+cells. From here onwards, these CD90+ CD34+ cells will be 

referred to as CD34+ capsular type cells. 

 
Figure 3-5. Location of CD90+ CD34+ cells in healthy LNs 
LN sections were stained with CD31, CD34 and CD90 to identify location of CD31- CD34+ CD90+ cells in healthy 

LNs. The majority of CD31- CD34+ cells in capsule (A), trabecula (B) and hilum (C) were also CD90+. Grey 

represents DAPI staining of cell nuclei (A-C). CD31 was stained using the antibody clone WM59. CD34 was stained 

using the antibody clone EP373Y. CD90 was stained using the antibody clone Thy-1A1. Data are representative of 

at least 3 different samples. CA, capsule; TR, trabecula; HI, hilum. 

Next, we sought to confirm the phenotypic markers identified by flow cytometry.  Flow cytometry 

analysis revealed that CD34+ capsular type cells express CD271, CD73 and CD105, which have 

been linked to the phenotype of adult MSCs. To find out whether CD34+ capsular type cells express 

CD271, CD73 and CD105, the location of CD31- CD34+ CD90+ cells in each LN samples were first 

identified as shown previously in Figure 3-5. Then in subsequent experiments, CD34+ cells of 

identified locations were counter-stained with antibodies against CD271, CD73 and CD105. In some 

cases, a sequential section was stained with CD31 and CD34 to confirm that identified CD34+ cells 

are not endothelial cells.  
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The IF analysis revealed that both capsule and trabecula structures express bright CD271 (Fig. 3-

6A). CD271 expression was also observed around large vessels of the hilum (Fig. 3-6C). A direct 

counter-stain with CD34+ showed that the majority of CD34+ capsular type cells in healthy LN were 

CD271+ (Fig. 3-6, B-C).  

 
Figure 3-6. CD271 expression by CD34+ capsular type cells 
LN sections were stained with CD271 (A-C) and CD34 (B-C) to determine the CD271 expression on CD34+ 

capsular type cells. The majority of CD34+ capsular type cells were CD271+. Grey represents DAPI staining of cell 

nuclei (A-C). For B-C, the location of CD31- CD34+ cells were confirmed by staining sequential sections with CD31. 

CD34 was stained using the antibody clone EP373Y. Data are representative of at least 3 different samples. CA, 

capsule; TR, trabecula. 

A similar strategy was used to investigate the expression of CD73 and CD105 by CD34+ capsular 

type cells (Fig. 3-7). The IF analysis showed bright stain of CD105 and CD73 in capsule (Fig. 3-7A) 

and trabeculae of healthy LNs (Fig. 3-7B). A direct counter-stain of these markers with CD34 

revealed that CD34+ capsular type cells can express CD105 (Fig. 3-7C). Interestingly, the intensity 

of CD105 stain was often brighter on cells located in inner layers of the capsule. CD34+ CD73+ cells 
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were also identified (Fig. 3-7D). The intensity of CD73 expression was brightest on CD34- cells 

underneath the capsule and comparably dimmer expression was observed on CD34+ capsular type 

cells. These CD34- CD73+ cells beneath the capsule are most likely to be lymphatic endothelial cells 

of the subcapsular sinus, previously characterised to be CD73+ in human LNs [140]. CD34+ CD73+ 

cells (Fig. 3-7D) were found together with CD34+ CD73dim/- cells (Fig. 3-7E), confirming the 

heterogeneity of CD73 expression on CD34+ capsular type cells.   

 
Figure 3-7. CD105 and CD73 expression by CD34+ capsular type cells 
LN sections were stained with CD105 (A-C), CD73 (A-B, D-E) and CD34 (C-E) to determine the CD73 and CD105 

expression on CD34+ capsular type cells. CD34+ capsular type cells were observed to express both CD73 and CD105. 

The intensity of CD105 expression was variable (C), and CD34+ CD73- cells were observed in capsular regions (E). 

Blue represents DAPI staining of cell nuclei (A-E). For all images, the location of CD31- CD34+ cells were 

confirmed by staining sequential sections with CD31. CD34 was stained using the antibody clone EP373Y. Data 

are representative of at least 3 different samples. CA, capsule; TR, trabecula.  
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The polychromatic flow cytometry data showed that the majority of CD34+ capsular type cells lack 

expression of CD36, while the expression of podoplanin and CD146 can be variable  (Fig. 3-3). The 

direct counter-stain of CD36 and CD34 confirmed that majority of CD34+ capsular type cells are 

indeed CD36- (Fig. 3-8A). However, unlike flow cytometry data, the majority of CD34+ capsular 

type cells lacked expression of CD146 (Fig. 3-8B) and podoplanin (Fig. 3-8C) in the LNs by IF.  

 
Figure 3-8. CD36, CD146 and podoplanin expression by CD34+ capsular type cells 
LN sections were stained with CD36 (A), CD146 (B), podoplanin (C) and CD34 (A-C) to determine podoplanin, 

CD146 and CD36 expression on CD34+ capsular type cells. The majority of CD34+ capsular type cells were CD36-, 

CD146- and podoplanin-. Grey represents DAPI staining of cell nuclei (A-C). CD34 was stained using the antibody 

clone EP373Y. CD146 was stained using the antibody clone P1H12. Data are representative of at least 3 different 

samples. CA, capsule. 

This disparity in phenotypic results between flow cytometry and IF could be because only a portion 

of CD34+ capsular type cells were captured in the tissue digestion process. As the capsule surrounds 

the outer surface of LN, parts of this structure may have become damaged and lost when the organ 

was separated from surrounding fat tissues. In addition, our tissue digestion protocol was optimised 

to capture the majority of cellular components of the LN, including immune cells. Hence, the 
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duration of the enzyme digestion was limited to a couple of hours. It is possible this was not ‘harsh’ 

enough to release all CD34+ capsular type cells bound to thick ECM fibres. Altogether, this could 

have led to the loss of a portion of CD34+ capsular type cells and to rare CD34+ CD146+ or CD34+ 

podoplanin+ cells being over-represented in flow cytometry data compared to IF. As more CD34+ 

capsular type cells were captured in IF, we concluded that the majority of CD34+ capsular type cells 

are likely to lack expression of CD146 and podoplanin. Regardless, the small number of cells 

captured in flow cytometry showed consistent phenotypic profile for other markers, including 

CD271, CD73, CD105 and CD36, so we decided to continue to analyse these cells downstream.  

In summary, non-endothelial (CD31-), CD34+ CD90+ cells resided in capsular, trabecular and hilar 

regions of healthy human LNs and could be clearly distinguished from CD34- MCs residing in the 

parenchymal regions, such as FRCs, FDCs and MRCs. Further analysis confirmed the expression of 

CD271, CD73 and CD105 on CD34+ capsular type cells, which were suggested to be markers of 

adult human MSCs. Both flow cytometry and IF revealed some level of heterogeneity of marker 

expressions on these cells. However, due to the scarcity of CD34+ cells in flow cytometry data, it 

was difficult to examine whether CD34+ cells can be divided into further subtypes.  
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3.4 Analysing the diversity of CD34- cells using polychromatic flow 

cytometry 

Next, we sought to analyse the phenotypic profile of CD34- cells. We expected a large proportion 

of these cells to express podoplanin, a common phenotypic marker for FRCs, FDCs and MRCs. 

Indeed, selecting CD34- cells, and then plotting these cells against podoplanin revealed the presence 

of CD34- podoplanin+ cells (Fig. 3-9, a population labelled in red). Interestingly, there was a distinct 

group of cells that lack expression of podoplanin but show high expression of CD146 (CD34- 

podoplanin- CD146+) (Fig. 3-9, a population labelled in green). Previous experiments in our 

laboratory [46] and some published work in mouse and human [141], showed that the majority of 

LN stromal cells express either CD31 or podoplanin, while some cells lack expression of both 

markers. When the CD31- podoplanin- cells in murine LNs were analysed by microarray, it was 

shown that they express several pericyte and smooth muscle-like genes, such as CNN1 and ITGA7 

[44]. In tissue, these cells were found surrounding medullary and cortical vessels [44]. Also, human 

pericytes were defined in multiple organs as CD34- CD146hi cells surrounding the vasculature [30]. 

We also knew from previous studies in human dermis, that pericytes may be identified using CD146 

[19]. Looking at such evidence, we hypothesised CD34- podoplanin- CD146+ cells may represent a 

subset of pericytes in human LN.  

 
Figure 3-9. CD34- podoplanin- CD146+ cells in healthy LNs 
Single cell suspensions of healthy LNs were stained with polychromatic flow cytometry panel of 15 markers 

(Section 2.4.1, Table 2-3). After excluding cell doublets and dead cells, CD45- CD31- CD144- CD90+ CD34- cells 

were selected (Fig. 3-1 and 3-2). CD146 versus podoplanin plot revealed the presence of podoplanin+ CD146+ cells 

that match the typical phenotypic profile of LN MCs, such as FRCs (red). The same plot also revealed the presence 

of a distinct population that express CD146 but lack expression of podoplanin (green). The gates were placed using 

the FMO control as a reference. The numbers indicate percentages of cells in each gate. Data are representative of 

3 different samples.   
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Plotting CD34- cells against CD146 and podoplanin, therefore, revealed the presence of 3 distinct 

group of cells; CD34- podoplanin+ cells, CD34- podoplanin- CD146+ cells and the third group of 

cells that lack expression of both CD34 and podoplanin. The double negative population (Fig. 3-

10A, a population labelled in red) did not express any other mesenchymal markers (Fig. 3-10B), so 

were excluded from the downstream analysis. 

 
Figure 3-10. The double negative (CD34- podoplanin- CD146-) cells in healthy LNs 
Single cell suspensions of healthy LNs were stained with polychromatic flow cytometry panel of 15 markers 

(Section 2.4.1, Table 2-3). After excluding cell doublets and dead cells, CD45- CD31- CD144- CD90+ CD34+ cells 

were selected (Fig. 3-1 and 3-2). Subsequently, remaining CD45- CD31- CD144- CD34- cells were separated into 3 

groups based on their expression of podoplanin and CD146 (Fig. 3-9). The ‘double negative’ cells, lacking 

expression of podoplanin and CD146 (A), were plotted against combinations of CD90, podoplanin, CD146, CD141, 

CD36, CD73, CD105 and CD271 to investigate the phenotype (B). The numbers indicate percentages of cells in 

each quadrant. Data are representative of 3 different samples.  

CD34- podoplanin+ cells (Fig. 3-11A) and CD34- podoplanin- cells (Fig. 3-11B) were selected and 

plotted separately on the combination of markers to analyse additional phenotypic differences and 

to compare with the phenotypic profile of CD34+ capsular type cells (Fig. 3-3). All 3 subtypes 

showed heterogeneous expression of 1 or more of listed markers, with some cells positive and others 

negative.  

The key difference between CD34+ capsular type cells and CD34- cells was that CD34+ capsular 

type cells contain a portion of CD73+ cells (Fig. 2, CD73 versus CD271 gate), while both subtypes 

of CD34- cells were CD73- (Fig. 3-11).  The key difference between 2 types of CD34- cells was the 

presence of CD36+ cells among CD34- podoplanin- CD146+ cells (Fig. 3-11B, CD90 versus CD36 

gate). CD36- cells expressed variable CD90, whereas CD36+ cells were homogenously CD90+. A 

slight phenotypical variation was observed between different samples, but the observations were 

more consistent compared to CD34+ capsular type cells.  

Our data are consistent with the majority of CD34- podoplanin+ cells captured in our flow cytometry 

analysis being FRCs that form a reticular network in the T cell-rich parenchyma. Although our 

previous investigation had identified MRCs as expressing a higher level of CD141 compared to 
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CD141mod FRCs or FDCs [46], a CD141-high population could not be identified among CD34- 

podoplanin+ cells in the current study (Fig. 3-11A, podoplanin versus CD141 plot). MRCs are a rare 

cell type and may not have been captured from these samples. In contrast to the FRCs, the phenotype 

of the CD34- podoplanin- CD146+ cells suggested they were likely to be a subset of pericytes 

surrounding blood vessels. 

 
Figure 3-11. Phenotypic profile of 2 subtypes of CD34- LN MCs 
Single cell suspensions of healthy LNs were stained with polychromatic flow cytometry panel of 15 markers 

(Section 2.4.1, Table 2-3). After excluding cell doublets and dead cells, CD45- CD31- CD144- CD90+ CD34+ cells 

were selected (Fig. 3-1 and 3-2). Subsequently, remaining CD45- CD31- CD144- CD34- cells were separated into 3 

groups based on their expression of podoplanin and CD146 (Fig. 3-9). Excluding double negative cells, podoplanin+ 

cells (A) and podoplanin- CD146+ cells (B) were each plotted against combinations of CD90, podoplanin, CD146, 

CD141, CD36, CD73, CD105 and CD271 to investigate the phenotype. The numbers indicate percentages of cells 

in each quadrant. Data are representative of 3 different samples.  

In summary, we identified 3 distinct subtypes of MCs in healthy LNs using polychromatic flow 

cytometry of single cell suspensions. The subtypes could be identified using differential expression 

of CD90, CD34, podoplanin and CD146, with the latter two markers potentially distinguishing FRCs 

and pericytes. 
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3.5 Identifying and characterising CD34- podoplanin- CD146+ cells in 

healthy human lymph nodes 

Next, we sought to identify the location of CD34- podoplanin- CD146+ cells in the human LN by 

staining healthy LN sections with CD146, CD31 and podoplanin (Fig. 3-12). The tissue examination 

revealed the presence of CD31- CD146+ cells directly adjacent to CD31+ CD146+/- endothelial cells 

(Fig. 3-12, A-B), consistent with them being pericytes. Many CD146+ cells lacked expression of 

podoplanin (Fig. 3-12A, arrow), had clearly identifiable cell nuclei and were forming close contacts 

with endothelial cells. As these cells were directly adjacent to endothelial cells, we designated these 

podoplanin- cells as pericytes. However, we did observe that some CD31- CD146+ cells adjacent to 

endothelial cells expressed podoplanin like the rest of the LN stroma (Fig. 3-12B, arrowhead). This 

correlated with a literature report in mice that some FRCs are found in the vicinity of vasculature 

and form ‘pericytic FRCs’ [47].  

 
Figure 3-12. The location of CD34- podoplanin- CD146+ cells in LNs 
LN sections were stained with CD31, CD146 and podoplanin (A-B) to locate podoplanin- CD146+ CD31- cells in 

human LNs. The arrow in (A) indicate CD31- CD146+ podoplanin- cells and the arrowhead in (B) indicate CD31- 

CD146+ podoplanin+ cells. The analysed regions were confirmed as being absent of any non-endothelial CD34+ 

cells in previous analyses. Grey represents DAPI staining of cell nuclei (A-B). CD146 was stained using the 

antibody clone EPR3208. CD31 was stained using the antibody clone WM59. Data are representative of at least 3 

different samples. 
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The polychromatic flow cytometry data (Fig. 3-11) showed that CD34- podoplanin- CD146+ 

pericytes, and not CD34- podoplanin+ cells, are capable of expressing CD36. Therefore, we analysed 

whether the marker CD36 is also localised to cells surrounding the vasculature. For this analysis, 

we have ruled out any expression around the lymphatic sinuses and focused on blood vessels. The 

direct counter-stain of CD36 and CD31 (Fig. 3-13A) revealed the presence of CD36+ cells, wrapping 

around the majority of CD31+ blood vessels (Fig. 3-13A, right panels), although some vessels were 

CD36-. Further analysis with podoplanin and CD146 showed that CD36+ cells around blood vessels 

(CD34+) lack expression of podoplanin (Fig. 3-13B, right panels), but co-express CD146 (Fig. 3-

13C, right panels). Overall, these data show that CD36 is expressed by pericytes in healthy LNs. 

The observation of CD36- vasculature matches the flow cytometry data that only a portion of CD34- 

podoplanin- CD146+ pericytes are capable of expressing CD36.  

 
Figure 3-13. CD36 expression on pericytes 
The phenotype of pericytes were examined by staining LN sections with CD36 (A-C), CD31 (A), podoplanin (B), 

CD34 (B) and CD146 (C). Cells expressing CD36 were found surrounding CD31+ endothelial cells (A). These cells 

lacked expression of podoplanin (B), but expressed CD146 (C), making them non-endothelial, podoplanin- CD146+ 

CD36+ pericytes. Blue represents DAPI staining of cell nuclei (A-C). CD31 was stained using the antibody clone 

WM59. CD34 was stained using the antibody clone EP373Y. CD146 was stained using the antibody clone EPR3208. 

Data are representative of 3 different samples. 
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Previous studies of human and rat tissues indicated NG2 as a marker of pericytes around arterioles 

and capillaries, but not venules [28–30]. We wished to investigate whether NG2 is also a marker of 

pericytes in healthy human LNs and examine how they map against the pattern of CD36+ pericytes. 

Staining healthy human LN sections with NG2 and a marker for endothelial cells (CD144) (Fig. 3-

14), revealed that NG2+ cells are present around some, but not all, vasculature (Fig. 3-14A). Often, 

these were round vessels with open lumen. A direct counter-stain with podoplanin showed that NG2+ 

cells surrounding blood vessels (CD34+) lacked expression of podoplanin, similar to CD36+ cells 

(Fig. 3-14B). A subsequent staining using CD146 confirmed that NG2+ cells are also CD146+ (Fig. 

3-14C).  

 
Figure 3-14. NG2 expression on pericytes 
The phenotype of pericytes were examined by staining LN sections with NG2 (A-C), CD144 (A), podoplanin (B), 

CD34 (B) and CD146 (C). Cells expressing NG2 were found surrounding CD144+ endothelial cells (A). These cells 

lacked expression of podoplanin (B), but expressed CD146 (C), making them non-endothelial, podoplanin- CD146+ 

NG2+ pericytes. Blue represents DAPI staining of cell nuclei (A-C). CD34 was stained using the antibody clone 

EP373Y. CD146 was stained using the antibody clone P1H12. Data are representative of 3 different samples. 
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Next, we sought to investigate whether CD36 and NG2 are staining different subsets of the 

vasculature. A direct counter-stain of CD36 and NG2 was not possible as both antibodies were of 

the same isotype. Therefore, we performed a stain of consecutive sections and performed a side-by-

side comparison of CD36+ and NG2+ staining patterns. We also included α-SMA, as pericytes and 

vSMCs around all vessels, except capillaries, should express this marker [142]. The comparison 

suggested that the expression pattern of CD36 and NG2 very rarely overlap, and that CD36 (Fig. 3-

15, A and D) and NG2 (Fig. 3-15, B and E) are likely to mark pericytes around blood vessels of 

different structures. The majority of vessels in LNs, both large and small were CD36+. The NG2+ 

pericytes also surrounded some small vessels, but the majority of the NG2+ pericytes were 

surrounding large vessels with open lumena that also show the highest level of α-SMA expression 

(Fig. 3-15, C and F). This was consistent with the anatomy of arteries and arterioles [1]. 

 
Figure 3-15. Identifying 2 different types of pericytes 
Phenotype of pericytes were further examined by staining for a CD36 (A & D), NG2 (B & E), α-SMA (C & F), 

CD144 (A-F). The majority of large and small vessels were CD36+ (A & D). Large vessels surrounded by NG2+ 

pericytes (B & E) frequently showed bright α-SMA expression (C & F). A-C and D-F show images taken from same 

area of consecutive sections. Data are representative of 3 different samples.   

Vessel diameters are difficult to assess accurately in two-dimensional IF because we are only able 

to observe one cross-section of the tissue. The vessels that appear small may be part of much larger 

vessels that were cut at an angle, failing to capture the entire lumen. According to the literature, the 

key difference between pericytes around small and larger vessels, is the degree of direct contact 

between these cells and the blood endothelium [27]. Pericytes around small vessels form direct 

contact with endothelial cells and share a same basement membrane. In comparison, pericytes 

around larger vessels are separated from endothelial cells by a layer of basement membrane [27]. 
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Therefore, we performed a direct counter-stain of CD36 or NG2 with laminin, a major component 

of basement membrane [143], to analyse whether there is any difference between CD36+ and NG2+ 

pericytes and their degree of contact with the blood endothelium. CD36+ pericytes were frequently 

embedded in laminin+ basement membrane, with no clear separation between the layer of endothelial 

cells expressing CD144 and cells expressing CD36 (Fig. 3-16A). On the other hand, the layer of 

pericytes expressing NG2+ could frequently be distinguished from the layer of CD144+ endothelial 

cells (Fig. 3-16B). In these vessels, a thin layer of laminin+ base membrane was separating the two 

layers (Fig. 3-16B, right panels). This stain suggests that NG2+ pericytes may be surrounding 

relatively larger vessels compared to CD36+ pericytes. 

 
Figure 3-16. Analysing the degree of contact between pericytes and blood endothelial cells 
Phenotype of pericytes were further examined by staining for CD36 (A), NG2 (B), CD144 (A-B) and laminin (A-

B). CD36+ pericytes were frequently embedded in laminin+ basement membrane (A), whereas NG2+ pericytes could 

often be clearly distinguished from the layer of CD144+ endothelial cells (B). Gray represents DAPI staining of cell 

nuclei. Data are representative of 3 different samples.   

High endothelial venules (HEV) are specialised segments of LN blood vasculature that controls the 

entry of lymphocytes into the organ [144]. They are part of the venous network, located between 

capillaries and larger veins [144]. To further investigate the difference between NG2+ and CD36+ 

pericytes, we performed direct counter-stains of NG2 and CD36 with PNAd, a well-known marker 

for HEVs [144]. We observed that the PNAd stain did not overlap with NG2 (Fig. 3-17A) but did 

overlap with CD36 (Fig. 3-17B). In consecutive sections, it was possible to identify vessels (CD31+) 

that are PNAd+ NG2- and CD36+. (Fig. 3-17, C-D). Hence, HEVs (PNAd+) were surrounded by 

pericytes that were CD36+ NG2-, suggesting that CD36 expression is restricted to the venous 

network just as NG2 expression was restricted to the arterial network. 
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Figure 3-17. PNAd expression on NG2+ or CD36+ vasculatures 
The expression of PNAd on blood vessels surrounded by NG2+ or CD36+ pericytes was examined by staining 

sections with  PNAd (A-D), NG2 (A, B), CD36 (B, D) and CD31 (C-D). PNAd stain was not found on vessels 

labelled with NG2+ pericytes (A, C) but were found on vessels labelled with CD36+ pericytes (B, D). Blue (A-B) or 

grey (C-D) represents DAPI staining of cell nuclei. CD31 was stained using the antibody clone WM59. C-D show 

images taken from same area of consecutive sections. Data are representative of 3 different samples.   

In the flow cytometry analysis, CD36+ cells were consistently CD90+, while CD36- cells showed 

variable expression of CD90 (Fig. 3-11, CD90 versus CD36 plot). In agreement with this data, the 

majority of CD36+ cells in LNs expressed CD90 (Fig. 3-18A). Some NG2+ cells also expressed 

CD90 (Fig. 3-18C), but a large proportion of NG2+ cells showed dim or no expression of CD90 (Fig. 

3-18B). This was interesting as vSMCs surrounding larger vessels were previously described in 

several reports as lacking expression of CD90 [145,146]. 
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Figure 3-18. CD90 expression on 2 different types of pericytes 
Phenotype of NG2 or CD36 pericytes were further examined by performing direct counter-stain with CD90 (A-B). 

CD36+ pericytes were also CD90+ (A), but a large proportion of NG2+ pericytes showed dim or no expression of 

CD90 (B). Blue represents DAPI staining of cell nuclei (A-B). CD90 was stained using the antibody clone F15-42-

1. Data are representative of 3 different samples.   

The adventitial layer of large vessels (arteries and veins) is a well-reported niche for mesenchymal 

precursor cells in multiple adult human tissues [20] such as adipose tissue [18] and skin [19]. 

Structurally, adventitia exists as the outermost layer of large vessels, a third layer after endothelial 

cells and pericytes [20]. The adventitia is only present around large vessels and absent around 

capillaries [20]. In general, vessels of the arterial system (arteries and arterioles) have more profound 

adventitial layer compared to vessels of the venular system (veins and venules) [1]. The analysis of 

basement membrane (Fig. 3-16), HEVs (Fig. 3-17) and the intensity of CD90 expression (Fig. 3-18) 

all suggested that at least part of NG2+ pericytes are likely to be surrounding relatively larger vessels 

of the arterial system. In addition, we have previously shown that CD34+ capsular cells can be found 

in adventitial regions of large vessels in capsule, trabeculae and hilum (Fig. 3-4 and 3-5). Therefore, 

we next sought to analyse whether these adventitial CD34+ cells are found around NG2+ pericytes 

or CD36+ pericytes.  

To do this, we performed a direct counter-stain of NG2 or CD36 with CD34 and examined the 

adventitial layer (Fig. 3-19 & 3-20).  As shown in previous figures, both NG2+ and CD36+ cells were 
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found surrounding CD34+ vasculature of varying sizes, which lack adventitial cells (Fig. 3-19A & 

3-20A). Because CD34 labels both endothelium and adventitial cells of large vessels, staining LN 

sections with CD34 can reveal the presence of vessel lumena with double layers of CD34 (Fig. 3-

19, B-D & Fig, 3-20B, arrowheads point to CD34+ cells forming innermost and outermost layers of 

the vessel wall). These vessels were rare and were only found in the capsule (Fig. 3-19B) and near 

the hilum (Fig. 3-19, C-D). Interestingly, such vessels had a second layer composed of NG2+ cells 

(Fig. 3-19, C-D, arrow) but not CD36+ cells (Fig. 3-20B-C, arrow).  

 
Figure 3-19. NG2 expression on large vessels with adventitial layer 
The relationship of adventitial CD34+ cells with pericytes was examined by staining sections with NG2 (A-D) and 

CD34 (A-D). NG2+ pericytes were found on vessels that lack adventitial layer (A) and also on larger vessels with 

outer layer of CD34+ adventitial cells (B-D). Blue represents DAPI staining of cell nuclei (A-D). Arrowheads in (D) 

point to CD34+ endothelial cells and adventitial cells, while arrows point to NG2+ CD34- cells in between two layers. 

CD34 was stained using the antibody clone EP373Y. Data are representative of 3 different samples. CA, capsule. 
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Figure 3-20. CD36 expression on large vessels with adventitial layer 
The relationship of adventitial CD34+ cells with pericytes was examined by staining sections with CD36 (A-C) and 

CD34 (A-C). CD36+ pericytes were only found on vessels that lack outer layer of CD34+ adventitial cells. Blue 

represents DAPI staining of cell nuclei (A-C). Arrowheads in (C) point to CD34+ endothelial cells and adventitial 

cells, while arrows points to CD36- CD34- cells in between. CD34 was stained using the antibody clone EP373Y. 

Data are representative of 3 different samples.   

In summary, CD34- podoplanin- CD146+ cells formed a subset of LN pericytes surrounding the 

blood vasculature. This cell type could be further divided into those that express CD36, and those 

that express NG2. Interestingly, these were the only cell type capable of expressing NG2 in healthy 

human LNs. NG2+ pericytes were often found around relatively larger vessels with open lumena, 

expressed bright α-SMA and were surrounded by an outermost layer of CD34+ adventitial cells. On 

the other hand, vessels surrounded by CD36+ pericytes were often collapsed, were capable of 

expressing a venular marker (PNAd) and lacked an adventitial layer. Altogether, these results 

suggest NG2+ pericytes may be surrounding relatively larger vessels, part of the arterial system, 

while CD36+ pericytes are surrounding remaining vessels, including those of the venous system. 

Pericytes that wrap around large vessels and express markers related to a myogenic lineage are 

referred to as vSMCs [24,25]. Data presented in this report suggest that NG2+ cells may be vSMCs, 

as described in other literatures.  
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A summary of a hypothetical relationship between NG2+ and CD36+ pericytes is presented in Figure 

3-21. However, the understanding of the exact distribution of CD36+ and NG2+ pericytes around LN 

vasculature requires further analysis. In particular, a direct counter-stain of CD36 and NG2 would 

be required to examine whether there are any rare CD36+ NG2+ pericytes. In addition, it is currently 

unclear whether pericytes around capillaries express CD36 and NG2. The previous analysis of 

various adult human tissues showed that pericytes around capillaries are also NG2+ [30,142]. Unlike 

those around arterioles, these NG2+ cells lacked expression of α-SMA [30,142]. In the current study, 

the accurate analysis of α-SMA expression on NG2+ pericytes around small vessels was not possible, 

due to the lack of compatible antibodies to perform a direct counter-stain. The majority of small 

vessels were also CD36+, suggesting that LN capillaries may be CD36+ and not NG2+ (Fig. 3-21). 

Further analysis with different antibody isotypes would help to solve these remaining questions.  

 
Figure 3-21. Summary of pericytes present in healthy human LNs 
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3.6 Identification of capsular smooth muscle cells 

During the tissue examination, we also observed the presence of CD146+ cells in the capsule that 

were not associated with any clear vascular structures (Fig. 3-22). They did not express CD31, 

podoplanin (Fig. 3-22A) nor CD34 (Fig. 3-22B) and could be distinguished from other capsular cells. 

In addition, these cells were α-SMA+ (Fig. 3-22C). Like NG2+ pericytes found in parenchymal 

regions, capsular CD146+ cells showed dim or no expression of CD90 (Fig. 3-22D). While it is 

possible some of these may still be pericytes, shown in transverse orientation, they appeared more 

likely to be capsular SMCs, described previously in human LNs [147].  

 
Figure 3-22. Capsular smooth muscle cells in healthy LNs 
LN sections were stained with CD146 (A-D), CD31 (A), podoplanin (A), CD34 (B), α-SMA (C) and CD90 (D) to 

analyse CD146+ cells residing in the capsule. These CD146+ cells were CD31-, podoplanin- (A), CD34- (B), α-SMA+ 

(C) and CD90- (D). Hence, they could be clearly distinguished from other cells residing in the capsule. Grey 

represents DAPI staining of cell nuclei (A-D). CD31 was stained using the antibody clone WM59. CD34 was stained 

using the antibody clone EP373Y (A-B). CD146 was stained using the antibody clone EPR3208 (A, C) and P1H12 

(B, D). CD90 was stained using the antibody clone Thy-1A1. Data are representative of at least 3 different samples. 

CA, capsule. 
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Next, we sought to analyse whether there are any phenotypic differences between these capsular 

CD146+ cells and the pericytes in the parenchyma. To do this, we performed a direct counter-stain 

of NG2 or CD36 with CD146 and CD31 (Fig. 3-23) and examined the capsular region. This revealed 

that capsular CD146+ cells showed only dim or no expression of NG2 (Fig. 3-23A) and CD36 (Fig. 

3-23B). 

 
Figure 3-23. NG2 and CD36 expression on capsular SMCs 
LN sections were stained with NG2 (A), CD36 (B), CD146 and CD31 (A-B) to analyse expression of NG2 and 

CD36 on CD146+ cells in the capsule. The results showed that capsular SMCs did not express NG2 (A) nor CD36 

(B). Grey represents DAPI staining of cell nuclei (A-B). CD146 was stained using the antibody clone EPR3208. 

CD31 was stained using the antibody clone WM59. Data are representative of at least 3 different samples. CA, 

capsule. 
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3.7 Summary of analysis of subtypes of mesenchymal stromal cells in 

healthy human lymph nodes 

In summary, we have separated the MCs of healthy human LNs into three broad groups (Table 3-

3). The first group of cells was CD90+ CD34+ cells residing in capsule, trabeculae and hilum (Table 

3-3, ‘CD34+ capsular type cells’) and express markers related to adult MSCs, such as CD73, CD105 

and CD271. The second was CD34- podoplanin+ cells, mainly FRCs, that reside in parenchymal 

regions (Table 3-3, ‘FRCs (CD34- podoplanin+ cells)’). These cells could be clearly distinguished 

from the third group of cells that lack expression of podoplanin, while showing bright expression of 

CD146. In healthy human LN sections, these cells were found surrounding blood vessels. Using a 

combination of markers, we were able to further divide these cells into those expressing CD36 (Table 

3-3, ‘Venous pericytes’), those expressing NG2 (Table 3-3, ‘Arterial pericytes (SMCs)’) and those 

residing in the capsule, with no clear association with vasculature (NG2- CD36-, Table 3-3, ‘Capsular 

SMCs’). 

Table 3-3. Summary of phenotype of LN MCs, divided into subtypes 

 CD90 CD34 Podo CD146 CD73 CD36 NG2 α-SMA 

CD34+ capsular type cells + + - a - a + - - + 

FRCs (CD34- podoplanin+ cells) + b - + Lo c - - - + 

Venous pericytes + - - + - + - + 

Arterial pericytes (SMCs) - d - - ++ - - + ++ 

Capsular SMCs - d - - ++ - - - ++ 

-, mostly negative; +, mostly positive; +/-, some cells positive and some negative; Lo, mostly positive, but show 
low/dim expression 
Podo, podoplanin 
a IF results were chosen over flow cytometry results because CD34+ cells were rare 
b FRCs are CD90+, but FDCs, which are also CD34- podoplanin+, show dim or no CD90 expression by IF, identified 
from previous studies in our laboratory[136] 
c Lower overall expression of CD146 was observed on cells forming reticular networks, compared to those around 
vessels. However, we did observe that some CD146+ pericytes can express podoplanin 
d Arterial pericytes and capsular SMCs show dim or no CD90 expression 

  



Chapter 3 

64 

3.8 Activated mesenchymal stromal cells 

Quiescent, resting MCs have a potential to become activated during inflammation, such as in wound 

healing [5] or in the TME [2]. During wound healing, activated MCs produce ECM and collectively 

contract and close the wound site [5]. Activated MCs in the TME undergo similar phenotypical 

changes and perform various tumour-promoting functions, such as remodelling ECM and producing 

an array of growth factors [2]. There are currently multiple markers that can be used to label 

activated MCs. Of these, FAP [148], and CD26 [66] were chosen for further study. FAP is the most 

commonly used marker for identifying activated MCs in human tissues and CD26 is a closely related 

molecule, reported to share sequence homology (48%) with FAP and able to form heterodimers on 

cell surfaces [67,115]. Although many studies use FAP to identify tumour-associated MCs in human 

tissues following tumour infiltration, FAP is poorly studied in healthy tissues. Before analysing 

melanoma infiltrated LNs, we wished to investigate if any of the MC subtypes we had identified in 

LNs are capable of expressing FAP or CD26.  

To analyse the presence of activated MCs in healthy LNs, we first went back to our flow cytometry 

data. Selecting 3 groups (A: CD90+ CD34+ cells representing capsular-type MCs; B: CD34- 

podoplanin+ cells representing FRCs; C: CD34- podoplanin- CD146+ cells representing pericytes) 

and plotting each against FAP and CD26 showed that majority of non-endothelial, MCs in healthy 

LN lack expression of FAP and CD26 (Fig. 3-24, A-C). There was a small population of CD90+ 

CD34+ cells that express FAP (8%, 17% and 25% in 3 different LN samples) (Fig. 3-24, Table 3-3). 

This finding is different to previous observations in mouse where the majority of LN stromal cells 

were FAP+ [149]. There were also very rare CD90+ CD34+ cells that express CD26 (2%, 4% and 

8%) (Fig. 3-24, Table 3-4) in healthy LNs.  

 
Figure 3-24. FAP and CD26 expression on MCs of healthy LNs 
CD90+ CD34+ cells (A), CD34- podoplanin+ cells (B) and CD34- podoplanin- CD146+ cells (C) were selected using 

strategies described in previous sections. Selected cells were plotted against FAP and CD26 to identify presence of 

any activated stromal cells. Data shown are 1 example (L4) of 3 different samples. 
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Table 3-4. Percentage of CD90+ CD34+ cells expressing FAP or CD26 

Sample code Cell number FAP (%) CD26 (%) 
L3 38 8 8 
L4 60 17 2 
L9 49 25 4 

Numbers for FAP and CD26 indicate percentages of CD90+ CD34+ cells that are positive for that marker. The 
percentage quantification was performed using FlowJo and the numbers were rounded to the nearest whole number. 
 

We next sought to confirm the results of polychromatic flow cytometry by staining healthy LN 

sections with FAP and CD26. The results of IF analysis confirmed that the majority of healthy LN 

stromal cells lack expression of FAP (Fig. 3-25A). If present, FAP expression was observed on a 

proportion of the capsular and trabecular regions (Fig. 3-25B), but the majority of CD34+ capsular 

type cells (Fig. 3-25C) were FAP- (Fig. 3-25D).  

 
Figure 3-25. Location of FAP expression in healthy human LNs 
LN sections were stained using FAP (A-B, D), CD31 (C) and CD34 (C-D). A rare expression of FAP was observed 

in capsular and trabecular regions (A-B). The majority of CD34+ capsular type cells in healthy LNs (C) lacked 

expression of FAP (D). Grey represents DAPI staining of cell nuclei (A-D). FAP was stained using the antibody 

clone F19. CD31 was stained using the antibody clone WM59. CD34 was stained using the antibody clone EP373Y. 

Data are representative of 3 different samples. CA, capsule; TR, trabecula. 

Unlike FAP, the expression of CD26 could not be detected on CD34+ capsular type cells (Fig. 3-

26A). Instead, expression of CD26 was found on a subset of CD3+ T cells (Fig. 3-26B) and Prox1+ 

lymphatic sinuses (Fig. 3-26C). CD90+ CD34+ CD26+ cells may be present in healthy LNs but the 

IF analysis confirms that they are likely to be very rare cells.  
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Figure 3-26. Location of CD26 expression in healthy human LNs 
LN sections were stained using CD26, CD34, CD3 and Prox1 to determine identity of CD26+ cells in healthy LNs. 

CD26 expression was not found on CD34+ capsular type cells (A). Instead, CD26 expression was observed on a 

subset of CD3+ T cells (B) and Prox1+ lymphatic sinuses (C). Blue represents DAPI staining of cell nuclei (A-C). 

CD34 was stained using the antibody clone EP373Y. CD3 was stained using the antibody clone MRQ-39. Data are 

representative of 3 different samples. TR, trabecula. 

In summary, using both polychromatic flow cytometry and IF, we have shown that majority of 

stromal cells in healthy human LN lack expression of FAP and CD26. Only a rare population of 

CD34+ cells expressed FAP by IF and up to 20% of cells expressed FAP by flow cytometry. This 

disparity between flow cytometry and IF could again be due to only a small portion of CD34+ cells 

being captured in flow cytometry. This could have led to rare CD34+ FAP+ cells being over-

represented in flow cytometry data, similar to CD34+ CD146+ and CD34+ podoplanin+ cells as 

discussed previously. Alternatively, the difference may be due to flow cytometry being more 

sensitive in detecting dim FAP expression than IF.   
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3.9 Discussion 

Following on from the previous research performed in the host laboratory [46,136], we have 

established a detailed phenotypic profile of MCs in healthy human LNs. We have obtained a deeper 

understanding of CD34+ cells in LNs and provided, for the first time, a detailed investigation of 

human LN pericytes. This study also reports the presence and the location of activated stromal cells 

in healthy human LN.  

3.9.1 Investigation of potential lymph node stromal precursor population 

We have previously identified non-haematopoietic (CD45-), non-endothelial (CD31-) CD90+ CD34+ 

cells in the capsular, trabecular and hilar region of healthy human LNs [136]. As CD34 is a common 

marker of adult MSCs, we hypothesised these may be LN resident mesenchymal precursor cells. In 

the current study, the findings of the previous study were successfully replicated and CD34+ capsular 

type cells were further characterised as being CD73+ CD271+ CD105+ and CD36-. Overall, we have 

validated that these cells have very similar phenotypic profile to mesenchymal precursor cells 

identified in adult human dermis (DMPC1) [19] and adipose tissue (ASCs) [19,136] (Table 3-4).  

Table 3-5. Comparing CD34+ cells of LN, skin and SVF 
 

ASC DMPC1 LN CD34+ cells 
CD31 - - - 
CD34 + + + 
CD36 +/- - - 
CD73 + + + 
CD90 + + + 
CD105 Low Low + 
CD146 - - - 
CD271 + +/- + 
HLA-DR - - - 

+, the majority positive; +/-, expression by some cells not others; -, the majority negative. 

The phenotypic profiles of ASC and DMPC1  were derived from a previous study [19]. 

Adult human MSCs are defined as cells that can attach to plastic, express key mesenchymal markers 

while lacking expression of markers of haematopoietic and endothelial lineage and demonstrate 

ability to differentiate to more than one lineage [14]. They have first been characterised thoroughly 

in the bone marrow (BM) niche [14] but were subsequently found in other adult organs, such as 

adipose tissues [139]. They have been proposed as a potential source of adult precursor cells in many 

clinical applications, but the understanding of their phenotype and function is still lacking.  
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To the best of our knowledge, our lab is the first to perform a thorough phenotypical characterisation 

of potential precursor cells in adult human LNs. A key marker was CD34, which is expressed by the 

majority of human ASCs [138,139]. This marker was also expressed on LN stromal precursor cells 

identified in a mouse embryogenesis study [150]. The presence of CD34+ cells in the capsule, 

trabeculae and hilum of healthy human LNs has been reported previously [151] and similar cells 

(CD90+ CD34+ podoplanin+) were also found residing at the ‘edge’ and the ‘base’ of human tonsils 

[152]. However, both studies have simply reported the anatomical location of these cells and have 

not performed further analysis to establish detailed phenotypic profiles. In adult mouse LNs, CD34+ 

cells were identified in the adventitial layer of large vessels in the medullary regions, surrounding 

podoplanin- pericytes [153]. More recently, a single cell transcriptomic analysis of mouse LNs have 

identified a subset of MCs that express CD34 and podoplanin [154]. A subsequent analysis of mouse 

LNs using IF revealed that these cells are not only surrounding large vessels, but are also present in 

the capsule [154], much like CD34+ capsular type cells in human LNs. In summary, the anatomical 

location of CD34+ capsular type cells reported in the current study are consistent with previous 

reports of CD34+ cells in both mouse and human lymphoid tissues. 

CD271, CD105 and CD73 have been proposed as markers of MSCs. CD271 was originally 

described as a receptor for neutrophils but also began to be considered as a potential stem cell marker 

when it was shown that a subset of BM-MSCs that are CD271+ show higher differentiation potential 

[31]. CD105 is also known as endoglin, and it is an accessory receptor for TGFβ1 [155]. Its most 

well-known expression is on endothelial cells, where it is upregulated upon activation [155]. CD73 

is a glycosylphosphatidylinositol (GPI-) anchored nucleotidase that catalyses extracellular 

adenosine monophosphate (AMP) into adenosine and therefore plays an important role in immune 

regulation [156]. The exact function and significance of expression of these markers on MSCs has 

been less well defined. CD36 is a marker that was reported to be useful when distinguishing ASCs 

from BM-MSCs, as BM-MSCs lack expression of this marker [139]. The majority of CD34+ 

capsular type cells in human LNs were CD36-. If these cells originated from adipose tissue, like in 

mouse [150], then they may have lost expression of CD36 upon arrival in LNs.  

The physical location of CD34+ capsular type cells in LNs also holds significance. By IF analysis, 

we have shown that CD90+ CD34+ cells are covering all outer surfaces of LN (Section 3.2, Fig. 3-4 

& 3-5). The expansion of this niche would be inevitable when a LN undergoes a massive increase 

in size during immune reactions. Therefore, it may be a physiologically relevant niche for precursor 

cells. Studies in murine LNs revealed that the contractility of FRCs, forming reticular networks, are 

controlled by the cell surface expression of podoplanin [157,158]. During an initial phase of immune 

reaction, there are increased number of CLEC2+ dendritic cells that bind to and inhibit podoplanin 

on FRCs. As a result, the tension in FRCs is released and the gap between reticular networks enlarge 
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to accommodate acute increase in LN cellularity [157]. An interesting observation in relation to this 

was that the majority of CD34+ capsular cells lacked expression of podoplanin by IF. It would be 

interesting to investigate if this differential expression of podoplanin between CD34+ capsular type 

cells and CD34- podoplanin+ cells (FRCs) is associated with differential capacity of two types of 

MCs to expand.  

The similarities in the phenotype of CD34+ capsular type cells in LNs to CD34+ cells in other adult 

tissues further strengthens the hypothesis that these cells may indeed be the precursor cells for other 

LN MCs like FRCs, FDCs and MRCs. A number of candidate precursor populations have been 

proposed in murine secondary lymphoid structures: (1) CD34 expressing cells of capsule and 

adipose tissue [150,153,159], (2) pericytes [55,160] and (3) MRCs [51]. A common criterion for a 

LN precursor is to show in vitro and in vivo the upregulation of LN stromal markers (CCL21, CCL19, 

ICAM1 and VCAM1) in response to known LN stimulators, such as lymphotoxin. In a previous 

study, CD90+ CD34+ cells from one healthy LN were isolated for study in vitro [136]. These cells 

lost CD34 expression upon culturing, but showed the ability to differentiate in to adipocytes [136]. 

Our next step would be to isolate these CD34+ capsular type cells and perform an in vitro study to 

analyse whether these cells possess the ability to form other LN MCs, like FRCs, FDCs and MRCs.  
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3.9.2 Pericytes of human lymph nodes 

In this study, we have presented a first detailed investigation of pericytes in adult human LNs. In 

polychromatic flow cytometry, the CD34- podoplanin- CD146+ cells could be clearly distinguished 

from other ‘typical’ LN MCs (FRCs) that express podoplanin. In LN sections, they were found 

wrapping around blood vessels present within parenchymal regions and also those present in 

peripheral regions such as capsule, trabeculae and hilum (Section 3.5). The expression of CD146 on 

pericytes was often brighter than that on FRCs, making them easily identifiable in tissue. This high 

expression of CD146 is in agreement with the phenotypic trait of pericytes previously identified in 

multiple adult human tissues, such as muscle, adipose tissue, gut, bone marrow and brain [30].  

Previous reports in mouse and human tissues have suggested NG2 as a marker specific for pericytes 

around arterioles and capillaries but not venules [30]. It was yet unknown whether this phenotype 

also applies to the LN vasculature. Using IF, we have shown that a subset of CD34- podoplanin- 

CD146+ pericytes in healthy human LNs are capable of expressing NG2. The vessels surrounded by 

NG2+ pericytes were frequently round, with open lumen, lacked expression of a venular marker 

PNAd and expressed bright α-SMA. Few of these vessels also had an outer layer of CD34+ capsular 

type cells, indicating the presence of an adventitial layer. We have concluded that these vessels are 

most likely to be arterioles and arteries of human LNs. Our data provide first evidence that NG2 

may be a marker of LN arterioles and larger arteries.  

Currently, there is no known phenotypic marker of venular pericytes and they are simply defined as 

cells that lack expression of NG2 and α-SMA. In our study, we have observed that the majority of 

pericytes lacking expression of NG2 showed expression of CD36. Although the role of CD36 on a 

pericyte population has been investigated in human brain [161,162], there are no previous reports of 

CD36 being a marker for the venous network. Since NG2 is a marker of arterial pericytes, and 

because the expression of CD36 was often found as a thin layer of cells, surrounding collapsed 

vessels, capable of expressing a venular marker PNAd, we propose that CD36 may be a marker of 

venular pericytes in adult human LNs.  

In addition to pericytes, we could also map podoplanin- CD146+ α-SMA+ cells in the capsule. These 

cells lacked expression of CD34, so they could be distinguished from CD34+ capsular type cells and 

they were not associated with CD31+ endothelial cells. The presence of SMCs in capsular and 

trabecular region of healthy LN has been proven several decades ago by histological analysis 

[147,163,164]. The studies using canine [165], bovine [166] and sheep [167] LNs have demonstrated 

that these SMCs have potential to contract upon stimulation. The histological morphology of 

podoplanin- CD146+ α-SMA+ cells in the capsule were very similar to the morphology of SMCs 
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reported in the literature, so we have concluded these cells as capsular SMCs. They could also be 

phenotypically distinguished from pericytes as they lacked expression of NG2 and CD36.  

In summary, we have separated the CD34- podoplanin- CD146+ cells into 3 distinct groups, each 

with clear physical location and phenotypic profiles. Another interesting observation made in our 

flow cytometry analysis was that some CD36- cells show only dim expression of CD90, while CD36+ 

cells are clearly CD90+. This observation was confirmed by IF, where NG2+ arterial pericytes and 

capsular SMCs, both lacking CD36 expression, were often CD90 dim or negative. This finding is in 

agreement with previous reports which reported vSMCs as CD90- cells [145,146]. 

The vascular wall of small vasculature is composed of just two types of cells; endothelial cells and 

pericytes [21]. However, larger vessels are typically composed of 3 layers; inner-most wall of 

endothelial cells, surrounded by pericytes, which are again surrounded by outermost layer of 

adventitial cells [21]. The adventitial layer is a complex and heterogenous layer containing many 

different cell types, including MSCs [20,168]. In agreement with this, we were able to spot CD34+ 

cells surrounding large vessels. When we stained LNs with CD34, few vessels had an inner layer of 

CD34+ endothelial cells, followed by a layer of CD34- pericytes then an outer layer of CD34+ cells. 

Interestingly, we found that tunica media of such vessels were always NG2+ and not CD36+. If NG2+ 

pericytes are markers of the arterial system, as we have hypothesised, then these vessels are most 

likely to be muscular (medium-sized) arteries [1]. The lack of CD36+ vessels with an adventitial 

layer may suggest that larger veins in LNs do not have a distinct adventitial layer. This is consistent 

with the anatomy of venular system, where small and medium sized venules have relatively sparse 

adventitial layer compared to arteries [1]. Alternatively, it is possible that these vessels are very rare 

and difficult to identify in analysis of 2D sections. Further analysis would be required to gain better 

understanding of the distribution of adventitial cells in relation to large arteries and veins in LNs.   

The similarity in the composition of the LN capsule to the vascular wall was of interest. Similar to 

the vascular wall, the LN capsule had inner layer of endothelial cells (lymphatic endothelium of sub-

capsular sinus), an outer layer of capsular SMCs, and an outermost layer of CD34+ cells. Although 

SMCs did not form a connected ring like pericytes, the similarity in cellular composition triggers 

the idea that capsular structure of LN is a ‘swollen’ vascular wall and that there may be a close 

developmental origin for both structures.  

Altogether, data presented in this study provide a novel method to distinguish MCs that surround 

blood vessels from others that form a reticular network. The important question that remains is how 

the pattern of CD36+ or NG2+ pericytes described here maps to the pattern of podoplanin+ pericytic 

FRCs. Previous reports in mouse LNs have shown a close relationship of blood vasculature and 
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podoplanin+ FRCs [47]. We have also demonstrated that CD146+ cells in the vicinity of blood 

vessels can show differential expression of podoplanin, where some cells are podoplanin+ and others 

are podoplanin- (Section 3.5, Fig. 3-12). It also remains to be validated whether there are any rare 

pericytes that can co-express CD36 and NG2. Further IF analysis, such as a direct counter-stain of 

CD36, with NG2 and podoplanin, would provide a more comprehensive overview of the 

heterogeneity of pericytes in adult human LN. In addition, LN single cell digests may be analysed 

using a ‘pericyte specific’ polychromatic flow cytometry panel, designed using the markers 

identified here and other markers of pericytes described in the literature.   

Another important question to address in future would be the developmental relationship of pericytes 

with capsular type CD34+ cells. As introduced previously, there is currently a fair amount of 

confusion as to how these two cell types are related. The precise study of this relationship was 

hindered by lack of phenotypic markers that can distinguish adventitial cells from pericytes. As a 

result of this current study, we now have the ability to separate adventitial cells from the pericytes 

of human LN, using the combination of CD34, podoplanin and CD146. Hence, we may isolate these 

cells for further study in vitro or perform transcriptome analysis to properly address this question. 
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3.9.3 Activation status of stromal cells in healthy human lymph nodes 

Although many studies have reported the existence of activated stromal cells in TILNs, the 

knowledge of these cells in un-infiltrated, healthy LNs was lacking. In this study, we have 

established the expression profile of markers of activated MCs (FAP and CD26) in adult human 

LNs. Like many definitions associating with MCs, the term ‘activated’ stromal cells has many 

synonyms and comes with ambiguous meaning. In this report, we viewed ‘activated’ MCs as cells 

that have become stimulated by pro-inflammatory factors and play key roles in wound, chronic 

inflammation or TME.  

FAP and CD26 are both membrane bound serine proteases that share 48% of amino acid sequence 

identity with each other [67,115]. FAP and CD26 can function as homodimers and a heteromeric 

complex of 2 proteins was also observed, particularly on cells invading into ECM [115] In our study, 

CD26 was not observed in either CD34+ or CD34- cells, but FAP expression was found rarely on 

CD34+ capsular type cells (Section 3.8). This study showed that unlike previous assumptions, 

stromal cells of healthy LN, although rare, are capable of expressing a marker of activated MCs. 

The fact that expression of FAP is restricted to peripheral, capsular and trabecular regions, may 

indicate that these regions receive most frequent stimulations, and therefore stromal cells residing 

in this region are ‘activated’ to process more ECM, to proliferate and to respond to change. This 

idea appears to be connected to our previous hypothesis that capsular, trabecular and hilar regions 

are stem cell reservoir for LNs. It would also be important to note that human LNs are never 

completely ‘resting’ and are mildly reactive, even without tumour infiltration [169]. 

Our observation is different to the ones made in studies of mouse LNs. Using transgenic mice with 

luciferase insert at the FAP gene, Denton and colleagues have found FAP expression in inguinal LN 

[149]. Polychromatic flow cytometry revealed that majority of non-endothelial, podoplanin+ MCs 

express FAP while endothelial cells lack expression of FAP. Furthermore, IF of tissue sections 

showed co-localisation of FAP signal to podoplanin+ FRCs and not CD35+ FDCs. Hence, they used 

FAP as a FRC-specific marker in subsequent experiments [149]. In our study, the majority of CD34- 

podoplanin+ reticular cells clearly lacked expression of FAP, both by flow cytometry and IF. As 

FAP was first identified and characterised in human tissues [65,170], it is difficult to assume that 

FAP in mouse tissue play exactly same role as it does in human tissues. Hence, this apparent 

disparity between mouse and human tissues may indicate that FAP in mouse is not a marker of 

activated MCs in mouse. To support this, a targeted disruption of FAP expression in mouse models 

did not show any apparent developmental defects and showed normal organ functions [171]. 
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3.9.4 Chapter conclusion 

In this chapter, we have performed a thorough phenotypical analysis of MCs in healthy human LNs 

and classified MCs into three broad groups: CD34+ capsular cells, residing in capsule, trabeculae 

and hilum, CD34- reticular cells (FRCs) and pericytes. Using additional markers, we have 

demonstrated that pericytes are heterogeneous and can be separated into arterial pericytes (NG2+), 

venous pericytes (CD36+) and capsular SMCs. Finally we showed that the majority of healthy MCs 

lack expression of FAP and CD26, except for rare CD34+ capsular cells. This work greatly adds to 

the current knowledge and provides precision that was not previously possible for experiments 

involving healthy human LNs.   
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Chapter 4. Characterisation of mesenchymal stromal cells in 

melanoma infiltrated lymph nodes 

4.1 Background 

We next proceeded to analyse MCs in MILNs. The analysis of MILNs is important for several 

reasons. Therapies that remove immune-suppressive brakes (‘check-point inhibitors’) have shown 

remarkable clinical benefits in melanoma [68], suggesting that  there are pre-existing immune 

reactions against melanoma cells. In relation to this, the number of T cells infiltrating into tumour 

nests is an important prognostic factor for melanoma patients [68]. These treatments, however, still 

fail in some patients and this additional level of immune-suppression is suggested to be mediated by 

host cells in the TME, such as MCs. LNs are the site for early tumour metastasis [78–80] and also 

the potential site for the generation of anti-melanoma immune responses [81]. Hence, changes of 

MCs in LNs are likely to play a key role in determining the survival and the proliferation of 

infiltrating melanoma cells, as well as in disrupting the anti-melanoma immune responses. MILNs 

have been analysed extensively for diagnostic purposes but the stromal changes associated with the 

melanoma infiltration have not been analysed in detail.  

Metastasising tumour cells commonly enter LNs through the afferent lymphatics and accumulate in 

the subcapsular sinus [78,85]. If the tumour invasion is successful, then tumours migrate into the 

inner parenchyma [78]. Indeed, in the majority of MILNs, melanoma cells were found residing in 

the subcapsular sinus [172] and the involvement of parenchymal locations was associated with an 

increased chance of non-sentinel LN metastasis [173]. It has been previously observed, with a 

limited number of markers, that a dense layer of melanoma-associated MCs and collagen are found, 

more so in peritumoural regions than in intratumoural regions of MILNs [100,101]. These studies 

used a limited number of markers and did not separate MCs into functionally relevant subtypes. In 

addition, the studies lacked a consideration of the stromal organisation and the phenotype in healthy 

LNs. Therefore, we sought to analyse MILNs in detail, using the knowledge gained from the 

thorough analysis of stromal cells in healthy LNs.  

A pilot study of 4 MILNs (ML1-4) has been performed previously and submitted for the award of 

degree of Bachelor of Science with honours, majoring in Biomedical Sciences [174] (unpublished). 

Two interesting observations were made in this study. Firstly, MILNs were stained with 

combinations of CD3, CD20, CD90 and collagen to show that melanoma cells have disrupted the 

organisation of the healthy LNs and that T cells may be preferentially found in regions of stroma 

and not within melanoma nests. Secondly, MILNs were stained with CD31, CD34 and CD90 to 
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reveal the presence of CD90+ CD34+ MCs in heavily infiltrated LNs [174]. However, because of the 

small sample number, it was difficult to hypothesise whether such observations would be common 

across various MILNs. In addition, this study did not use polychromatic flow cytometry to analyse 

melanoma-associated MCs and only a limited set of markers (podoplanin, CD146 and α-SMA) were 

used in IF. Hence, we could not determine any distinct phenotypical differences between healthy 

LN MCs and melanoma-associated MCs.  

In the current study, we first sought to confirm the observations of the previous study by analysing 

a larger sample set of 18 melanoma LNs. (The IF data for ML1-4 from the previous study [174] 

were used as a starting point for the analysis of 14 additional samples in Section 4.3. These IF data 

were re-analysed, alongside data from additional samples. The summary of analysis of IF data for 

ML1-4 are shown in Table 4-2 and Table 4-3, as a reference. None of the images acquired in the 

previous study were re-used in any of the figures. We then sought to analyse MCs with more 

phenotypical markers, using both polychromatic flow cytometry and IF, to analyse the phenotypical 

profile and the diversity of melanoma-associated MCs. 
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4.2 Determining the degree of melanoma infiltration in lymph nodes 

First, we sought to determine the degree of melanoma infiltration in our samples by performing an 

IF stain of melanoma cells. We chose melanoma antigen recognised by T cells-1 (MART1) and 

SRY-Box-10 (Sox10), which are well defined markers for detecting melanoma cells in patient 

tissues [175,176]. In the previous pilot study, we only used MART1 and observed that often only a 

small percentage of suspected melanoma cells expressed this marker. This is likely to be because 

melanoma cells typically display a heterogeneous phenotype in metastatic tissues [175]. Hence, in 

this study we decided to include a second marker, Sox10, for better detection of melanoma cells in 

LNs. A representative image of MART1+ Sox10+ melanoma cells is shown in Figure 4-1. The double 

positive cells (MART1+ Sox10+) and cells that express only one marker (MART1+ Sox10- and 

MART1- Sox10+) were all considered as melanoma cells.   

 
Figure 4-1. Identifying melanoma cells in LN samples isolated from melanoma patients 
Melanoma cells were identified by staining sections with MART1 and Sox10. Blue represents DAPI staining of cell 

nuclei. MART1 was stained using the antibody clone M2-7C10. Data are representative of at least 3 different 

samples. 

18 LN samples isolated from 13 patients were stained with a combination of MART1 and Sox10 to 

identify melanoma cells. Of these samples, 11 contained MART1+ and/or Sox10+ melanoma cells 

(n=11) (Table 4-1). Of these, 10 (excepting ML10-1) were heavily infiltrated, with extensive or 

complete colonisation of parenchymal regions. Some contained little (ML10-1) or no (ML4, ML9 

and ML11) MART1+ Sox10+ melanoma cells, but displayed abnormal morphological features, such 

as dark brown spots and necrotic centres. These samples were also designated as heavily infiltrated 

LNs (n=4), as these abnormal morphological features are likely to have been caused by melanoma 

infiltration [177,178]. When we could not identify any melanoma cells by IF, nor any abnormal 

tissue characteristics, we designated samples as an un-infiltrated LN (n=4). For subsequent 

experiments, we focused on the heavily infiltrated LNs. 
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Table 4-1. Summary of melanoma infiltration in LNs analysed by IF 

Sample Degree of infiltration Melanoma cells 
detectable by IF 

Black/brown 
spots Necrotic 

ML1 High Yes No No 

ML2 High Yes No No 

ML3 High Yes No No 

ML4 High No Yes No 

ML5 N/A No No No 

ML6-1 High Yes Yes No 

ML6-2 N/A No No No 

ML7-1 High Yes Yes No 

ML7-2 High Yes Yes No 

ML8-1 High Yes No No 

ML8-2 N/A No No No 

ML9 High No No Yes 

ML10-1 High Yes Yes Yes 

ML10-2 N/A No No No 

ML11 High No Yes No 

ML12-1 High Yes Yes No 

ML12-2 High Yes Yes No 

ML13 High Yes Yes No 
Sample ML1-4 were initially stained using MART1 in the previous study [174]. In the current study, sections of 
ML1-4 were stained again with a combination of MART1 and Sox10 to determine the presence of MART1- Sox10+ 
melanoma cells. 
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4.3 Change in immune and stromal composition and organisation 

4.3.1 Disrupted T and B cell regions 

Next, we analysed the organisation of T and B lymphocytes in heavily infiltrated LNs. Healthy LNs 

are densely packed with immune cells, where B cells form follicles in the outer cortex and T cells 

fill the paracortical regions [179]. By staining MILNs with CD3 (T cells) and CD20 (B cells), we 

observed that melanoma infiltration disrupted T and B cell organisation to varying degrees (Fig. 4-

2, A-C). Three out of 9 samples with large clusters of melanoma cells, contained regions that 

resemble healthy LNs (Fig. 4-2A). This region contained B cells arranged in clusters, surrounded 

by densely packed T cells. This was interrupted by regions of melanoma cells (Fig. 4-2B). In the 

remaining 6 samples, there was a disruption of the entire parenchyma and no clear T cell or B cell 

areas could be identified (Fig. 4-2C).  

 
Figure 4-2. T and B cells in MILNs 
MILN sections were stained with CD20 (A, C), CD3 (A, C) and MART-1 (B) to analyse changes in T and B cell 

organisations. Some samples contained regions that resemble healthy LNs (A), adjacent to or surrounding melanoma 

infiltrates (B). Other samples did not show much resemblance to healthy LNs (C). Grey represents DAPI staining 

of cell nuclei (A-C). CD20 was stained using the antibody clone L26. CD3 was stained using the antibody clone 

UCHT1. MART1 was stained using the antibody clone M2-7C10. Data are representative of at least 3 different 

samples. 
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4.3.2 Proliferation of mesenchymal stromal cells and associated collagen 

To analyse the change in the distribution of the stromal components, we chose to assess the collagen 

structure, which is a major component of ECM in healthy LNs and forms the core of the conduit 

network [39,180]. We also chose CD90 as a marker of MCs. In healthy LNs, bright CD90 stain can 

be found on the vasculature and on the majority of non-endothelial MCs, except for NG2+ pericytes, 

capsular SMCs and FDCs, which show low or no CD90 expression (Section 3.7, Table 3-3). CD90 

was also used previously in human melanoma tissues to label melanoma-associated MCs [101]. 

Although there are reports of primary melanoma cells expressing CD90, the majority of metastatic 

melanoma were shown to lack expression of CD90 [181]. This was also proven in our own 

experiments, where CD90 labelled cells with MC-like or vascular morphology and not MART1+ 

melanoma cells (Fig. 4-3, A-C).  

 
Figure 4-3. CD90 as a marker of melanoma-associated MCs 
MILN sections were stained with MART1 and CD90 (A-C) to examine whether CD90 can be used as a marker of 

MCs in MILNs. The results confirmed that the majority of melanoma cells (MART1+) lack expression of CD90. 

Blue represents DAPI staining of cell nuclei (A-C). Images A-C were each taken from different melanoma LNs. 

MART1 was stained using the antibody clone M2-7C10. CD90 was stained using the antibody clone F15-42-1 (A-

B) and Thy-1A1 (C). Data are representative of at least 3 different samples. 
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The ECM in healthy LNs is highly organised into delicate, thin networks [182] and thick collagen 

layers can only be found in the peripheral regions such as capsule, trabeculae and hilum [1]. The 

expansion of collagen matrix and associated CD90+ cells (‘fibrosis’) were observed in almost all 

heavily infiltrated samples (11 out of 14). In four samples, there was a thickening of the capsular 

region, containing MCs and collagen fibres organised in parallel layers (Fig. 4-4, B-C). The 

appearance of pan-collagen staining in the capsular region of healthy LNs is shown (Fig. 4-4A) as a 

comparison. Seven samples did not have any identifiable capsular structures. It is unlikely that these 

seven samples did not have any capsule in vivo, as this structure enwraps and separates LN cells 

from surrounding tissues. MILNs were often very large compared to healthy LNs and needed to be 

dissected into smaller pieces during tissue processing, prior to embedding and sectioning. Hence, 

the reason we are not observing obvious capsules in these samples, may be that we are only seeing 

a fraction of each sample. Out of seven samples that did not contain obvious capsular structures, six 

contained regions of thick collagen layers (Fig. 4-4, D-E), that resemble the orientation of fibres in 

the capsule (Fig. 4-4, C & E, right panels). Like the capsule, these regions were mostly devoid of 

melanoma cells. As these regions were similar to the capsule and showed distinct collagen and 

stromal orientation, different from those in regions containing melanoma cells, we decided to call 

these regions as ‘capsule-like regions’.  

 
Figure 4-4. Expansion of regions with dense collagen fibres 
MILN sections were stained with pan-collagen (A-E) and CD90 (B-E) to examine the stromal components. The 

capsule of some MILNs were thicker than (B-C) the capsule of healthy LNs (A). Some samples also contained 

regions of thick layers of collagen fibres and CD90+ MCs, resembling the orientation of fibres in the capsule (D-E). 

Blue represents DAPI staining of cell nuclei (A-E). An image A was taken from healthy LNs, and images B-E were 

each taken from different melanoma LNs. CD90 was stained using the antibody clone Thy-1A1. Data are 

representative of at least 3 different samples. CA, capsule. 

Dense collagen deposits and abundant CD90+ stromal cells were also observed within regions 

containing melanoma cells (Fig. 4-5A). Unlike those in capsule-like regions, these often formed 
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inter-connected networks. The degree of density of the network varied between different regions of 

the same sample and between different samples (Fig. 4-5, B-D). In some MILN samples, collagen 

and associating CD90+ stromal cells were very dense and appeared to completely enclose small 

clusters of melanoma cells (Fig. 4-5, C-D). We decided to call stromal cells in these regions as 

‘reticular stroma’ to distinguish them from those in capsule-like regions. 

 
Figure 4-5. Thick network of collagen and stromal cells within melanoma clusters 
MILN sections were stained with CD90 and pan-collagen (A-D) to examine stromal components. Dense collagen 

and associating CD90+ cells were frequently observed in regions containing melanoma cells. Blue represents DAPI 

staining of cell nuclei (A-D). The majority of DAPI+ cells that do not express pan-collagen or CD90 in these images 

were identified as melanoma cells in previous analysis. Images A & D were taken from same LN sample, while 

images B & C were each taken from two other LN samples. CD90 was stained using the antibody clone Thy-1A1. 

Data are representative of at least 3 different samples. 
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The majority of regions containing melanoma cells contained moderate to high density of reticular 

stroma. However, there were also regions that contain very sparse collagen fibres, with little or no 

CD90+ stromal cells (Fig. 4-6A). This was particularly observed in 3 samples where the clusters of 

melanoma cells appeared to be surrounded by remnants of healthy LNs (Fig. 4-6, B-C). Overall, the 

stromal distribution observed is agreement with a previous report of human MILNs, which reported 

the presence of dense fibres and ring structures that surround small and large clusters of melanoma 

cells [100]. Such dense collagen fibres were found especially at the interface between melanoma 

clusters and adjacent healthy tissues, and the centres of these melanoma clusters frequently 

contained only sparse ECM [100]. 

 
Figure 4-6. MILNs with regions containing sparse collagen fibres 
MILN sections were stained with CD90 and pan-collagen (A-C) to examine stromal components. Not all samples 

had dense reticular stroma as in Figure 4-5, and some contained sparse collagen fibres and associating CD90+ cells 

(A). In 3 samples, the density of stroma adjacent to or around the melanoma nest was higher than the density of 

stroma within the nest (B-C). The majority of DAPI+ cells that do not express pan-collagen or CD90 in these images 

were identified as melanoma cells in previous analysis. Blue represents DAPI staining of cell nuclei (A-D). CD90 

was stained using the antibody clone Thy-1A1. Images A-C were each taken from different melanoma LNs. M, 

melanoma cells. 
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In summary, we analysed the stromal distribution of 14 heavily infiltrated human LNs (Table 4-2). 

We observed elevated levels of overall collagen deposition in the majority of samples compared to 

healthy LNs (11 out of 14). Eight samples contained regions of thick collagen fibres in the capsule 

(Table 4-2, ‘Capsule thickening’) or in regions other than capsule (Table 4-2, ‘Capsule-like regions’).  

For samples that contain MART1+ and/or Sox10+ melanoma cells, the observed density of CD90+ 

cells and collagen fibres within tumours were summarised as high (++), moderate (+) or low (-) 

(Table 4-2, ‘Density of reticular stroma’) with the exception of ML10-1, where the clusters of 

identifiable melanoma cells were too small. In 3 samples (ML2, ML7-2 and ML12-1), a dense 

stroma was observed at the interface between a large cluster of melanoma cells and the remnants of 

healthy LNs, much higher than those among melanoma cells as a reticular stroma.  

Table 4-2. Summary of collagen distribution observed in heavily infiltrated LNs 

Sample Melanoma cells 
detectable by IF 

Capsule 
thickening 

Capsule-like 
regions 

Density of 
reticular 
stroma 

ML1* Yes N/A No ++ 

ML2* Yes No Yes - 

ML3* Yes N/A Yes ++ 

ML4* No No No N/A 

ML6-1 Yes N/A No - 

ML7-1 Yes N/A Yes ++ 

ML7-2 Yes Yes Yes + 

ML8-1 Yes Yes Yes ++ 

ML9 No N/A No N/A 

ML10-1 Yes Yes No N/A 

ML11 No Yes No N/A 

ML12-1 Yes N/A Yes + 

ML12-2 Yes No No - 

ML13 Yes N/A No + 
* IF stain for collagen distribution in samples ML1-4 was performed in a previous study [174]. Images from this 
previous study were not used in any of the figures.  
‘Melanoma cells detectable by IF’ indicate presence of MART1+ and/or SOX10+ melanoma cells in LNs 
‘Capsule thickening’ indicate whether thicker capsular layers were observed compared to healthy LNs. N/A refer 
to samples without any obvious capsular structures 
‘Density of reticular stroma’ summarises the density of stroma within regions containing melanoma cells. ++, high; 
+, moderate; -, low. 
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4.3.3 Spatial relationship of T cells and the stroma 

Having analysed the distribution of melanoma cells, immune cells and collagen fibres, we next 

sought to analyse the relationship between T cells and the stroma by performing a direct counter-

stain of CD3 with CD90 and pan-collagen. The majority of CD90- CD3- cells shown in Figure 4-7, 

4-8 and 4-9 were identified as melanoma cells in previous analyses. Firstly, we observed the 

presence of T cells among capsule-like regions (Fig. 4-7). In these regions, T cells were often 

flattened and elongated in the direction same as the adjacent fibres (Fig. 4-7, A-C, right column).  

 
Figure 4-7. The flattened morphology of T cells residing among capsule-like regions 
MILN sections were stained with CD90, CD3 and pan-collagen (A-C) to analyse tissue distribution of T cells in 

relation to MCs and collagen. CD3+ T cells residing in regions of dense collagen and CD90+ fibres showed elongated 

morphology. Blue represents DAPI staining of cell nuclei (A-C). CD90 was stained using the antibody clone Thy-

1A1. CD3 was stained using the antibody clone UCHT1. Data are representative of at least 3 different samples. 

Next, we examined T cells residing among reticular stroma, within regions containing melanoma 

cells. In seven samples with moderate or high density of reticular stroma, the majority of T cells 

were found attached to CD90+ stromal cells and collagen fibres (Fig. 4-8). In comparison, melanoma 
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nests, especially those completely enclosed by collagen fibres (Fig. 4-8, A-B, clusters of CD90- 

CD34- and pan-collagen- cells), were often devoid of infiltrating T cells.  

 
Figure 4-8. T cell distribution in LNs with moderate-high density of reticular stroma 
MILN sections were stained with CD90, CD3 and pan-collagen (A-C) to analyse the tissue distribution of T cells in 

relation to MCs and collagen. In samples with moderate and high density of intratuoural stroma, T cells were 

frequently observed in stromal regions and comparably less numbers were found within melanoma nests. Blue 

represents DAPI staining of cell nuclei (A-C). The majority of DAPI+ cells that do not express pan-collagen, CD90 

or CD3 in these images were identified as melanoma cells in previous analyses. CD90 was stained using the antibody 

clone Thy-1A1. CD3 was stained using the antibody clone UCHT1. Data are representative of at least 3 different 

samples. 

Two samples (ML2 and ML7-2) had low density of reticular stroma. In these samples, T cells were 

distributed more evenly among tumour nests (Fig. 4-9A). However, even in these samples, some T 

cells were found adhered to collagen fibres, again demonstrating the close spatial association of T 

cells to the stroma. Finally, ML6-1 and ML7-2 contained regions of dense reticular stroma, as well 

as regions of sparse reticular stroma. In these samples, the majority of T cells were found in stromal 

regions (Fig. 4-9B) and absent elsewhere (Fig. 4-9C).  
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Figure 4-9. T cell distribution in LNs with sparse reticular stroma 
MILN sections were stained with CD90, CD3 and pan-collagen (A-C) to analyse tissue distribution of T cells in 

relation to MCs and collagen. In samples containing sparse collagen fibres and associating CD90+ cells, T cells were 

distributed more evenly among melanoma nests (A). In samples containing both dense and sparse stromal regions, 

T cells were almost exclusively found in regions containing collagen fibres and CD90+ cells (B-C). Blue represents 

DAPI staining of cell nuclei (A-C). The majority of DAPI+ cells that do not express pan-collagen, CD90 or CD3 in 

these images were identified as melanoma cells in previous analyses. CD90 was stained using the antibody clone 

Thy-1A1. CD3 was stained using the antibody clone UCHT1. Data are representative of at least 3 different samples. 

The results of analysis of spatial relationship between T cells and MCs are summarised in Table 4-

3. The samples without large clusters of melanoma cells were excluded, to focus on the reticular 

stroma. In a previous study [174], we suspected that distribution of T cells may be associated with 

the distribution of CD90+ stromal cells. In the current study, we have validated this across a larger 

sample group to show that this is likely to be a common trend observed in MILNs. If there were 

distinct reticular stroma (moderate (+) and high (++) density), then the majority of T cells were 

found within these regions, rather than within melanoma nests, suggesting a potential role of stromal 

cells in determining the migration of immune cells within MILNs.  

 

 

 

 



Chapter 4 

88 

Table 4-3. Summary of T cell distribution observed in heavily infiltrated LNs 

Sample 
Density of 

reticular stroma 
T cells associated with 

reticular stroma 
T cells within  
tumour nests 

ML1* ++ ++ - 

ML2* - N/A ++ 

ML3* ++ + - 

ML6-1 + or - ++ - 

ML7-1 ++ ++ - 

ML7-2 + or - ++ - 

ML8-1 ++ ++ - 

ML12-1 + + - 

ML12-2 - N/A ++ 

ML13 + + - 
* IF stain for T cell and stromal cell distribution in samples ML1-3 was performed in a previous study [174]. Images 
from this previous study were not used in any of the figures.  
‘Thickness of reticular stroma’ summarises the density of stroma within regions containing melanoma cells. ++, 
high; +, moderate; -, low. 
‘T cells associated with reticular stroma’ and ‘T cells within tumour nests’ describe the relative distribution of T 
cells in regions containing melanoma cells. ++, high; +, moderate; -, low. For example, if T cells were frequently 
found among reticular stroma rather than within melanoma nests, then these samples were designated as having 
relatively high (++) number of T cells associated with stroma and relatively low (-) number of T cells in tumour 
nests. N/A refer to samples that did not have distinct reticular stroma.  
 

Overall, we were able to identify melanoma LNs with a high degree of melanoma infiltration, which 

will be the focus of subsequent analyses. We have observed that the majority of heavily infiltrated 

LNs contain elevated collagen and MCs. Finally, we observed that if there are dense reticular stroma, 

then T cells are frequently found in stromal regions rather than infiltrating into melanoma nests. 

Similar observations were reported previously in lung and breast cancers and also in one melanoma 

paper [101]. We observed a fair amount of donor dependent variability. The variation was also 

present in LN samples isolated from a same patient (ML7-1 and ML7-2, ML12-1 and ML12-2).  
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4.4 Investigating strategies to identify melanoma-associated mesenchymal 

stromal cells using polychromatic flow cytometry 

In order to analyse melanoma MCs in single cell suspensions using polychromatic flow cytometry, 

we first sought to identify markers that can label and remove melanoma cells. We had several criteria 

for selecting a suitable pan-melanoma marker: firstly, they had to show high specificity, and 

expression restricted to melanoma cells while being negative on stromal cells. Secondly, they had 

to show high coverage, being expressed by the majority of metastatic melanoma cells. Finally, they 

had to be membrane bound, so that they can be used in subsequent experiments to isolate live MCs. 

The markers used to identify melanoma in LNs by IF (MART1 and Sox10) were not suitable, 

because they label proteins localised to intracellular regions.  

Several potential melanoma markers were suggested from the literature. These included; CD146 

[183,184], CD271 [185–187] and NG2 [188,189]. We excluded CD146 and CD271 as we knew 

already that these can be expressed on MCs of healthy LNs. NG2, also known as melanoma-

associated chondroitin sulfate proteoglycan (MCSP), was reported to be expressed by over 85% of 

primary and metastatic melanoma cells [188]. At the same time, our own data showed that NG2 

expression on MCs is limited to pericytes of the arterial system.  

To test the suitability of NG2 as a pan-melanoma marker, we first stained heavily infiltrated 

melanoma LNs with NG2 and CD146 and examined the regions previously identified to contain 

MART1+ and/or Sox10+ melanoma cells. As a result, we observed a variable NG2 expression on 

melanoma cells, where some samples contained CD146+ NG2+ melanoma cells (Fig. 4-10A), while 

others contained CD146+ NG2- melanoma cells (Fig. 4-10B). Next, we stained single cell 

suspensions of MILNs with CD45, NG2 and CD146 and analysed the proportion of NG2+ CD146+ 

cells among the non-haematopoietic (CD45-) fraction using flow cytometry. This group would 

contain minor population of NG2+ CD146+ pericytes but the majority would be melanoma cells. As 

shown previously in IF, a NG2 versus CD146 plot for 3 different MILNs demonstrated that 

melanoma cells in different samples show different level of NG2 expression (Fig. 4-11).  
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Figure 4-10. Variability of NG2 expression on melanoma cells in MILNs 
MILNs were stained with NG2 and CD146. Blue represents DAPI staining of cell nuclei. The CD146+ cells shown 

in images were identified to be MART1+ and/or Sox10+ in separate experiments. CD146 was stained using the 

antibody clone EPR3208. Data are representative of at least 3 different samples. 

 

Figure 4-11. Variability of NG2 expression on non-haematopoietic cells in 3 different MILNs 
MILN single cells were stained with combination of CD45, NG2 and CD146. Live, single, non-haematopoietic cells 

(CD45-) from 3 different MILNs were plotted on NG2 versus CD146 plot to analyse presence of NG2+ CD146+ 

melanoma cells. The gates were placed using the unstained sample as a reference. Data, for each case, are 

representative of one individual experiment. 

In summary, we have investigated NG2 as a candidate marker to distinguish melanoma cells in 

single cell suspensions of MILNs, but found that this marker was too heterogenous on melanoma 

cells to act as a pan-melanoma marker across multiple samples. Previous studies also reported 

difficulties in separating melanoma and MCs due to lack of specific markers [183,184]. Therefore, 

we decided to exclude melanoma cells rather by their negativity for CD90 (Fig. 4-3), which was 

expressed by the majority of MCs associated with pan-collagen ECM. 
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4.5 Identification of stromal subtypes in melanoma infiltrated lymph 

nodes 

To analyse the phenotypic profile of MCs, we applied the same panel of markers used previously in 

healthy LN stroma to single cell suspensions isolated from 9 heavily infiltrated LNs (‘Heavy’) and 

3 melanoma-associated, but un-infiltrated LNs with no visible melanoma cells and tissue 

abnormalities. We termed the later as ‘Low/Neg’, as these samples may still contain very low 

numbers of melanoma cells (Low) or may be completely free of melanoma infiltrates (Negative).   

Non-haematopoietic (CD45-) and non-endothelial (CD31- CD144-) MCs (CD90+) could be 

identified using a similar gating strategy to healthy LNs (Fig. 4-12).  

 
Figure 4-12. Identifying MCs in human MILNs 
Polychromatic flow cytometry using a panel of 15 markers (Section 2.4.1, Table 2-3) identified non-endothelial, 

CD90+ MCs in MILNs. After excluding cell doublets and dead cells (A), non-haematopoietic cells were identified 

by gating on CD45- cell population (B). A CD31 versus CD144 plot (C) separated non-endothelial cells from 

endothelial cells (D). Finally, melanoma-associated MCs were identified by expression of CD90 (E). The gates 

were placed using FMOs control as a reference. The numbers indicate percentages of cells in each gate. Data are 

representative of at least 3 different samples. 
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The percentages of cells at each gating step are summarised in Table 4-4. The proportion of non-

haematopoietic cells (CD45-) in MILNs varied but, in general, was greater than the proportion of 

non-haematopoietic cells in healthy LNs (<1%). In comparison, the proportion of endothelial cells 

(expressing either CD31 or CD144) was decreased. This is most likely to be due to the presence of 

CD45- CD31- melanoma cells and perhaps also due to the reduction of vasculature. Non-endothelial 

cells (71-99% of CD45- cells) could be split into CD90+ (<1-27%) and CD90- cells. The proportion 

of CD90+ cells, among non-haematopoietic and non-endothelial cells, decreased compared to 

healthy LNs, despite overall tissue fibrosis observed by IF. This, again, is most likely to be due to 

presence of melanoma cells that lack expression of CD90. 

Table 4-4. Percentages of cells at each gating step in MILNs versus healthy LNs 

Sample CD45- cells (%) Non-endothelial cells (%) CD90+ cells (%) 
ML1 32 99 2 
ML2 9 98 <1 
ML3 7 97 3 
ML4 <1 71 25 

ML6-1 33 99 <1 
ML7-1 10 96 2 
ML9 3 85 18 

ML10-1 3 95 5 
ML11 5 85 27 
ML5* <1 40 45 

ML6-2* <1 31 41 
ML10-2* <1 54 41 

L3 <1 31 90 
L4 <1 10 66 
L9 <1 19 43 

CD45- cells, the percentage of non-haematopoietic cells out of total live single cells; non-endothelial cells, 
percentage of CD31- CD144- cells out of total CD45- cells; CD90+ cells, the percentage of CD90+ cells out of total 
non-endothelial cells. The percentage quantification was performed using FlowJo and the numbers were rounded to 
the nearest whole number. 
*Asterix indicates un-infiltrated LNs. These are samples have been isolated from melanoma patients, but did not 
contain any visible melanoma infiltrates or tissue abnormalities. L3, L4 and L9 are healthy LNs, shown in same 
table for comparison. 

The analysis of non-haematopoietic (CD45-) and non-endothelial cells (CD31- CD144-) revealed 

that CD90+ cells can be separated into two distinct groups that show differential expression of CD34 

(Fig. 4-13). Unlike in healthy LNs, we have only analysed cells that express CD90, to exclude 

melanoma cells. A clear population of CD90+ CD34+ cells was visible (Fig. 4-13, black gate). These 

cells were podoplanin+ and CD146-. From the distinctive expression of CD34, we hypothesised that 

CD90+ CD34+ cells may be similar cells to capsular type cells in healthy LNs. When CD90+ CD34- 

cells (Fig. 4-13, blue gate) were plotted for CD146 and podoplanin, it was shown that they contained 

cells that lack expression of podoplanin, while showing high expression of CD146 (Fig. 4-13, green 

gate). This was consistent with the phenotypic profile of pericytes in healthy LNs. The remaining 
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CD90+ CD34- cells were mostly podoplanin+ and expressed varying levels of CD146 (Fig.4-13, red 

gate), representing a heterogeneous population of non-pericytic MCs that often formed 

interconnected networks within regions containing melanoma cells (‘reticular stroma’). This group 

of cells will be referred to as ‘CD34- reticular cells’ from hereafter for simplicity. 

 
Figure 4-13. Identifying subtypes of MCs in MILNs 1 
Polychromatic flow cytometry using a panel of 15 markers (Section 2.4.1, Table 2-3) identified 3 subtype of 

melanoma-associated MCs. CD45- CD31- CD144- melanoma stromal cells (Fig. 4-12) were plotted on CD34 versus 

CD90 to first separate into CD90+ CD34+ and CD90+ CD34- cells (blue). CD146 versus Podoplanin plot revealed 

presence of distinct podoplanin- CD146+ cells (green) among CD90+ CD34- cells. The remaining CD90+ CD34- cells 

were mostly podoplanin+ and expressed varying levels of CD146 (red). The gates were placed using FMO controls 

as a reference. The numbers indicate percentages of cells in each gate or quadrant. Data are representative of at 

least 3 different samples. 

The majority of samples (7 out of 9 heavily infiltrated LNs) did not contain any distinct cluster of 

CD34- CD146- podoplanin- cells, as shown previously in Figure 4-13, whereas 2 heavily infiltrated 

LNs and 2 un-infiltrated LNs contained distinct clusters of CD34- CD146- podoplanin- cells, as 

shown in Figure 4-14. These CD34- CD146- podoplanin- cells expressed CD90, unlike ‘double 

negative’ cells observed previously in healthy LNs (Section 3.4, Fig. 3-10). These cells may also 

be part of heterogenous group of CD34- reticular cells that lack expression of podoplain. However, 

as these cells were very rare, and as the major cluster of cells were podoplanin+, we focussed on 

characterising podoplanin+ CD34- reticular cells for downstream phenotypical analysis.   
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Figure 4-14. Identifying subtypes of MCs in MILNs 2 
Polychromatic flow cytometry using a panel of 15 markers (Section 2.4.1, Table 2-3) identified 3 subtype of 

melanoma-associated MCs. CD45- CD31- CD144- melanoma stromal cells (Fig. 4-12) were plotted on CD34 versus 

CD90 to first separate into CD90+ CD34+ and CD90+ CD34- cells (blue). CD146 versus Podoplanin plot revealed 

presence of distinct podoplanin- CD146+ cells (green) among CD90+ CD34- cells. The remaining CD90+ CD34- cells 

were mostly podoplanin+ and expressed varying levels of CD146 (red). The gates were placed using the FMO 

control as a reference. The numbers indicate percentages of cells in each gate or quadrant. Data are representative 

of 4 samples that contained distinct CD34- podoplanin- CD146- cell clusters. 

To compare data from melanoma samples with data from healthy samples, we have applied the same 

gating strategy to polychromatic flow cytometry data obtained from healthy LNs and excluded 

CD90- cells. When the proportion of each subtype, out of total CD90+ cells, were compared, it was 

revealed that heavily infiltrated LNs (‘Heavy’) generally contain significantly higher proportions of 

CD90+ CD34+ cells compared to healthy LNs (‘Healthy’) (Fig. 4-15A). This was not observed in 

un-infiltrated LNs (‘Low/Neg’) (Fig. 4-15A). No statistically significant difference could be 

observed for the proportions of CD34- reticular cells (Fig. 4-15B) and CD34- podoplanin- CD146+ 

cells (Fig. 4-15C). This difference between the proportion of CD90+ CD34+ cells between healthy 

and melanoma LNs could be due to the majority of CD90+ CD34+ cells in healthy LNs being lost 

during tissue processing, as discussed earlier (Section 3.3). However, this alone would not explain 

the observed difference, as the same tissue digestion procedure was applied to process MILNs. 

Hence, it is possible that there were more CD90+ CD34+ cells in some MILNs compared to healthy 

LNs, which led to the release of more CD90+ CD34+ cells during the tissue digestion process. 
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Figure 4-15. Proportions of MC subtypes in healthy versus heavily infiltrated or un-

infiltrated melanoma LNs 
A percentage of each MC subtype, out of total non-haematopoietic (CD45-), non-endothelial (CD31- CD144-) CD90+ 

cells were calculated and compared between healthy, heavily infiltrated and un-infiltrated melanoma LNs. A, CD90+ 

CD34+ cells; B, CD90+ CD34- reticular cells, C, CD90+ CD34- podoplanin+ CD146+ cells. Each dot on figure 

represents data from different samples (healthy, n=3; heavy, n=9; low/neg, n=3). Error bars indicate standard 

deviation. The statistical significance of differences between 3 groups was assessed using Student’s t-test (unpaired, 

2 tailed). * denotes p-value < 0.05. 

In summary, we were able to separate melanoma MCs into three groups using the same strategy as 

in healthy LNs. These were CD90+ CD34+ cells, CD34- reticular cells and CD34- podoplanin- 

CD146+ cells. We next sought to investigate each of three subtypes further and identify any 

phenotypic and morphological differences from those in healthy LNs. 
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4.6 The phenotypic profile of CD90+ CD34+ cells in melanoma infiltrated 

lymph nodes 

We first analysed CD90+ CD34+ cells that resemble CD34+ capsular type cells in healthy LNs 

(Section 3.2-3). The CD90+ CD34+ cells in each MILN were selected as shown previously (Fig. 4-

13 and 4-14), and were plotted against combinations of podoplanin, CD141, CD146, CD36, CD73, 

CD105 and CD271 to reveal their expression profile. CD90+ CD34+ cells across 9 heavily infiltrated 

LNs were consistently podoplanin+ CD146- and CD36-. The CD90+ CD34+ cells in the majority of 

samples (7 out of 9) were also CD105+ and CD73+. The expression of CD141 and CD271 by CD90+ 

CD34+ cells was variable, with some cells positive and others negative, and also variable between 

different samples, with CD90+ CD34+ cells in some samples expressing greater percentage of CD141 

and CD271 than others (Table 4-5).  

Table 4-5. The variability of CD141 and CD271 expression by CD90+ CD34+ cells in MILNs 

Sample Cell number CD141 (%) CD271 (%) 
ML1 3066 >90 16 
ML2 301 - 56 
ML3 1157 - 62 
ML4 1070 - 26 

ML6-1 380 37 60 
ML7-1 275 88 88 
ML9 316 44 37 

ML10-1 620 25 70 
ML11 2888 18 68 
ML5* 168 34 46 

ML6-2* 116 30 57 
ML10-2* 199 52 71 

-, mostly (>90%) negative 
Numbers for CD141 and CD271 indicate percentages of CD90+ CD34+ cells that are positive for that marker. The 
percentage quantification was performed using FlowJo and the numbers were rounded to the nearest whole number. 
*Asterix indicates un-infiltrated LNs. These are samples have been isolated from melanoma patients, but did not 
contain any visible melanoma infiltrates or tissue abnormalities. 

Figure 4-16 shows the result from 1 sample (ML9) that contained CD90+ CD34+ cells with only 

moderate CD141 and CD271 expression. In comparison, Figure 4-17 show a different sample (ML7-

1) that contained CD90+ CD34+ cells with relatively high CD141 and CD271 expression. Overall, 

the expression of CD271 decreased in both un-infiltrated and heavily infiltrated LNs compared to 

the healthy controls (Fig. 4-18A). The higher proportion of CD90+ CD34+ cells in heavily infiltrated 

LN were positive for CD73 (Fig. 4-18B) and podoplanin (Fig. 4-18C) compared to the healthy 

controls.  
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Figure 4-16. Analysing the phenotype of CD90+ CD34+ cells in MILNs by flow cytometry 1 
CD90+ CD34+ cells of MILNs were plotted against various marker combinations to reveal their phenotypic profile. 

The numbers indicate percentages of cells in each quadrant. Data from 1 sample (ML9) out of 9 heavily infiltrated 

LNs were shown as an example. 

 
Figure 4-17. Analysing the phenotype of CD90+ CD34+ cells in MILNs by flow cytometry 2 
CD90+ CD34+ cells of MILNs were plotted against various marker combinations to reveal their phenotypic profile. 

The numbers indicate percentages of cells in each quadrant. Data from 1 sample (ML7-1) out of 9 heavily infiltrated 

LNs were shown as an example.  

 
Figure 4-18. Comparing the phenotype of CD90+ CD34+ cells in 3 different types of LN 

samples by flow cytometry 
A: CD271, B: CD73, C: Podoplanin. The percentage of CD90+ CD34+ cells expressing each marker was calculated 

by gating the positive population using Flow Jo. The resulting data was compared to the previous data obtained 

from healthy LNs. Each dot on the figure represents data from different samples (healthy, n=3; heavy, n=9; low/neg, 

n=3). Error bars indicate standard deviation. The statistical significance of differences between 3 groups was 

assessed using Student’s t-test (unpaired, 2 tailed). * denotes p-value < 0.05, ** denotes p-value < 0.01, *** denotes 

p-value < 0.001.  
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We then sought to identify the location of CD90+ CD34+ cells in MILNs using IF.  As in the previous 

study [174], non-endothelial (CD31-) mesenchymal (CD90+) cells that express CD34+ were found 

among dense collagen fibres of MILN capsules (Fig. 4-19, A-B). In addition, we observed that 

CD90+ CD34+ cells could be spotted easily in LNs with capsule-like regions (Fig. 4-19, E-F). CD90+ 

CD34+ cells were not present within the reticular stroma. Hence, CD90+ CD34+ cells could not be 

identified in tissue missing capsule, or do not have any capsule-like regions. It was interesting to see 

that although capsular structures were expanded, not all cells in this region expressed CD34, and the 

majority of cells were CD34- (Fig. 4-19, B & D).  

 
Figure 4-19. The location of CD90+ CD34+ cells in MILNs 
MILN sections were stained with pan-collagen (A, C, E), CD31, CD34 and CD90 (B, D, F) to identify the location 

of CD90+ CD34+ cells. CD90+ CD34+ cells were found in the capsule (A-B) or in the capsule-like region (C) of 

MILNs. Blue represents DAPI staining of cell nuclei. White rectangle in images A and E indicate regions where 

images B and F were taken. Image D was taken in the expanded capsular region, as shown in image C. CD31 was 

stained using the antibody clone WM59. CD34 was stained using the antibody clone EP373Y. CD90 was stained 

using the antibody clone Thy-1A1. Data are representative of at least 3 different samples. CA, capsule. 

Performing a direct counter-stain of CD34 with CD73 observed that the majority of CD90+ CD34+ 

cells in MILNs expressed CD73 (Fig. 4-20A). In healthy LNs, we previously observed that the 

majority of CD34+ capsular-type cells expressed CD271. In MILNs, CD34+ CD271+ cells (Fig. 4-

20B) were mixed with CD34+ cells that clearly lacked expression of CD271 (Fig. 4-20C). In addition, 

CD90+ CD34+ cells were also podoplanin+. All these results were consistent with the flow cytometry 

data as shown in Figure 4-18.   
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Figure 4-20. Confirming the phenotype of CD90+ CD34+ cells in MILNs 
MILN sections were stained with CD73 (A), CD271 (B-C), podoplanin (D) and CD34 (A-D) to confirm the 

phenotype of CD90+ CD34+ cells in MILNs. CD90+ CD34+ cells residing in the capsule or capsule-like regions 

expressed CD73 (A), CD271 (B-C) and podoplanin (D) at variable intensity. Blue represents DAPI staining of cell 

nuclei. CD34 was stained using the antibody clone EP373Y. Data are representative of at least 3 different samples. 

In summary, we have identified CD90+ CD34+ cells in MILNs. To our knowledge, this population 

has not previously been described in melanoma tissues. These cells were podoplanin+ CD271+/- 

CD105+ CD73+ but CD146- CD36-. Compared to CD34+ cells in healthy LN, a higher percentage of 

cells expressed CD73 and podoplanin, while a lower percentage of cells expressed CD271. In MILN 

sections, CD90+ CD34+ cells were found residing among dense collagen fibres of capsules or 

capsule-like regions.   
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4.7 The phenotypic profile of CD34- reticular cells in melanoma infiltrated 

lymph nodes 

Next, we examined CD34- reticular cells using the same strategy. CD34- reticular cells across 9 

heavily infiltrated LNs were consistently podoplanin+ CD105+ and CD36-. The expression of CD146, 

CD73, CD141 and CD271 by CD34- reticular cells was variable, with some cells positive and others 

negative, and also variable between different samples, with CD34- reticular cells in some samples 

showing higher expression than others (Table 4-6).  

Table 4-6. The variability of CD146, CD141, CD73 and CD271 expression by CD34- reticular 

cells in MILNs 

Sample Cell number CD146 (%) CD141 (%) CD73 (%) CD271 (%) 
ML1 821 64 51 23 79 
ML2 76 51 46 70 88 
ML3 77 83 - 62 78 
ML4 225 46 51 - 40 

ML6-1 314 81 56 49 72 
ML7-1 1148 27 65 62 55 
ML9 487 64 22 79 16 

ML10-1 417 61 66 21 77 
ML11 7733 60 69 31 >90 
ML5* 178 78 69 12 69 

ML6-2* 86 49 >90 - 33 
ML10-2* 284 87 >90 - >90 

-, mostly (>90%) negative 
Numbers indicate percentages of CD90+ CD34+ cells that are positive for the marker. The percentage quantification 
was performed using FlowJo and the numbers were rounded to the nearest whole number. 
*Asterix indicates un-infiltrated LNs. These are samples have been isolated from melanoma patients, but did not 
contain any visible melanoma infiltrates or tissue abnormalities. 

Figure 4-21 shows data from 1 sample (ML9) that contained CD34- reticular cells with variable 

expression of CD146, CD73, CD141 and CD271. Figure 4-22 show CD34- reticular cells from 

another sample (ML7-1), which again showed variable expression of aforementioned markers, but 

with different percentages of positive cells. Unlike CD90+ CD34+ cells, the proportion of CD34- 

reticular cells showing positive expression of CD271 (Fig. 4-23A) in heavily infiltrated LNs were 

not changed compared to control and un-infiltrated LNs. Few melanoma LN samples showed 

reduction of CD271 expression (Fig. 4-23A) but this was not observed consistently across different 

samples. There was a statistically significant increase in CD73 expression in heavily infiltrated LNs 

(Fig. 4-23B) but like CD271, the upregulation of CD73 was not consistent across different MILN 

samples, with some showing high expression of CD73 and others showing very low expression of 

CD73.  
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Figure 4-21. Analysing the phenotype of CD34- reticular cells in MILNs by flow cytometry 1 
CD34- reticular cells of MILNs were plotted against various marker combinations to reveal their phenotypic profile. 

The numbers indicate percentages of cells in each quadrant. Data from 1 sample (ML9) out of 9 heavily infiltrated 

LNs were shown as an example. 

 
Figure 4-22. Analysing the phenotype of CD34- reticular cells in MILNs by flow cytometry 2 
CD34- reticular cells of MILNs were plotted against various marker combinations to reveal their phenotypic profile. 

The numbers indicate percentages of cells in each quadrant. Data from 1 sample (ML7-1) out of 9 heavily infiltrated 

LNs were shown as an example. 

 
Figure 4-23. Comparing the phenotype of CD34- reticular cells in 3 different types of LN 

samples by flow cytometry 
A: CD271, B: CD73. The percentage of CD34- reticular cells expressing each marker was calculated by gating the 

positive population using Flow Jo. The resulting data was compared to the previous data obtained from healthy LNs. 

Each dot on the figure represents data from different samples (healthy, n=3; heavy, n=9; low/neg, n=3). Error bars 

indicate standard deviation. The statistical significance of differences between 3 groups was assessed using 

Student’s t-test (unpaired, 2 tailed). * denotes p-value < 0.05. 
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We performed a direct counter-stain with CD34 to identify the distribution of (CD90+) CD34- 

reticular cells in MILNs. The direct counter-stain with CD34 also helped to exclude CD90 

expression from vasculature, as CD34 labels blood endothelial cells. In the tissue, CD34- reticular 

cells were the most abundant subtype of CD90+ MCs, present in both capsule-like regions (Fig. 4-

24A) and among melanoma cells as reticular stroma (Fig. 4-24B). The density of CD34- reticular 

cells varied between different regions and between different samples (Fig. 4-24, B-C). 

 
Figure 4-24. The location and organisation of CD34- reticular cells in MILNs 
MILN sections were stained with CD90 and CD34 (A-C) to analyse the distribution of CD90+ CD34- reticular cells 

in MILNs. CD34- reticular cells constituted the majority of CD90+ MCs, present in both capsule-like regions (A) 

and in regions filled with melanoma cells (B-C). As observed previously, the CD34- reticular cells often formed 

inter-connected reticular stroma at high density (B). Blue represents DAPI staining of cell nuclei. The images A-C 

were taken from different regions of the same sample. CD90 was stained using the antibody clone Thy-1A1. CD34 

was stained using the antibody clone EP373Y. Data are representative of at least 3 different samples. 

Polychromatic flow cytometry analysis indicated that CD34- reticular cells in MILNs express CD73, 

unlike CD34- cells in healthy LNs (Section 3.4, Fig. 3-11A). We therefore sought to analyse CD73 

expression on CD34- reticular cells by performing a direct counter-stain of CD73 with CD90 and 

CD34. We confirmed that CD34- reticular cells in MILNs can express CD73 (Fig. 4-25). The level 

of expression varied between different regions of the same sample and between different samples 

(Fig. 4-25, A-B). In general, CD34- reticular cells found in capsule-like regions expressed higher 

level of CD73 (Fig. 4-25A), than those among melanoma cells (Fig. 4-25B).  
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Figure 4-25. Expression of CD73 on CD34- reticular cells in MILNs 
MILN sections were stained with CD90 and CD73 (A-B). CD34- reticular cells often showed bright expression of 

CD73 in capsule-like regions (A). The level of CD73 expression on those among melanoma cells (reticular stroma) 

were more variable (B). Grey represents DAPI staining of cell nuclei (A-B). The images A-B were taken from two 

different MILN samples. The region shown in (A) was identified as the region containing dense collagen fibres in 

previous analyses. CD34 was stained using the antibody clone EP373Y. CD90 was stained using the antibody clone 

Thy-1A1. Data are representative of at least 3 different samples. 

CD271 was another marker that showed variable expression on CD34- reticular cells depending on 

the region (Fig. 4-26, A-B). However, unlike CD73, the majority of CD34- reticular cells found in 

capsule-like regions, excluding melanoma cells, were CD271- (Fig. 4-26B). 

 
Figure 4-26. Expression of CD271 on CD34- reticular cells in MILNs 
MILN sections were stained with CD90 and CD271 (A-B). CD34- reticular cells expressed varying level of CD271 

(A-B). The expression was often dim in capsule-like regions (B). Grey represents DAPI staining of cell nuclei (A-

B). The images A-B were taken from different regions of same MILN sample. The region shown in (B) was 

identified as the region containing dense collagen fibres in previous analyses. CD34 was stained using the antibody 

clone EP373Y. CD90 was stained using the antibody clone Thy-1A1. Data are representative of at least 3 different 

samples. 
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CD34- reticular cells in healthy LNs, including FRCs, FDCs and MRCs, express adhesion molecules, 

such as ICAM1 and VCAM1, which support the adhesion of T cells [43]. We analysed whether 

CD34- reticular cells in MILNs express ICAM1 and VCAM1 by IF (Fig. 4-27).  

(CD90+) CD34- reticular cells in various MILNs only showed dim expression for ICAM1 and 

VCAM1 (Fig. 4-27, A-B). CD34- reticular cells that are embedded within capsule-like regions 

especially lacked expression of these 2 markers (Fig. 4-27B). Some regions in heavily infiltrated 

LNs still showed high ICAM1 and VCAM1 expression and these were frequently near the T cell 

clusters (CD3+) (Fig. 4-27C). ICAM1 expression was also found on CD90- melanoma cells in all 

heavily infiltrated LNs with visible melanoma cells (MART1+ Sox10+ or MART1- Sox10+) (Fig. 4-

27D). Hence, CD90- melanoma nests often expressed higher level of ICAM1 compared to CD34- 

reticular cells, creating an interesting contrast (Fig. 4-27A).  
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Figure 4-27. Expression of ICAM1 and VCAM1 on CD34- reticular cells 
MILN sections were stained with ICAM1 (A-D), VCAM1 (A-D), CD90 (A-B), CD3 (C), Sox10 (D) and MART1 

(D) to analyse expression of ICAM1 and VCAM1 on CD34- reticular cells. The expression of ICAM1 and VCAM1 

was often very low on CD34- reticular cells (A), particularly on those in capsule-like regions (B). CD34- reticular 

cells that express both ICAM1 and VCAM1 could be spotted near clusters of T cells (CD3+) (C). Melanoma cells 

(MART1+ Sox10+) also expressed ICAM1 in all samples analysed (D). Grey represents DAPI staining of cell nuclei 

(A-D). The region shown in (B) was identified as the capsule-like region, composed of mostly CD90+ CD34- cells, 

in previous analysis. CD90 was stained using the antibody clone Thy-1A1. CD3 was stained using the antibody 

clone MRQ-39. MART1 was stained using the antibody clone A103. Data are representative of 3 different samples. 

In summary, (CD90+) CD34- reticular cells in MILNs showed some phenotypic differences from 

(CD90+) CD34- podoplanin+ cells (FRCs) in healthy LNs. They showed altered morphology, showed 

high expression of CD73, and dim or no expression of ICAM1 and VCAM1. If CD34- reticular cells 

in MILNs were derived from FRCs, then these data suggest that they have been altered by melanoma 

cells.  
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4.8 The phenotypic profile of pericytes in melanoma infiltrated lymph 

nodes 

Finally, we examined (CD90+) CD34- podoplanin- CD146+ cells that show phenotypic resemblance 

to pericytes healthy LNs (Section 3.5). Using the strategy described previously (Section 4.6), CD34- 

podoplanin- CD146+ cells were analysed against combinations of markers to reveal their phenotypic 

profile (Table 4-7, Fig. 4-28 & Fig. 4-29). CD34- podoplanin- CD146+ cells across 9 heavily 

infiltrated LNs could be divided into CD36+ and CD36- cells, as in healthy LNs.  

The expression level of CD105, CD271, CD141 and CD73 were variable (Table 4-7). For CD105 

expression, some CD34- podoplanin- CD146+ cells were CD105dim while others were CD105hi, but 

there was no clear split of CD105+ and CD105- expression in any of the samples examined. For 

CD73 expression, 3 out of 9 samples (ML7-1, ML9 and ML11) contained minor population of 

CD73+ cells (Fig. 4-28, CD73 versus CD271 plot), but the majority were CD73- (Fig. 4-29, CD73 

versus CD271 plot). 

The phenotypic profile of CD34- podoplanin- CD146+ cells in MILNs were similar to pericytes in 

healthy LNs. No significant difference could be found for the proportion of CD36+ cells (Fig. 4-

30A), which may suggest that proportion of arterial and venous vasculature have not been altered 

significantly following melanoma infiltration.  The only statistically significant difference was the 

slightly elevated proportion of CD105+ CD146+ cells in heavily infiltrated LNs compared to healthy 

LNs (Fig. 4-30B). 

Table 4-7. The variable phenotypic markers of CD34- podoplanin- CD146+ cells in MILNs 

Sample Cell number CD105 (%) CD271 (%) CD141 (%) CD73 (%) 
ML1 835 90 63 95 - 
ML2 32 >90 62 9 - 
ML3 165 >90 31 5 - 
ML4 281 64 16 29 - 

ML6-1 314 76 44 80 - 
ML7-1 282 62 24 92 15 
ML9 338 72 10 57 28 

ML10-1 141 87 36 78 - 
ML11 1024 86 62 33 17 
ML5* 96 77 55 52 21 

ML6-2* 82 61 66 29 - 
ML10-2* 340 72 66 55 - 

-, mostly (>90%) negative 
Numbers indicate percentages of CD90+ CD34+ cells that are positive for the marker. The percentage quantification 
was performed using FlowJo and the numbers were rounded to the nearest whole number. 
*Asterix indicates un-infiltrated LNs. These are samples have been isolated from melanoma patients, but did not 
contain any visible melanoma infiltrates or tissue abnormalities. 
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Figure 4-28. Analysing CD34- podoplanin- CD146+ cells in MILNs by flow cytometry 1 
CD34- podoplanin- CD146+ cells of MILNs were plotted against various marker combinations to reveal their 

phenotypic profile. The numbers indicate percentages of cells in each quadrant. Data (ML9) are representative of 3 

different samples. 

 
Figure 4-29. Analysing CD34- podoplanin- CD146+ cells in MILNs by flow cytometry 2 
CD34- podoplanin- CD146+ cells of MILNs were plotted against various marker combinations to reveal their 

phenotypic profile. The numbers indicate percentages of cells in each quadrant. Data (ML6) are representative of 6 

MILN samples, where the majority of CD34- podoplanin- CD146+ cells were CD73-.  

 
Figure 4-30. Comparing the phenotype of CD34- podoplanin- CD146+ cells in 3 different 

types of LN samples by flow cytometry 
A: CD36 and B: CD105. The percentage of CD34- podoplanin- CD146+ cells expressing each marker was calculated 

by gating the positive population using Flow Jo. The resulting data was compared to the previous data obtained 

from healthy LNs. Each dot on the figure represents data from different samples (healthy, n=3; heavy, n=9; low/neg, 

n=3). Error bars indicate standard deviation. The statistical significance of differences between 3 groups was 

assessed using Student’s t-test (unpaired, 2 tailed). ** denotes p-value < 0.01. 
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Next, we sought to analyse the location of CD34- podoplanin- CD146+ cells in MILNs and confirm 

whether these cells are melanoma-associated pericytes. We stained MILNs with CD146, CD31 and 

podoplanin and found that these cells resided in the perivascular regions and are indeed pericytes 

(Fig. 4-31A). A common view of pericytes in the TME is that the extent of pericyte coverage is 

diminished due to various factors released by tumour cells, which stimulate aberrant angiogenesis 

[26,101]. In the samples we have analysed, the majority of the intratumoural vasculature were 

covered with CD146+ podoplanin- cells (Fig. 4-31A, arrowhead). But there were also rare vessels 

that were not surrounded by CD146+ cells (Fig. 4-31B, the arrow points to cells adjacent to CD31+ 

endothelial cells, but lack expression of CD146). These vessels may have very sparse pericyte 

coverage or, alternatively, they may be covered by pericytes that lost expression of CD146.  

 
Figure 4-31. Pericytes in MILNs 
MILN sections were stained with CD146, CD31 and podoplanin to identify the location of CD34- podoplanin- 

CD146+ cells in MILNs. Grey represents DAPI staining of cell nuclei (A-B). The images A-B are taken from 

different regions of the same tissue sample. Arrowheads in (A) points to CD31- CD146+ podoplanin- pericytes. 

Arrows in (B) point to cells that are adjacent to CD31+ endothelial cells, but show no expression of CD146. CD31 

was stained using the antibody clone WM59. CD146 was stained using the antibody clone EPR3208. Data are 

representative of at least 3 different samples.   
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We next analysed whether melanoma pericytes can express CD36 or NG2. Staining MILNs with 

CD36 or NG2 with CD146 and CD31 showed that both markers are still expressed on CD146+ 

pericytes blood vessels within regions containing melanoma cells (Fig. 4-32, A-B). As described 

previously, co-expression of NG2 and CD146 were also observed on melanoma cells (Fig. 4-32A).  

 
Figure 4-32. NG2+ and CD36+ pericytes in MILNs 
MILN sections were stained with NG2 (A), CD36 (B), CD146 (A-B) and CD31 (A-B) to analyse expression of 

NG2 and CD36 on pericytes. The results confirmed that both NG2 and CD36 can be expressed on pericytes (CD146+) 

surrounding the vasculature (CD31+) of MILNs. Grey represents DAPI staining of cell nuclei (A-B). CD31 was 

stained using the antibody clone WM59. CD146 was stained using the antibody clone EPR3208. Data are 

representative of at least 3 different samples. 

In the previous healthy LN chapter, we described the presence of SMCs residing in the capsular 

region (Section 3.6). An interesting observation in 2 MILNs was the thickening of these capsular 

SMCs (Fig. 4-33). These cells were located above the CD31+ subcapsular sinus and showed bright 

CD146 (Fig. 4-33A) and α-SMA expression (Fig. 4-33C) while lacking expression of CD34 (Fig. 

4-33B) and showing only dim expression of CD90 (Fig. 4-33C) compared to CD90+ capsular MCs. 

These cells did not express melanoma markers, MART1 and Sox10 (data not shown) and could be 

differentiated from vSMCs (Fig. 4-33D, right panel), as they lacked expression of NG2 (Fig. 4-33D, 

left panel). The average thickness of these capsular SMCs in two MILNs, measured using ImageJ 

(Section 2.5.4), were approximately 167 µm and 182 µm respectively, whereas the thickness of 

capsular SMCs in human LNs were approximately 50 µm or less. 
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Figure 4-33. Expanded capsular SMCs in 2 MILNs 
MILN sections were stained with CD146 (A & D), CD31 (A), CD90 (B-C), CD34 (B), α-SMA (C) and NG2 (D) to 

examine capsular SMCs. Capsular-SMCs were expanded in two samples analysed. These cells expressed bright 

CD146 (A) and α-SMA (C), while showing dim or no expression of CD90, CD34 (B) and NG2 (D). Blue represents 

DAPI staining of cell nuclei (A-D). The images A-C were taken from the same region. The average thickness of 

SMCs were measured using a ‘straight line’ tool in ImageJ. CD31 was stained using the antibody clone WM59. 

CD146 was stained using the antibody clone EPR3208. CD34 was stained using the antibody clone EP373Y. CD90 

was stained using the antibody clone Thy-1A1 (A-B) and F15-42-1 (C). Data are representative of 2 different 

samples.   
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In summary, we have successfully stained CD34- podoplanin- CD146+ pericytes and capsular SMCs 

in MILNs. Unlike CD90+ CD34+ cells and CD34- reticular cells, the phenotypic profile of these cells 

were similar to CD34- podopolanin- CD146+ pericytes in healthy LNs. An interesting observation 

was the expansion of capsular SMCs. When melanoma cells enter LNs through afferent lymphatics 

and lodge in the subcapsular sinus, both the soluble factors secreted by melanoma cells and the 

physical constraint exerted by the increasing mass of melanoma aggregates may stimulate expansion 

of capsular structures. Although increase in hilar SMCs has been described previously in human 

LNs isolated from both healthy donors and breast cancer patients [163], this is the first study to 

report expansion of capsular SMCs in human melanoma LNs.  
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4.9 Markers of activated mesenchymal stromal cells 

The expansion of MCs and associated collagen deposits, as well as altered phenotypic markers 

suggest that LN stroma has been changed following melanoma infiltration. We next sought to 

investigate whether MCs had become activated. After selecting 3 subtypes of MCs in MILNs, using 

the gating strategy described earlier, cells were plotted against FAP and CD26 (Fig. 4-34, A-C, left 

column). This revealed the presence of FAP+ cells in CD34+ cells and CD34- reticular cells. CD34+ 

cells expressing both FAP and CD26 were observed in all heavily infiltrated LNs (Fig. 4-34A, left). 

In comparison, CD34- reticular cells in majority of samples lacked expression of CD26, as shown 

in Figure 4-34B. In 2 out of 9 heavily infiltrated LNs, there were minor population of CD34- reticular 

cells that express both FAP and CD26 (Fig. 4-35).  

Only 1 out of 9 heavily infiltrated LN contained FAP+ pericytes (Fig. 4-34C, left). Plotting data 

against FAP and CD36 in this particular sample showed that FAP+ pericytes form separate 

population from CD36+ pericytes, but also can co-express CD73 (Fig. 4-34C). In comparison, the 

majority of CD34+ cells were FAP+ CD73+ (Fig. 4-34A). CD34- reticular cells from 4 samples 

contained a subgroup of FAP+ CD73+ cells, while the other samples showed variable expression of 

two markers or were FAP- CD73- (Fig. 4-34B). 
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Figure 4-34. FAP and CD26 expression on 3 populations of MCs in MILNs 
CD90+ CD34+ cells (A), CD90+ CD34- reticular cells (B) and CD90+ CD34- podoplanin- CD146+ cells (C) were 

identified using strategies described in previous sections. Cells were each plotted against FAP versus CD26, CD36 

or CD73 to identify the presence of any activated MCs. The numbers indicate percentages of cells in each quadrant. 

Data from 1 sample (ML9) out of 9 heavily infiltrated LNs were shown as an example. 
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Figure 4-35. FAP and CD26 expression on CD34- reticular cells 2 
CD90+ CD34- reticular cells were identified using strategies described in previous sections. Cells were each plotted 

against FAP versus CD26, CD36 or CD73 to identify the presence of any activated MCs. The numbers indicate 

percentages of cells in each quadrant. Data (ML7-1) are representative of 2 different heavily infiltrated LNs, which 

contained a minor population of FAP+ CD26+ CD34- reticular cells. 

Since rare (CD90+) CD34+ capsular type cells in healthy LNs are also capable of expressing FAP, 

we wanted to analyse whether the percentage of FAP positive cells was consistently higher in the 

melanoma LNs compared to the healthy LNs. The percentages of FAP+ (Fig. 4-36A) or CD26+ (Fig. 

4-36B) cells were quantified among CD90+ CD34+ cells (Fig. 4-36, left column) or CD34- reticular 

cells (Fig. 4-36, right column) using Flow Jo. When the results from different groups were compared, 

it was revealed that there are significantly higher proportions of FAP+ or CD26+ cells in CD90+ 

CD34+ cells in heavily infiltrated LNs compared to both healthy and un-infiltrated LNs. Interestingly, 

the FAP expression on CD34- reticular cells was more variable compared to that on CD90+ CD34+ 

cells. Although some samples showed high FAP expression, others showed only low FAP 

expression even when heavily infiltrated (Fig. 4-36A, right). It was also interesting that some CD34+ 

cells in un-infiltrated LNs have gained CD26 expression (Fig. 4-36B, left) compared with health 

LNs. This observation suggests that phenotypical changes of LN stroma may begin prior to actual 

melanoma infiltration.  
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Figure 4-36. Comparing the percentage of FAP+ or CD26+ MCs in MILNs and healthy LNs  
CD34+ cells and CD34- reticular cells were each identified using the previously described gating strategy (Fig. 4-12 

& 13), then the percentage of cells expressing FAP or CD26 was determined by gating the positive population using 

Flow Jo. Each dot on the figure represents biological replicates (control (healthy), n=3; heavy, n=9; low/neg, n=3). 

Error bars indicate standard deviation. The statistical significance of differences between experiments was assessed 

using Student’s t-test (unpaired, 2 tailed). * denotes p-value < 0.05, ** denotes p-value < 0.01, *** denotes p-value 

< 0.001. 

We next sought to confirm these observations in MILNs using IF. In heavily infiltrated LNs, strong 

FAP expression was observed in the capsule, surrounding both healthy and melanoma regions (Fig. 

4-37, A-B). The majority of cells in capsule-like regions, lacking melanoma cells, have also gained 

expression of FAP (Fig. 4-37C). In addition, bright perivascular FAP+ cells were observed in the 

un-infiltrated parenchymal region of one MILN (Fig. 4-37D). This expression was unique because 

non-perivascular cells were clearly FAP- , as expected from reticular cells (FRCs) of healthy LNs. 

Examination of DAPI stain suggested that FAP+ cells are forming the adventitial layer (Fig. 4-37D, 

right panels, arrowhead), surrounding 2 inner cellular layers that are  FAP- (Fig. 4-37D, right panels, 

arrow points to cells forming the innermost layer).  
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Figure 4-37. FAP expression in regions containing dense collagen fibres 
MILN sections were stained with FAP (A-D) to identify the location of FAP+ cells in MILNs. The majority of cells 

in capsule (A-B) and capsule-like regions (C) were FAP+. In one particular sample, FAP+ cells were surrounding 

the vasculature in regions not infiltrated by melanoma cells (D). Blue (A-C) or grey (D) represents DAPI staining 

of cell nuclei. Arrows in (D) point to the nuclei (DAPI+) of endothelial cells and arrowheads point to the nuclei of 

FAP+ cells around the vasculature. FAP was stained using the antibody clone F19. Data are representative of at least 

3 different samples, except D. 

A direct counter-stain with CD34 revealed the presence of CD34+ FAP+ dual positive cells (Fig. 4-

38A). A subsequent staining with CD26 revealed that some CD90+ CD34+ cells are also CD26+ (Fig. 

4-38B). The perivascular FAP+ cells, shown previously in Figure 4-37D, lacked expression of CD34, 

which labels adventitial cells in healthy LNs (Fig. 4-38C). However, a direct counter-stain with 
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CD34 did confirm that these FAP+ cells are located in the adventitial layer, surrounding CD34+ 

vascular endothelial cells (Fig 4-38C, right panels, green (CD34+) cells forming the innermost layer) 

and CD34- FAP- pericytes (Fig. 4-38C, right panels, arrowhead).  

 
Figure 4-38. FAP and CD26 expression in thick capsules and capsule-like regions 
MILN sections were stained with CD34 (A-C), FAP (A, C) and CD26 (B) to examine expression of activation 

markers (FAP, CD26) on CD90+ CD34+ cells. CD90+ CD34+ cells in MILNs expressed FAP (A) and CD26 (B). 

The perivascular FAP+ cells observed in one particular MILN were residing in the adventitial layer, but did not 

express CD34 (C). Blue represents DAPI staining of cell nuclei (A-C). Arrowheads in (C) point to CD34- FAP- 

pericytes, located in between CD34+ blood endothelial cells and CD34- FAP+ adventitial cells. FAP was stained 

using the antibody clone F19. CD34 was stained using the antibody clone 581. Data are representative of at least 3 

different samples, except C. 

FAP was expressed on CD34- reticular cells in all heavily infiltrated LNs (Fig. 4-39, A & C), with 

variable intensity across different regions of same tissue (Fig. 4-39, A versus B & C versus D). There 

was no clear division between FAP+ and FAP- cells. Co-expression of CD26 was not observed on 

these CD34- FAP+ reticular cells, suggesting that FAP+ CD26+ CD34- reticular cells, if present, are 

very rare (Fig. 4-39E).  
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Figure 4-39. FAP and CD26 expression on CD34- reticular cells 
MILN sections were stained with FAP (A-E), CD90 (A-D), CD34 (A-E) and CD26 (E) to examine the expression 

of FAP and CD26 on CD34- reticular cells. Some CD34- reticular cells expressed high FAP (A & C) while others 

in same tissue expressed dim FAP (B & D). CD26 expression was absent on the majority of CD34- FAP+ reticular 

cells (E). Grey represents DAPI staining of cell nuclei (A-E). Images A and B were taken from different regions of 

same tissue. FAP was stained using the antibody clone F19. CD90 was stained using the antibody clone Thy-1A1. 

CD34 was stained using the antibody clone 581. Data are representative of at least 3 different samples. 

Since the activation of MCs is related to increased rate of proliferation [2], we next analysed whether 

any MCs express ki-67 in MILNs. The majority of CD90+ CD34+ cells and (CD90+) CD34- reticular 

cells in melanoma LN were ki-67- (Fig. 4-40, A and C), although rare cells were ki-67+ (Fig. 4-40, 

B-C). In comparison, the adjacent CD90- melanoma cells were often ki-67+ (Fig. 4-40B). 
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Figure 4-40. Ki-67 expression on melanoma-associated MCs 
MILN sections were stained with ki-67 (A-C), CD90 (A-C) and CD34 (C) to analyse the proliferative status of MCs. 

The majority of CD90+ MCs, residing in capsule-like regions (A, C) and among melanoma cells as reticular stroma 

(B) were ki-67-. In comparison, the majority of melanoma cells expressed bright ki-67 (B, CD90- cells). Grey 

represents DAPI staining of cell nuclei. CD90 was stained using the antibody clone Thy-1A1. CD34 was stained 

using the antibody clone EP373Y. Data are representative of at least 3 different samples. 

In summary, we have observed higher expression of FAP on CD90+ CD34+ cells and CD34- reticular 

cells of melanoma LNs compared to healthy LNs. FAP expression by melanoma-associated MCs 

has been reported previously [101] but to the best of our knowledge, this study is the first to describe 

FAP upregulation on CD90+ CD34+ cells. We have also observed upregulation of related molecule 

CD26 on the surface of CD90+ CD34+ cells. The elevation of these markers strongly suggests that 

LN MCs were activated following melanoma infiltration. Activated MCs typically show increased 

rates of proliferation, and increased production of ECM and ECM modulatory enzymes [2]. The 

emergence of activated MCs, therefore, matches the histological observation of increased MCs and 

ECM in heavily infiltrated LNs.   
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4.10 Discussion 

By analysing heavily infiltrated LNs, we observed an overall increase in the density of the tissue 

collagen and associating CD90+ stromal cells. Despite a substantial change in the tissue composition, 

we could identify three subtypes of melanoma-associated MCs (CD90+) by polychromatic flow 

cytometry using a similar strategy as in healthy LNs. These were (1) CD90+ CD34+ cells, (2) CD90+ 

CD34- podoplanin- CD146+ cells and (3) the remaining CD90+ CD34- reticular cells showing 

variable expression of CD146 (Table 4-8). Not only were they phenotypically similar, but they were 

also residing in similar locations in tissue.  

Table 4-8. Summary of phenotype of MCs in MILNs 

 Consistent phenotype Variable phenotype 
CD90+ CD34+ cells CD34+, Podoplanin+, CD105+, 

CD73+, CD146-, CD36- 
CD271var, CD141var, FAPvar, 
CD26var 

CD34- reticular cells CD34-, Podoplanin+, CD105+, 
CD26-, CD36- 

CD146var, CD73var, CD271var, 
CD141var, FAPvar 

CD34- podoplanin- 
CD146+ cells 

CD34-, Podoplanin-, CD146+, 
CD73-, FAP-, CD26-, 

CD271var, CD105var, CD141var, 

The ‘consistent phenotype’ refers to marker expression that is observed consistently across different samples. The 
‘variable phenotype’ refers to marker expression that shows variability within and between different samples.  

The key difference observed was the lack of expression of immune cell related markers (ICAM1 

and VCAM1) on CD34- reticular cells and the increase in the percentage of both CD34+ and CD34- 

reticular cells expressing markers of activated MCs (FAP and/or CD26) (Table 4-9). 

Table 4-9. Summary of phenotypical changes observed in melanoma-associated MCs 

compared to healthy LN MCs 

 Increased Decreased 
CD34+ cells FAP, CD26, CD73, 

Podoplanin, CD271 
 

CD34- reticular cells FAP, CD73 ICAM1, VCAM1 
CD34- podoplanin- CD146+ cells CD105  
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4.10.1 Changes in stromal architecture with melanoma infiltration 

Overall, the expansion of collagen fibres and associating stroma was common in heavily infiltrated 

LNs (Section 4.3.2). There were two different type of expanded collagenous areas. One was dense 

collagen fibres and stromal cells arranged into parallel layers. These were observed either in the 

thick capsule of MILNs or in the inner regions, sometimes between large infiltrates of melanoma 

cells but not intermingled amongst them. We termed the later as capsule-like regions. The second 

type was reticular stroma of various thickness. These structures were (1) closely associated with 

blood vasculature, (2) appeared to be interconnected and (3) often intermingled amongst melanoma 

clusters of varying sizes. Even among the extensively infiltrated LNs, there were donor dependent, 

and sample dependent differences in the stromal architecture.  

The findings of this study reveal further complexity and diversity of the stromal architecture of 

MILNs that has not previously been addressed in detail. The difference in the stromal density could 

be due to the differing ability of melanoma cells to secrete pro-fibrotic factors, such as TGFβ1 [103]. 

Alternatively, certain types of melanoma cells may be more potent in producing their own ECM. 

For example, in vitro cultured human melanoma cells were capable of producing several ECM 

components [190] and melanoma cells were observed to produce their own ECM in vivo in zebrafish 

xenograft study [191]. 

The appearance of tumours as being ‘fibrotic’, and containing dense ECM, has been correlated with 

bad prognosis for many cancers [64]. The ECM not only determines the architecture of the tissue, 

but the cell-ECM interaction mediates a number of biological functions, including the recruitment 

of immune cells [64,192]. The tumour promoting activity of fibrotic stroma was demonstrated 

previously in a mouse study, using melanoma cells secreting high level of TGFβ1 [103]. In severe 

combined immune-deficient (SCID) mice, the TGFβ1 secreting melanoma cells induced a formation 

of a dense stroma and showed an increased survival and proliferation compared to melanoma cells 

that do not express TGFβ1 [103]. In the analysis of The Cancer Genome Atlas (TCGA) data set, 

containing transcriptomes from 458 melanoma samples, the enrichment of ECM genes, such as 

COL1A1, COL3A1 and COL4A1, was associated with reduced patient survival [193]. The analysis 

of gene enrichments and in vitro cell lines further showed that dense ECM induces microphthalmia-

associated transcription factor (MITF) [193], a melanocyte-specific transcription factor that can 

drive proliferation of melanoma cells [194]. Overall, the literature evidences suggest that MCs and 

the ECM may be linked to patient responses. In the current study, we have demonstrated the 

variability of stromal organisation in samples isolated from different patients, including regional 

variation of dense, parallel fibres and reticular fibres. In future, it would be crucial to investigate 

how this finer resolution of stromal distribution affects prognosis.   
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4.10.2 Spatial relationship of T cells and mesenchymal stromal cells 

The study of the physical location of T cells in the TME is important because the degree and the 

phenotype of T cell infiltration into tumours is critical for the anti-tumour immune response and it 

determines how well the patient responds to the checkpoint blockade therapies [68]. This applies to 

many different types of cancers but particularly for melanoma where patients who did not respond 

as well to treatment had a low number of intratumoural T cells [68].  

In general, intratumoural T cells showed high spatial association with MCs and collagen fibres 

(Section 4.3.3, Fig. 4-8). As with the stromal architecture, a donor-dependent and sample dependent 

variability was observed for the degree of spatial association of T cells and MCs. The variation was 

also observed between different regions of the same tissue. The close association was most obvious 

in samples containing high density of reticular stroma. Such correlation between the distribution of 

T cells and stroma has been observed in several other cancers, particularly lung [74] and pancreatic 

cancers [75], which led to the idea that stromal cells may determine position of T cells in the TME.  

The relationship between T cells and melanoma-associated MCs has been investigated previously 

by Samaniego and colleagues [101]. In their study, the degree of intratumoural density of T cells 

was positively correlated with the amount of collagen-1 expressed by intratumoural MCs in the 

tissue. In addition, in vitro analysis showed that T cells layered on a heterogeneous co-culture of 

melanoma and MCs follow straighter paths of migration than on a homogenous monoculture of 

melanoma cells. This migratory behaviour was dependent on integrins [101]. Because of these 

observations, they have proposed that MCs act as ‘pathways’ for guiding T cell migration into deep 

tumour regions. This idea is closely associated with the normal physiological role of FRCs [43], 

which produce various factors that modulate T cell homeostasis (e.g. IL7) and migration (e.g. 

CCL19) [195]. When T cells enter LNs via high endothelial venules (HEVs), they survey the organ 

following pathways created by the FRC network [43,196].  

However, this idea alone does not explain why the high density of stroma in tumours is generally 

associated with worse disease prognosis. From our images, the presence of dense reticular stroma 

appears to ‘trap’ T cells, preventing them from intermingling with melanoma cells. It is therefore 

likely that certain melanoma-associated MCs are blocking T cell entry into melanoma clusters, rather 

than simply acting as pathways. This may be due to the increased density and the ‘abnormal’ 

orientation of collagen. In vitro studies of T cell migration in 3D collagen matrices suggested that T 

cells migrate through pores in collagen by changing its shape, rather than degrading the matrix 

[73,197]. If the matrix is too dense, then T cells changed the direction of migration, rather than 

moving through the matrix [73,197]. The effect of collagen density on T cells was shown most 
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obviously in capsule-like regions, where the T cells showed ‘elongated’ morphology and were 

oriented in the direction same as adjacent fibres. The dense reticular stroma may also exert similar 

effect on T cells, making it easier for T cells to move within the stromal network, than to cross the 

matrix into melanoma nests. In addition, MCs of reticular stroma may secrete immune repulsive 

chemokines. This idea was proposed previously in the study of pancreatic cancers, where pancreatic 

MCs produced CXCL12 [75]. CXCL12 was then deposited at high concentrations on pancreatic 

cancer cells, creating a ‘chemorepulsive gradient’ and preventing T cell entry [75].  

In summary, the current literature suggests that there are broadly two different types of MCs in the 

TME, where one promotes T cell migration and the other blocks T cell migration. The high spatial 

association of T cells and MCs we have observed in our MILN samples suggest that they may 

modulate T cell migration. However, the nature of this relationship is yet unclear and requires further 

examination. There are also other factors that can contribute to the production of such patterns and 

it may not be entirely due to an active reciprocal relationship between T cells and MCs. Factors that 

may play a role are; increased interstitial pressure and creation of hypoxic and low nutrient 

environments that are unfavourable for T cells [73]. 
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4.10.3 Identifying subtypes of melanoma-associated mesenchymal stromal cells 

In the current literature, melanoma-associated MCs are often described with just one or two 

phenotypic markers and therefore portrayed as a relatively homogenous cell type. There were some 

attempts to separate MCs into subtypes [101], but they still used a limited number of markers and 

lacked consideration of the stromal organisation and phenotype in healthy adult LNs. In this study, 

we have extended the current understanding of MCs present in MILNs and have successfully divided 

non-endothelial MCs into 3 distinct groups (Section 4.5). 

We have identified, for the first time, the presence of CD34+ MCs in human MILNs (Section 4.6). 

These cells also expressed other markers related to adult MSCs (CD271, CD73 and CD105) and 

were present in regions containing dense collagen fibres, similar to CD34+ capsular type cells of 

healthy LNs. In healthy LNs, the entire capsular region is stained brightly with CD34. However, in 

MILNs, the majority of cells embedded in collagen were CD34-. This suggests that capsular cells 

may lose CD34 expression following melanoma infiltration. Although not in the context of 

melanoma, the loss of CD34 on MCs in inflamed tissues was described previously. In colorectal and 

breast tissues, CD34+ stromal cells present in healthy tissues decreased or disappeared in malignant 

tissues [198,199]. Also, in the study of systemic sclerosis, there was a transition of CD34+ healthy 

dermal MCs to CD34- podoplanin+ or CD34- CD90+ MCs following disease progression [152]. 

Nazari and colleagues suggested this change is at least partly due to the phenotypic change of CD34+ 

cells, where they lose expression of CD34, while gaining expression of podoplanin or CD90. This 

was because CD34- podoplanin+ CD90+ cells emerged early and because there were CD34+ cells that 

express podoplanin or CD90 and thus appear to be caught in a ‘transition’ [152].  

Using the knowledge of the phenotypic characterisation in healthy LNs, we were able to identify 

CD34- podoplanin- CD146+ pericytes in MILNs (Section 4.8). It is important to identify pericytes in 

the TME, because these cells are likely to play specialised roles in maintaining vasculature and 

regulating angiogenesis [24,26], different from the other MC subtypes. Several previous studies 

have reported the lack of pericytes in deep tumour regions [101,200], but we were able to readily 

find pericytes covering tumour vasculature in our samples. This difference could be due to different 

pericyte markers used, as previous work has not examined CD146 expression. More study would be 

required to analyse whether there is any difference in arterial and venous pericyte proportions. It 

would also be interesting to examine whether this is linked to patient prognosis. In the study of 

mouse melanoma models, vessels covered with pericytes were protected from the effects of anti-

angiogenic treatment and therefore served as an indication of poor therapeutic response and bad 

prognosis [201]. This was also shown in human melanoma tissues, where samples from patients 
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resistant to anti-angiogenic therapy showed a more stabilised vascular network covered with 

pericytes compared to samples from untreated patients [200]. 

After excluding pericytes, what remained was CD90+ CD34- cells that show variable expression of 

number of markers and are likely to be a mixed population of cells (Section 4.7). These cells 

expressed variable levels of FAP, CD73 and CD271. We termed these cells as ‘reticular cells’ as 

they were the MCs found in regions containing melanoma cells and often formed inter-connected 

networks. These cells are likely to represent ‘intratumoural’ MCs reported by other research groups. 

However, these cells were also present among thick collagen fibres of capsule-like regions, together 

with CD90+ CD34+ cells. In these regions, CD34- cells did not form networks and appeared as thin, 

elongated fibres alongside collagen deposits. In addition, CD34- cells forming reticular stroma are 

intermingled with immune cells and melanoma cells, whereas CD34- cells within capsule-like 

regions were surrounded by dense ECM, secluded from the majority of melanoma cells. Hence, 

these cells are likely to secrete different factors and modulate activity of surrounding cells differently. 

However, we currently do not have a marker that can clearly separate CD34- reticular cells in two 

regions. CD73 and CD271 are possible candidates, but distinct positive and negative groups were 

not observed consistently across different MILNs. In future, it would be critical to find markers that 

can further sub-categorise the heterogeneous CD34- reticular cells. 

The changes observed for CD34- reticular cells in melanoma compared to healthy LNs are very 

similar to that observed in previous mouse melanoma studies. When tumour draining (TDLN) and 

non-draining LNs (NDLN) were compared in B16.F10 melanoma model, thicker conduits were 

found in LNs receiving lymph from tumours [202]. The transcriptomic analysis of FRCs revealed 

that cells in TDLNs express significantly different genes compared to those in NDLNs. Notably, 

they expressed high levels of markers associated with activation (podoplanin, FN1 and ACTA2), 

and lower levels of markers associated with immune function (IL19, IL7, CCL4 and CCL21) [202]. 

In an independent mouse study, the number of cells expressing podoplanin, but lacking expression 

of a critical chemokine, CCL21, was increased in the draining LN of melanoma transplants that 

express inflammatory factors [203]. These data suggests some melanoma cells are capable of driving 

the growth and altered configurations of CD34- MCs in MILNs. 

Due to their phenotypic similarities, we hypothesise that each subtype (i.e. CD90+ CD34+ cells, 

CD34- reticular cells and CD34- podoplanin- CD146+ pericytes) in MILNs are related to their healthy 

counterparts. However, further analysis would be necessary to confirm this hypothesis. The potential 

relationship between each subtype and their healthy counterpart will be discussed in following 

sections.   
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4.10.4 Phenotypic alteration of CD90+ CD34+ and CD34- reticular cells 

Several phenotypic differences were observed in both CD90+ CD34+ cells and CD34- reticular cells 

in MILNs compared to healthy LNs (Section 4.6, Fig. 4-15 and Section 4.7, Fig. 4-23). As examined 

by polychromatic flow cytometry, a larger proportion of CD90+ CD34+ cells expressed CD271, 

CD73 and podoplanin. On the other hand, for CD34- reticular cells, there was no significant change 

in the proportion of cells expressing CD271 and podoplanin, but CD73 expression in some samples 

was increased compared to healthy LNs.  

The majority of CD90+ CD34+ cells in MILNs expressed podoplanin, which was also identifiable in 

tissue by IF (Section 4.6, Fig. 4-20D). In comparison, the majority of CD34+ capsular type cells in 

healthy LNs lacked expression of podoplanin (Section 3.3, Fig. 3-8C). The in vitro studies of human 

dermal MCs showed that cells express elevated levels of podoplanin upon stimulation with pro-

inflammatory factors such as TNFα and IL1β [152]. The elevated expression of podoplanin was also 

found in the transcriptomic analysis of murine FRCs in TDLNs, as described previously [202]. 

Hence, the upregulation of podoplanin expression observed on CD90+ CD34+ cells could be the 

indication of elevated pro-inflammatory signals in LN milieu and the subsequent activation of MCs. 

In the context of secondary lymphoid tissues, podoplanin is a typical marker of healthy LN MCs, 

where it is thought to control the contractility of FRCs and the density of the conduit network [204]. 

As discussed previously in the healthy LN chapter (Section 3.9.1), the exact functional significance 

of podoplanin expression on CD90+ CD34+ cells requires further investigations.  

CD73 is a membrane anchored protein which converts AMPs to adenosines [205,206]. Together 

with CD39, it functions to remove ATP from the milieu and suppress inflammation. CD73 can be 

expressed by variety of cells such as lymphocytes, endothelial cells, epithelial cells and tumour cells. 

The expression of CD73, particularly on endothelial cells, was observed to increase in a number of 

pathological conditions such as hypoxia, by the exposure to inflammatory mediators (TGFb, IFN, 

TNFa, IL1b, PGE2) and also in the TME [205,206]. The upregulation of CD73 on LN MCs hence 

may be the result of elevated production of pro-inflammatory and pro-fibrotic cytokines by either 

primary or metastatic melanoma cells.  

In the context of melanoma, CD271 is most well known as a marker of melanoma stem cells [207]. 

However, the pathological implication of CD271 on melanoma-associated MCs has not been 

discussed previously. CD271, also known as nerve growth factor receptor (NGFR) or low affinity 

neutrophin receptor, is a membrane-bound receptor that can be expressed on the surface of the 

neuronal axis [208–210], as well as on a subset of MSCs [31]. Its ligand is neurotrophins, a family 

of neuron-specific growth factors (NGF, BDNF, NT-3 and NT-4/5) that plays multiple roles in the 
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development and the maintenance of the neural system [211,212]. Of these, NGF was also suggested 

in several studies to be involved in the modulation of the immune system [213]. In healthy human 

LNs, CD271 is predominantly expressed by FDCs of B cell follicles [208], while T cells, B cells 

and macrophages can all express a number of neutrophins, including NGF [213]. We have also 

observed the expression of CD271 in the follicular region of healthy LNs (data not shown). In 

addition, it was reported that expression level of NGF increased in inflamed tissues, such as in 

psoriatic arthritis [214]. Altogether, the elevated NGFR expression on CD90+ CD34+ cells may have 

implications on the interaction of these cells with immune cell secreted neurotrophins. However, the 

exact physiological significance needs further investigation. 

CD34- reticular cells showed diminished expression of integrin receptors, ICAM1 and VCAM1 

(Section 4.7, Fig. 4-27). In previous studies, melanoma cells were revealed to be capable of 

downregulating ICAM1 and VCAM1 expression on the surface of blood vasculature, and hence 

preventing entry of T cells into the tissue [215,216]. In the context of secondary lymphoid tissues, 

ICAM1 and VCAM1 are molecules that are tightly associated with the differentiation of FRCs from 

precursors [52,53]. This differentiation requires the stimulation of LTβR and TNF receptors on 

stromal cell surface by its cognate ligands, such as lymphotoxin alpha 1 beta 2 (LTα1β2) [53]. 

Subsequently, the FRC network was ablated in a primate study when CD4+ T cells, expressing 

LTα1β2, were removed [43]. Hence, loss of ICAM1 and VCAM1 expressing MCs in MILNs may 

be due to the loss of LTα1β2 expressing cells. Because these are the adhesion molecule for T cells 

[38], the lack of ICAM1 and VCAM1 on the majority of melanoma-associated MCs may provide 

less favourable environment for T cell migration. An interesting observation was that ICAM1 

expression on melanoma cells was often higher than that on MCs. Despite this, T cells appeared to 

associate closely with stromal cells, rather than infiltrating into tumour nests. Hence, there are likely 

to be additional adhesion molecules or chemokines that contribute to the migratory behaviour of T 

cells within MILNs and this would need to be investigated further in future studies.  

Altogether, the change in CD90+ CD34+ and CD34- reticular cells suggest that MILNs are inflamed, 

and pro-fibrotic switches have been turned on in both cell compartments. In healthy LN, various 

cytokines released by immune cells, including LTα1β2, would promote differentiation and 

organisation of MCs into cells that express high levels of ‘immune’ cell markers such as ICAM1 

and VCAM1. However, with melanoma infiltration, there is likely to be an increase in the level of 

pro-inflammatory and/or pro-fibrotic cytokines and reciprocal loss of immune stromal stimulators, 

which would lead to an altered phenotypic profile of MCs. 
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4.10.5 Expansion of capsular smooth muscle cells 

An interesting observation was the increase in the number of capsular SMCs in MILNs. Although 

this has not been discussed specifically in melanoma context, the expansion of capsular and hilar 

SMCs in healthy and breast cancer associated LNs [163] has been documented previously. In this 

report, the authors concluded that expansion of capsular SMCs could be the sign of previous 

inflammation, because such SMC expansion was more frequently observed in inguinal nodes that 

typically experience more frequent inflammatory reactions than axillary nodes [163]. Hence, it 

would be possible to hypothesise that expansion of capsular SMCs in melanoma LNs is also due to 

(1) rapid and prolonged expansion of the organ, which led to a need for a counteracting force and 

(2) an inflammatory environment created by factors released by melanoma cells.  
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4.10.6 Emergence of activated mesenchymal stromal cells 

In the current study, we observed bright FAP expressions in the capsule and capsule-like regions of 

MILNs (Section 4.9, Fig. 4-37). This observation is in agreement with the observation in healthy 

LNs, where the expression of FAP was restricted to rare cells of capsular and trabecular regions. It 

is therefore tempting to hypothesise that these regions are the first to respond when melanoma cells 

colonise LNs. Previous studies of metastatic melanoma tissues have also reported upregulation of 

FAP on MCs [101,113], but not in the context of CD34+ MCs.  

The location of CD34+ FAP+ cells also holds significance, because melanoma cells are thought to 

first lodge in the subcapsular sinus as they enter LN via afferent lymphatics [78]. As the capsular 

type MCs are located right above the subcapsular sinus space, CD90+ CD34+ cells may be the first 

cells to receive melanoma-secreted factors. The co-expression of FAP and CD26 has previously 

been observed on the invadopodia of migrating cells [115]. Hence, the implication of FAP and CD26 

co-expression on CD90+ CD34+ cells may be that they have gained increased ability to degrade ECM 

and migrate. As activated MCs typically show an increased rate of proliferation [2], it would be 

possible to speculate  that CD34+ FAP+ CD26+ cells also have increased rate of proliferation and 

this may be why the capsular region in MILNs is frequently expanded.  

FAP was also expressed on CD34- reticular cells, along with CD73 and CD271. All markers showed 

a variable expression pattern across the tissue. Samaniego and colleagues previously reported high 

expression of FAP in deep tumour zones and decreasing levels in surrounding healthy tissues [101]. 

We have observed similar patterns in MILN samples that contain remnants of healthy tissue. 

However, the variation in FAP expression was still observed in samples that were extensively 

infiltrated with melanoma cells. This observation reveals further complexity of MC phenotype and 

heterogeneity.   

Two studies in mouse suggest that expansions of LN MCs occur prior to actual melanoma infiltration 

[202,203]. In LNs receiving drainage from transplanted melanoma, thickening of conduits were 

observed, suggesting that increase in number of FRCs would have been inevitable to provide 

coverage of ECM [202]. What was quite interesting in our analysis was that upregulation of FAP 

expression on CD90+ CD34+ cells was observed more consistently across different MILNs than on 

CD34- reticular cells. This observation, combined with the massive expansion of the capsular region, 

led us to speculate these CD90+ CD34+ cells may be the first line of progenitor MCs that respond 

rapidly to melanoma infiltration and differentiate into CD34- reticular cells. 
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Despite upregulated expressions of FAP and CD26, we observed that majority of MCs in MILNs 

lack expression of ki-67. Ki-67 is a protein expressed in the nucleus of all actively proliferating cells 

[217]. Its exact function in cell division was unknown for many years, but more recently, it was 

discovered to play multiple roles, such as preventing aggregation of chromosomes during mitosis 

[218]. As the majority of samples in the study were heavily infiltrated LNs, it may be that we are 

observing the ‘end result’ of the stromal expansion, where MCs have initially gone through a phase 

of active proliferation, as the melanoma expands, then have exited the division cycle. 

4.10.7 Chapter conclusion 

In this chapter, we analysed melanoma-associated MCs and demonstrated that melanoma-associated 

MCs can be split into three distinct groups, similar to MCs in healthy LNs. These were CD34+ 

capsular-type cells, which often showed the co-expression of FAP and CD26 and resided in 

thickened capsule or capsule-like regions, CD34- reticular cells that frequently showed high spatial 

association with intratumoural T cells and CD34- podoplanin- CD146+ pericytes, which covered the 

surfaces of most tumour vasculature. Several phenotypic differences from their healthy counterparts 

were noted, such as a significantly higher expression of FAP and CD26 on CD34+ capsular-type 

cells and lower expression of ICAM1 and VCAM1 on CD34- reticular cells, which suggested 

interaction between infiltrating melanoma cells and MCs. Altogether, these data add to our 

knowledge of what happens to LN MCs following melanoma infiltration and reveal the complexity 

of their phenotype that was not previously appreciated.  
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Chapter 5. Transcriptome profile of melanoma-associated 

mesenchymal stromal cells 

5.1 Background 

The analysis of MILNs using IF and polychromatic flow cytometry has given us the ability to 

categorise melanoma-associated MCs into distinct subtypes. The most notable finding was that 

melanoma-associated MCs could be split based on their expression of CD34, which was not 

described previously in either murine or human melanoma tissues. Excluding pericytes, which are 

likely to play specialised roles in maintaining the blood vasculature and supporting angiogenesis, 

we sought to begin exploration of the functional differences between CD90+ CD34+ cells and CD34- 

reticular cells in human MILNs.  

To do this, we chose to perform a transcriptomic analysis of CD90+ CD34+ and CD34- reticular cells 

isolated from human MILNs by fluorescence-activated cell sorting (FACS). Transcriptome profiling 

is a useful tool for analysing the function of cells in an unbiased manner [219]. It provides a ‘global’ 

overview of the status of gene transcription, and therefore provides a good starting point for building 

hypotheses about cell functions [220]. Our platform of choice was Affymetrix GeneChip 

microarrays. Although microarray is not able to detect the transcripts of unknown genes, or genes 

that are not part of the probe library, it is a widely used, cost-effective solution for acquiring 

transcriptome profiles [221]. In addition, we have chosen the Clariom platform that can generate 

expression profile from as little as 100 pg of total RNA. This was ideal in our situation as we are 

analysing rare cells.  

The analysis of cells isolated from the tissue by FACS is important for two reasons. First, it enables 

the isolation of cells with clear phenotypic profiles. Secondly, and possibly more importantly, it 

enables the isolation of cells that have not be perturbed by in vitro culture, resulting in a 

transcriptome profile that bears a closer resemblance to cells in situ.  Several articles characterising 

the TME have reported the transcriptome profile of tumour-associated MCs, including melanoma 

[222,223]. However, many of these studies have used cells that have been isolated from tissue by 

adherent culture. This method relies on the adhesive properties of stromal cells and cells are typically 

expanded in culture prior to RNA purification. This step can have significant effects on the 

microarray result, as in vitro culture can drastically change both the phenotypic and transcriptome 

profiles of cells [138].  
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5.2 Isolation of mesenchymal stromal cells from single cell suspensions 

The main obstacle in the isolation of MCs from LNs is that MCs are relatively rare and often account 

for less than 1% of total cells. In healthy LNs, the major population is immune cells, so stromal cells 

can be enriched by removing all cells that express CD45 [136,141]. However, the situation is more 

complicated in melanoma due to the presence of melanoma cells. We considered two different 

methods for enriching stromal cells from MILN. First was a ‘negative selection’ method, where all 

CD45+ (haematopoietic cells) and NG2+ (portion of melanoma cells that express NG2) cells were 

removed (Fig. 5-1B). Second was a ‘positive selection’ method, where CD90+ cells were retained, 

discarding cells that were CD90- (Fig. 5-1C). As discussed previously, the expression of CD90 is 

only very rarely found on metastatic melanoma cells [181], and we were not able to detect CD90 

expression from melanoma cells in our MILN samples by IF (Section 4.3.2, Fig. 4-3), therefore we 

thought it would be safe to use CD90 positive selection as a means to purify MCs without melanoma 

cells. 

To compare these two strategies, single cell suspensions of digested MILNs were stained with a 

panel of antibodies, then either CD45 and NG2 or CD90 were tagged with magnetic beads. The 

separation of bead-labelled cells was performed using a magnetic separator and the resulting fraction 

of cells were analysed by flow cytometry (Section 2.2.5). As a result, the ‘positive selection’ method 

successfully increased the proportion of stromal cells, from 1% to 18% (Fig. 5-1, A and C). This 

was greater than the ‘negative selection’ method, which only increased the proportion of stromal 

cells from approximately 1% to 2% (Fig. 5-1, A and B). Based on these results we decided to use 

the ‘positive selection’ method to enrich stromal cells in healthy and melanoma LNs. 

 
Figure 5-1. Comparing different stromal enrichment methods 
MCs in single cell suspensions of one MILN sample was enriched by removing CD45+ and NG2+ cells (B) or 

retaining CD90+ cells (C) and compared to raw sample that has not been enriched (A). Live, single cells were 

identified using the method described previously, and cells were plotted on SSC-A versus CD90 to calculate the 

percentage of CD90+ stromal cells. The numbers indicate percentages of cells in each gate. Each plot represents data 

from same MILN sample, analysed in 3 different experiments.  
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The next challenge was purifying RNA from sorted MCs. Prior to, and during the sort, the cells are 

exposed to factors that can degrade RNA. For example, single cell suspensions are routinely 

supplemented with benzonase and fetal bovine serum (FBS) during flow cytometric analysis to aid 

cell survival, but both of these reagents can degrade RNA during the extraction process [224]. One 

way around this problem is washing the isolated cells in RNAse free buffer before proceeding to 

cell lysis and RNA extraction. However, this method was not ideal in the current study due to the 

rarity of isolated cells. We therefore adapted the methodology described in a previous publication 

where RNA was extracted from FACS-isolated stromal cells [224]. Single cell suspensions were 

supplemented with RNAse free bovine serum albumin (BSA) and RNAse inhibitor. In addition, the 

lysis buffer (RNeasy micro kit, Qiagen) was supplemented with beta-mercaptoethanol, which 

denatures RNAses [224,225].  

The FACS panel was designed so that it contains markers that are necessary for isolating CD90+ 

CD34+ cells (Fig. 5-2 & 5-3, red) and CD34- reticular cells, without CD34- podoplanin- CD146+ cells 

that largely represent pericytes (Fig. 5-2 & 5-3, green). The markers FAP and CD26 were also 

included to monitor their expression level at the time of sorting. CD90+ CD34+ cells and CD34- 

reticular cells were isolated from 2 healthy LNs (Fig. 5-2) and 8 MILNs (Fig. 5-3) (n=10, 20 samples 

total). The results from each samples are summarised in Table 5-1. 
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Figure 5-2. Gating strategy for sorting MCs from healthy LNs 
LN single cells were stained with a combination of 8 markers (Section 2.4.1, Table 2-5) and enriched by magnetic 

retention of cells expressing CD90 (Section 2.2.5). The retained, stromal enriched fractions were then analysed on 

the FACS ARIATM II cell sorter to identify and isolate cells of interest. Live, single cells (A) were first plotted on 

SSC-A versus CD45 to select non-haematopoietic cells (B). Then a CD31 versus CD90 plot was used to identify 

non-endothelial, CD90+ MCs (C). The CD90+ CD34+ population (red) was identified with SSC-A versus CD34- plot 

(D). CD90+ CD34- fraction was further analysed on CD146 versus podoplanin plot (E) to identify CD34- reticular 

cells (green) that were not podoplanin- CD146+ pericytes. FAP and CD26 were included in the panel to monitor the 

level of two markers of activated MCs at the time of sort (F-G). The gates in F-G were placed using the unstained 

sample as a reference. The numbers indicate percentages of cells in each gate or quadrant. Data are representative 

of 2 different samples. 
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Figure 5-3. Gating strategy for sorting MCs from MILNs 
MILN single cells were stained with a combination of 8 markers (Section 2.4.1, Table 2-5) and enriched by magnetic 

retention of cells expressing CD90 (Section 2.2.5). The retained, stromal enriched fractions were then analysed on 

the FACS ARIATM II cell sorter to identify and isolate cells of interest. Live, single cells (A) were first plotted on 

SSC-A versus CD45 to select non-haematopoietic cells (B). Then a CD31 versus CD90 plot was used to identify 

non-endothelial, CD90+ MCs (C). The CD90+ CD34+ population (red) was identified with SSC-A versus CD34- plot 

(D). CD90+ CD34- fraction was further analysed on CD146 versus podoplanin plot (E) to identify CD34- reticular 

cells (green) that were not podoplanin- CD146+ pericytes. FAP and CD26 were included in the panel to monitor the 

level of two markers of activated MCs at the time of sort (F-G). The gates in F-G were placed using the unstained 

sample as a reference. The numbers indicate percentages of cells in each gate or quadrant. Data shown are 1 example 

out of 8 different samples. 
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Table 5-1. Summary of isolation of MCs from healthy and melanoma LNs using FACS 

Sample Type Percentage of  

CD90+ CD31- cells  

Number of  

CD90+ CD34+ cells 

Number of  

CD34- reticular cells 

ML10-1  MILN 10 391 516 

ML9  MILN 65.3 580 1915 

ML2  MILN 25.5 204 142 

ML1  MILN 68.7 4593 1452 

ML3 MILN 65.1 1341 224 

ML7  MILN 25.6 457 3230 

ML6  MILN 42.6 1259 2244 

L4  Healthy LN 14.3 193 1277 

ML10-2 MILN 37.6 186 313 

L9 Healthy LN 10 14 85 

The percentage of CD90+ CD31- cells refers to the amount of non-endothelial MCs present in non-haematopoietic 
(CD45-) fraction of healthy LNs or MILNs.  
The number of CD90+ CD34+ cells and number of CD34- reticular cells indicate the total number of FACS isolated 
cells for each samples. 

 

 
5.3 Preparing samples for microarray analysis 

Isolated MCs were immediately processed for RNA extraction. The quantity and the quality of RNA 

was analysed using Agilent 2100 bioanalyser. The bioanalyser produces and analyses the 

electropherogram to give estimates of RNA quantity and quality. The quality of RNA was measured 

as RNA integrity number (RIN), which is a score given based on examination of multiple aspects of 

the electropherogram [226]. RIN of 10 indicates an intact RNA with almost no signs of degradation 

and RIN of 1 indicates complete degradation. After the analysis of RNA, the samples were submitted 

to Auckland Genomics to be processed to double stranded cDNA and analysed using Microarray 

Clariom Human S Pico kit (Affymetrix). The results from each step are summarised in Table 5-2. 

All 20 samples were submitted for microarray including the ones (16 out of 20) that could not be 

quantified using Agilent 2100 bioanalyser. This decision was made following the advice from the 

technical team of Auckland Genomics that inability to obtain quantification data does not necessarily 

equate to the absence of RNA. To support this, we were able to obtain good amount of ds-cDNA 

from 12 out of 20 samples.  
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Table 5-2. Summary of RNA and cDNA results 

 Sample Cell number Total RNA (ng) RIN score ds-cDNA (µg) 

1 ML10-1 CD90+ CD34+ 391 
  

5.871 

2 ML10-2 CD34- reticular 516   11.436 

3 ML9 CD90+ CD34+ 580 1.122 5 1.1907* 

4 ML9 CD34- reticular 1915 3.859 5.9 2.6358* 

5 ML2 CD90+ CD34+ 204 
  

1.3845* 

6 ML2 CD34- reticular 142   10.614 

7 ML1 CD90+ CD34+ 4593 17.255 6.7 14.16 

8 ML1 CD34- reticular 1452   12.816 

9 ML3 CD90+ CD34+ 1341 2.108 7.6 14.574 

10 ML3 CD34- reticular 224 
  

9.447 

11 ML7 CD90+ CD34+ 457   12.753 

12 ML7 CD34- reticular 3230   5.994 

13 ML6 CD90+ CD34+ 1259 
  

5.442 

14 ML6 CD34- reticular 2244 
  

9.285 

15 L4 CD90+ CD34+ 193   8.745 

16 L4 CD34- reticular 1277   1.4619* 

17 ML10-2 CD90+ CD34+ 186   4.275* 

18 ML10-2 CD34- reticular 313   3.252* 

19 L9 CD90+ CD34+ 14 
  

1.2042* 

20 L9 CD34- reticular 85 
  

0.5547* 

Missing data indicate samples where the RNA quantity and quality could not be examined using the bioanalyser. 
Asterix indicates samples that fell below the recommended amount of ds-cDNA for analysis on the Clariom platform 
(5.5ug). 
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5.4 Microarray data quality control 

The microarray results obtained were first analysed across a number of quality control parameters 

using Expression Console (EC) (Version 1.4, Affymetrix) and Transcriptome Analysis Console 

(TAC) (Version 4.0, Affymetrix). EC enables users to normalise array data and identify outlier 

samples in the data set. TAC is the updated version of EC and it has incorporated R and Bioconductor 

modules, such as Limma, EventPointer, Dbscan, Rtsne and Apbluster, and serves to analyse quality 

control variables, to normalise data and to perform downstream statistical analysis. EC was used, 

despite being the older version, as it contained several graphic capabilities for visual inspection of 

microarray results, which were not included in TAC.  

5.4.1 Pseudo image of the arrays 

The pseudo image of the arrays is the visual representation of probe intensities, arranged by the 

physical position of probes on the chip. It allows a crude inspection of the array results. The 

thumbnail view of pseudo images of all 20 arrays is shown in Figure 5-4. The numbers indicated on 

the images refer to sample numbers, as shown in Table 5-2. The images reveal that overall probe 

intensities in samples 5, 6, 10, 15, 19 and 20 were relatively low compared to the rest. This correlated 

with the number of FACS isolated cells, where samples that started with low number of cells showed 

dim probe intensities.  
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Figure 5-4. Thumbnail view of the pseudo image of all arrays 
The images were generated using Expression Console (Affymetrix). The numbers indicated on the images refer to 

sample numbers, as shown in Table 5-2.  
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5.4.2 Labelling control 

The labelling control, or poly A control, is a type of external RNA control used to monitor the 

labelling process [227]. It contains 4 poly A-tailed transcripts from bacillus subtilis (Lys, Phe, Thr, 

Dap) and they are added to total RNA at fixed ratios, increasing in order of lys, phe, then dap. This 

trend in spike ratio should be carried through to the end [227] and can be used to identify whether 

there were any issues during labelling, amplification, hybridisation, washing, staining, scanning and 

data collection [228]. In our samples, 5 out of 20 arrays (samples 3, 4, 8, 11 and 20) passed the 

labelling control criteria (Fig. 5-5).  

 
Figure 5-5. Microarray QC: labelling control 
Green represents samples that passed the QC criteria and red represents those that failed. The graph was generated 

using TAC (Affymetrix). 
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5.4.3 Hybridisation control 

The hybridisation control is an another example of external RNA controls [227]. These BioB, BioC, 

BioD and Cre biotin-labelled transcripts are made from a combination of genes of the biotin 

synthesis pathway of Escherichia coli and a recombinase gene from P1 bacteriophage [228]. These 

controls are used primarily to assess the efficiency of the hybridization step [228]. All 20 samples 

showed good results for the hybridisation control (Fig. 5-6).  

 
Figure 5-6. Microarray QC: Hybridisation control 
Green represents samples that passed the QC criteria and red represents those that failed. The graph was generated 

using TAC (Affymetrix). 
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5.4.4 Receiver operator curve  

The receiver operator curve (ROC) is generated by comparing the intron controls to the exon 

controls by applying a threshold to a probe set summary. The positive versus negative area under 

the curve (AUC) for the ROC is therefore a measure of how well the probe set summary separates 

the positive controls (exons) from the negative controls (introns). The positive controls are the probe 

sets designed against putative exons of about 100 housekeeping genes, expressed at detectable levels 

across various tissues. The negative controls are putative intronic regions of the same 100 

housekeeping genes used for positive controls. The value of 1 indicates perfect separation and the 

value of 0.5 indicates no separation. The minimum value required to pass the QC test was 0.7 and 1 

out of 20 samples failed to reach this number (pos v neg AUC= 0.68) (Fig. 5-7). This sample was 

CD34+ population from L9, which started with the least number of FACS isolated cells (Table 5-1).  

 
Figure 5-7. Positive versus negative area under the curve (AUC) 
Blue bars represent melanoma samples and red bars represent healthy samples. The red horizontal line indicate the 

minimum threshold value of 0.7. CD90+ CD34+ cells isolated from L9 healthy LN sample (L9 CD90+ CD34+) failed 

to reach the minimum threshold value of 0.7. The graph was generated using TAC (Affymetrix). 
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5.4.5 Data normalisation 

The box plot of log2 signal from the raw data (Fig. 5-8) revealed signal variation across different 

samples and between CD90+ CD34+ and CD34- reticular subtypes. Data were normalised using the 

transformation-robust multi-chip analysis (SST-RMA) algorithm in TAC, so that signals of each 

samples share a more even distribution (Fig. 5-9). The aim of normalisation was to remove the 

technical artefacts, while preserving the biological variation between arrays [228] and to make arrays 

with different amount of RNA input more comparable. Again, the array data from L9 CD90+ CD34+, 

stood out from other arrays, as they failed to display comparable signal distribution even after 

normalisation (Fig. 5-9, highlighted). 

 
Figure 5-8. Signal box plot of raw data (CEL) 
The graph was generated using TAC (Affymetrix).  

 
Figure 5-9. Signal box plot of normalised data (CHP) 
Data were normalised using SST-RMA algorithm and the graph was generated using TAC (Affymetrix).  
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5.4.6 Summary and array selection 

The summary of analysis of microarray quality control (QC) parameters are shown in Table 5-3. 15 

out of 20 arrays failed the labelling control criteria (Fig. 5-5). However, this criterion can be affected 

by the amount of input RNA and is ‘still under development’, according to the Affymetrix guidelines. 

All arrays, except L9 CD90+ CD34+, passed both hybridisation control (Fig. 5-6) and positive versus 

negative AUC threshold (Fig. 5-7). L9 CD34+ showed dim probe intensity (Fig. 5-4) and showed 

significantly different signal distribution compared to the other arrays (Fig. 5-9). Therefore, we have 

concluded it should be excluded from downstream analysis. As an additional external quality control 

check, our array data was analysed using ‘oligo’ and ‘limma’ packages on R by Professor Michael 

Black, of Otago Genomics and Bioinformatics Facility, and he has also advised that L9 CD90+ 

CD34+ array “has some apparent quality issues relative to other arrays”, while agreeing that all the 

other samples passed a level of quality he deemed acceptable for downstream analysis.  

Table 5-3. Summary of results of quality analysis 

 Sample Probe intensity Labelling 

control 

Hybridisation 

control 

Pos vs Neg AUC 

threshold 

1 ML10-1 CD90+ CD34+  Out Pass  Pass 

2 ML10-2 CD34- reticular  Out Pass Pass 

3 ML9 CD90+ CD34+  Pass Pass Pass 

4 ML9 CD34- reticular  Pass Pass Pass 

5 ML2 CD90+ CD34+ Dim Out Pass Pass 

6 ML2 CD34- reticular Dim Out Pass Pass 

7 ML1 CD90+ CD34+  Out Pass Pass 

8 ML1 CD34- reticular  Pass Pass Pass 

9 ML3 CD90+ CD34+  Out Pass Pass 

10 ML3 CD34- reticular  Out Pass Pass 

11 ML7 CD90+ CD34+  Pass Pass Pass 

12 ML7 CD34- reticular  Out Pass Pass 

13 ML6 CD90+ CD34+  Out Pass Pass 

14 ML6 CD34- reticular  Out Pass Pass 

15 L4 CD90+ CD34+  Out Pass Pass 

16 L4 CD34- reticular  Out Pass Pass 

17 ML10-2 CD90+ CD34+ Dim  Out Pass Pass 

18 ML10-2 CD34- reticular  Out Pass Pass 

19 L9 CD90+ CD34+ Dim  Out Pass Out  

20 L9 CD34- reticular Dim  Pass Pass Pass 
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5.5 Differential gene signatures of CD90+ CD34+ versus CD34- reticular 

cells in MILNs 

The main objective of the current study was to understand the difference in the transcriptome profile 

between different subsets of melanoma-associated MCs, as distinguished by clear phenotypic 

differences. The follow up question was to understand how the transcriptome profile of LN MCs 

change with melanoma infiltration. However, one of the arrays from healthy samples failed to reach 

adequate QC criteria. Therefore, we decided to focus on the first aim for the downstream analysis. 

In addition, we decided to exclude ML10-2 from the MILN group, as this sample does not contain 

any detectable melanoma infiltrates. 

We compared the transcriptome results of CD90+ CD34+ cells (n=7) versus CD34- reticular cells 

(n=7) isolated from MILNs using TAC (Affymetrix). A paired analysis was performed by applying 

batch effect to each sample type. Applying batch effect was necessary, as we were interested in the 

difference between two types of MCs, and thus wished to remove the differences observed between 

different melanoma patients. The result was filtered to select genes that show fold change (FC) 

greater than 2 or smaller than -2, and adjusted p-value (‘false discovery rate’, FDR) less than 0.05. 

Out of 21448 total genes, 411 genes passed the criteria (1.92%). Out of these genes, 157 genes 

showed higher expression on CD34- reticular cells (38.2%) and 254 genes showed higher expression 

on CD90+ CD34+ cells (61.8%). The heatmap representation of the hierarchical clustering of 411 

differentially expressed genes is shown in Figure 5-10. The hierarchical clustering grouped CD90+ 

CD34+ cells (Fig. 5-10, the sub-cluster on the left) and CD34- reticular cells (Fig. 5-10, the sub-

cluster on the right) as expected. 
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Figure 5-10. Heatmap representation of hierarchical clustering of genes, differentially 

expressed between CD90+ CD34+ and CD34- reticular cells across 7 different MILNs 
The number scale indicates the average log2 signal intensity of the each array. The sub-cluster on the left contains 

arrays of CD90+ CD34+ cells (blue), and the sub-cluster on the right contains arrays of CD34- reticular cells (red).  

The same 411 genes were also displayed as a volcano plot (Fig. 5-11). The volcano plot revealed 

that not only were greater number of differentially expressed genes enriched in CD90+ CD34+ cells, 

but some of these genes showed much greater fold difference and statistical significance, namely 

PI16 and AGTR1. CD34, a key marker used for distinguishing two populations, was expressed at 

significantly higher level in CD90+ CD34+ group (FC= 285.09, FDR= 0.0001), indicating a 

successful sort. Applying a higher FDR threshold of 0.01 resulted in the selection of 134 genes 

(0.62%) (Fig. 4-12, coloured dots above the upper horizontal threshold). Out of these genes, 37 

genes showed higher expression on CD34- reticular cells (27.61%) and 97 genes showed higher 

expression on CD90+ CD34+ cells (72.39%). The top 25 genes in each group are shown in Table 5-

4 and Table 5-5. 
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Figure 5-11. Volcano plot of genes differentially expressed between CD90+ CD34+ and CD34- 

reticular cells across 7 different MILNs 
Coloured dots represent genes that passed the minimum threshold of fold change > 2 and < -2 (vertical lines), with 

FDR < 0.05. Green dots represent genes that showed higher expression in CD90+ CD34+ cells and red dots represent 

genes that showed higher expression in CD34- reticular cells. The lower horizontal line indicates FDR < 0.05 and 

the upper horizontal line indicates FDR < 0.01. 
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Table 5-4. Top 25 genes that show significantly greater expression in CD90+ CD34+ cells 

compared to CD34- reticular cells isolated from MILNs (FDR <0.01) 

Gene symbol Gene name ID Log2 (FC) FDR 
PI16 peptidase inhibitor 16 TC0600007854.hg.1 10.53 2.13E-06 
VIT vitrin TC0200007243.hg.1 9.69 0.0012 
PLA2G2A phospholipase A2, group 

IIA (platelets, synovial 
fluid) 

TC0100013162.hg.1 8.83 0.0021 

ACKR3 atypical chemokine 
receptor 3 

TC0200011219.hg.1 8.73 0.0011 

MFAP5 microfibrillar associated 
protein 5 

TC1200009834.hg.1 8.68 0.0012 

CD34 CD34 molecule TC0100017142.hg.1 8.15 0.0001 
CLEC3B C-type lectin domain 

family 3, member B 
TC0300013823.hg.1 7.81 0.001 

PRG4 proteoglycan 4 TC0100010923.hg.1 7.73 0.0048 
FABP3 fatty acid binding protein 

3, muscle and heart 
TC0100013561.hg.1 7.38 0.0013 

LMO3 LIM domain only 3 
(rhombotin-like 2) 

TC1200010050.hg.1 7.12 0.0002 

MGST1 microsomal glutathione S-
transferase 1 

TC1200012597.hg.1 6.71 0.0021 

C1QTNF3 C1q and tumor necrosis 
factor related protein 3 

TC0500013298.hg.1 6.69 0.0024 

HAS1 hyaluronan synthase 1 TC1900011270.hg.1 6.63 0.0013 
OGN osteoglycin TC0900010794.hg.1 6.52 0.0046 
TNXB tenascin XB TC0600014266.hg.1 6.51 0.0021 
CREB5 cAMP responsive element 

binding protein 5 
TC0700007034.hg.1 6.52 0.0021 

GPRC5A G protein-coupled 
receptor, class C, group 5, 
member A; microRNA 614 

TC1200006896.hg.1 6.35 0.0046 

EBF2 early B-cell factor 2 TC0800009927.hg.1 6.28 0.0033 
AGTR1 angiotensin II receptor, 

type 1 
TC0300009119.hg.1 6.02 2.07E-05 

HTRA3 HtrA serine peptidase 3 TC0400006745.hg.1 5.74 0.0034 
PCSK6 proprotein convertase 

subtilisin/kexin type 6 
TC1500010660.hg.1 5.73 0.0057 

ADAMTS5 ADAM metallopeptidase 
with thrombospondin type 
1 motif 5 

TC2100007822.hg.1 5.67 0.0024 

HMCN1 hemicentin 1 TC0100010921.hg.1 5.61 0.0012 
OSR2 odd-skipped related 

transciption factor 2 
TC0800008349.hg.1 5.43 0.0012 

ELMO1 engulfment and cell 
motility 1 

TC0700010760.hg.1 5.19 0.0082 
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Table 5-5. Top 25 genes that show significantly greater expression in CD34- reticular cells 

compared to CD90+ CD34+ cells isolated from MILNs (FDR < 0.01). 

Gene symbol Gene name ID Log2 (FC) FDR 
CCL21 chemokine (C-C motif) ligand 

21 
TC0900009916.hg.1 7.29 0.0039 

FDCSP follicular dendritic cell 
secreted protein 

TC0400007776.hg.1 6.77 0.0022 

ABCC3 ATP binding cassette 
subfamily C member 3 

TC1700008263.hg.1 6.4 0.0093 

POPDC2 popeye domain containing 2 TC0300014032.hg.1 6.31 0.0012 
CXCL9 chemokine (C-X-C motif) 

ligand 9 
TC0400011052.hg.1 5.75 0.0015 

RBP5 retinol binding protein 5, 
cellular 

TC1200012747.hg.1 5.66 0.0082 

RNF150 ring finger protein 150 TC0400012972.hg.1 5.57 0.0038 
UBD ubiquitin D TC0600014255.hg.1 5.38 0.0018 
CCL19 chemokine (C-C motif) ligand 

19 
TC0900009915.hg.1 4.9 0.0019 

CXCL13 chemokine (C-X-C motif) 
ligand 13 

TC0400007918.hg.1 4.44 0.0045 

CD74 CD74 molecule, major 
histocompatibility complex, 
class II invariant chain 

TC0500012470.hg.1 4.42 0.0075 

F11R F11 receptor TC0100018519.hg.1 4.33 0.0077 
ACTN1 actinin, alpha 1 TC1400009529.hg.1 4.24 0.0032 
IRF8 interferon regulatory factor 8 TC1600008712.hg.1 4.23 0.0033 
MYLK myosin light chain kinase TC0300012212.hg.1 4.22 0.0042 
NR2F1 nuclear receptor subfamily 2, 

group F, member 1 
TC0500008086.hg.1 3.99 0.0021 

SEMA3A sema domain, 
immunoglobulin domain (Ig), 
short basic domain, secreted, 
(semaphorin) 3A 

TC0700013578.hg.1 3.68 0.0099 

VEGFC vascular endothelial growth 
factor C 

TC0400012487.hg.1 3.54 0.0034 

CD82 CD82 molecule TC1100007394.hg.1 3.5 0.0032 
ARHGAP15 Rho GTPase activating protein 

15 
TC0200009539.hg.1 3.49 0.0031 

DUSP6 dual specificity phosphatase 6 TC1200011470.hg.1 3.4 0.0018 
CTSS cathepsin S TC0100015752.hg.1 3.29 0.0048 
CDC42EP3 CDC42 effector protein (Rho 

GTPase binding) 3 
TC0200016648.hg.1 3.25 0.0012 

TNC tenascin C TC0900011305.hg.1 3.16 0.0041 
TPM2 tropomyosin 2 (beta) TC0900009949.hg.1 2.9 0.0012 
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5.6 Analysis of functional enrichment in differential gene signatures 

To investigate the functional implication of differentially expressed genes, we used Gene ontology 

(GO) functional enrichment analysis. Currently there are a number of resources available to interpret 

data acquired from the transcriptomic analysis, including GO [220]. GO annotations are evidence 

based statements, that link genes to a specific ontology term using supporting evidence from 

biomedical literature [229,230]. GO annotations are separated into 3 categories: biological processes, 

cellular components and molecular functions. Biological process refers to both broad and specific 

biological objectives that a particular gene contributes. Molecular function describes the 

biochemical activity of the gene product. Finally, cellular component describes the location where 

the gene product is active [229,230]. We used this tool to begin exploration of our data and to find 

key functional differences between CD90+ CD34+ and CD34- reticular cells, prior to proceeding to 

more specific analysis.  

5.6.1 Functions enriched in CD90+ CD34+ cells 

Using DAVID (The Database for Annotation, Visualisation and Integrated Discovery; version 6.8) 

[129,130], the GO functional enrichment analysis was performed for 254 genes that show 

significantly higher expression in CD90+ CD34+ cells (FC > 2, FDR < 0.05). These genes were 

significantly (p-value <0.01) enriched in 35 GO terms for biological processes (Fig. 5-12). 
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Figure 5-12. GO enrichment analysis for biological processes in CD90+ CD34+ cells 
The 254 differentially expressed genes (Section 5.5) were analysed using GO enrichment analysis for biological 

processes (DAVID (http://david.abcc.ncifcrf.gov/)). Statistically significant (p-value < 0.01) GO annotations and 

the respective enrichment scores are shown. 

Notably, 4.7% of genes (LAMA2, FBLN1, COMP, ADAMTSL4, ELN, FBN1, CCDC80, ITGB3, 

ECM2, VIT, MFAP5, NDNF) were associated with ECM organisation, 2.4% of genes (SH3PXD2B, 

GSN, ELN, FBN1, MMP2, ADAMTS5) associated with ECM disassembly and 2.4% genes were 

associated with cell-matrix adhesion (SNED1, CD34, TIAM1, ITGB3, ECM2, PXN). In addition, 

the keyword search of published biomedical literature revealed other genes that are either part of 

ECM, or have potential roles in the modulation of ECM (TNXB, HAS1, HTRA3, TNFAIP6, 

PCOLCE2, ASPN, HMCN1) [231–237]. The heatmap and the hierarchical clustering of selected 

ECM or ECM related genes are shown in Figure 5-13. 
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Figure 5-13. Enrichment of ECM or ECM related genes in CD90+ CD34+ cells compared to 

CD34- reticular cells 
The functional enrichment analysis revealed that CD90+ CD34+ cells (the cluster on the left) show significantly 

higher expression of ECM or ECM related genes compared to CD34- reticular cells (the cluster on the right). The 

number scale indicate the average log2 expression of each array. The graph was generated using TAC (Affymetrix). 

Furthermore, the GO enrichment analysis for cellular components (Fig. 5-14) showed that a 

significant proportion of genes are coding for proteins that are either part of ECM (10.3%) or reside 

in the extracellular space (20.9%). The high association of CD90+ CD34+ enriched genes with ECM 

was also shown in GO enrichment analysis for molecular components (Fig. 5-15), as the majority 

of processes were those associated with adhesion to ECM.   
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Figure 5-14. GO enrichment analysis for cellular components in CD90+ CD34+ cells 
The 254 differentially expressed genes (Section 5.5) were analysed using GO enrichment analysis for cellular 

components (DAVID (http://david.abcc.ncifcrf.gov/)). Statistically significant (p-value < 0.01) GO annotations and 

the respective enrichment scores are shown. 
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Figure 5-15. GO enrichment analysis for molecular functions in CD90+ CD34+ cells 
The 254 differentially expressed genes (Section 5.5) were analysed using GO enrichment analysis for molecular 

functions (DAVID (http://david.abcc.ncifcrf.gov/)). Statistically significant (p-value < 0.01) GO annotations and 

the respective enrichment scores are shown. 

Interestingly, GO enrichment analysis for biological processes showed that some genes (2.0%) are 

related to ‘bone mineralisation’ (ASPN, BMP2, GPC3, CLEC3B, WNT11), ‘positive regulation of 

osteoblast differentiation’ (BMP2, IL6, SFRP2, IGF1, JAG1) or ‘positive regulation of fat cell 
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differentiation’ (SH3PXD2B, MEDAG, BMP2, SFRP2, LMO3). This was interesting because 

CD34+ cells in adult adipose tissues (hASCs) [138] and CD271+ cells in adult bone marrow (bone 

marrow mesenchymal stem/stromal cells (BM-MSCs)) [238] were previously reported to express 

genes related to their ability to undergo adipogenic, osteogenic and chondrogenic differentiation. 

To investigate this further, we searched the list of 254 genes for any additional genes that were 

previously reported in literature to be associated with adipogenic, osteogenic or chondrogenic 

lineages. As a result, we found several additional genes that may have an association with adipogenic 

(FABP3, METRNL, PLA2G2A) [239–241], osteogenic (OGN, OMD, EBF2, ITM2A, PTHLH) 

[242–246] and chondrogenic lineages (CILP, PRG4) [247,248]. The heatmap and the hierarchical 

clustering of genes related to adipogenic, osteogenic or chondrogenic lineages are shown in Figure 

5-16. 

 
Figure 5-16. Enrichment of mesenchymal lineage related genes in CD90+ CD34+ cells 

compared to CD34- reticular cells 
The functional enrichment analysis revealed that CD90+ CD34+ cells (the cluster on the left) show significantly 

higher expression of mesenchymal lineage (adipogenic, osteogenic and chondrogenic) related genes compared to 

CD34- reticular cells (the cluster on the right). The number scale indicate the average log2 expression of each array. 

The graph was generated using TAC (Affymetrix).  
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Other notable functional annotations were those related to regulation of cell growth (‘cell growth’ 

(2.4%) and ‘regulation of cell growth’ (2.4%)) (IL6, TGFBR3, ITGB3, EMP3, EMP1, NDNF, 

AGTR1, WISP2, CLSTN1, IGFBP6, HTRA3, IGFBP5), the cellular response to TGFβ (2.4%) 

(NOX4, SMAD7, FYN, CLEC3B, FBN1, PDGFD) and the negative regulation of inflammatory 

response (2.4%) (TNFAIP6, PTGIS, C1QTNF3, METRNL, NT5E, KLF4). 

5.6.2 Functions enriched in CD34- reticular cells 

The same analysis was performed to analyse 157 genes that show significantly higher expression in 

CD34- reticular cells compared to CD90+ CD34+ cells (FC > 2, FDR < 0.05). The genes were 

significantly (p-value < 0.01) enriched for 34 biological processes (Fig. 5-17)  

 
Figure 5-17. GO enrichment analysis for biological functions in CD34- reticular cells 
The 157 differentially expressed genes (Section 5.5) were analysed using GO enrichment analysis for biological 

functions (DAVID (http://david.abcc.ncifcrf.gov/)). Statistically significant (p-value < 0.01) GO annotations and 

the respective enrichment scores are shown. 

GO enrichment analysis revealed that several genes are enriched for functions related to Immune 

response (13.1%) (C7, CCL2, IL27RA, HLA-DRB1, CXCL9, CCL19, HLA-C, HLA-B, CTSS, 

IL15, IL7R, CD74, HLA-DQA1, HLA-F, TNFSF13B, CCL21, CXCL13, IRF8, ADAMDEC1, 

HLA-DRA). More specifically, there were genes related to antigen processing and presentation 

(4.6%) (HLA-DRB1, HLA-C, HLA-B, CTSS, CD74, HLA-DQA1, HLA-DRA) and cell chemotaxis 
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(3.9%) (VCAM1, CCL2, CCL21, CXCL9, CCL19, LEF1). As previously, we performed a keyword 

search of published biomedical literature to find additional genes with previously reported immune 

function (C4A, C4B, CD82, FDCSP, PRDM1, RARB, SLAMF8) [249–254] and plotted these genes 

on heatmap for better visualization of intensity differences across 14 arrays (Fig. 5-18).  

 
Figure 5-18. Enrichment of genes related to immune system in CD34- reticular cells 

compared to CD90+ CD34+ cells 
The functional enrichment analysis revealed that to CD34- reticular cells (the cluster on the right) show significantly 

higher expression of genes related to immune system compared CD90+ CD34+ cells (the cluster on the left). The 

number scale indicate the average log2 expression of each array. The graph was generated using TAC (Affymetrix).  

Furthermore, the enrichment analysis for molecular functions resulted in similar immune related 

functions as significant processes (Fig. 5-19). These included peptide antigen binding, MHC class 

II receptor activity and chemokine activity. 
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Figure 5-19. GO enrichment analysis for molecular functions in CD34- reticular cells 
The 157 differentially expressed genes (Section 5.5) were analysed using GO enrichment analysis for molecular 

functions (DAVID (http://david.abcc.ncifcrf.gov/)). Statistically significant (p-value < 0.01) GO annotations and 

the respective enrichment scores are shown. 

Interestingly, several of these genes were those previously reported as a signature of MCs of healthy 

LNs [43,44], which fits with our experimental design and suggests a successful sort. These were 

genes regarded as the typical phenotypic markers of the healthy LN stroma (FDCSP, VCAM1 and 

ACTA2) and ECM and ECM modulatory genes previously identified to be expressed by 

transcriptome analysis of murine LN stromal cells (FRCs) (POSTN, ADAMTS9, MMP9, TNC, 

PAPLN, LAMA5, EGFLAM, TIMP1). In addition, healthy LN stromal cells were also previously 

shown to be capable of controlling lymphocyte migration by producing chemokines [196] and 

demonstrated ability to present antigens via MHC-II [255]. The expression of chemokines and 

complementary factors by stromal cells have also been described previously in the single cell 

transcriptomic analysis of human melanoma tissues [106]. Interestingly, these genes were expressed 

at higher levels in tissues that contain abundant T cells [106].  

Other notable functional annotations were those related to regulation of cell proliferation (‘positive 

regulation of cell proliferation’ (7.2%) and ‘negative regulation of cell proliferation’ (6.5%)) 

(ADARB1, CDH13, DLL4, GREM1, HDAC1, IL15, INHBA, LEF1, LIFR, RARB, SRF, TIMP1, 

TNC, TNFSF13B, TNS3, VDR, VEGFC, WARS), cellular response to TNFα (4.6%) (VCAM1, 

IL18BP, CCL2, HDAC1, CCL19, CCL21, POSTN) and inflammatory response (6.5%) (F11R, 

RARRES2, CCL2, C4A, C4B, CXCL13, CCL21, CXCL9, CCL19, IL15). 
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5.6.3 Summary of functional enrichment analysis 

In summary, the functional enrichment analysis showed that CD90+ CD34+ cells and CD34- reticular 

cells may play different functions in the tissue. CD90+ CD34+ cells expressed significantly higher 

level of genes coding for proteins that are part of ECM or are modulators of ECM organisation 

compared to CD34- reticular cells. CD90+ CD34+ cells also showed higher expression of genes that 

were previously reported to play a role in cells of adipogenic, osteogenic or chondrogenic lineages. 

On the other hand, CD34- reticular cells expressed higher level of genes that are related to the 

immune system and showed a notable similarity to transcriptome profile of mouse FRCs [43,44] 

and to MCs in T cell-rich melanoma tissues [106].  
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5.7 Diseases and functions 

With a basic understanding of the potential functional difference of CD90+ CD34+ cells and CD34- 

reticular cells, we sought to further analyse the relationship between differentially expressed genes 

using Ingenuity Pathway Analysis (IPA) [131]. IPA is a web-based application that enables analysis 

and biological interpretation of data obtained from a transcriptomic analysis. The relationships 

discovered are based on the Ingenuity Knowledge Base, which is a repository built from 

approximately 5 million individual biological and chemical findings [131]. First, we sought to 

analyse the disease and functions associated with the differentially expressed genes between CD90+ 

CD34+ and CD34- reticular cells. This analysis shares a similar concept to GO enrichment analysis, 

but is also able to examine the ‘direction of change’. This is done by comparing the pattern of 

upregulated and downregulated genes to the expected pattern reported in the literature. If there is 

high association, then IPA makes the prediction using the z-score algorithm. In our study, we do not 

yet have clear evidence that CD34- reticular cells in MILNs are derived from CD90+ CD34+ cells. 

Hence, calling the genes that are enriched in CD34- reticular cells as the ‘upregulated’ genes and 

vice versa would not be accurate. However, we decided to perform this analysis nonetheless, as the 

result would help us further analyse the potential functional difference between two subtypes.  

Using IPA (version 43605602), the Disease and Functions Analysis was performed for 411 genes 

that were identified previously (Section 5.5) to be differentially expressed between CD90+ CD34+ 

cells and CD34- reticular cells. The genes enriched in CD90+ CD34+ cells were denoted as 

‘downregulated genes’ and genes enriched in CD34- reticular cells were denoted as ‘upregulated 

genes’. As a result, 11 disease or function annotations were predicted to be ‘decreased’ (Table 5-6). 

These would be the functions enriched in CD90+ CD34+ cells, which are subsequently ‘decreased’ 

if CD90+ CD34+ cells were to differentiate into CD34- reticular cells. Interestingly, these were the 

functions associated with the migration of tumour cell lines and angiogenesis.   
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Table 5-6. Disease or functions that are ‘decreased’ from CD90+ CD34+ cells to CD34- 

reticular cells 

Diseases or functions annotation p-value Predicted 
activation 
state 

Activation 
z-score 

No. of 
target 
molecules 

Migration of tumor cell lines 6.80E-19 Decreased -3.178 72 
Cell movement of breast cancer cell lines 3.35E-09 Decreased -2.866 30 
Migration of breast cancer cell lines 2.49E-08 Decreased -2.622 26 
Neuritogenesis 4.93E-06 Decreased -2.616 40 
Development of vasculature 2.05E-23 Decreased -2.507 97 
Angiogenesis 4.52E-22 Decreased -2.507 88 
Cell movement of tumor cell lines 6.14E-21 Decreased -2.497 85 
Vasculogenesis 4.66E-18 Decreased -2.232 72 
Organization of cytoskeleton 2.30E-07 Decreased -2.161 80 
Organization of cytoplasm 4.34E-06 Decreased -2.161 81 
Microtubule dynamics 2.08E-06 Decreased -2.148 68 

 

On the other hand, 11 disease or functions annotations were predicted to be ‘increased’ (Table 5-7). 

These would be the functions enriched in CD34- reticular cells, which are ‘increased’ if CD90+ 

CD34+ cells were to differentiate into CD34- reticular cells. The results were in agreement with the 

previous GO enrichment analysis, where genes enriched in CD34- reticular cells are associated with 

promoting the migration of immune cells. Interestingly, the functions ‘organismal death’ and ‘aortic 

aneurysm’ were also found to be significant.  

Table 5-7. Disease or functions that are ‘increased’ from CD90+ CD34+ cells to CD34- 

reticular cells 

Diseases or functions annotation p-value Predicted 
activation 
state 

Activation 
z-score 

No. of 
target 
molecules 

Inflammation of organ 4.96E-13 Increased 2.899 83 
Lymphocyte migration 3.18E-11 Increased 2.37 36 
Migration of mononuclear leukocytes 1.72E-11 Increased 2.292 38 
Cell movement of lymphocytes 1.11E-10 Increased 2.283 38 
Transmigration of phagocytes 5.36E-07 Increased 2.216 12 
Migration of lymphatic system cells 4.63E-13 Increased 2.136 40 
Migration of phagocytes 7.31E-12 Increased 2.053 32 
Organismal death 8.70E-09 Increased 2.006 122 
Aortic aneurysm 1.53E-08 Increased 2 13 

 

In summary, the results of Disease and Functions Analysis revealed additional biological functions 

that may be associated with the in vivo function of CD90+ CD34+ cells and CD34- reticular cells. 

Notably, the analysis suggested that CD90+ CD34+ cells may be involved in promoting migration of 

tumour cells. Many genes categorised into this function were those previously identified as the ECM 

organisation and disassembly genes by GO enrichment analysis. This is in agreement with previous 
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literature reports, where melanoma-associated stromal cells expressed elevated levels of matrix 

digesting enzymes at the border between tumour and surrounding healthy tissues [107–112]. In 

addition, CD90+ CD34+ cells were potentially associated with angiogenesis. Some of the categorised 

genes were 2 different angiopoietins (ANGPTL1, ANGPTL2) [256], matrix modulators (MMP2, 

NDNF) and other genes that were previously reported to be required for angiogenesis (RAMP2 

[257], ALCAM [258], IGF1 [259]). To best of our knowledge, there is yet no study that specifically 

investigated the angiogenic properties of melanoma-associated MCs. If CD90+ CD34+ cells in 

MILNs are related to CD90+ CD34+ capsular type cells in healthy LNs, then this function may be in 

agreement with the presence of large vessels in the capsular region of healthy LNs. In accordance 

with this hypothesis, previous transcriptomic analyses of CD34+ cells of murine LNs have revealed 

enrichment of genes related to angiogenesis [153,154].  

5.8 Upstream mediators 

Next, we sought to identify the upstream mediators associated with the differentially expressed 

genes using IPA. These are the mediators that may be expressed at elevated level in the MILN milieu 

and may therefore be responsible for controlling the function of melanoma-associated MCs. 

Using IPA (version 43605602), the Upstream Regulator Analysis was performed for 411 genes 

(Section 5.5), where genes enriched in CD90+ CD34+ cells were denoted as ‘downregulated genes’ 

and genes enriched in CD34- reticular cells were denoted as ‘upregulated genes’. These genes were 

significantly (p-value < 0.01) associated with 772 potential upstream regulators that are part of 

‘proteins, genes or RNA’ category. Of these genes, only the cytokines, growth factors or 

transcriptional regulators were selected, removing less specific categories. As a result, total of 284 

upstream regulators were identified. The top 10 regulators, as ordered by the degree of significance 

(p-value), are shown in Table 5-8.  



 

 

 

 

Table 5-8. Top 10 upstream regulators associated with differentially expressed genes 

Upstream 
regulator 

Type p-value Number of 
target molecules 

Target molecules (FDR<0.01) 

TNF Cytokine 2.34E-28 108 ABCC3, ACKR3, ADAMTS5, AGTR1, ANXA1, CCL19, CD55, CD82, CFD, CRY1, CTSS, CXCL13, 
CXCL9, DUSP6, F11R, GADD45B, GP1BA, HAS1, HLA-F, IGF1, IGFBP6, IL17RD, IL6, IRF8, ITGB3, 
MGST1, MMP2, MYH9, MYLK, NR4A1, OGN, PCSK6, PLA2G2A, PLD3, SEMA3C, TIMP1, TNC, 
TNFSF13B, UBD, VEGFC, WISP2 

IL1B Cytokine 4.35E-21 65 ABCC3, ADAMTS5, AGTR1, ANXA1, CD55, CD74, CD82, CTSS, CXCL13, CXCL9, GADD45B, 
HAS1, IGF1, IGFBP6, IL6, ITGB3, MMP2, MYLK, NR4A1, PCSK6, PLA2G2A, PLD3, PTGIS, 
SEMA3A, TIMP1, TNFSF13B, UAP1, UBD, VEGFC 

TGFB1 Growth factor 8.14E-21 96 ACTN1, BIN1, CD34, CD55, CDC42EP3, CEMIP, CFD, CTSS, CXCL13, ELMO1, FBN1, GADD45B, 
GAS7, GPRC5A, HAS1, IGF1, IGFBP6, IL6, ITGB3, ITGBL1, MMP2, MYH9, MYLK, NPR1, NR4A1, 
OSR2, PCOLCE2, PXN, SEMA3A, TIMP1, TNC, TNFSF13B, TPM2, VEGFC, WISP2, WNT11 

IFNG Cytokine 2.23E-16 37 AGTR1, AUTS2, CCL19, CD55, CD74, CTSS, CXCL9, F11R, FBLN1, HLA-C, HLA-F, IGF1, IL6, IRF8, 
ITGB3, MMP2, MYH9, PLA2G2A, SPON1, TIMP1, TNFSF13B, UBD, VEGFC 

SMARCA4 Transcription regulator 4.28E-14 45 A2M, ACE, ACTA2, ANGPTL2, ATP2B4, BIN1, CCL2, CD74, CP, CTSS, DUSP6, EBF1, ECM2, EMP3, 
ETS2, FMO2, GADD45A, GADD45B, GADD45G, GMFG, HLA-B, HLA-C, HLA-DRA, HLA-F, HLA-
L, IFI27, IGF1, IGFBP5, IL6, IL7R, INHBA, ITPR1, KRT18, LRRC34, MMP2, MYLK, NR2F2, NRP2, 
PLEKHO1, PLPP3, PTHLH, SDC2, SRPX, TAGLN, UBD 

AGT Growth factor 1.11E-13 37 ADAMTS5, ADD3, AGTR1, ANXA1, CREB5, CTSS, IGF1, IL6, ITGB3, MGST1, MMP2, NR4A1, 
TIMP1, VEGFC 

NFKBIA Transcription regulator 1.40E-13 37 ACKR3, ADAMTS5, AGTR1, CD82, DUSP6, GADD45B, HAS1, IGFBP6, IL6, NR4A1, OGN, PLD3, 
SEMA3C, TIMP1, TNC, VEGFC 

HGF Growth factor 2.00E-12 38 A2M, ACKR3, ACTA2, AKAP12, ANGPTL2, ANK3, BMP2, CCL2, CRY1, CXCL2, DOK5, DUSP6, 
EMP1, GPSM2, GUCY1B1, IGF1, IL27RA, IL6, INHBA, IRF8, ITPR1, ITPR3, KRT18, MMP2, MMP9, 
NR4A1, NRCAM, PHLDA1, PLPP3, PTHLH, RARRES2, SEMA3A, TGFBR2, TIMP1, TNFAIP6, 
VCAM1, VDR, VEGFC 

OSM Cytokine 1.39E-11 39 A2M, ABCC3, ACE, ACTA2, ADAMTS5, AKR1C3, ANXA1, ATP2B4, CCL2, CLIP1, CRY1, CXCL13, 
CXCL2, ECM1, ECM2, EMP3, ETS2, GADD45G, GAS7, GLUL, HLA-B, HLA-C, HLA-F, HSPA2, 
IGFBP6, IL15, IL6, JAG1, LIFR, MMP2, MMP9, MSC, PRDM1, SLPI, TIMP1, TNC, UAP1, VCAM1, 
VDR 

IL6 Cytokine 2.58E-11 43 A2M, ABCC3, ADAMTS5, ANPEP, ANXA1, BMP2, BST2, CCL2, CD74, CD82, CD83, COMP, CP, 
CXCL13, CXCL2, DUSP6, ETS2, GADD45A, GADD45B, GADD45G, GP1BA, GREM1, HLA-DQA1, 
IGF1, IGFBP5, IGFBP6, IL15, IL6, IL7R, ITGB3, ITPR1, KRT18, LIFR, MMP2, MMP9, PLA2G2A, 
PSMB10, SMAD7, TIMP1, TLR4, TNC, VCAM1, WARS 
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The top 4 upstream regulators, tumour necrosis factor (TNF), interleukin 1β (IL1B), transforming 

growth factor β1 (TGFB1) and interferon-γ (IFNG) were also displayed as a network for a better 

visualisation of target genes (Fig. 5-20). These mediators were those previous reported to play multi-

functional role in both physiological and pathological inflammation [260,261]. This data is in 

agreement with the GO functional enrichment analysis (Section 5.6), which showed number of 

differentially expressed genes are associated with inflammation. This finding is also in agreement 

with the idea that the TME is similar to ‘wounds that never heal’ [59], and therefore a site of chronic 

inflammation.  

Of the remaining top 10 mediators, NFKB inhibitor alpha (NFKBIA) functions to sequester a 

transcriptional regulator NFKB in response to inflammatory cytokines [262], while the other 

mediators in the list, SWI/SNF related, matrix associated, actin dependent regulator of chromatin 

subfamily A (SMARCA4) [263], angiotensinogen (AGT) [264,265], hepatocyte growth factor (HGF) 

[266], oncostatin M (OSM) [267,268] and interleukin-6 (IL-6) [269], have all been described to play 

a potential role in melanoma progression. In particular, TGFβ1 and IL1β were reported previously 

as a one of the major factors produced by melanoma and melanoma-associated stroma to stimulate 

MCs [100,103,118], while IL-6 and HGF was produced by both healthy and melanoma-associated 

MCs to mediate function of melanoma cells [118,120,123,270].  
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Figure 5-20. Top 4 cytokine mediators associated with combination of genes differentially 

expressed in CD90+ CD34+ cells and CD34- reticular cells 
Green indicate genes that are significantly enriched in CD90+ CD34+ cells and red indicate genes that are 

significantly enriched in CD34- reticular cells. Arrows indicate the predicted relationship between regulator and 

downstream genes (Arrow, activation; blocked arrow, suppression; arrow marked with an asterisk (*), unknown 

relationship). Only target genes that pass the significance threshold of FDR < 0.01 were displayed for simplicity 

In summary, we identified a number of upstream mediators that may affect the gene expression 

profile of both CD90+ CD34+ cells and CD34- reticular cells. The top most significant mediators 

were those previously reported to play a multi-functional role in physiological and pathological 

inflammations, in melanoma progression and in the interaction of melanoma and melanoma-

associated MCs. 



Chapter 5 

165 

5.9 Confirmation of gene signatures in lymph nodes 

We next sought to validate the results of the microarray. The significantly higher expression of the 

gene CD34 on the arrays obtained from CD90+ CD34+ cells and the similarity of genes enriched in 

CD34- reticular cells to previously reported transcriptomic profile of CD34- reticular cells (FRCs) 

in healthy LNs provide some validation of data but further evidence is crucial prior to proceeding to 

more detailed, gene specific investigations. This is because microarray data will contain  false 

positive and false negative results [271,272].  

There are a number of ways to confirm results of a microarray [273]. One way is measuring the 

levels of mRNA using qPCR [274], and the other is to analyse level of protein expression of cells in 

tissues by IF [271]. In this study, we have chosen IF as a method of validation. The control of 

translation of RNA to protein is complex and the difference in the level of transcript may not result 

in difference in the level of protein expression [275]. We decided to analyse the protein level 

nonetheless, as we are most interested in changes that significantly affect protein expression.  

Out of the total list of genes that show significantly higher expression (FDR < 0.05) on CD90+ 

CD34+ cells compared to CD34- reticular cells and vice versa, a few genes were selected, based on 

the availability of credible antibodies. The names of these genes, their log2 signal intensity, log fold 

difference and FDR are shown in Table 5-9. The log2 signal intensity of individual arrays are also 

visualised as a bar graph in Figure 5-21, to assess how consistently we may expect to detect 

differences between individual samples. In both, CD34 is shown as a reference gene, as this was the 

gene used to distinguish between two populations in the tissue and at the time of cell sorting. 

Table 5-9. List of genes selected for confirmation in tissue using IF 

Gene name CD90+ CD34+ cells (log2) CD34- reticular cells (log2) Log fold 
difference 

FDR 

CD34 14.4 6.25 8.15 1.94E-0.8 
ACKR3 15.08 6.35 8.73 0.0011 
MFAP5 17.91 9.23 8.68 7.97E-0.7 
IGF1 15.04 10.33 4.71 1.04E-0.6 
CXCL9 7.21 12.96 5.75 0.0015 
CD74 8.6 13.02 4.42 3.88E-0.5 
HLA-DRA 5.05 7.89 2.84 0.0101 
The numbers for CD90+ CD34+ cells or CD34- reticular cells indicate the average signal intensity (log2) of 7 arrays. 
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Figure 5-21. Bar graph showing individual signal intensity of selected genes 
The top row (A-D) show genes that show significantly greater expression on CD90+ CD34+ cells and the bottom 

row (E-G) show genes that show significantly greater expression on CD34- reticular cells. The log2 expression level 

of CD34, the key marker chosen to distinguish 2 MC subtypes at the time of sort, is shown (A) as a reference. Each 

dot represents a signal intensity value (log2) from an individual array. Blue denote arrays from CD34- reticular cells 

and red denotes arrays from CD90+ CD34+ cells. 

Although we attempted to analyse the expression of 6 genes as shown above (Fig. 19-20), the 

antibodies against CXCL9 and IGF1 failed to produce expected stains in both frozen and paraffin 

tissues. The remaining antibodies, MFAP5, ACKR3, CD74 and HLA-DRA, produced convincing 

stain on expected structures or cells, so we sought to analyse their expression in relation to CD90+ 

CD34+ and CD34- reticular cells in MILNs.  

5.9.1 Confirmation of genes enriched in CD90+ CD34+ cells 

Microfibril associated protein 5 (MFAP5), also known as microfibril associated glycoprotein 2 

(MAGP2), is a component of ECM that interacts with fibrilin and plays a critical role in regulating 

the function of microfibrils [276]. The microarray data indicated that CD90+ CD34+ cells in MILNs 

express significantly higher level of MFAP5 compared to CD34- reticular cells. Both healthy and 

melanoma LNs were stained with MFAP5 and CD34 to confirm whether this can be observed in 

tissues (Fig. 5-22). In healthy LNs, a bright expression of MFAP5 was observed in the capsular 

region (Fig. 5-22A).  Although MFAP5 was also expressed on the conduit network, the intensity of 

expression was much stronger in capsule that contains (CD90+) CD34+ capsular type cells. In MILNs, 

the brightest MFAP5 expression could be observed in regions that contain thick, dense collagen 
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fibres (Fig. 5-22B). As discussed in the previous chapter (Section 4.6), this is the niche for non-

endothelial (CD144-) CD90+ CD34+ cells in MILNs. The bright expression of MFAP5 in CD90+ 

CD34+ cell niche is in agreement with the higher gene expression level of MFAP5 in isolated CD90+ 

CD34+ cells, and validates the microarray data for MFAP5.  

 
Figure 5-22. MFAP5 expressions in healthy and melanoma LNs 
The expression of MFAP5 against CD34 (A and C), CD90 (B) and CD144 (C) was examined in healthy (A) and 

melanoma LNs (B-C). A bright expression of MFAP was observed in the capsule of healthy LNs (A). In MILNs, 

both capsule and capsule-like regions (B-C) showed bright expression of MFAP5. As described previously, these 

are the typical niche for CD90+ CD34+ cells (C). CD90+ CD34- cells forming the reticular stroma (B) showed 

dimmer expression of MFAP. Blue (A-B) or grey (C) represents DAPI stain of cell nuclei. CD34 was stained using 

the antibody clone 581. CD90 was stained using the antibody clone Thy-1A1. Data are representative of at least 3 

different samples. 

Atypical chemokine receptor 3 (ACKR3), also known as chemokine (C-X-C Motif) receptor 7 

(CXCR7), modulates the chemokine gradient by removing CXCL11 and CXCL12 from the 

microenvironment and therefore can alter the migration of other cells in the vicinity [277]. The 

expression of ACKR3 on melanoma-associated blood vessels has been reported previously in human 

tissues [278]. Healthy and melanoma LNs were stained with antibodies against ACKR3, CD34 and 

CD144 to identify cells expressing ACKR3 (Fig. 5-23). The expression of ACKR3 could not be 
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identified in the healthy LNs (data not shown). In MILNs, the expression of ACKR3 was found on 

some CD144+ vasculature (Fig. 5-23A), as reported previously [278]. The majority of CD34- 

reticular cells lacked expression of ACKR3, and ACKR3 expression was only localised to CD34+ 

blood vessels (Fig. 5-23B). In 4 out of 8 MILNs analysed, non-endothelial (CD144-), ACKR3+ 

CD34+ cells were spotted in the typical niche for CD90+ CD34+ cells (Fig. 5-23C), though only a 

small minority of CD34+ cells in these locations co-expressed ACKR3. No such cells were detected 

in the remaining 4 out of 8 MILNs.  

The lack of ACKR3 expression in these samples appears to contradict the microarray result, which 

shows that the expression of ACKR3 is consistently higher on CD34+ cells, across 7 different 

samples (Fig. 5-21B). However because ACKR3 appears to be expressed by a small percentage of 

CD90+ CD34+ cells, residing in specific locations, it is possible that ACKR3+ cells were not present 

in the particular section of these samples examined by IF. Alternatively, the expression of ACKR3 

on the majority of CD90+ CD34+ cells may be very dim, in comparison to the expression by 

endothelial cells, making them difficult to be identified by IF. 

 
Figure 5-23. ACKR3 expressions in MILNs 
The expression of ACKR3 against CD144 (A & C), CD34 (B-C) and CD90 (B) was examined in 8 different MILNs. 

ACKR3 was expressed on blood vessels (CD144+) (A), while majority of MCs (CD90+) were ACKR3- (B). Rare 

CD34+ ACKR3+ cells were spotted in 4 MILNs. Blue (A) or grey (B-C) represents DAPI stain of cell nuclei. CD34 

was stained using the antibody clone EP373Y. CD90 was stained using the antibody clone Thy-1A1. Data are 

representative of at least 3 different samples. 
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5.9.2 Confirmation of genes enriched in CD34- reticular cells 

The products of HLA-DR and CD74 are related to antigen presentation. MHC-II is a molecule 

specialised for binding external peptides, typically from pathogens, and then displaying them on cell 

surface for recognition by T cells [279]. In humans, MHC-II is composed of 3 types of alpha and 

beta chains, called HLA-DR, -DP and DQ. MHC-II is expressed by B cells and antigen presenting 

cells, such as macrophages, but can be upregulated on other cell types when stimulated with IFN-γ 

[279]. CD74 is an invariant chain protein that functions as a ‘trafficking adaptor’ for MHC-II and 

modulates its trafficking to the cell surface [280]. The expression of MHC-II and CD74 were 

upregulated on mouse FRCs under inflammation [44]. 

As in the previous section (Section 5.9.1), healthy and melanoma LNs were stained with antibodies 

against HLA-DR (Fig. 5-24) or CD74 (Fig. 5-25), to confirm whether a higher level of expression 

is found on CD34- reticular cells compared to CD90+ CD34+ cells. HLA-DR expression was not 

found on the conduit network (pan-collagen+) of healthy LN, suggesting that CD34- reticular cells 

in healthy LNs are either HLA-DRdim or HLA-DR- (Fig. 5-24A). The majority of HLA-DR positive 

cells in MILNs were haematopoietic cells, co-expressing CD45 (Fig.5-24B). The MART1+ 

melanoma cells did not appear to express this molecule (Fig. 5-24C). There were rare HLA-DR+ 

cells that lack expression of CD45 and MART-1 (Fig. 5-24B). These cells, however, displayed a 

vascular morphology. Since CD90 can be expressed by both endothelial cells and MCs, a counter-

stain with FAP was performed to see if any of non-endothelial stromal cells can express HLA-DR. 

The results showed that FAP+ stromal cells are consistently HLA-DR- (Fig. 5-24D).    
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Figure 5-24. HLA-DR expressions in healthy and melanoma LNs 
The expression of HLA-DR (A-D) against pan-collagen (A), CD45 (B-C), MART-1 (B-C) and FAP (D) was 

examined in healthy and melanoma LNs. The reticular network (pan-collagen+) of healthy LNs were HLA-DRdim/- 

(A). In MILNs, haematopoietic cells (CD45+) expressed bright HLA-DR (B), while melanoma cells (MART1+) (C) 

and MCs (FAP+) (D) did not express HLA-DR. Blue (A & D) or grey (B-C) represents DAPI stain of cell nuclei. 

Arrows in (D) indicate HLA-DR+ cells that lack expression of FAP. MART1 was stained using the antibody clone 

A103. FAP was stained using the antibody clone F19. Data are representative of at least 3 different samples. 

Similarly, the expression of CD74 was absent from the conduit network (pan-collagen+) of healthy 

LN (Fig. 25A). CD74 positive cells in MILNs were either CD45+ haematopoietic cells (Fig. 25B), 

or MART-1+ melanoma cells (Fig. 25C) and CD74 expression was not found on any CD45- or 

MART-1- cells.  
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Figure 5-25. CD74 expressions in healthy and melanoma LNs 
The expression of CD74 (A-C) against pan-collagen (A), CD45 (B-C) and MART-1 (B-C) was examined in healthy 

and melanoma LNs. Like HLA-DR, the reticular network (pan-collagen+) of healthy LNs did not express CD74. In 

MILNs, both haematopoietic cells (CD45+) (B) and melanoma cells (MART1+) (C) often expressed bright CD74 

and CD74 expression was not found on any CD45- or MART1- stromal cells. Blue (A) or grey (B-C) represents 

DAPI stain of cell nuclei. MART1 was stained using the antibody clone M2-7C10. Data are representative of at 

least 3 different samples. 

In summary, we have analysed the tissue expression of MFAP5, ACKR3, HLA-DR and CD74 to 

validate the results of the microarray analysis. We have found higher expression of MFAP5 (Fig. 5-

22) on CD90+ CD34+ cells, residing in capsule and capsule-like regions, compared to CD34- reticular 

cells, residing among melanoma nests, which is in agreement with the microarray data (Fig. 5-21). 

ACKR3+ CD34+ cells were also spotted in 4 samples analysed (Fig. 5-23). However, we were not 

able to find convincing expression of HLA-DR (Fig. 5-24) nor CD74 (Fig. 5-25) on CD34- reticular 

cells. If the microarray results are a correct representation of the transcriptional level of HLA-DR 

and CD74 in MCs, then these results may demonstrate that the disparity between transcript levels 

and protein levels of these genes.  Alternatively, there is a chance that the level of expression of 

HLA-DR and CD74 is significantly lower than that on haematopoietic cells, making them difficult 

to identify by IF. 
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5.10 Discussion 

The key objective of this chapter was to understand the functional difference between CD90+ CD34+ 

cells and CD34- reticular cells by studying their transcriptome profile. To achieve this objective, we 

have optimised the cell-sorting method for stromal cell populations in MILNs by enriching CD90+ 

cells using a magnetic bead separation (Section 5.2, Fig. 5-1) and designed a new FACS panel of 8 

markers (Section 5.2, Fig. 5-2 and Fig. 5-3). We have successfully identified and isolated both cell 

populations from MILNs and obtained microarray data from as few as 85 cells (Table 5-2, sample 

20).  

5.10.1 The function of CD90+ CD34+ cells and CD34- reticular cells in the melanoma 

microenvironment 

The comparison of microarray data obtained from CD90+ CD34+ cells versus CD34- reticular cells 

revealed 411 differentially expressed genes (FC > 2, FDR < 0.05). These genes were then enriched 

for potential biological functions using GO enrichment analysis and IPA. The results indicated that 

CD90+ CD34+ cells are enriched for ECM and related genes, as well as genes related to adipogenic, 

osteogenic and chondrogenic lineages. In comparison, CD34- reticular cells were enriched for genes 

associated with the immune system. Each of these biological pathways will be discussed in detail in 

the following paragraphs.  

CD90+ CD34+ cells were enriched for ECM genes or genes that are related to ECM. CD34- reticular 

cells did show higher expression of a few ECM or ECM modulatory genes (LAMA5, TNC, POSTN 

and SPINT1) [281–285], but the numbers of ECM-related genes were much higher on CD90+ CD34+ 

cells (Section 5.6.1, Fig. 5-13). This indicated that while both MC types are likely to participate in 

ECM production and modification, leading to overall ‘fibrosis’ of MILNs, CD90+ CD34+ cells are 

likely to have significantly higher ‘fibrogenic’ potential compared to CD34- reticular cells. This 

finding is supported by the location of the cells in tissue, where CD90+ CD34+ cells are solely found 

in regions containing dense collagen fibres and CD34- reticular cells are found in both dense and 

sparse collagen regions. The expression of one of the ECM genes, MFAP5, was successfully 

validated in tissue by IF. Interestingly, (CD90+) CD34+ capsular type cells in healthy LNs also 

expressed higher level of MFAP5 compared to CD34- reticular cells. Previous single cell 

transcriptomic analysis of CD34+ capsular cells isolated from murine LNs have also revealed these 

cells are enriched for several ECM or ECM modulatory genes [154]. We were not able to perform 

downstream analysis of microarray data obtained from healthy LN, but these evidence suggests that 

CD90+ CD34+ cells in both healthy and melanoma LNs may be responsible for secreting dense ECM, 
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which leads to the formation and maintenance of the capsule in healthy tissues and of the capsule 

and capsule-like regions in melanoma LNs.  

CD90+ CD34+ cells were also enriched for genes of adipogenic, osteogenic and chondrogenic 

lineages (Section 5.6.1, Fig. 5-16). Some of these genes, such as osteoglycin (OGN) [242], are 

markers that are upregulated during differentiation, while others, such as mesenteric estrogen 

dependent adipogenesis (MEDAG) [286], are stimulators of differentiation. Early B cell factor 2 

(EBF2) [244] is one exception and it is a marker of osteoblast precursors. The enrichment for 

mesenchymal lineage related genes was also reported in the transcriptome profiling study of CD90+ 

CD34+ cells isolated from human adipose tissues [138]. These observations further strengthen the 

hypothesis that CD90+ CD34+ cells may be closely related to CD34+ MSCs in other tissues.  

On the other hand, CD34- reticular cells showed higher expression of genes that are expressed by 

healthy LN CD34- reticular cells (FRCs) (Section 5.6.2, Fig. 5-18). Again, this is supported by the 

location of cells in the tissue, where CD34- reticular cells were frequently found in contact with 

clusters of immune cells (Section 4.3.3, Fig. 4-8). This observation may also indicate that CD34- 

reticular cells in MILN are derived from CD34- reticular cells (FRCs) in healthy LNs. However, the 

differential gene expression may be due to the remnants of healthy LN stroma in samples, present 

in regions that was not perturbed by melanoma. We have selected only the samples highly infiltrated 

by melanoma cells to minimise this, but we were not able to completely remove all ‘healthy’ CD34- 

reticular cells from the analysis.  

Interestingly, CD90+ CD34+ cells displayed high expression of genes that are associated with 

degradation or sequestration of chemokines. These were PI16 [287], TNFAIP6 [288] and ACKR3 

[289]. The expression of ACKR3 on a portion of CD90+ CD34+ cells in MILNs was confirmed by 

IF (Section 5.9.1, Fig. 5-23). This contrasts with CD34- reticular cells, which displayed high 

expression of chemokines and adhesion molecules (VCAM1, CCL2, CCL21, CXCL9, CCL19, 

LEF1) that promote migration of haematopoietic cells. The result for VCAM1, in particular, was in 

agreement with previous observation in MILNs by IF (Section 4.7, Fig. 4-27B), where MCs in dense 

collagenous region consistently showed low or no expression of VCAM1, whereas some CD34- 

reticular cells near immune cell clusters retained expression of VCAM1. These findings suggest an 

interesting mechanism of chemokine regulation in MILNs, where CD90+ CD34+ cells and CD34- 

reticular cells together create a chemokine gradient. In addition, the functional enrichment analysis 

revealed that many genes enriched in CD90+ CD34+ cells were also previously reported to promote 

migration of tumour cells. Altogether, these observations raise an interesting hypothesis, where T 

cells entering the regions containing dense CD90+ CD34+ cells may become ‘trapped’ due to lack of 

pro-migratory signals, while melanoma cells may receive pro-metastatic signals. 
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Finally, the analysis of upstream mediators revealed that many of the differentially expressed genes 

were those under the control of well-known mediators of physiological and pathological 

inflammation (TNFα, IL1β, IFNγ, TGFβ1) [260,261]. TGFβ1, in particular, has been emphasised in 

a number of melanoma studies as being responsible for differentiation and proliferation of 

melanoma-associated MCs [100,103–105,223]. The knowledge of high association between 

melanoma-associated MCs and pro-inflammatory signals is not novel, but this observation provides 

reassurance that our microarray data are indeed representative of the tissue of interest. As discussed 

previously (Section 5.8), some of the other mediators in the list, such as angiotensinogen (AGT) 

[264,265] and oncostatin M (OSM) [267,268] have been described to play a potential role in 

melanoma progression, but they have not been investigated in the context of melanoma-associated 

MCs. Further analysis of such genes may reveal new therapeutic targets that can selectively control 

the function of melanoma-associated MCs.  

Overall, these results suggest that CD90+ CD34+ cells and CD34- reticular cells not only show 

different phenotypic characteristics, but also may play different functional roles in the melanoma 

microenvironment. There are currently a very limited number of studies that analyse the function of 

melanoma-associated MCs, categorised to phenotypically defined subgroups. Few transcriptomic 

profiles have been performed on melanoma tissues, but these were either on whole tissues 

[100,106,290] or on hetereogenous, adherence isolated melanoma-associated MCs [222,223]. 

Analysing the transcriptomic profile of adherent cultured MCs has significant limitations because 

in vitro culture conditions can alter expression profiles of MCs. For example, studies of adult MSCs 

isolated from multiple tissues documented a change in phenotypic [291,292] and transcriptomic 

[138,238] profile of isolated cells upon in vitro culture. Therefore, it is unclear whether data obtained 

from cultured cells reflect the original function of cells in vivo. More recently, a single cell 

transcriptomic study was performed on whole tissue digest of melanoma tissues [106]. This study 

has not analysed the heterogeneity of melanoma-associated MCs, but has compared the 

transcriptomic profile of cells expressing typical MC markers (FAP, CD90, DCN and collagens) to 

the transcriptome profile of adherent cultured, melanoma-associated MCs. The comparison showed 

that two cell types show different gene signatures and demonstrated the impact of in vitro culture on 

cells [106]. To the best of our knowledge, the results presented in this study represent the first 

attempt to characterise the transcriptomic profile of human MCs, isolated directly from tissue using 

specific phenotypic markers.  

It is important to remember that the association of CD90+ CD34+ cells as an ECM modulatory, 

precursor-like cells and CD34- reticular cells as immune modulatory cells is still a hypothesis that 

remains to be further validated by in vitro and in vivo functional assays. Although we have drawn 

our conclusion using two independent databases (GO ontology and Ingenuity Knowledge Base) that 
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are supported by evidence reported in biomedical literature, it is not certain that each gene will have 

the same function in our tissue and cells of interest. For example, the product of IGF1 is a highly 

multi-functional protein that can play various roles, including but not limited to; promoting 

adipogenesis [293], promoting osteogenesis [294] and maintaining the blood vasculature [259]. 

5.10.2 Limitations and future directions 

The main limitation of the current study is the small sample number (n=7) and the small size of 

starting cells (<5000 total isolated cells). We have used the Clariom S assay that was designed for 

picogram amounts of RNA and obtained good array data from as few as 85 cells. However, further 

improvements may be made for future studies. As discussed previously, investigating other 

digestion protocols may lead to release of more MCs from ECM. In addition, we have used single 

cell suspensions restored from frozen stocks, but an alternative method would be to isolate cells 

from freshly digested tissues. This is likely to result in better cell viability and potentially lead to 

greater cell yield and better RNA quantity and quality. This would also avoid the unknown effects 

of freeze and thaw process on cells.  

In the current study, we have analysed the transcriptomic profile of the heterogeneous population of 

CD34- reticular cells. In particular, we were unable to separate (CD90+) CD34- cells residing in thick 

capsule-like regions, together with CD90+ CD34+ cells and those residing in reticular zones, 

intermingled with melanoma cells. As discussed previously, these CD34- reticular cells in different 

regions are likely to play different functions. From the close spatial association of CD34- cells with 

T cells in reticular zones, it is highly likely that these cells were responsible for high expression of 

pro-migratory genes. CD34- cells in the thick capsule-like regions may be CD90+ CD34+ cells that 

have lost expression of CD34 upon activation and proliferation. Hence, these cells will more closely 

resemble the transcriptomic profile of CD90+ CD34+ cells and express high ECM genes. Overall, 

identification of phenotypic markers that can differentiate CD34- cells in these 2 regions would be 

critical for future investigations. One potential marker may be MFAP, which showed higher 

expression on capsule-like regions by IF. Chemokines and immune-adhesion proteins that showed 

higher expression on CD34- reticular cells would also be good candidates.  

Another option may be to use a different technique to measure the transcriptome, such as single cell 

transcriptomic analysis [106,154,295]. Single cell transcriptomic analysis would provide additional 

information about our target cells, which cannot be revealed using microarrays. Most importantly, 

it would provide information about the heterogeneity within CD90+ CD34+ cells and CD34- stromal 

cells. In addition, it would enable the distinction of ‘healthy remnants’ among both populations, 

which may be biasing the results shown here. Lastly, it would enable the identification of any 
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‘contaminating cells’. We have included the enrichment step (Section 5.2, Fig. 1) and applied a strict 

gating strategy (Section 5.2, Fig. 2) to isolate target cells, but any odd cells that ends up in the final 

sample may alter the microarray result, because the number of cells is so small. For our current data, 

we have performed a screen for the expression level of genes associated with potential contaminating 

cells (Appendix A) and concluded that the majority of the input cells were those of MC lineage and 

not of melanoma, endothelial or haematopoietic lineages. However, single cell transcriptomic 

analysis would enable identification of all contaminations, if any, and enable removal of associated 

genes from the downstream analysis. The strengths of single cell transcriptomic analysis was 

recently demonstrated in two independent studies of stromal cells in murine LNs [154,296]. In both 

studies, number of previously unknown mesenchymal cell subtypes were identified, each with 

distinct transcriptomes and locations within the tissue [154,296]. 

5.10.3 Chapter conclusion 

In this chapter, we optimised methods to purify CD34+ capsular cells and CD34- reticular cells from 

melanoma-associated LN digests and obtained a transcriptional profile of these subtypes using 

microarray. The data revealed that these two subtypes, showing distinct expression of CD34, also 

showed several differences in their gene expression patterns. Based on the analysis of differential 

genes, we demonstrated that CD34+ capsular cells more highly expressed ECM or ECM-related 

genes, whereas CD34- reticular cells more highly expressed genes related to immune cell migration. 

Altogether, these data suggest that melanoma-associated MC subtypes may play distinct roles in the 

melanoma microenvironment, which would be an important consideration for development of future 

therapies targeting these cells.  
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Chapter 6. Characterisation of healthy and melanoma-

associated mesenchymal stromal cells in vitro 

6.1 Background 

In previous sections, we have established the phenotypic and the transcriptomic profile of MCs in 

human MILNs. Notably, we have demonstrated we can distinguish between CD90+ CD34+ cells 

associated with dense collagenous band, and (CD90+) CD34- reticular cells that are often 

intermingled amongst tumour cell nests. The analysis of IF, flow cytometry and microarray data 

suggested that CD90+ CD34+ cells may be similar to adult MSCs and may be capable of producing 

high levels of ECM, whereas CD34- reticular cells may be similar to FRCs and may be able to 

modulate immune responses.  

To further investigate the function of these cells, we sought to establish cell lines from FACS-

isolated CD90+ CD34+ cells and CD34- reticular cells. 

6.2 Establishing cell lines from FACS isolated mesenchymal stromal cells 

Initially we set out to isolate CD90+ CD34+ cells and CD34- reticular cells from five different MILN 

samples using the same FACS sorting method we had used for the microarray analysis. The numbers 

of cells obtained from each sample are summarised in Table 6-1. The rows sharing the identical 

sample code indicate different experiments conducted using the different frozen aliquots of the same 

donor sample. The results show that there were variations in the proportions of CD90+ CD34+ cells 

versus CD34- reticular cells between different donors and between different frozen aliquots of each 

donor sample. The isolated cells were transferred immediately to multi-well plates for in vitro 

expansion.  

Table 6-1. Summary of total number of cells sorted for in vitro expansion 

Sample CD90+ CD34+ cells CD34- reticular cells 
ML1 2486 1932 
ML1 5067 3461 
ML1 7615 1922 
ML1 4474 1176 
ML2 738 266 
ML6 1835 4009 
ML6 990 1430 
ML7 671 4154 
ML9 1028 2426 
ML9 2713 9543 
ML9 6011 8192 
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The isolated CD90+ CD34+ cells adhered to plastic within 3-4 days (Fig. 6-1 and 6-2, top row). The 

adhered cells acquired a spindle shaped morphology typical of isolated MCs. In comparison, the 

majority of isolated CD34- reticular cells remained as round cells and did not proliferate in vitro 

(Fig. 6-1, bottom row). In rare cases (ML7 and ML9), CD34- reticular cells did adhere to plastic to 

acquire a similar morphology to CD34+ cells (Fig. 6-2). These cells underwent cell division to reach 

confluence and could be passaged onto new culture plates. 

 
Figure 6-1. Appearance of adherent, proliferating CD90+ CD34+ cells and round, non-

proliferating CD34- reticular cells in vitro 
Representative figure showing a sample where CD34- reticular cells did not proliferate. Data are representative of 

at least 3 different samples. 

 
Figure 6-2. Appearance of adherent, proliferating CD90+ CD34+ cells and CD34- reticular 

cells in vitro 2 
Representative figure showing a sample where CD34- reticular cells adhered to plastic and proliferated. Data are 

representative of 2 different samples. 
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The time required for cells to reach confluence varied between different donor samples and between 

different experiments using cells from the same donor sample (Fig. 6-3). CD34- reticular cell lines 

could only be obtained from 2 out of 5 samples (ML7 and ML9) and these cells could not be 

expanded past passage 6. CD90+ CD34+ cell lines were obtained from 4 out of 5 samples and the 

majority of established lines could be expanded to passage 8, which provided enough cells for 

subsequent analysis.  

 
Figure 6-3. Expanding CD90+ CD34+ cells and CD34- reticular cells in vitro 
Solid lines: CD90+ CD34+ cells, Dotted lines: CD34- reticular cells. Truncated line indicates a point in time in which 

cells stopped growing, or detached from tissue culture plate and could not be expanded further. 

6.3 Mesenchymal stromal cells isolated using non-FACS methods 

Due to the inability to establish stable cell lines from CD34- reticular cells from FACS-sorted cells 

from MILNs, we decided to include cell lines established from expanding CD90+ enriched fractions 

of MILNs (Section 2.2.5-6). As these cells were not selected for expression of CD34, the adherent 

cells are likely to be a heterogeneous mixture of CD90+ CD34+ cells and CD34- reticular cells. From 

hereafter, these cells will be referred to as ‘CD90+ MCs’ (e.g. ML1 CD90+ MCs) and cell lines 

established from FACS-sorted, CD90+ CD34+ cells will be referred to as ‘CD34+ MCs’ (e.g. ML1 

CD34+ MCs). For the healthy control, we have included adherent cell lines established from single 

cell digests of healthy LNs (Section 2.2.4). These cells have not been enriched prior to culture and 

have been isolated based solely on the higher adhesive properties of MCs compared to lymphocytes. 

From hereafter, these cells will be referred to as ‘Healthy LN MCs’ (e.g. L1 MCs). The appearance 

of each cell type in culture is shown in Figure 6-4.  
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Figure 6-4. The morphology of 3 different types of MCs in adherent culture 
The morphology of CD90+ MCs (A), CD34+ MCs (B) and healthy LN MCs (C) was examined using the brightfield 

microscope. Data are representative of at least 3 different samples. 

The passage number of each cell type, after initial expansion and before commencing the 

downstream analysis, is shown in Table 6-2. The passage number provides an approximation of the 

duration of in vitro culture time for each MCs. However, this does not necessarily reflect the number 

of cell division, as the cell types were isolated using different methods, as described previously, and 

were seeded in different starting numbers. Except for L1, all cells used in subsequent analysis were 

at or below passage 10.  
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Table 6-2. Summary of passage number of each cell type 

Cell type Method of isolation Passage number 
ML1 CD90+ MACS 7 
ML2 CD90+  MACS 7 
ML6 CD90+ MACS 7 
ML7 CD90+ MACS 7 
ML9 CD90+ MACS 7 
ML1 CD34+ FACS 9 
ML6 CD34+ FACS 9 
ML9 CD34+ FACS 9 
L1 Adherence 14 
L3 Adherence 6 
L4 Adherence 6 

CD90+ MCs (ML1, ML2, ML6, ML7 and ML9) were isolated by enriching CD90+ cells in single cell suspensions 
of MILNs using MACS  
CD34+ MCs (ML1, ML6 and ML9) were isolated by enriching CD90+ cells by MACS, then identifying CD45- 
CD31- CD90+ CD34+ cells using FACS  
Healthy LN MCs (L1, L3 and L4) were isolated by placing single cell suspensions of healthy LNs on tissue culture 
plates and removing non-adherent cells  
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6.4 Identifying contaminating melanoma cells by immunocytochemistry 

We next analysed whether there were any contaminating melanoma cells in the established cell lines. 

This was necessary because melanoma cells are also adherent to plastic and frequently contaminate 

cultures of melanoma-associated MCs [106,297]. We examined the presence of melanoma cells by 

performing immunocytochemical stain of established cell lines using antibodies against melanoma 

specific markers, MART1 and Sox10, and quantifying the percentage of positive cells.  

Five different CD90+ MCs (ML1, ML2, ML6, ML7, ML9), 3 different CD34+ MCs (ML1, ML6, 

ML9) and 3 healthy LN MCs (L1, L3, L4) were stained with antibodies against, MART1 and Sox10. 

The results showed that all established melanoma MC lines, except ML7 CD90+ MCs, were free of 

MART1+ (Fig. 6-5A) or Sox10+ (Fig. 6-5B) melanoma cells. This cell line was excluded from the 

further analysis. The quantification analysis detected a small percentage of healthy LN MCs 

‘expressing’ MART1 (Fig. 6-5A, L3 and L4), but the examination of images revealed these are due 

to higher overall background fluorescence of L3 and L4 cell lines compared to others, and not due 

to actual MART1 expression. 

 
Figure 6-5. Identifying cell lines without melanoma contamination 
The 3 different cell lines were stained with Sox10 and MART1 to identify the presence of any contaminating 

melanoma cells. The quantification of positive cells were performed using MetaXpress (version 6.2.3). Error bars 

indicate standard deviation. 
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6.5 Analysing the phenotype of established cell lines using flow cytometry 

Next, we sought to analyse the phenotypic profile of established cell lines using polychromatic flow 

cytometry. A new 12 marker panel was designed (Section 2.4.1, Table 2-6) to analyse the phenotypic 

profile of adherent cells and was used to examine CD90+ MCs (ML1, ML6 and ML9), CD34+ MCs 

(ML1 CD34+, ML6 CD34+ and ML9 CD34+) and healthy LN MCs (L1, L3 and L4) (Fig. 6-6 and 6-

7).  

Plotting live, single cells (Fig. 6-6A) on CD45 versus CD144 gate revealed that all cell lines are 

CD45- CD144-, and free of any contamination by haematopoietic (CD45+) or endothelial (CD144+) 

cells (Fig. 6-6B). These cells showed high expression of CD90, as expected (Fig. 6-6C).   

 
Figure 6-6. Gating strategy to analyse adherent melanoma and healthy LN MCs 
Polychromatic flow cytometry using a panel of 12 markers (Section 2.4.1, Table 2-6) was used to analyse phenotypic 

profile of MCs. After excluding cell doublets and dead cells (A), cells were plotted on CD45 versus CD144 to 

confirm that cells are free of haematopoietic and endothelial contaminations (B). A SSC-A versus CD90 plot (C) 

further confirmed the majority of cells as being CD90+. Data are representative of at least 3 different samples. 

These CD45- CD144- cells were then plotted based on the combination of other markers to determine 

the phenotypic profile of each cell line (Fig. 6-7) The CD90+ MCs (Fig. 6-7A) and CD34+ MCs (Fig. 

6-7B) displayed an almost identical phenotypic profile. Both sets of cell lines showed bright 

expression of CD90 and CD73 (Fig. 6-7, A-B, CD90 versus CD73 plot), while a minor percentage 

of cells expressed CD34 (Fig. 6-7, A-B, CD90 versus CD34 plot).  Both sets of cell lines were also 
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positive for FAP, showed mixed expression of podoplanin, lacked expression of CD271 and CD146, 

and had minor subpopulations with dim expression of CD26. In comparison, slight phenotypic 

variations were observed in healthy LN MCs. Cell lines isolated form L1 and L3 samples showed a 

similar phenotypic profile to CD90+ MCs and CD34+ MCs (Fig. 6-7C). However, MCs isolated from 

L4 healthy LN (Fig. 6-7D) showed high CD146 expression while lacking expression of podoplanin 

(CD146 versus podoplanin plot, highlighted in red). The L4 cell line more closely resembled CD34- 

podoplanin- CD146+ pericytes than 2 other cell lines derived from healthy LNs.  

 
Figure 6-7. Analysing and comparing the phenotypic profile of 3 different MCs in vitro using 

polychromatic flow cytometry 
Live, single CD45- CD144- cells (Fig. 6-6) were selected and plotted against various markers to analyse their 

phenotypic profile. A: CD90+ MCs, B: CD34+ MCs, C: healthy LN MCs. The gates were placed using the unstained 

sample as a reference. The numbers indicate percentages of cells in each quadrant. Data shown in A-B are 

representative of 3 different samples. Data shown in C are representative of 2 healthy LN cell lines (L1 and L3), 

and data shown in D are from 1 healthy LN cell line (L4).   
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One notable difference between healthy and melanoma MCs was that healthy LN MCs contained 

significantly less CD34+ cells than CD90+ MCs (Fig. 6-8). This may be due to the presence of higher 

percentage of CD34+ cells among the total stromal cell fraction in single cell digests of MILNs 

compared to healthy LNs, as demonstrated in the previous analysis of two tissue types using 

multicolour flow cytometry (Section 4-5, Fig. 4-15A). Alternatively, there is a possibility that this 

difference is simply the result of the phenotypic change of cell lines in response to in vitro tissue 

culture. This ‘in vitro culture artefact’ and the loss of CD34 expression in culture has been reported 

previously in several of human MCs [19,138]. In agreement with this, only ~20% of FACS isolated 

CD34+ MCs have retained the expression of CD34 (Fig. 6-8, ‘CD34+ MCs’).  

 
Figure 6-8. Comparing the percentage of CD34+ cells in healthy versus melanoma MCs 
Each dot on figure represents data from different samples (CD90+ MCs, n=4; CD34+ MCs, n=3; healthy LN MCs, 

n=3). L4 sample, which displayed different phenotypic profile to other 2 LN MCs, has been indicated in red. Error 

bars indicate standard deviation. The statistical significance of differences between experiments was assessed using 

Student’s t-test (unpaired, 2 tailed). * denotes p-value < 0.05.  

The phenotypic profile of 3 cell lines are summarised in Table 6-3. The polychromatic flow 

cytometry analysis of 3 different types of MCs in vitro showed that majority of these cells are non-

haematopoietic (CD45-) and non-endothelial (CD144-) MCs, which express CD90 and CD73 (Table 

6-3). Overall, there were little difference in the phenotype between melanoma and healthy MC lines, 

except for CD34, which was expressed at slightly higher level on CD90+ melanoma MCs compared 

to healthy LN MCs.  
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Comparing melanoma MCs to the in vivo phenotype, CD34+ MCs appear to have lost CD34 

expression, while all MCs have lost expression of CD271. The expression of CD73, FAP and CD26 

on healthy LN MCs were also higher than their in vivo counterparts. These observations demonstrate 

that in vitro culturing can alter the phenotypic profile of isolated cells, as reported previously in the 

literature [19,138].  

Table 6-3. Summary of phenotype of 3 different lines of MCs in vitro 

 CD34 CD73 CD271 FAP CD26 Podoplanin CD146 
CD90+ MCs +/- + - + +/- +/- - 
CD34+ MCs +/- + - + +/- +/- - 
Healthy LN MCs +/- + - + +/- +/- - 
Healthy LN MCs (L4) - + - + +/- - + 

-, mostly negative; +, mostly positive; +/-, some positive and some negative 
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6.6 Comparing the degree of senescence of mesenchymal stromal cells in 

vitro 

Having confirmed that the cell lines isolated from healthy and melanoma LNs are non-

haematopoietic and non-endothelial cells expressing CD90, we next sought to compare the cell lines 

using in vitro functional assays. The first assay was the measurement of the degree of cellular 

senescence. The level of cellular senescence can be analysed by measuring the level of expression 

of senescence associated β-galactosidase (SA-β-gal) [132] (Section 2.7.1). The β-galactosidase 

refers to a collection of enzymes that can cleave the non-reducing β-D galactose residues from 

multiple substrates [298]. The activity of this enzyme at pH 6 was found to be higher in senescent 

cells and this was partly due to the increased activity of lysosomes [132,299] [133]. 

The 3 different type of MCs were stained for β-galactosidase and the percentage of positive cells 

were quantified (Fig. 6-9). One healthy LN MCs expressed a much higher level of SA-β-gal 

compared to the other two samples derived from healthy LN. This cell line (L1) had the highest 

passage number, indicating that cells would have gone through more rounds of cell division. When 

this sample was excluded as an outlier, no statistically significant difference could be observed 

between 3 different cell types.  

 
Figure 6-9. The degree of cellular senescence of healthy versus melanoma MCs 
The degree of cellular senescence was measured by staining cells with beta-galactosidase and calculating percentage 

of stained cells (DAPI+). Each dot on figure represents data from different samples (CD90+ MCs, n=4; CD34+ MCs, 

n=3; healthy LN MCs, n=3). L4 sample, which displayed different phenotypic profile to other 2 LN MCs, has been 

indicated in red. Error bars indicate standard deviation. The statistical significance of differences between 

experiments was assessed using Student’s t-test (unpaired, 2 tailed). No statistically significant differences were 

found between different groups when L1 was excluded.  
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6.7 Comparing the migratory potential of mesenchymal stromal cells in 

vitro 

We assessed whether there is any difference in the migratory capacity of healthy and melanoma 

MCs in vitro. We performed this analysis using a scratch wound assay (Section 2.7.2). This assay 

measures the 2D migratory potential of cells by creating an artificial gap (a ‘scratch’), on a confluent 

cell monolayer [134,135]. Once the ‘scratch’ is created, the cells on the edge of the scratch were 

observed to migrate towards the centre, until a confluent monolayer is established again [134].  

After each MC type grew to full confluence in a well, the ‘scratch’ was created in the middle. The 

image of cells were acquired on the same day (Fig. 6-10, ‘1h after scratch’) and after incubating 

cells for 2 days (Fig. 6-10, ‘48h after scratch’) The reduction of this ‘scratch’ region was measured 

by tracing the edge of cells using Image J (Fig. 6-10, yellow line in both images). As a result, we 

found no statistically significant differences in the migratory potential of 3 different types of MCs 

(Fig. 6-11).   

 
Figure 6-10. Analysing the migratory potential of MCs in vitro using a scratch wound assay 
The images show example of how the area of the ‘scratch’ was traced and measured using Image J (U. S. National 

Institutes of Health). The image of cells were captured in a monochrome, where cells appear as white-grey objects 

against dark background. The edge of cells were traced using a segmented line tool in Image J (yellow line). Data 

are representative of at least 3 different samples. 
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Figure 6-11. The migratory potential of healthy versus melanoma MCs in vitro 
The migratory potential of MCs in 2D culture was measured using a scratch wound assay. Each dot on figure 

represents data from different samples (CD90+ MCs, n=4; CD34+ MCs, n=3; healthy LN MCs, n=3). L4 sample, 

which displayed different phenotypic profile to other 2 LN MCs, has been indicated in red. Error bars indicate 

standard deviation. The statistical significance of differences between experiments was assessed using Student’s t-

test (unpaired, 2 tailed). No statistically significant differences were found between different groups.  
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6.8 Analysing immune-modulatory properties of mesenchymal stromal 

cells in vitro 

Previous literature has shown that melanoma-associated MCs may possess the ability to suppress 

the immune system [101,127]. Our analysis of melanoma-associated MCs also indicated that a 

subset of MCs may express immune-modulatory genes (Section 5.6.2). This cell type was CD34- 

reticular cells, which we were not able to expand in vitro. However, we decided to perform 

preliminary experiments with existing cell lines to analyse whether MCs are able to modulate the 

activity of immune cells in vitro. 

To test this hypothesis, we first analysed the expression profile of chemokine genes of 3 different 

cell types using qPCR. The expression of IL7 was also analysed as this is a key cytokine produced 

by healthy LN MCs to promote survival of lymphocytes [43]. All 3 MC types showed detectable 

expression of CXCL12 (Fig. 6-12A), CCL2 (Fig. 6-12B) and IL7 (Fig. 6-12C). There was no 

detectable expression of CXCL13, CCL21 and CCL19 (data not shown). A statistically significant 

difference in the expression of CXCL12 was observed between both melanoma MCs (CD90+ MCs 

and CD34+ MCs) versus healthy LN MCs. This difference, however, was subtle and it is yet unclear 

whether this will have any biological significance.  

 
Figure 6-12. Analysing the expression of chemokine genes using qPCR 
The expression was normalised to the expression of the housekeeping gene, HPRT1. Data shown for each group is 

the average of data obtained from 3 MCs (CD90+ MCs, n=3; CD34+ MCs, n=3; healthy LN MCs, n=3). Error bars 

indicate standard deviation. The statistical significance of differences between experiments was assessed using 

Student’s t-test (unpaired, 2 tailed). * denotes p-value < 0.05, ** denotes p-value < 0.01.  

Next, we analysed whether the soluble factors released from MCs can promote or inhibit T cell 

proliferation. This was analysed using allogeneic pan-T cells (mixed CD4+ and CD8+ T cells 

including both naïve and memory subsets), isolated from the peripheral blood of healthy donors. 
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The pan-T cells were labelled with a fluorescent dye and were activated with beads to undergo cell 

division. During cell division, cells either received standard growth media (Fig. 6-13, ‘untreated 

control’) or the conditioned media, derived from a monolayer of three different types of MCs (‘MC-

conditioned media’). After 6 days, the level of fluorescence of T cells was measured using FACS 

ARIATM II and the percentage of undivided cells (Fig. 6-13, ‘P0’) and subsequent generations (Fig. 

6-13, ‘P1~P8’) out of total live, single cells were quantified.  As a result, we were not able to observe 

any statistically significant difference in T cell proliferation between the untreated group and those 

treated with MC-conditioned media (Fig. 6-13). This suggested that soluble factors released from 

MCs were not able to modulate proliferation of T cells in vitro. 

 
Figure 6-13. Analysing the effect of MC-conditioned media on the proliferation of allogeneic 

T cells 
The pan-T cells isolated from peripheral blood of healthy donors were activated with beads, then treated with either 

standard culture media (‘untreated control’) or MC-conditioned media for 6 days to analyse the potential effect of 

MC secreted factors on T cells. Green, CD90+ MCs (n=3); red, CD34+ MCs (n=3); blue, healthy LN MCs (n=3). 

Error bars indicate standard deviation. The statistical significance of differences between the averages (mean) of 

each MC lines with the average of untreated control was assessed using One-Way ANOVA (multiple comparisons). 

No statistically significant differences were found between untreated control and those treated with MC-conditioned 

media, at all levels of T cell division (population #). 
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6.9 Discussion 

6.9.1 Establishing cell lines of MCs isolated from MILNs 

We have successfully established an in vitro culture of CD90+ CD34+ MCs isolated from human 

MILNs using FACS. These cells were confirmed to be free of melanoma (MART1- and SOX10-), 

haematopoietic (CD45-) and endothelial (CD31-) contamination and expressed CD90, along with 

other markers of MCs.  

An interesting observation was the inability to expand CD34- reticular cells in vitro. Some CD34- 

reticular cells acquired morphology typical of MCs, while the majority remained as round cells that 

failed to adhere strongly. However even the cells that had adhered could not be expanded past 

passage 6. Hence, CD34- reticular cells could not be included in the downstream experiments. The 

inability to expand isolated MCs was previously reported by several groups [101,138]. Samaniego 

and colleagues isolated FAPhi CD90lo cells and FAPlo CD90hi cells from melanoma tissues, but only 

the later could be expanded in vitro [101]. Our observations may indicate that CD90+ CD34+ cells 

are more precursor-like and have greater proliferative potential compared to CD34- reticular cells. 

Alternatively, this could mean that CD34- reticular cells require specific coating substrates or growth 

supplements. For example, the CD31- podoplanin- cells isolated from healthy mouse LNs could only 

be grown in culture when the cells were supplemented with a gel containing basement membrane 

proteins [44]. 

Because of the inability to establish cell lines from FACS isolated CD34- reticular cells, we 

expanded cells from the CD90+ enriched fractions of MILNs. The idea was that this cell line may 

represent a more heterogeneous culture, containing a mixture of CD90+ CD34+ cells and CD34- 

reticular cells. We hypothesised that CD90+ MCs may contain a lower percentage of CD34+ cells 

than cell lines derived from FACS isolated CD90+ CD34+ cells. However, the flow cytometry data 

showed that the phenotypic profile of two MCs were almost identical.  In addition, the phenotypic 

profile of MILN-derived MCs and healthy LN-derived MCs were also very similar. Both cell types 

were positive for CD90, FAP and CD73, while lacking expression of CD271. The only consistent 

difference observed across different samples was the level of CD34 expression, where CD90+ MCs 

contained significantly higher percentage of CD34+ cells compared to healthy LN MCs. However, 

this may simply be the result of the phenotypical change of cell lines in response to in vitro tissue 

culture, as discussed previously. 
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6.9.2 Phenotypic and functional characterisation of MCs in vitro 

There was a discrepancy in the phenotypic profile of cell lines compared to their in vivo counterparts 

(Section 6.5). Both CD90+ and CD34+ melanoma MCs lacked expression of CD271 and CD146, 

whereas IF and flow cytometry confirmed that MILN stromal cells could express these markers. 

Healthy LN MCs were mostly FAP- in tissue but showed positive expression of FAP in vitro.  

The MILN and healthy LN MCs were also very similar in terms of their degree of senescence 

(Section 6.6) and migratory capacity (Section 6.7). This was also true for their cytokine expression 

profile (Section 6.8, Fig. 6-12), where all 3 cell types uniformly showed expressed of CCL2, 

CXCL12, IL7 and lacked expression of CCL21, CCL19 and CXCL13.  

The discrepancy of in vitro versus in vivo phenotypic profiles, as well as the unexpected similarity 

of 3 different cell types is likely to be because MCs have changed their phenotype to ‘adapt’ to in 

vitro culture conditions. This ‘in vitro culture artefact’ was investigated and defined thoroughly in 

studies of adult MSCs [138,292]. As discussed previously (Section 5.10.1), the single cell 

transcriptomic study of melanoma cells have also demonstrated that the expression of several genes 

are altered once the MCs are cultured in vitro [106]. Finally, our recent, unpublished data comparing 

fresh and cultured MCs from healthy or keloid human skin showed that transcriptome profile of 

cultured MCs are highly similar, regardless of their tissue of origin (Meidinger et al., 2018, 

unpublished).   

The soluble factors released from melanoma and healthy MCs failed to induce any changes to the 

proliferation of allogeneic pan-T cells in vitro (Section 6.8, Fig. 6-13). This could be because cell-

to-cell contact is crucial to the immunosuppressive ability of MCs. For example, a previous study 

using adherent isolated melanoma-associated MCs and natural killer (NK) T cells showed that 

stromal cells can inhibit the function of NK cells by downregulating the expression of NK activating 

receptors (NKp44, NKp30 and DNAM-1) [127]. Comparing the direct co-culture of MCs and NK 

cells with the cells cultured in transwells have shown that modulation of DNAM-1 expression 

specifically requires direct contact between two cell types [127]. Alternatively, this could be because 

the in vitro cell lines are not a good representation of their in vivo counterpart.  

6.9.3 Chapter conclusion 

In this chapter, we established cell lines from FACS-isolated CD34+ capsular cells, while showing 

that CD34- reticular cells did not expand readily in vitro. Several phenotypic differences were 

observed between in vitro and in vivo CD34+ capsular cells. There were, however, no significant 
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functional differences between melanoma-associated and healthy LN MCs, with regards to the 

degree of senescence, the migratory capacity, the expression of chemokine genes and the modulation 

of proliferation of allogeneic T cells. Altogether, data presented in this section demonstrate the 

difficulty in isolating and performing functional analysis of MCs in vitro. 
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Chapter 7. General discussion 

There is increasing interest in the role of MCs as functional modulators of tumourigenesis and 

tumour mediated immune suppression. However, the lack of understanding of MCs’ phenotypic and 

functional diversity has hindered effective targeting of these cells in cancer therapy. This thesis aims 

to improve the understanding of the phenotypic profile of MCs present in healthy and melanoma 

LNs, and to investigate their potential roles in the melanoma microenvironment. 

In the current study, we have performed a comprehensive analysis of the phenotypic profile of MCs 

present in healthy and melanoma LNs, utilising polychromatic flow cytometry and IF. We have 

successfully divided the non-endothelial, MCs of healthy LNs into (CD90+) CD34+ capsular type 

cells, CD34- podoplanin+ FRCs and CD34- podoplanin- CD146+ cells that form pericytes around LN 

blood vasculatures. CD34+ capsular type cells were clearly distinguished from other MC types as 

they showed bright expression of CD34, a well-known marker of adult MSCs in other tissues 

[137,138]. These cells resided in capsule, trabeculae and hilum, encapsulating the entire organ. It 

was previously suggested that FRCs (podoplanin+) are LN pericytes, surrounding blood vasculature 

[43,47]. However, we have demonstrated the presence of podoplanin- CD146+ cells that are directly 

adjacent to endothelial cells. In addition, we observed an interesting dichotomy of CD36 and NG2 

expression on these cells. We have therefore proposed that NG2 labels the pericytes of arterial 

system, while CD36 labels the pericytes of venous system in adult human LNs. The podoplanin- 

CD146+ cells in the capsule lacked expression of both markers and were not associated with any 

vasculature, so were identified as capsular SMCs. Overall, the findings presented here provide 

detailed understanding of heterogeneity of MCs in healthy adult LNs, which was largely neglected 

in previous studies of MILNs.  

The subsequent analysis of MILNs revealed that a similar strategy can be used to divide melanoma-

associated MCs. These were CD90+ CD34+ cells, residing in regions containing dense collagen 

fibres, CD34- reticular cells that often formed inter-connected networks around melanoma nests at 

high density (reticular stroma) and formed tight association with T cells, and CD34- podoplanin- 

CD146+ pericytes surrounding blood vasculature. Several phenotypical changes were observed on 

all 3 types of MCs compared to the counterparts in healthy LNs, such as increased level of expression 

of the markers of activated MCs (FAP and CD26) and decreased expression of immune cell adhesion 

molecules (ICAM1 and VCAM1), which suggested that MCs have been altered by infiltrating 

melanoma cells.   

After establishing the phenotypic profile of MCs in LNs, we proceeded to perform deeper analysis 

of their functions using microarray analysis. The comparison of the transcriptome profile of CD90+ 
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CD34+ and CD34- reticular cells isolated from MILNs revealed a list of genes that are differentially 

expressed between two cell types. CD90+ CD34+ cells showed higher expression of ECM or ECM-

modulatory genes and genes related to the mesenchymal (adipogenic, osteogenic and chondrogenic) 

lineages. In comparison, CD34- reticular cells were enriched for genes related to the immune system, 

such as chemokine genes, genes related to antigen presentation and genes that are part of the 

complement system. Overall, the gene signature of CD90+ CD34+ cells were similar to adult MSCs, 

and the gene signature of CD34- reticular cells were similar to FRCs. These results led us to 

hypothesis that these two cells may play distinct roles in the melanoma microenvironment.  

We proceeded to analyse the cells in vitro but we were not able to establish cell lines from FACS 

isolated CD34- reticular cells. In contrast, CD90+ CD34+ cells isolated from MILNs readily adhered 

to tissue cultureware, proliferated and acquired a relatively homogenous phenotype of CD90+ CD73+ 

FAP+ Podoplaninvar CD26var CD271- CD146-. The preliminary assays involving cell lines isolated 

from both healthy LNs and MILNs revealed that phenotypic and functional properties of cells can 

be significantly altered by in vitro culture, disrupting the functional diversity that may have existed 

between these cells in vivo. The expression level of CD34 and CD271 was decreased on CD90+ 

CD34+ cells, while MCs isolated from healthy LNs appeared to have gained expression of FAP and 

CD26. MCs isolated from healthy LNs and MCs isolated from MILNs did not show any obvious 

difference in the degree of cellular senescence, in vitro migratory potential, the production of 

chemokines and the ability to modulate proliferation of allogeneic T cells. Overall, these results 

demonstrated that in vitro culture can significantly change both phenotype and function of MCs and 

highlighted the level of complexity involved with establishing in vitro analysis of MCs that properly 

represents the situations in vivo.   
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7.1 The diversity of melanoma-associated mesenchymal stromal cells 

Melanoma-associated MCs have often been described as a homogenous population in the literature, 

by staining with just 1 or 2 phenotypic markers. Few studies have provided data that suggests a 

heterogeneity exists amongst these cells. Two independent studies of human dermal [99] and LN 

[100] melanoma metastases have described regional variation of ECM  and stromal density, where 

intratumoural cells only comprise a small portion of total ECM and stroma and a majority of ECM 

and stromal cells are found at the peripheral regions of melanoma clusters. A more recent study, 

analysing melanoma metastasis in multiple organs, demonstrated a gradient of FAP and CD90 

expression on MCs, where the intensity of FAP increases as you move from peritumoural to 

intratumoural regions [101]. Several literatures suggest that melanoma MCs can affect the growth 

[103,116,117] and metastasis [112] of melanoma cells as well as modulating the function of immune 

cells [101,126,127]. However, it is unknown whether these various functions are attributed to 

specific subtypes of stromal cells. 

The understanding of the diversity of MCs in melanoma tissues has been complicated by the method 

of isolation, where the cells are often isolated and expanded in vitro prior to phenotypic 

characterisation. Our own data from studies of MCs of human skin [19], previous investigations of 

melanoma tissues [106] and adult human MSCs [138,291,292] all demonstrate that in vitro culturing 

can significantly alter the phenotype and function of MCs.  

We have demonstrated, for the first time, a comprehensive phenotypic profile of MCs in MILNs and 

introduced novels strategy to sub-categorise non-endothelial MCs based on their expression of 

CD34. By performing comprehensive analysis of MCs in healthy LNs, we were able to identify 

similarities and differences between healthy LNs and MILNs that is not just limited to gross 

morphological differences. We have shown that a similar set of phenotypic markers can be used in 

healthy LNs and MILNs to identify and separate MCs into distinct subtypes. This homology between 

two different types of LNs is significant, as the MC subsets in healthy LNs are likely to be the source 

of the subsets present in MILNs.  

Previous studies of melanoma-associated MCs compared the total MC population in tissues without 

first separating them into subtypes. In the case of human LN, this would represent a heterogeneous 

mixture of all non-endothelial stromal cells present in tissue, mixing capsular type cells, FRCs, 

pericytes and capsular SMCs, which may be at a different stage of differentiation or even 

development, and play very different functional roles. The melanoma infiltration and the factors 

released by melanoma cells, such as TGFβ1 [300], are likely to affect each cell type in a different 

way. The analysis of differentially expressed genes and their potential upstream mediators have also 
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shown that common upstream molecules may promote upregulation of different genes in CD90+ 

CD34+ cells versus CD34- reticular cells. By characterising and categorising MCs in both healthy 

and melanoma LNs, we have presented a novel method of comparing the exact cell type of interest. 

For example, using the markers presented here, one could specifically study the effects of melanoma 

infiltration on capsular type cells and not those on other types of MCs. 

Our attempts at functional analysis were thwarted by the paucity of different subsets of MCs that we 

could obtain ex vivo, by the restriction of our ability to generate cell lines to a single subset, and by 

evidence that the molecular phenotype of those cultured cells is very different from their originating 

cells in vivo. However, our microarray data strongly suggest that MC subsets distinguished by the 

expression of CD34 are likely to play very different functional roles – just as their different 

localisation within LNs suggests. CD90+ CD34+ cells were enriched for several genes related to 

ECM or ECM modulation compared to CD34- reticular cells. It is likely that both cell types are 

capable of producing and modulating ECM, but the results indicate that CD90+ CD34+ may be more 

potent ECM producing and modulating cells, which lead to formation of thick layers of collagen 

instead of relatively thinner fibrils of reticular networks in healthy and melanoma LNs.  To the best 

of our knowledge, the separation of MCs into those primarily responsible for producing ECM and 

those responsible for chemokine production has not been previously described in melanoma tissues.  

During the write-up of the thesis, a new paper was published, examining MCs in healthy murine 

LNs using single cell transcriptomic analysis [154]. This demonstrated that murine LN MCs can be 

divided up to 10 different subtypes and revealed a new level of complexity. The findings from this 

paper supported many of our conclusions, including the presence of distinct CD34+ cells in the 

capsular regions, and showed that each subtypes displays distinctive gene signatures, suggesting 

specialised functions [154]. If the MC subtypes we have identified in healthy human LNs and human 

MILNs do play different roles in vivo, then this knowledge would provide an important starting 

point for targeting melanoma mediated stromal fibrosis and melanoma mediated immune 

suppression separately and would also greatly enhance the result of functional studies that are often 

complicated by using heterogeneous cell populations.  
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7.2 Changes associated with melanoma infiltration and functional 

implications 

Our analysis of MILNs showed that a significant degree of change occurs in both composition and 

morphology of the stromal compartment following melanoma infiltration. We have described that 

unlike FRCs (CD34- podoplanin+ cells) in healthy LNs, the CD34- reticular cells of MILNs were 

associated with thicker collagen fibres and show reduced expression of immune cell adhesion 

molecules (ICAM1 and VCAM1). Despite this, the reticular network formed by these cells showed 

tight association with T cells and appeared to hinder infiltration of T cells into melanoma nests. In 

addition, there was an expansion of the capsule and capsule-like regions, which contain thick, 

parallel fibres. These fibres were previously described in other tumour studies as those interfering 

with T cell movement [73]. Collectively, the changes in MCs may lead to suppression of the immune 

migratory behaviour within LNs.  

There were several notable differences between the phenotypic profile of MCs in healthy and 

melanoma LNs. CD90+ CD34+ cells and CD34- reticular cells expressed a higher level of FAP, 

which is a commonly used marker for activated MCs in the TME [65]. The upregulation of CD26, 

a closely related molecule, was also found specifically on CD34+ cells. In addition, we observed 

higher expression of CD73 on CD34- reticular cells and this was reported in some tissues to be 

upregulated following inflammation [205,206]. Finally, the analysis of the differentially expressed 

genes showed that many genes enriched in CD34+ and CD34- reticular cells are those modulated by 

key pro-inflammatory and/or pro-fibrotic cytokines, such as TNFα, IL1β and IFNγ. TGFβ, was also 

found among the top most significant modulators, and this was shown in several independent studies 

[100,103,105] to be a key mediator released by melanoma cells to trigger the formation of the 

fibrotic stroma. Altogether, these data show that our findings are in agreement with other studies of 

melanoma microenvironment, and suggest that infiltration of melanoma cells creates a milieu, which 

alters the phenotype and behaviour of MCs in LNs.  

One of many current controversies in the literature around the tumour-associated MCs is the origin 

of these cells in tissue. Multiple potential sources have been suggested and these can be broadly 

divided into two – tissue resident progenitors, or circulatory progenitors from bone marrow [64]. 

Our data have led us to hypothesise that tissue resident cells are likely to be the primary source for 

MCs found in melanoma infiltrated LNs, based on the similarity in the phenotypic profile and 

localisation of MC populations within MILNs compared with normal LNs, especially for CD90+ 

CD34+ cells that reside among dense collagen fibres. However further analysis, including in vivo 
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analysis of genetically labelled MC subtypes in mouse models, would be required to prove this 

hypothesis.  
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7.3 Strengths and limitations 

The key strength of this study is that we have used multiple phenotypic markers that had not 

previously been used in the studies of MCs in melanoma, and we have provided a novel phenotypic 

description of these cells. We have designed a polychromatic flow cytometry panel of up to 15 

different markers to study the marker expression on each stromal cell type simultaneously. The study 

also focussed on identifying the ex vivo phenotype of cells, rather than the in vitro phenotype, so the 

markers identified are not a result of any in vitro culture artefacts and can be translated directly to 

more advanced in vivo assays of stromal cells. As such, we have used the distinguishing phenotypic 

markers identified to isolate fresh MCs from MILNs and performed microarray to obtain a global 

overview of the status of the gene expression. These data are a significantly better representation of 

the transcriptomic profile of stromal cells in vivo, than the ones obtained from cultured cell lines and 

reveal multiple molecular targets that may be the focus of future analysis.  

A key limitation of our study is the small sample number and the fact that we could only study 

heavily-infiltrated samples due to the clinical need for less obviously infiltrated LNs to be sent for 

clinical histopathology in their entirety. Hence, we were not able to analyse samples that contain 

intermediate levels of infiltration (‘micrometastases’). In the current study, we have not analysed 

the correlation between the MCs and various clinical features, as this was an exploratory study with 

primary objective to identify and characterise MCs that may play an important role in supporting 

melanoma. In future, it would be interesting to compare the level of expansion of these MC subtypes 

and their different molecular patterns in different types of melanomas, stratified according to clinical 

features and to molecular drivers, such as mutational status.  

In this study, we have briefly discussed several challenges involved in working with LN samples. 

MCs are relatively rare component of LN so we had to optimise our experimental steps to capture 

these cells in flow cytometry. However, there were still several limitations for downstream analysis, 

such as low RNA yield and quality, which prevented analysis of the difference in the transcriptome 

of MCs in healthy versus melanoma LNs. Also, extensive culture time was required until the isolated 

cell lines reached a size large enough for functional assays. The inability to establish cell lines from 

CD34- reticular cells may be due to the inherent properties of these cells, where the cells are 

terminally differentiated and are at the end of the cell division cycle, or due to the lack of essential 

growth stimulators in the culture media. Further studies investigating different growth substrates 

and soluble factors, perhaps aiming to better recapitulate the in vivo niche of the different MC subsets, 

might promote survival and proliferation of these cells in vitro and minimise alterations in their 

phenotype and function.  
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7.4 Remaining questions and future directions 

Data presented in this study have revealed the heterogeneity of MCs in melanoma LNs, as well as 

identifying key markers that can separate cells into distinct subtypes. In this section, we will discuss 

additional questions that may be addressed in future studies.  

Firstly, the diversity and the sub-classification of pericytes and vSMCs in healthy LNs needs further 

investigation. In future analysis, it would be interesting to thoroughly analyse the relationship 

between podoplanin- cells and podoplanin+ FRCs and whether they exist as a heterogenous mixture, 

label different vessels or reside in distinct microanatomic locations. The continuum of CD36 and 

NG2 expression may be investigated in a 3D model, which will pose multiple advantages over 2D 

analysis that only captures a subset of vasculature. Subsequently, this information could be used to 

analyse how the proportion of pericytes change following melanoma infiltration. Currently the only 

reported data about melanoma pericytes is that their frequency is diminished with tumour 

progression [101,200] and that HEVs in LNs undergo morphological changes which suggests these 

vessels may have lost their specialised function as a lymphocyte carrier and simply become a blood 

carrier [90]. Pericytes have been suggested to play an important role in tumours because they 

modulate vessel function and hence control the nutrient, oxygen and drug availability [26]. They 

also determine the susceptibility of tumour cells to anti-angiogenic drugs [200,201]. Understanding 

their composition and changes in melanoma may help to identify melanoma-associated pericytes 

that specifically help tumour growth and drug resistance and understand the mechanism of the 

tumour mediated changes to these cells.  

The studies presented here have focussed on LN, as this is a key organ involved in tumour metastasis 

[78–80]. In future, it would be interesting to investigate MCs in other tissues using the strategies 

established in this study and determine whether there is any correlation in the appearance of MCs in 

LNs and distant metastatic tissues.  

We also focussed on LN, as this is the major site of direct interaction between cancer cells and 

immune cells, and perhaps where immune tolerance for melanoma may be generated [81]. As 

discussed previously, our data suggested that migration of melanoma infiltrating T cells may be 

disrupted in MILNs due to changes in MCs. A detailed understanding of MC-mediated suppression 

of T cell migration in melanoma tissues is clearly lacking in current literature. In future it will be 

interesting to focus on the effect of each identified subtype of MCs on the migratory behaviour of T 

cells (for example by live cell video microscopy), and how the phenotypic change of MCs observed 

with melanoma infiltration, such as upregulation of FAP and downregulation of VCAM1, affect 

their migration. In addition, the heterogeneity of CD34- reticular cells need further investigation, 
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using markers revealed by microarray, to separate those intermingled with T cells and those residing 

in capsule-like regions. These studies would enable identification of specific phenotypic profile of 

MCs responsible for promoting or inhibiting T cell migration in MILNs, and the cell adhesion 

molecules and/or chemokines secreted by these cells, any of which may be therapeutic targets for 

enhancing T cell function.  

Finally, a further heterogeneity of the cells may be revealed by using single cell transcriptomic 

analysis. There is currently one report that has performed single cell analysis of human melanoma 

tissues and examined the stromal compartment [106]. However, as this analysis was done on whole 

tissue digest, the MCs were grouped into a single cluster without identification of subtypes. A single 

cell transcriptomic analysis focusing only on the stromal compartment may reveal more 

heterogeneity. Recently, this technique was used to analyse the MC compartment of human adipose 

tissue [301], human skin [302] and mouse LNs [154]. In all studies, the analysis of transcriptomic 

data revealed presence of multiple subtypes that could not be identified previously. A single cell 

transcriptomic analysis of the MC compartment of healthy adult LNs and MILNs, and comparison 

with the previous data from different issues, as listed above, would provide much deeper 

understanding of the diversity of MCs, may reveal novel subtypes and lead to identification of new 

therapeutic targets.  

7.5 Concluding remarks 

MCs, as well as other cells of the melanoma microenvironment, are increasingly gaining interest as 

a therapeutic target as they are likely to play an important role in determining how patient’s respond 

to multiple therapies, particularly immune checkpoint therapies. However, there is currently a very 

limited understanding of the exact phenotypic profile and the heterogeneity of the MC populations 

in vivo. In this study, we presented a comprehensive phenotypic profile of MCs in both healthy and 

melanoma LNs and have presented methods to identify distinct subtypes. We have obtained 

transcriptomic data from ex vivo MC populations, which will be critical in leading further 

investigation. The identification of phenotypically distinct subtypes will enable more focussed 

investigations, allow identification of exact cells and molecules responsible for supporting tumour 

cells and thus help develop more therapies targeting stromal cells.  
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Appendix A. Analysing the chance of contamination 

Even though we have applied a strict gating strategy to isolate cells of interest, we wished to check 

whether our RNA was purified from MCs and not other cells, which can result in misleading data. 

We have run the paired comparison analysis between CD90+ CD34+ cells (n=7) and CD34- reticular 

cells (n=7) isolated from MILNs, as described previously, but have set the output threshold to show 

all genes with FC > 1, in order to identify genes are expressed in both populations. We searched the 

resulting gene list for genes that are specific for MC, endothelial cells, melanoma cells and immune 

cells. As a result, we observed that genes related to MC lineage (FAP, COL1A1, PDGFRB, ACTA2, 

THY1, COL1A2) were expressed at relatively high levels across all samples, on both CD90+ CD34+ 

cells and CD34- reticular cells (Fig. A-1).  

 
Figure A-1. The heatmap of the expression level of genes related to MC lineage 
The graph was generated using TAC (Affymetrix).  

Although we spotted the expression of genes related to the endothelial lineage (LYVE1, STAB2, 

CDH5, PROX1) (Fig. A-2), melanoma lineage (PMEL, MLANA, CSPG4, SOX10, MITF) (Fig. A-

3) and lymphocyte-monocyte lineage (PTPRC, CD3G, CD3D, CD3E, CD4, CD8A, CD8B, CD14, 

CD68) (Fig. A-4), these were at very low levels compared to the genes related to MC lineage.  
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Figure A-2. The heatmap of the expression level of genes related to endothelial lineage 
The graph was generated using TAC (Affymetrix).  

 
Figure A-3. The heatmap of the expression level of genes related to melanoma lineage 
The graph was generated using TAC (Affymetrix).. 
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Figure A-4. The heatmap of the expression level of genes related to lymphocytic and monocytic 

lineages 
The graph was generated using TAC (Affymetrix).  

The combined heatmap of expression all ‘non-MC related’ genes are shown in Figure A5. The main 

objective here was to analyse whether there is any association between these genes and the CD90+ 

CD34+ and CD34- subtypes. The hierarchical clustering (Fig. A-5, branches linking array columns) 

show that there is some association between gene expression pattern and the subtypes. This may 

mean that CD90+ CD34+ cell group contained more of these ‘contaminating’ cells than the CD34- 

reticular cell group and vice versa. However, none of these genes was statistically significant, and 

all genes had FDR value above 0.05.  
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Figure A-5. The heatmap of the expression level of all genes that are related to potential 

‘contaminating’ cells 

The graph was generated using TAC (Affymetrix).  

The weak expression of non-specific genes could result from odd endothelial cells, immune cells 

and melanoma cells being captured during the sort process. Alternatively, they could be due to non-

specific binding of target cDNA to probes [271,272] and not a representation of the content of the 

starting sample. Regardless of the cause, none of these genes passed the significance threshold, and 

we have concluded that effects of such genes on the differential analysis of CD90+ CD34+ cells 

versus CD34- reticular cells will be minimal.  
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