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ABSTRACT 
 

Dendritic cells (DCs) are the master regulators of T cell immunity. They perform critical 

functions in the initiation and regulation of adaptive immunity and the immunosurveillance of 

cancer. The rise of T cell-based immunotherapies, as a new pillar of cancer therapy, has brought 

into focus the importance of harnessing the anti-tumour immune response for the detection and 

destruction of cancer cells. Therefore, developing a more complete understanding of the DC 

subsets critical for the generation of productive anti-tumour immunity should be of great 

benefit in the development of novel cancer immunotherapies. This thesis examines the role of 

unique DC subsets in the generation of immunity and investigates the development of acquired 

resistance mechanisms, by the tumour, which drive immune evasion and escape during 

adoptive cell therapy.  

The thesis begins by examining the phenotype, ontogeny and function of DC subsets in the 

skin-draining lymph nodes of mice and interrogates their ability to cross-present melanoma-

derived antigen to tumour-specific CD8+ T lymphocytes in a novel orthotopic melanoma 

model. Establishment and expansion of neoplastic lesions occurs within the skin in this tumour 

model, more closely re-capitulating the human disease. The tumour is ideally positioned to be 

sampled by the rich network of DCs that reside within the skin and traffic to skin-draining 

lymph nodes to present antigens and prime T cell immunity. Our results demonstrate that 

multiple subsets of XCR1+ DCs, of both migratory and resident origin, can be identified in the 

skin-draining lymph nodes and share a consistent surface phenotype and transcription factor 

expression. Two migratory populations defined as CD103negXCR1+ and CD103+XCR1+ 

efficiently cross-present melanoma-derived antigen, with the CD103negXCR1+ DCs 

dominating this process. Our data also confirmed that CD8+ DCs, lacking the expression of 

XCR1, do not cross-present tumour antigens. These results are critical for understanding how 
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anti-tumour CD8+ T cell immunity is initiated to tumour antigens present within the skin and 

should aid in the development of DC vaccination strategies to drive strong anti-tumour 

immunity. 

To further examine the relatedness of XCR1 positive and negative DC subsets in the skin-

draining lymph nodes, we performed a gene expression microarray with pure populations of 

DCs sorted from the skin-draining lymph nodes. Our data confirmed that XCR1+ DC subsets 

are closely related on a transcriptional level. However, CD8+XCR1neg DCs were strikingly 

different to CD8+XCR1+ DCs and their transcriptional profile appeared to link them rather to 

a dual plasmacytoid (pDC)/cDC2 origin. Bioinformatics analyses of genes up-regulated in 

CD8+XCR1neg DCs showed an enrichment in the NF-ĸB signaling pathway as well as pattern 

recognition receptor and toll-like receptor (TLR) signaling, important pathways for the 

function of DCs. Analysis of TLR and C-type lectin receptor (CLR) expression across XCR1+ 

and XCR1neg populations identified that CD8+XCR1neg DCs have a unique expression pattern 

of TLR and CLR, with particularly high expression of TLR5. As TLR5 expression is distinctly 

absent on CD8+XCR1+ DCs we hypothesised that this might be a key determinant in the 

differential function of the two CD8+ DC subsets. Because CD8+XCR1neg DCs appear to have 

a pDC-like ontogeny we interrogated their ability to produce type I interferon after TLR5 

stimulation, however, compared to bonafide pDC populations they did not produce detectable 

levels of interferon. Furthermore, CD8+XCR1neg DCs are able to efficiently present antigen to 

CD4+ T cells and express moderate levels of MHC class II further differentiating them 

functionally from pDCs. Therefore, we conclude that this unusual subset although being in 

some respects pDC-like, may function in a similar role to cDC2 subsets and possesses a varied 

array of endocytic receptors which should allow them to respond to a broad range of pathogens 

within their local environment.  
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In the final section of the thesis we detail the development of acquired resistance to adoptive T 

cell therapy (ACT) in two solid tumour models, in which tumours initially respond to therapy. 

We report that epigenetic silencing of immunogenic antigens, targeted by ACT, leads to the 

escape of tumours from immune control. Treatment of silenced tumour cells with DNA 

methyltransferase inhibitors (DNMTi) Azacytidine and Decitabine restored stable expression 

of silenced antigens in a proportion of tumour cells, however the bulk of the tumour population 

remained silenced. To target these refractory cells, we used an extensive panel of epigenetic 

modifying agents which acted on a range of different epigenetic activators and repressors. 

However, we found that no single agent was effective at enforcing further antigen re-expression 

within the population of refractory tumour cells. These findings suggest that tumour cells 

employ multiple, complex epigenetic mechanisms to escape immune control. Heterogeneity 

within the epigenetic landscape of the tumour represents a barrier to overcome to combat the 

development of acquired resistance to immunotherapy and improve patient outcomes.  

In conclusion, the results presented in this thesis identify XCR1+ DC subsets involved in the 

generation of cytotoxic CD8+ T cell responses against melanoma and suggest new targets for 

DC vaccination therapy. Additionally, we present further in-depth analysis of CD8+XCR1neg 

DCs and their role in immunosurveillance. These data suggest that XCR1 expression on CD8+ 

DCs defines two unique subsets with different roles in the generation of immunity and 

highlights the division of labour present in DC immunosurveillance. Understanding these 

differences is critical for the development of therapies that target specific subsets of DCs to 

enhance immunity. Finally, we suggest that tumour cells may use diverse epigenetic 

mechanisms to down-regulate their expression of immunogenic antigens, under immune 

pressure during ACT. Together, these findings have important implications for the 

development and application of future anti-cancer immunotherapies. 
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1.1. Introduction 

 

Cancer was once believed to be a disease solely of genetic origin. Repeated insults leading to 

DNA damage and mutation build up over time until the cell undergoes oncogenic 

transformation, obtaining new functions and losing key growth inhibitors to become 

immortalised. The ‘hallmarks of cancer’ (Hanahan & Weinberg, 2000) list six acquired 

capabilities that are gained by most cancers. However, this view does not represent the whole 

picture. It was suggested by Paul Ehrlich, as early as 1909, that the immune system might 

suppress the development of cancer. This theory was codified as immunological surveillance 

(immunosurveillance) (Burnet, 1971; Burnet, 1957; Thomas & Lawrence, 1959), however it 

was not widely accepted until much later (Smyth, Godfrey, & Trapani, 2001) 

 

It is now known that the immune system can recognise mutated or aberrantly expressed 

antigens on the surface of cancer cells (Boon et al., 1994). Dendritic cells (DCs) are 

professional antigen presenting cells (APC) whose primary function is to survey their 

environment for immunogenic antigens (Steinman & Cohn, 1973), including those on the 

surface of cancer cells. DCs can acquire tumour-specific antigens and present them to T cells 

triggering an immune response directed against the tumour (Huang et al., 1994). This anti-

tumour immunity has been demonstrated to control tumour development (Shankaran et al., 

2001; Street, Cretney, & Smyth, 2001), while animals lacking functional immune systems 

develop tumours more quickly and with higher frequency (Shankaran et al., 2001; Koebel et 

al., 2007). Therefore, the immune system can indeed play an important role in the prevention 

of cancer.  
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The accumulation of further evidence supporting these important findings (Koebel et al., 2007; 

Swann & Smyth, 2007) led to the understanding that cancers can avoid immune-mediated 

destruction, with this ability being classified as a further emerging hallmark of cancer (Hanahan 

& Weinberg, 2011). It is now well established that the immune system plays an important role 

in limiting cancer development and DCs, as the sentinels of the immune system, play a critical 

role in the detection of cancer cells and priming of productive anti-cancer immunity (Hildner 

et al., 2008; Wei et al., 2009). 

 

Herein lies the dilemma; cancers continue to develop alongside an anti-cancer immune 

response, which may in fact select for more immunologically resistant variants (Dunn et al., 

2002; Dunn, Old, & Schreiber, 2004b). Resistant cancer cells develop mechanisms to evade 

immune detection or actively suppress the anti-cancer immune response and the immune 

response may become tolerant to cancer antigens (Overwijk et al., 2003). Recently developed 

immunotherapies seek to shift the balance back in favour of an immunogenic response, 

allowing for destruction of the cancer. Results of Phase III clinical trials using checkpoint 

blockade monoclonal antibodies, Ipilimumab and Nivolumab, have proven effective at 

reinstating the anergic or suppressed anti-tumour CD8+ T cell response against metastatic 

melanoma, demonstrating higher objective response rates than standard chemotherapies (Hodi 

et al., 2010; Postow et al., 2015; Robert et al., 2014). These promising results demonstrate that 

the immune system can be effectively harnessed against cancer. A greater understanding of the 

processes underlying the initiation and control of the anti-tumour immune response, as well as 

the key immune cell types involved, is now required for the generation of better and more 

effective immunotherapies for next generation anti-cancer treatments. 
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1.2. Dendritic cells 

 

Paul Langerhans first identified DCs in the skin in 1868 (Langerhans, 1868). However, it was 

not until Ralph Steinman described cells with probing cell processes or ‘dendrites’ that the 

biology of these cells began to be better understood (Steinman & Cohn, 1973). Throughout the 

body there exist many different DC subtypes identified in common by their intermediate to 

high expression of the cell surface integrin CD11c and major histocompatibility complex 

(MHC) class II molecules. These CD11c+ MHC class II+ cells can be divided into conventional 

DC (cDC) and plasmacytoid DC (pDC) which arise from a common DC precursor (Naik et al., 

2007). The DC subsets have been best classified in the laboratory mouse, where they are 

reported to have specialised localisation and functional roles in the generation of T cell 

immunity (Coquerelle & Moser, 2010).  

 

DCs are important innate immune cells that link the innate and adaptive immune responses. 

They are the key initiators of T cell based immunity and once matured are able to provide the 

three ‘signals’ necessary for generation of productive T cell immunity (Valenzuela, Schmidt, 

& Mescher, 2002). The first critical function of DCs is the capture and processing of antigen 

(Sallusto et al., 1994), this is followed by maturation and migration to secondary lymphoid 

organs (Cella, Sallusto, & Lanzavecchia, 1997) where they perform their second critical 

function, the presentation of antigen to naïve T cells (Banchereau & Steinman, 1998). The final 

critical role of DCs is to provide co-stimulatory and cytokine support for the developing T cell 

response (Shin et al., 2003). 

  

pDCs are characterised by intermediate levels of CD11c and expression of the surface antigens 

B220 (Martı́n et al., 2002) and PDCA-1 (Blasius et al., 2006). Their primary role in immunity 
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is to produce large amounts of anti-viral type I interferons (IFNs) (Kadowaki et al., 2000; 

Colonna et al., 1999). pDC and cDC subsets share a common reliance on the growth factor 

fms-like tyrosine kinase 3 ligand (Flt3L) for their development (McKenna, 2001). However, 

cDC uniquely express the zinc finger transcription factor Zbtb46 (Meredith et al., 2012), which 

marks all cDC subsets and cDC-committed precursors (Satpathy et al., 2012). cDCs can be 

further divided into two main subtypes: IRF8/Batf3-dependent conventional type 1 DCs 

(cDC1) correspond to CD8+/CD103+ subsets, while IRF4-dependent conventional type 2 DCs 

(cDC2) can be identified as CD4+/CD11b+. pDCs can be differentiated from cDCs by their 

reliance on the transcription factor E2-2 (for overview see Figure 1.1) (Guilliams et al., 2014). 

 

 

Figure 1.1 Classical nomenclature for classifying mononuclear phagocytes. Adjusted from 

Guilliams et al., 2014. 
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It is now accepted that multiple distinct DC subsets exist in the various lymphoid organs and 

peripheral tissues (Henri et al., 2010; Merad et al., 2002; Varol et al., 2009). Functional 

specializations unique to individual subsets suggest a division of labour exists with different 

subsets occupying specific roles and niches (Bachem et al., 2010; Plantinga et al., 2013; 

Schlitzer et al., 2013). The definition of cDC subsets remains complex, based on the 

heterogeneous expression of numerous surface markers and intracellular transcription factors 

(Merad et al., 2013). Recent efforts to simplify and unify the nomenclature of DC subsets 

(Guilliams et al., 2014; Guilliams et al., 2016; Satpathy et al., 2012) have been aided by the 

discovery of specific markers for both the cDC1 (Dorner et al., 2009) and cDC2 subsets (Merad 

et al., 2013). 

 

1.2.1. Resident DCs  

 

Resident DCs are found in secondary lymphoid organs, such as the spleen and lymph nodes, 

and do not migrate through peripheral tissues. They can be broadly classified into three subsets 

defined by the expression of the surface markers CD4, CD8 and CD11b (Vremec et al., 2000). 

CD8+ DCs are the major resident cDC1 found in the lymph nodes and spleen (Shortman & 

Heath, 2010). They are highly efficient at cross-presenting exogenous antigens (den Haan, 

Lehar, & Bevan, 2000), produce high levels of IL-12p70 upon activation and are reported to 

drive strong CD4+ T helper type 1 (Th1) responses cells (Martínez-López, et al., 2014; 

Mashayekhi et al., 2011). 

 

The resident cDC2 population is comprised of several related DC subsets, which can be 

demarcated by their differing expression of a number of surface markers (Kasahara & Clark, 

2012; Lewis et al., 2011; Tussiwand et al., 2015). The majority of these DCs express the 
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myeloid cell marker CD11b and can be further divided based on their co-expression of CD4 

(Vremec et al., 2000). A minor population of CD11c+ cDC2 are negative for both markers and 

are referred to as double-negative DCs (DN DCs) (Guilliams et al., 2016). cDC2 are considered 

to be poor cross-presenters, lacking expression of genes related to cellular cross-presentation 

pathways (Dudziak et al., 2007). Rather they are reported to drive strong CD4+ T cell 

proliferation and bias responses towards T helper type 2 (Th2) and T helper type 17 (Th17) 

phenotypes (Murakami et al., 2013; Plantinga et al., 2013; Satpathy et al., 2013). 

 

More recently, a population of resident CD8+ DCs was reported in the lymph nodes and spleen, 

which was unable to cross-present antigen and lacked other markers of the cDC1 lineage 

(Bachem et al., 2012; Bar-On et al., 2010; Becker et al., 2014; Gurka et al., 2015). These studies 

demonstrate that the resident CD8+ DC population is phenotypically and functionally 

heterogeneous and adds an extra layer of complexity to the nomenclature of resident DC 

subsets. The early use of classical T cell markers such as CD4 and CD8 to identify subsets of 

DCs was later described as unfortunate, due to their lack of specificity and functional role in 

DC biology (Shortman & Heath, 2010). Therefore, combinations of surface markers may be 

necessary to accurately describe resident cDC1 as opposed to using the traditional CD8+ 

nomenclature (Shortman & Vremec, 2015). 

 

1.2.2. Migratory DCs 

 

In addition to those DC subsets resident in the lymph nodes and spleen, there are a number of 

populations that are located in peripheral tissues and migrate to the lymph nodes (Worbs, 

Hammerschmidt, & Forster, 2017). The specific migratory subsets present in individual lymph 

nodes are dependent on the tissues they drain, as organs such as the skin (Henri et al., 2010), 
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lung (Plantinga, Hammad, & Lambrecht, 2010) and gut (Persson et al., 2013) each have subtly 

different DC populations. In general, in the periphery, expression of CD103 can be used instead 

of CD8 to identify cDC1 subsets (Ginhoux et al., 2009). Expression of CD103 is inversely 

correlated with CD11b on migratory cDC2 subsets. However, in certain tissues, including the 

gut, there are exceptions to this rule, which adds further complexity to the determination of DC 

subsets in these locations (Bogunovic et al., 2009). 

 

1.2.2.1. DCs in the lung  

 

In the lungs two migratory DC subsets are present alongside tissue resident pDCs. CD103+ 

CD11bneg DCs, which co-express CD207 (langerin), actively sample the lumen of the lung, 

endocytose antigen and traffic to mediastinal lymph nodes to present antigen (Sung et al., 

2006). CD103+ DCs in the lung are reported to be specialised at cross-presentation of antigen 

(Waithman et al., 2013), further supporting their cDC1 origin (del Rio et al., 2007). CD11b+ 

DCs in the lung reside within the parenchyma and migrate to the mediastinal lymph nodes 

where they share a similar phenotype to resident cDC2. They are reported to be involved in the 

maintenance of Th2 type immunity in response to house dust mite allergen (HDM) (Plantinga 

et al., 2013). Interstitial macrophages in the lung may be confused with DCs as they can express 

high levels of MHC class II and CD11b (Bedoret et al., 2009). However they do not migrate 

and can be discriminated from lung CD11b+ DCs by their expression of MerTK and CD64 

(Schlitzer et al., 2013, Misharin et al., 2013). 
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1.2.2.2. DCs in the skin 

 

A number of DC subsets are present in the skin, which migrate under steady state conditions 

and during inflammation to the skin-draining lymph nodes (Merad, Ginhoux, & Collin, 2008). 

Unique to the epidermis of the skin are the epidermal Langerhans cells (LCs) (Stoitzner et al., 

2002), which arise from a unique radio-resistant precursor (Merad et al., 2002). LCs can be 

identified by their expression of CD326 (EpCAM) and langerin, with the latter also expressed 

by CD103+ dermal DCs (Ginhoux et al., 2007; Poulin et al., 2007). A definitive role of LCs in 

skin-based immunity remains elusive (Alan et al., 2003). Conflicting results around the role of 

LCs in contact hypersensitivity have been reported (Bennett et al., 2007; Wang et al., 2008) 

and LCs do not appear to participate in the priming of  protective CD4+ T or CD8+ T cell 

immunity after cutaneous Herpes Simplex Virus (HSV) -1 or vaginal HSV-2 infection (Allan 

et al., 2003; Zhao et al., 2003).  

 

Additional migratory DC subsets are located within the dermis of the skin (Henri et al., 2010). 

CD103+ dermal DCs are reported to be the migratory counterparts of resident cDC1, sharing 

common function and phenotype (Heath & Carbone, 2009). Cross-presentation of viral and 

self-antigens from the skin is dependent on CD103+ dermal DCs (Bedoui et al., 2009) including 

keratinocyte-derived antigens (Henri et al., 2010), which are cross-presented even in the 

absence of LCs. Interstitial CD11b+ DCs and DN DCs make up the remaining migratory 

populations in the skin (Clausen & Stoitzner, 2015). CD11b+ DCs expressing Mgl2 (CD301b) 

have been reported to drive Th2 immunity in response to allergic stimulus and parasite 

infection in the skin (Gao et al., 2013; Kumamoto et al., 2013). Furthermore, the skin-resident 

DC subsets have been reported to promote unique and opposing CD4+ T cells responses to 

Candida albicans infection (Igyarto et al., 2011).  The steady state dermis also contains a pool 
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of monocyte-derived DC (moDC), however these inflammatory cells have reduced T cell 

stimulatory capacity compared to skin CD11b+ DCs (Tamoutounour et al., 2013). 

 

1.2.2.3. DCs in the gut 

 

Both classical CD103+CD11bneg and CD11b+CD103neg DC subsets can be found in the 

intestinal lamina propria and mesenteric lymph nodes. CD103+CD11bneg DCs can have dual 

roles in promoting tolerance (Muzaki et al., 2016) and cross-priming of CD8+ T cells to 

bacterial antigens (Cerovic et al., 2015). CD11b+ DCs that lack CD103 expression make up a 

substantially smaller population and are reported to induce interferon gamma (IFNγ)/IL-17 

secreting CD4+ T cells (Cerovic et al., 2013). An additional subset is present, within the 

mesenteric nodes, that uniquely expresses both CD11b and CD103 (Bogunovic et al., 2009). 

These DCs drive IL-17 production by CD4+ T cells, through the production of IL-6 and IL-23 

(Persson et al., 2013; Schlitzer et al., 2013), in response to recognition of bacterial pathogen 

associated molecular patterns (PAMPs) (Kinnebrew et al., 2012; Uematsu et al., 2008). 

Interestingly, the composition of DC subsets varies across different tissues of the gut 

suggesting these subsets may possess tissue specific functionality (Denning et al., 2011). 

  

1.2.3. Classification of DC subsets 

 

DCs remain an enigmatic and difficult to study cell type. The classical identification system 

based on expression of a limited set of surface antigens (Vremec et al., 2000) lacks specificity, 

as these markers are not unique to DCs and do not relate to DC function or development 

(Shortman & Heath, 2010). The identification of lineage-specific transcription factors and gene 

expression profiling have provided insight into the ontogeny of the different DC subtypes 
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(Miller et al., 2012; Schlitzer et al., 2015). These advances have helped in the identification of 

more specific surface markers. These include pattern-recognition receptors (PRRs) and 

endocytic receptors, which have important roles in directing DC maturation and function 

(Figdor, van Kooyk, & Adema, 2002).  

 

1.2.3.1. Surface markers 

 

The common markers CD11c and MHC class II are expressed in varying levels on all dendritic 

cells, but can also be found on moDC and macrophages (Tamoutounour et al., 2013). 

Therefore, additional surface markers are required to properly separate these cell types. moDC 

can be discriminated from cDC subsets based on their expression CD64, CCR2 and Ly6C 

(Langlet et al., 2012; Malissen, Tamoutounour, & Henri, 2014), although Ly6C is also highly 

expressed on pDCs. The combination of CD64 and MerTK can be used to confidently identify 

macrophages (Jakubzick et al., 2013; Tamoutounour et al., 2012) from moDC and cDC subsets. 

Other traditional macrophage markers such as F4/80, CD206 (mannose receptor) and CD68 

are reported to be less effective at selectively identifying macrophages (Gautier et al., 2012). 

Therefore, care needs to be taken when using markers which are not solely expressed on 

dendritic cells. 

 

Murine pDCs are identified by low to intermediate expression of CD11c and MHC class II. 

They can express both CD4 and CD8 surface makers (Naik, Corcoran, & Wu, 2005), which 

are used to identify cDC subsets. They can be exclusively discriminated from cDC subsets by 

their expression of PDCA-1 (Blasius et al., 2006) and B220 (Martı́n et al., 2002), with the latter 

also highly expressed on B cells. Therefore, the isolation of pDCs from cDCs without first 

depleting other cell types can be difficult. More recently pDC-specific markers including 
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Siglec-H and Ly49Q, which play roles in pDC activation and regulation, have been identified 

(Björck, Leong, & Engleman, 2011; Kamogawa-Schifter et al., 2005; Rahim et al., 2013; 

Zhang et al., 2006). In particular, expression of Siglec-H on a subset of pDCs has been reported 

to signify decreased ability to produce interferon alpha (IFNα) (Puttur et al., 2013) and this 

subset has been shown to induce regulatory T cells (Treg) during CD4+ T cell differentiation 

(Loschko et al., 2011). 

 

cDC1 and cDC2 subsets were first separated on their expression of CD8 and CD11b 

respectively. CD103+ DCs in the periphery are reported to be the migratory counterparts of 

CD8+ resident cDC1 (Heath & Carbone, 2009). cDC1 subsets express surface receptors 

including CD205 (DEC205), Clec9a, CD24 and langerin, which although not specific, are often 

used to characterise these DCs (Merad et al., 2013). CD24 was originally suggested as a 

specific marker of cDC1 due to its inverse correlation with expression of CD11b, CD172a 

(SIRPα) and CX3C chemokine receptor 1 (CX3CR1), which are expressed by the 

heterogeneous cDC2 population (Guilliams et al., 2016). Despite the fact that CD24 and 

langerin are strictly anti-correlated with cDC2 subsets, they are not solely expressed by cDC1, 

being also present on LCs in the skin (Stutte et al., 2008; Valladeau et al., 2002). Other markers 

have specific roles on cDC1 DCs. DEC205 and Clec9a have been targeted in DC vaccination 

strategies due to their role as apoptotic and dead cell uptake receptors (Bonifaz et al., 2004; 

Caminschi et al., 2008; Steinman & Pope, 2002). Uptake of antigen by these receptors has been 

reported to enhance cross-priming of CD8+ T cells via cDC1 DCs (Bonifaz et al., 2002; Sancho 

et al., 2008). 

 

Most DCs which make up the cDC2 subset express CD11b and can be further divided based 

on expression of CD4 into two subsets. In the spleen expression of CD4 on CD11b+ DCs is 
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correlated with that of endothelial cell-selective adhesion molecule (ESAM) (Lewis et al., 

2011) which can be used to split splenic CD11b+ DC into ESAMhiCX3CR1low and 

ESAMloCX3CR1hi subsets. The ESAMhi population is reported to rely on the transcription 

factors Runx3 (Dicken et al., 2013) and Notch2 for its development and is required for CD4+ 

T cell priming in the spleen (Lewis et al., 2011). In the lamina propria and mesenteric lymph 

nodes of the small intestine CD103+CD11b+ DCs also rely on Notch2 and are reported to 

produce IL-23, driving Th17 type CD4+ T cell responses (Satpathy et al., 2013). ESAMlow 

CD11b+ DCs in the spleen are reported to have a monocytic gene expression profile (Lewis et 

al., 2011) and their function is not well characterised. A specific role for the minor DN DC 

subset, which does not express CD11b, is similarly unreported, thus demonstrating the 

heterogeneity and complexity associated with identifying cDC2 populations (Mildner & Jung, 

2014). 

 

The identification of the X-C motif chemokine receptor 1 (XCR1) as a specific marker of cross-

presenting DC subsets (Dorner et al., 2009), conserved across species (Bachem et al., 2010; 

Crozat et al., 2010), has greatly aided in the dissection of DC subsets. XCR1 is now accepted 

as the specific marker of cDC1 DC, with mutually exclusive expression to SIRPα, which is 

expressed on all cDC2 subsets (Bachem et al., 2012; Guilliams et al., 2016). Using these two 

surface markers, murine cDCs can be universally classified into cDC1 or cDC2 subtypes across 

different tissues (Becker et al., 2014; Gurka et al., 2015). Furthermore, XCR1 has recently been 

used to target antigen specifically to cross-presenting DC subsets where it induces protective 

CD8+ T cell immunity against viral and experimental model antigens (Fossum et al., 2015; 

Hartung et al., 2015). 
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1.2.3.2. Transcription factors 

 

The identification of multi-potent progenitors and lineage-restricted DC precursors has allowed 

the ontogeny of DCs to be described in detail (summarised in Figure 1.2) (Schlitzer et al., 

2015). Macrophage DC progenitors (MDP) give rise to both monocytes and DCs (Fogg et al., 

2006) and further differentiate into common DC progenitors (CDP) which are restricted to the 

DC lineage (Naik et al., 2007; Onai et al., 2007). pDCs undergo terminal differentiation in the 

bone marrow (Reizis, 2010) while pre-cDC migrate to lymphoid organs where they go on to 

differentiate into cDCs (Naik et al., 2006). Pre-cDC progenitors restricted to develop into cDC1 

and cDC2 subsets have now been described (Schlitzer et al., 2015) suggesting cDC1 and cDC2 

subsets arise from cells expressing unique transcription factors. 

 

 

Figure 1.2 Transcriptional programming of the dendritic cell network (Belz and Nutt, 2002). 

 

Expression of the transcription factor PU.1 drives interferon regulatory factor 8 (IRF8) 

expression in early DC progenitors and expression of fms-like tyrosine kinase 3 (Flt3), which 
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is required for development of all cDC and pDC (Carotta et al., 2010). Both pDC and cDC1 

require maintenance of IRF8 throughout their development. IRF8 antagonises the expression 

of interferon regulatory factor 4 (IRF4) and loss of IRF8 expression leads to increased IRF4 

and the development of cDC2 (Bajaña et al., 2016). At the cDP stage up-regulation of E2-2 

drives the differentiation of pre-pDC precursors (Cisse et al., 2008) and antagonises the 

expression of Id2 (Spits et al., 2000), which is required for the differentiation of LCs and pre-

cDC1 precursors (Hacker et al., 2003). pDC also require the expression of the ETS-family 

transcription factor, SPIB, and knock-down of SPIB severely limits pDC development (Schotte 

et al., 2004). 

 

cDC1 subsets rely on expression of IRF8 (Tailor et al., 2008), Id2 (Ginhoux et al., 2009), Nfil3 

(Kashiwada et al., 2011) and Batf3 (Murphy, Tussiwand, & Murphy, 2013). IRF8, ID2 and 

Batf3 each function at distinct points in cDC1 development. IRF8 is important in early DC 

progenitors while Id2 drives terminal differentiation of cDC (Jackson et al., 2011). Batf3 

becomes critical later in cDC development downstream of Id2, maintaining IRF8 auto-

activation (Grajales-Reyes et al., 2015).  

 

cDC2 precursors are distinct from pre-cDC1 and rely on a different set of transcription factors 

for their development, although these pathways are less well defined than for cDC1 (Belz & 

Nutt, 2012). IRF4 is the key transcription factor for the cDC2 subset (Suzuki et al., 2004). 

Transcriptions factors RelB, Traf6 and Zeb2 are also important in cDC2 development (Mildner 

& Jung, 2014). Zeb2 represses the expression of Id2, which is maintained at high levels in 

cDC1 DCs (Scott et al., 2016), while RelB is suggested to be important in a restricted subset 

of cDC2, which also rely on Notch2 (Briseño et al., 2017). In mature cDC2 subsets, expression 

of Notch2 and Klf4 can be used to describe two different subsets that drive unique CD4+ T cell 
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responses (Lewis et al., 2011; Tussiwand et al., 2015). Notch2-dependent cDC2 likely 

correspond to ESAMhi CD11b+ DC in the spleen and CD103+CD11b+ DC in the intestinal 

lamina propria, which produce IL-23 to drive Th17 responses (Lewis et al., 2011). Klf4-

dependent cDC2 have recently been reported to include both CD11b+ and DN cDC2 subsets 

and drive Th2 responses through an as yet unknown mechanism (Tussiwand et al., 2015). 

 

The development of LCs depends on Id2 (Hacker et al., 2003) and CCR2 (Merad et al., 2002) 

along with transforming growth factor beta (TGFβ) signalling (Kel et al., 2010), but is not Flt3 

dependent. moDC also lack dependence on Flt3, but require CSF1 (Merad et al., 2013), 

confirming their different developmental pathway. For cDC1 and cDC2 subsets, there is a clear 

divide in transcription factor expression with a primary reliance on IRF8 and IRF4, respectively 

(Tamura et al., 2005). This division parallels the mutually exclusive surface expression of 

XCR1 and SIRPα which can be used to separate cDC1 and cDC2 subsets. 

 

1.2.3.3. Pattern Recognition Receptors 

 

In addition to the previously mentioned surface antigens DCs express a range of PRRs that 

allow them to detect foreign pathogens. Toll-like receptors (TLRs) are the most well studied 

PRRs, which also include the cytosolic Nod-like receptors (Krishnaswamy, Chu, & Eisenbarth, 

2013) and RIG-I-like receptors (Kato, Takahasi, & Fujita, 2011). Binding of TLRs to their 

respective ligands promotes DC activation, maturation and egress from the periphery to 

draining lymph nodes. Specific subsets of DCs are reported to display unique and restricted 

TLR expression patterns which influence their biological role (Hémont et al., 2013; Kreutz et 

al., 2015). The TLRs can be broadly divided into two types: TLRs 1, 2, 4, 5 and 6 are expressed 

on the cell surface, while TLRs 3, 7, 8 and 9 are expressed in intracellular endosomes. More 
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recently TLRs 11, 12 and 13 in the mouse have been reported to make up a closely related 

family, however these TLR are not found on human DCs (Tabeta et al., 2004). 

 

Surface TLRs bind to bacterial proteins as well as fungal and parasite-specific products such 

as lipoproteins, peptidoglycans and mannans (Akira, Uematsu, & Takeuchi, 2006). They often 

form heterodimers that function as co-receptors for specific ligands (Kang et al., 2009; Takeda, 

Takeuchi, & Akira, 2002) (for an overview see Figure 1.3). Most surface TLRs are broadly 

expressed across murine DC subsets. However, expression of TLR5 is more restricted 

(Edwards et al., 2003). TLR5 binds the flagellin protein of flagellated bacteria such as 

Salmonella typhimurium (Hayashi et al., 2001) and is expressed mainly by CD11b+ and 

CD103+CD11b+ DCs in the intestinal lamina propria and mesenteric lymph nodes (Uematsu et 

al., 2008). Ligation of TLR5 on these DCs drives IL-6 and IL-23 expression which promotes 

Th17 type responses in CD4+ T cells, including the production of IL-17 and IL-22 (Kinnebrew 

et al., 2012; Liu et al., 2016). Importantly, TLR5 expression is restricted to cDC2 DC subsets 

(Edwards et al., 2003). 

 

The intracellular TLRs are maintained within endosomes and detect viral DNA and 

unmethylated CpG motifs in bacterial DNA (for an overview see Figure 1.3). TLR7 and the 

related TLR8 recognise single stranded viral RNA (ssRNA) and drive the production of type I 

IFNs in antiviral responses (Diebold et al., 2004). TLR9 detects bacterial DNA and TLR9 

signalling similarly mediates a type I IFN response (Lund et al., 2003). Both TLR7 and TLR9 

are highly expressed in pDCs (Kadowaki et al., 2001). In humans TLR9 expression is pDC-

restricted, however in murine cDC subsets TLR9 is universally expressed but at lower levels 

than pDCs (Edwards et al., 2003) and drives Th1 type antibacterial responses (Bafica et al., 
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2005). However, expression of TLR7 is reported to be absent from CD8+ cDC1 which are 

unresponsive to stimulation with imidazoquinolines (Edwards et al., 2003).  

 

 

Figure 1.3 Mammalian toll-like receptors, signalling pathways and ligands (Adapted from 

O’Neill, Golenbock, & Bowie, 2013) 

 

Cross-presenting cDC1 DCs are the only DC subset which express TLR3, a sensor of double 

stranded viral RNA (Edwards et al., 2003). Signalling through TLR3 has been linked to 

increased cross-presentation via upregulation of transporter associated with presentation (TAP) 

(Datta et al., 2003) and other cellular machinery involved in shuttling exogenous antigens into 

the cross-presentation pathway. TLR3 signalling also leads to production of high levels of IL-

12 and IFNγ which drives strong Th1 type responses (Mashayekhi et al., 2011) and supports 

the generation of cytotoxic T lymphocytes (CTL) specific to the presented antigen (Schulz et 

al., 2005) . 

Binding of TLRs leads to the recruitment of adaptor molecules that possess Toll/interleukin-1 

receptor signalling domains such as MyD88, TRIF, TRAM and TIRAP (O’Neill & Bowie, 
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2007). Signalling via these different pathways activates unique gene expression, which controls 

DC functions. MyD88 is the common pathway downstream of most TLR signalling and drives 

NFkB and MAPK signalling resulting in the production of inflammatory mediators (Akira & 

Takeda, 2004). TLR5 relies solely on signalling through MyD88 (Tallant et al., 2004), while 

TLR3 signalling is uniquely TRIF restricted (Yamamoto et al., 2003), providing further 

evidence of the functional divide between TLR3+ and TLR5+ DCs. Therefore, the TLR 

expression profile of specific DC subsets is informative of their role and functional response 

in the generation of immunity. Although TLRs are the most well studied of the PRRs it is 

apparent that other PRRs play a role in the sensing of pathogens and activation of signalling 

pathways. Of these receptors, the large family of membrane bound C-Type Lectin Receptors 

(CLRs) may be particularly useful in further fine tuning the definition of specific DC subsets. 

 

1.2.3.4. C-Type Lectin Receptors 

 

CLRs are a large family of endocytic receptors which possess conserved carbohydrate-

recognition domains and signal through immunoreceptor tyrosine-based activation motifs  

(detailed in Figure 1.4) (Figdor et al., 2002). CLRs are highly expressed on immature DCs 

where they mediate the recognition and uptake of a range of antigens. Furthermore, CLRs can 

modulate TLR-mediated immune responses and direct antigen to specific processing and 

presentation pathways within DCs (Chatterjee et al., 2012).  

 

CLRs may possess varied activating or inhibitory functions depending on the presence of 

specific motifs in their intracellular tails. Signalling via CLRs such as Dectin-1 and -2, 

CD301b, dendritic cell immune-activating receptor (DCAR), and dendritic-cell-associated c-

type lectin 2 (DCAL2) contributes to DC activation and the generation of unique CD4+ T cell 
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responses (Kaden et al., 2009; Kasahara & Clark, 2012; Kumamoto et al., 2013; Zhao et al., 

2016). Other CLRs such as dendritic cell inhibitory receptor 2 (DCIR2) provide regulatory 

signals (Price et al., 2015), while CD209 (DC-SIGN) and mannose receptor can trigger 

different responses dependent on the initiating pathogen (Geijtenbeek & Gringhuis, 2009). 

Therefore, the CLR expression pattern of specific DC subsets allows them to uniquely 

recognise and respond to specific pathogens and increases the specialisation of DC subsets for 

their role (Hoving, Wilson, & Brown, 2014). 

 

 

Figure 1.4 Two types of C-type lectin receptors expressed on dendritic cells (Figdor, van 

Kooyk and Adema, 2002). 

 

cDC1 express high levels of the CLRs DEC-205 and Clec9A, which recognise antigens derived 

from apoptotic or necrotic cells (Caminschi et al., 2008; Shrimpton et al., 2009). As such they 

have been candidates for targeting of antigen in attempts to stimulate strong anti-tumour 

immunity (Bonifaz et al., 2002; Schreibelt et al., 2012). The more heterogeneous cDC2 subset 
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immunoreceptor (LLIR)25. LLIR is identical to DCIR:
alternative splicing results in two variants that lack the
transmembrane region, indicating that they might be
secreted. The switch in splice forms seems to be regu-
lated in part by activation by phorbol myristate acetate
in HL-60 cells. A DC lectin (DLEC) has also recently
been identified, which is most homologous to DCIR
(REF. 26). DCIR and LLIR, but not DLEC, contain a
putative IMMUNORECEPTOR TYROSINE-BASED INHIBITORY MOTIF

(ITIM). Dectin-2 has the highest homology to murine
DCIR (33.5%), whereas CLEC-1 is most homologous
to natural killer (NK) cell receptors. Dectin-1 has little
sequence homology with DCIR and contains a putative
IMMUNORECEPTOR TYROSINE-BASED ACTIVATION MOTIF (ITAM),
instead of an ITIM motif, in the cytoplasmic domain
(FIG. 1). This might explain its stimulatory activity when
binding to an as-yet-unidentified ligand on T cells27.
DCIR has the capacity to bind glycosylated ligands and
is downregulated upon maturation of DCs, supporting
a role for DCIR in antigen handling. Although no infor-
mation is available about natural ligands of dectin-2 or
CLEC-1, dectin-1 has recently been characterized as a
β-glucan receptor28. Blood DC antigen 2 (BDCA-2;
REF. 2) has also been characterized recently as a type II
C-type lectin3, and it shares 69% homology with DCIR.
Unlike DCIR, BDCA-2 lacks an ITIM motif in its cyto-
plasmic region3.

With respect to the human genome, two main clus-
ters of type II C-type lectins can be identified (TABLE 1).
One cluster, including the DC-SIGN and L-SIGN genes,
maps to chromosome 19p13 (REF. 19) adjacent to the type
II C-type lectins CD23 (Fcε receptor II)18 and activation
marker CD69 (REF. 29). In the mouse, several Dc-sign-
related genes have recently been characterized30. One
of these (designated mouse Dc-sign) is preferentially
produced by DCs (at the mRNA level) and is closely
juxtaposed to the Cd23 gene (8 A1.2-1.3), like human
DC-SIGN (REF. 30). The other cluster of type II C-type
lectins (DCIR, CLEC-1, dectin-1) has been localized to
chromosome 12p13 (REF. 31), close to the complex of
C-type lectin family members (CD6, activation-
induced C-type lectin (AICL), CD161 and CD94) and
the NKG2 family22. NKG2A also contains an ITIM
motif, which is known to inhibit signal transduction by
the recruitment of the phosphatase SHP-1 (REF. 32).
Langerin is the only type II C-type lectin that does not
fall into these gene clusters and has a clearly distinct
chromosomal localization (2p13).

C-type lectins on DC subsets. Evidence is emerging that
C-type lectins are differentially expressed by various
subsets of DCs. Blood DCs and LCs, and in vitro cul-
tured immature monocyte-derived DCs, express only
low levels of DEC-205, but expression increases
markedly on activation, indicating that DEC-205 is an
activation-associated molecule33. By contrast, immature
monocyte-derived DCs express abundant MMR and
DC-SIGN, but production decreases on maturation33.
Freshly isolated blood DCs and LCs do not express
detectable levels of MMR, and DC-SIGN is expressed
only on a small subset of blood DCs34. Interestingly,

Its cytoplasmic domain contains a triacidic cluster as
well as two putative internalization motifs, which is
indicative of a role in antigen handling. Recently, a
homologue of DC-SIGN has been identified, desig-
nated DC-SIGNR (REF. 18) or L-SIGN (REF. 19) because
of its expression in lymph nodes and by liver sinu-
soidal endothelial cells. L-SIGN has the same ligand-
binding specificities as DC-SIGN (REFS 19,20) but is not
produced by DCs or LCs. Furthermore, a series of
DC-SIGN-like transcripts have been reported that are
predicted to encode other membrane-associated and
soluble isoforms21.

Molecular analysis has revealed several other new
DC- and LC-associated type II C-type lectins includ-
ing the DC immunoreceptor DCIR (REF. 22), the DC-
associated C-type lectins 1 and 2 (dectin-1, dectin-2)23,
C-type lectin receptor 1 (CLEC-1)24 and lectin-like

Figure 1 | Two types of C-type lectins or lectin-like molecules are produced by dendritic
cells and Langerhans cells. Type I C-type lectins (MMR and DEC-205) contain an amino-
terminal cysteine-rich repeat (S–S), a fibronectin type II repeat (FN) and 8–10 carbohydrate
recognition domains (CRDs), which bind ligand in a Ca2+-dependent manner. MMR binds ligand
through CRD4 and CRD5. Type II C-type lectins contain only one CRD at their carboxy-terminal
extracellular domain. The cytoplasmic domains of the C-type lectins are diverse and contain
several conserved motifs that are important for antigen uptake: a tyrosine-containing coated-pit
intracellular targeting motif, a triad of acidic amino acids and a dileucine motif. Other type II C-
type lectins contain other potential signalling motifs (ITIM, ITAM, proline-rich regions (P)). CLEC-1,
C-type lectin receptor 1; DCIR, dendritic cell immunoreceptor; DC-SIGN, dendritic-cell specific
ICAM-3 grabbing non-integrin; DLEC, dendritic cell lectin; ITAM, immunoreceptor tyrosine-based
activation motif; ITIM, immunoreceptor tyrosine-based inhibitory motif; MMR, macrophage
mannose receptor.
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expresses a wide range of CLRs. Reciprocal expression of DCAL and DCIR2 has been reported 

to define distinct subsets of cDC2, which express unique TLR patterns and produce different 

cytokines (Kasahara & Clark, 2012). CD8-DCAL2+ DCs efficiently induce Th1 responses in 

the presence of the TLR ligand CpG, whereas CD8-DCIR2+ DC induce Th2 type responses in 

response to TLR5 stimulation (Kasahara & Clark, 2012). 

 

DC-SIGN and mannose receptor are highly expressed on immature cDC2 subsets and can 

trigger varied responses in these DCs. Recognition of molecules derived from Helicobacter 

pylori by DC-SIGN shifts the response to a Th2 dominated phenotype (Bergman et al., 2004), 

while binding to products from Neisseria meningitides induced a Th1 cytokine profile and 

enhanced uptake of this pathogen (Steeghs et al., 2006). DC-SIGN may also have regulatory 

functions leading to increased IL-10 production after TLR4 engagement via a Raf1 signalling 

pathway and inhibition of TLR mediated IL-12 production (Gringhuis et al., 2007). Similarly, 

expression of mannose receptor restrains Th1 type CD4+ T cell responses and IFNγ production 

to Schistosoma mansonii (Paveley et al., 2011) but is also reported to favour Th1 over Th17 

responses to Mycobacterium tuberculosis (Zenaro, Donini, & Dusi, 2009). 

 

Binding of Dectin-1 by β-glucans found in yeast enhances TLR2 expression and triggers 

enhanced production of TNFα and IL-12 involved in Th1 immunity (Brown et al., 2003). 

However, Syk and Card9-dependant signalling downstream of Dectin-1 can activate NF-ĸB 

signalling and drive DC production of IL-6 and IL-23, favouring Th17 differentiation in 

response to fungal pathogens (LeibundGut-Landmann et al., 2007). Thus, CLRs may program 

DCs differently depending on their activating stimulus. Therefore, a more complete analysis 

of the surface receptors present on a given DC subset may be important to fully define their 
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proper functionality in response to a given pathogen and could be manipulated to enhance 

immunity against a specific target. 

 

1.2.4. Cross-presenting DC subsets 

 

Cross-presentation of antigen is a mechanism that allows DCs to present exogenous antigens, 

acquired from their environment, on their own MHC class I molecules (Bevan, 1976). This 

process is particularly important for the activation of naïve CD8+ T cell responses against 

tumour (Hildner et al., 2008) or viral antigens (Heath & Carbone, 2001), which would not 

normally be presented by DCs. Exogenous antigens taken up by cross-presenting DCs can be 

shuttled into MHC class I presentation using either the cytosolic or vacuolar pathways (Joffre 

et al., 2012). 

 

CD8+ DCs and their migratory counterparts, CD103+CD11bneg DCs, are the main cross-

presenting DCs in the mouse and make up the cDC1 DC subtype (Guilliams et al., 2014). They 

exclusively express TLR3 (Edwards et al., 2003) and XCR1 (Dorner et al., 2009). Furthermore, 

they possess a superior ability to take up dead cell antigens through CLRs such as DEC-205 

(Shrimpton et al., 2009) and Clec9A (Caminschi et al., 2008). The ontogeny of these cross-

presenting DC relies on expression of transcription factors IRF8, Nfil3, Id2 and Batf3, which 

separates them from cDC2 DC subsets (Schlitzer & Ginhoux, 2014). Short-term development 

of CD8+ DC has been observed in Nfil3 and Id2 knockout mice, but not in IRF8 knockouts 

confirming the role of IRF8 as the master regulator of the cross-presenting DC lineage (Seillet 

et al., 2013). Ablation of Batf3 specifically leads to loss of cross-presenting DC subsets 

(Hildner et al., 2008), although it has been reported that in some mouse strains, there is a 

compensatory mechanism that works through the related Batf2 transcription factor (Tussiwand 
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et al., 2012). Gene expression profiling of DC subsets has also defined shared gene signatures 

for cross-presenting DC subsets (Miller et al., 2012).  

 

While all CD8+ DCs were initially thought of as cross-presenters (Pooley, Heath, & Shortman, 

2001), more recent studies have proven that only the XCR1+ subset of these DCs, 

approximately 75-80% of CD8+ DCs in the spleen (Bachem et al., 2012) and lymph nodes 

(Becker et al., 2014; Wylie et al., 2015), are able to efficiently cross-present antigen. 

Importantly expression of XCR1 is reported to be conserved on human cross-presenting DC 

subsets (Bachem et al., 2010), which have previously been identified by their expression of 

CD141 (Jongbloed et al., 2010). Therefore cross-presenting DCs can be identified as 

CD8+/CD103+, IRF8 and Batf3-dependant with high expression of TLR3, DEC205, langerin 

and Clec9A. More simply cross-presenting DCs can be described as XCR1+ cDC1 as opposed 

to the SIRPa+ cDC2 which do not cross-present (Guilliams et al., 2014). 

 

1.2.5. Comparison to human DC subsets 

 

A major barrier to the translation of DC-based immunotherapies from preclinical mouse 

models to human patients lies in the differences between human and mouse DC subsets. In 

humans immature DCs can be identified in the blood and divided into three main subsets based 

on expression of CD1c (BDCA1), CD141 (BDCA3) and CD303 (BDCA2) (Dzionek et al., 

2000; Segura et al., 2012). Human pDCs are BDCA2 and CD304+ and function in a similar 

role as in mice, that is to produce large amounts of IFNa in response to viral infection (Collin, 

McGovern, & Haniffa, 2013). The two remaining subsets in the blood are myeloid dendritic 

cells, which can be split by expression of CD1c and CD141 (Dzionek et al., 2000). In addition 

to these subsets a further discrete subset of DCs expressing the monocyte marker CD14 is 
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resident in human lymph nodes and tissues, however they do not migrate from these sites 

(Haniffa et al., 2012). 

 

Markers used for discriminating between human DC subsets, such as CD1c and CD141, do not 

exist in the mouse. Furthermore, the lack of CD8 expression on human DC subsets and their 

unilateral expression of CD4 makes aligning human DCs with established murine subsets 

difficult (Shortman & Liu, 2002). CD1c+ DCs express TLRs 1-10 with the exception of TLR9 

(Hémont et al., 2013) and respond strongly to bacterial stimulus as well as fungal pathogens 

through high expression of the CLRs, Dectin-1 and -2 (Segura et al., 2012). CD1c+ DCs are 

reported to be poor cross-presenters (Bachem et al., 2010) and therefore have been suggested 

to be the equivalent of murine cDC2 (Schlitzer et al., 2013). 

 

A smaller population of CD141+ myeloid DC exists alongside the CD1c+ DC subset. These 

DC are reported to have high levels of CLRs langerin and Clec9A, and express TLR3 and 

TLR8 but not TLR7 or TLR9 (Haniffa et al., 2012; Poulin et al., 2010). Clec9A and XCR1 

have emerged as unique markers on these DC linking them to cross-presenting cDC1 lineage 

in the mouse (Bachem et al., 2010; Sancho et al., 2009). Indeed, CD141+ DCs are reported to 

efficiently cross-present antigen to CD8+ T cells and prime Th1 type CD4+ T cell responses 

through robust production of IL-12 after TLR3 signalling (Jongbloed et al., 2010), aligning 

them with the murine cDC1 DC subset. However, in humans, there is evidence that LCs are 

also able to cross-prime T cell responses (Cao et al., 2007; Stoitzner et al., 2006) suggesting 

this role may not be unique to CD141+ DCs. Recently, high-level genomic analysis combined 

with mass cytometry has allowed for the proposal of a simplified and unified DC nomenclature 

across species and tissues (Guilliams et al., 2016). 
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1.3. Immunosurveillance of tumours 

 

In his book Immunological Surveillance, McFarlane Burnet states that immunological 

surveillance is “a concept concerned specifically with the control of spontaneously appearing 

cancer” (Burnet, 1970). His theory was not widely accepted until much later when sufficient 

experimental evidence had accumulated supporting the central principle that the immune 

system could recognise and prevent tumour formation (Smyth, Cretney, et al., 2001; Smyth, 

Crowe, & Godfrey, 2001; Street et al., 2001). Clinical data also confirmed that active 

lymphocyte infiltration into tumours is correlated with improved prognosis (Galon et al., 2006) 

while immunosuppression is correlated with an increased cancer risk (Peto, 2001). 

Experiments in immunocompromised animals, including RAG-/- mice, which lack T and B 

cells (Shankaran et al., 2001),  IFNγ-/- mice (Kaplan et al., 1998; Street et al., 2001) and 

perforin-/- mice (Smyth et al., 2000; van den Broek et al., 1996), have demonstrated accelerated 

tumour formation and growth. These results provide the necessary experimental proof for the 

immunosurveillance of cancer and demonstrate the importance of a fully functional immune 

compartment for cancer prevention. 

 

1.3.1. Immunoediting 

 

The original concept of immunological surveillance, put forward by Burnet and Thomas in the 

1950’s, has now been further refined by Schreiber and colleagues (Dunn et al., 2002; Dunn, 

Old, & Schreiber, 2004a) who developed an enhanced model, which took into account the 

complexity of host-tumour interactions. This concept is now known as the cancer 

immunoediting hypothesis. Their model suggested that destruction of the tumour was not the 

only possible outcome of immunosurveillance and that immune pressure could promote the 
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development of more resistant and less immunogenic tumours (Dunn et al., 2004b). In this 

model interactions between the immune system and the tumour could lead to three possible 

outcomes, known as the three E’s of cancer immunoediting; elimination, equilibrium or escape.   

 

An axis exists between the immune system protecting the host against the emergence of cancer 

and immune pressure driving tumour evolution towards less immunogenic variants, which are 

capable of evading immune control (DuPage et al., 2012). The process of immunosurveillance 

is contained within the current understanding of immunoediting (Mittal et al., 2014), which is 

comprised of three main phases that are detailed diagrammatically in Figure 1.5 and explained 

in more detail below in the following sections. 

 

1.3.1.1. Elimination 

 

The elimination phase encompasses Burnett’s classical concept of immunosurveillance. First, 

local tissue disruption leads to the production of pro-inflammatory cytokines and a local 

inflammatory response. Infiltrating innate lymphocytes act by producing type I interferons, 

which can upregulate tumour MHC expression, have anti-proliferative or pro-apoptotic effects 

and activate other immune cells (Zitvogel et al, 2015). Tumour destruction can occur as 

macrophages, activated by IFNɣ, produce tumouricidal reactive oxygen species causing 

cellular damage and apoptosis, while natural killer (NK) cells can mediate tumour cell death 

via binding of death receptors by Fas-ligand and TNF-related apoptosis-inducing ligand 

(TRAIL) (Zamai et al., 2007) or through the release of perforin (Voskoboinik, Smyth, & 

Trapani, 2006). 
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Figure 1.5 The three E’s of cancer immunoediting; elimination, equilibrium and escape. 

Adapted from Dunn, Old and Schreiber, 2004a. 

 

Tumour destruction leads to the release of antigens that are acquired by DCs destined to migrate 

to regional lymph nodes for the priming of tumour specific T cell responses (Lake & Robinson, 

2005). Tumour-specific CTL rapidly proliferate and home to the tumour site where they exert 

their anti-tumour effect, eliminating the remaining tumour cells. In this scenario, the tumour is 

eradicted before reaching the other stages of immunoediting. However, the genetic instability 

of tumour cells combined with selection pressure placed on them by the immune system can 

lead to editing or ‘sculpting’ of the tumour by the immune response (Khong & Restifo, 2002). 

In this way, less immunogenic or more resistant clones arise, which can avoid immune 

destruction and tumour heterogeneity develops (Khong and Restifo, 2002). This constant 

destruction, shaping and avoidance caused by the interactions between the host immune system 

and tumour cell, can lead to an extended period of tumour control without elimination which 

is the second phase of immunoediting known as equilibrium (Koebel et al., 2007). 
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1.3.1.2. Equilibrium 

 
The equilibrium phase is a period of immune mediated latency that occurs in the case of failure 

to completely eradicate the tumour during the elimination phase (Dunn et al., 2004b). 

Equilibrium may be the longest of the three phases, potentially lasting for years in humans and 

is dependant on adaptive immunity (Teng et al., 2012). During this period the immune system 

is constantly acting to destroy tumour cells as they arise while the tumour seeks new methods 

to bypass immune control. This has been shown in transplant recipients who rapidly develop 

cancer following transplant of organs harbouring occult tumours. These tumours were held in 

check by the donors’ immune system but quickly outgrow once this immune pressure is 

relieved upon transplant to the new host (Chapman, Webster, & Wong, 2013).  

 

The genetic instability inherent in cancer cells allows them to alter their genetic makeup 

through a number of mechanisms (Hanahan & Weinberg, 2000). Therefore, during equilibrium 

a dynamic process occurs in which cancer cells are constantly evolving in order to escape 

immune pressure (Quezada et al., 2011). There are three potential outcomes of the equilibrium 

phase: 1) the immune system eventually eradicates the tumour, 2) a permanent state of 

equilibrium is established in which neither side is dominant, or 3) the tumour develops 

mechanisms allowing it to escape immune control and transition into the final stage of 

immunoediting (Dunn et al., 2004a). In this case, tumours that emerge from the equilibrium 

phase have been sculpted by immune pressure to reduce their immunogenicity and develop 

other mechanisms to evade immunological destruction. 
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1.3.1.3. Escape  

 
The final phase of immunoediting is escape (Dunn, Old & Schreiber, 2004b). During this phase 

clinical symptoms become apparent as tumour outgrowth occurs. These tumours often have a 

broad range of genetic and epigenetic changes that have accumulated during the equilibrium 

phase (Dunn et al., 2002). The challenge of modern immunotherapy is to reinstate functional 

immunosurveillance and induce a productive anti-tumour immune response, often against 

tumours which have already acquired the genetic modifications necessary to escape immune 

control (Zitvogel et al., 2013). The success of recently developed immunotherapies such as 

Ipilimumab (Larkin et al., 2015; Schadendorf et al., 2015) and Nivolumab (Postow et al., 2015; 

Robert et al., 2015) provide evidence that this aim can be achieved. However, new therapies 

need to be designed to target the many mechanisms of immune evasion and suppression 

employed by the tumour (Restifo, Smyth, & Snyder, 2016). 

 

1.3.2. Initiation of immunity 

 
The initiation of lasting immunity requires the activation of the adaptive immune system 

against a pathogen or tumour-specific antigen. Tumour cells themselves rarely express MHC 

class II and are known to actively down-regulate MHC class I (Chang et al., 2005; Garrido, 

Ruiz-Cabello, & Aptsiauri, 2017; Klippel et al., 2014; Paschen et al., 2003; Siddle et al., 2013; 

Watson et al., 2006). Therefore,  the immune system must rely on professional APCs to capture 

and present tumour-derived antigens and prime the anti-tumour T cell response (Gajewski, 

Schreiber, & Fu, 2013; Spel et al., 2013). An overview of this process is given in Figure 1.6 

and more detailed explanation of the critical processes is given in the following sections. 

 



	
 

57 

 

Figure 1.6 Priming of adaptive anti-tumour immunity by dendritic cells (Castano, Mroz, & 

Hamblin, 2006). 

 

1.3.2.1. Antigen capture and processing 

 

Immature dendritic cells constantly sample their environment through endocytosis of 

exogenous proteins, peptides and other compounds. Antigen uptake can occur specifically by 

receptor-mediated endocytosis, via specific uptake receptors such as DEC205, Clec9A or DC-

SIGN (Caminschi et al., 2008; García-Vallejo et al., 2015; Platt et al., 2010) or non-specifically 

through phagocytosis and macropinocytosis. Whereas maturation of DCs leads to down-

regulation of phagocytosis and macropinocytosis, uptake via receptors clustered in clathrin-

coated pits persists in activated DCs (Garrett et al., 2000). Activation of DCs by TLR causes 

DC maturation, but also induces a burst of macropinocytosis (West et al., 2004), allowing DCs 

to take up large amount of extracellular fluid from their surroundings pri or to leaving their 

local environment (Lim & Gleeson, 2011). Importantly, the mode of antigen uptake has been 

reported to effect the processing and presentation of tumour-derived antigens (Schnurr et al., 
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2005) and the targeting of antigen to specific uptake receptors has been linked to enhanced 

antigen cross-presentation and T cell priming (Bonifaz et al., 2002; Sancho et al., 2008). 

 

DCs as a whole are reported to have lower levels of lysosomal proteases, compared to 

macrophages (Delamarre et al., 2005), which favours antigen retention over degradation. 

Importantly, the specific antigen processing pathways used by different DC subsets can 

determine the outcome of endocytosed antigens. Cross-presenting CD8+ DCs have been shown 

to recruit NOX2 to phagosomes via RAB27A (Jancic et al., 2007) and RAC2 (Savina et al., 

2009) leading to production of reactive oxygen species (ROS), which raises phagosomal pH 

levels and limits antigen degradation (Savina et al., 2006). NOX2 deficient DCs have reduced 

ability to cross-present antigen (Mantegazza et al., 2008). Additionally, certain DC subsets may 

store antigen in specialised compartments in order to prolong cross-presentation of antigen 

after maturation (Drutman & Trombetta, 2010; van Montfoort et al., 2009). The specific 

pathways of antigen processing leading to direct or cross-presentation will be discussed in more 

detail later in this chapter. 

 

1.3.2.2. Maturation and migration 

 

In the steady state, DCs in the peripheral tissues are best described as being in a resting or 

immature state and are characterised by low surface expression of MHC class II and co-

stimulatory molecules (Banchereau & Steinman, 1998). They possess high endocytic activity 

and express a range of antigen-uptake receptors. It was originally thought that maturation of 

dendritic cells was the key driver of DC migration to regional lymph nodes, however it has 

since been shown that immature DCs constantly migrate at low levels to lymph nodes, in order 

to maintain homeostasis (Wendland et al., 2011). 
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When immature DCs receive an activating stimulus, they change from antigen capturing cells 

to antigen presenting cells (Wilson, El-Sukkari, & Villadangos, 2004). Rather than 

immediately freezing their surface displayed antigen-MHC complexes, stimulated DCs 

undergo a transient increase in antigen uptake and processing (West et al., 2004). Matured 

dendritic cells upregulate their expression of MHC class II molecules and the C-C chemokine 

receptor type 7 (CCR7) which directs their trafficking to draining lymph nodes (Saeki et al., 

1999). CCR7-/- mice lack all migratory DC populations in lymphoid organs (Ohl et al., 2004) 

and have greatly reduced immune responses to many pathogens (Noor et al., 2010; Roberts et 

al., 2017). The specific context in which a DC encounters a pathogen, including TLR binding, 

antigen uptake by CLRs and the cytokine milieu of the microenvironment, controls signaling 

during DC maturation (Schnare et al., 2001) and triggers specific gene upregulation (Manh et 

al., 2013; Miller et al., 2012) driving DC effector function. 

 

Where immature DCs drive tolerance and the induction of Treg cells (Mahnke et al., 2002), 

properly matured DCs support the rapid expansion of cytotoxic CD8+ T cells through the 

production of IL-12 and other inflammatory cytokines (Henry, et al., 2008). They also control 

the differentiation of CD4+ T cells. CD11b+ DCs migrating from the lungs during inflammation 

drive strong Th2 type responses after encounter with HDM antigens and other allergens 

(Plantinga et al., 2013). CD11b+ DCs from the intestinal lamina propria, matured in response 

to a TLR4 or TLR5 stimulus, secrete high levels of IL-6 and IL-23 and induce IL-22 

production, which drives Th17 type responses (Kinnebrew et al., 2012; Persson, Uronen-

Hansson, et al., 2013). Mature CD103+ migratory DCs, found in many tissues including the 

skin, are specialised at the uptake of dead cell antigens (Desch et al., 2011) and efficiently 

cross-present antigen to CD8+ T cells (Bedoui et al., 2009) upon migrating to lymph nodes. 

CD103+ DCs are important for priming T cell responses to viruses (Waithman et al., 2013) and 
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tumours (Wylie et al., 2015) in peripheral tissues. Therefore, the presentation of antigens by 

unique DC subsets targets the generation of specific immune responses tailored to the 

encountered pathogen. 

 

1.3.2.3. Classical presentation 

 

DCs are professional antigen presenting cells. They are specialised for the presentation of 

foreign and self-antigens on MHC class I and class II molecules. While MHC class I is 

expressed on the surface of all nucleated cells, the expression of MHC class II is restricted to 

certain cell types such as B cells, macrophages and DCs (Kambayashi & Laufer, 2014). 

Exogenous antigens taken up by DCs can be presented on MHC class II molecules to be 

recognised by CD4+ T cells in what is known as the classical mode of antigen presentation 

(Rock et al., 2016). T cell receptors (TCR) present on the surface of T cells recognise their 

cognate peptide only in the context of MHC-peptide complexes. Therefore, endocytosed 

antigens, contained within endosomes must first be associated with empty MHC class II 

molecules before being presented on the surface of a DC (Rock et al., 2016). A concise 

overview of the steps involved in this process is given in Figure 1.7 and briefly explained in 

further detail below. 

 

MHC class II α- and β-chains are associated with the invariant chain (Ii) in the endoplasmic 

reticulum (Wolf & Ploegh, 1995). Binding of Ii to the MHC class II molecule blocks the 

binding of endogenous antigens at this stage before they are exported to endosomal 

compartments. Immature MHC class II molecules, complexed with Ii traffic via the Golgi 

apparatus to the plasma membrane. There targeting motifs on the Ii-MHC Class II complex 
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direct clathrin mediated endocytosis of Ii-MHC molecules and endocytosed proteins (Roche et 

al., 1993), which traffic to endosomal compartments (Pieters, Bakke, & Dobberstein, 1993). 

 

Within endosomes proteolysis of Ii results in the generation of a class II-associated invariant 

chain peptide (CLIP) (Romagnoli & Germain, 1994), which remains in the peptide-binding 

groove of MHC class II to prevent premature peptide binding. In late endosomes, also known 

as the MHC class II compartments (MIIC) (Neefjes, 1999), removal of CLIP is facilitated by 

the chaperones H2-M and H2-O (Martin et al., 1996), which then assist the free MHC class II 

molecule to bind antigenic peptides present within the MIIC. Peptide loaded MHC molecules 

are then transported back to the plasma membrane for antigen presentation to occur. DCs and 

macrophages constantly recycle their plasma membranes and MHC molecules (Steinman et 

al., 1983). Recycled peptide-MHC class II complexes are a source of MHC molecules which 

may associate with new antigens in early endosomes independent of Ii and CLIP. Thus, 

processing by early or late endosomes leads to the generation of peptide-MHC complexes via 

different processing mechanisms (Griffin, Chu, & Harding, 1997) and unique viral antigens 

are reported to be generated via these different processes (Tewari et al., 2005). 

 

Maturation of DCs induces transport of MHC class II molecules to the cell surface (Chow et 

al., 2002). In mature DCs, decreased activity of cystatin C in lysosomes increases the activity 

of cathepsin S (Pierre & Mellman, 1998), facilitating the proper degradation of the invariant 

chain and enhanced peptide-MHC binding (Riese et al., 1996). The class II major 

histocompatibility complex transactivator (CIITA) is also down-regulated as DC mature 

(Landmann et al., 2001). CIITA is bound by four transcriptional regulators in immature DC;  
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Figure 1.7 The generation of peptide–MHC class II complexes (Roche & Furuta, 2015) 

 

PU.1, IRF8, NF-κB and SP1 leading to high levels of MHC class II transcription (Smith et al., 

2011). During DC maturation, these are replaced by BLIMP-1 (Piskurich et al., 2000), which 

inhibits CIITA leading to decreased expression of new MHC molecules effectively freezing 

surface MHC class II expression. Abnormal downregulation of CIITA in DCs of cancer 

patients affects presentation of tumour antigens and functions as a tumour escape mechanism 

(Choi et al., 2009). 

 

1.3.2.4. Cross-presentation 

 

The cross-presentation of antigens was first described by Michael Bevan (Bevan, 1976). Cross-

presentation of extracellular antigens, taken up by APCs, on MHC class I molecules is required 

for the priming of cytotoxic CD8+ T cell responses against extracellular pathogens and tumours 
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(Carbone & Bevan, 1990). CD8+ DCs are reported to be the main cross-presenting DC subset 

in the spleen (den Haan et al., 2000) while in the periphery and draining lymph nodes, CD103+ 

DCs appear to be the migratory counterparts to resident CD8+ DCs (Bedoui et al., 2009). 

 

The cross-presentation of exogenous antigens is now thought to occur through two different 

pathways, with antigen processing occurring either within the cytosol or contained within 

vacuoles, such as phagosomes or endosomes (for an overview see Figure 1.8). In the cytosolic 

pathway, internalised antigens are transported out of endocytic compartments, via transporters 

such as Sec61, and into the cytosol where they are degraded by the proteasome (Ackerman, 

Giodini, & Cresswell, 2006; Zehner et al., 2015). These peptides fragments can then be 

transported into the endoplasmic reticulum (ER) by molecular chaperones, such as TAP 

(Kovacsovics-Bankowski & Rock, 1995), where they are loaded onto MHC class I molecules 

in a similar fashion to endogenous antigens. Transporters such as Sec22b and Sec61 are also 

reported to mediate transport from the cytosol into the ER suggesting they play an important 

role in this pathway (Cebrian et al., 2011; Romisch, 1999). Production of these chaperones is 

upregulated upon DC activation via TLR stimulus (Nair-Gupta et al., 2014), suggesting TLR 

ligation may enhance cross-presentation by DCs. Alternatively, peptide fragments generated 

by cytosolic degradation may also be transported back into endosomes, through the actions of 

similar transporters and loaded onto recycled MHC class I molecules in a similar fashion to the 

vacuolar pathway (Donaldson & Williams, 2009). 

 

The vacuolar pathway of cross-presentation involves the degradation of internalised proteins 

within endosomes by cathepsin S (Shen et al., 2004), rather than the cytosolic proteasome. 

Rather than being exported into the cytosol, antigens remain in the endosome, which recruits 
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Figure 1.8 Intracellular pathways of antigen cross-presentation (Joffre et al., 2012). 

 

all the necessary components for MHC-peptide binding (Ackerman et al., 2003). Endosomes 

containing peptide-MHC complexes are then transported to the cell membrane. It has been 

suggested that internalized plasma membrane MHC-I molecules represent a source of MHC 

class I molecules for the vacuolar pathway (Donaldson & Williams, 2009). Fusion of 

phagosomes, containing peptide loaded MHC complexes, with the ER-Golgi intermediate 

complex (ERGIC), mediated by SEC22b is also thought to be important in this pathway 

(Cebrian et al., 2011). DCs appear to be able to utilise both cytosolic and vacuolar pathways to 

process antigen for cross-presentation in vivo (Huang et al., 1996; Shen et al., 2004). However, 

the contribution to individual pathways to the generation of immunity remains uncertain. It has 

been suggested that DCs use distinct receptors to introduce antigen into intracellular 
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cathepsin S inhibitors)8,9. This suggests that antigen 
processing and loading on MHC class I molecules 
both occur in endocytic compartments in this path-
way. Adding to the confusion, it has been shown 
recently that the cytosolic (proteasome-dependent) 
pathway can also occur independently of TAP, pos-
sibly through another, as yet unidentified, peptide 
transporter10.

The relative contributions of the cytosolic and 
vacuolar pathways to cross-presentation are not easy 
to determine in vitro or in vivo, because MHC class I 
molecules are retained in the ER and are unstable and/
or scarce in endosomes in both TAP-deficient cells 
and proteasome inhibitor-treated cells11–13. The best 
evidence available so far points to the predominant 
use of the cytosolic (proteasome-dependent) path-
way. Indeed, the in vivo cross-presentation of an H-Y 
epitope that is strictly dependent on processing by the 
immunoproteasome was impaired in mice lacking the 
inducible proteasome subunit LMP7 (REF. 14).

The origin of the MHC class I molecules involved 
in cross-presentation is also a matter of debate. Initially, 
cross-presenting MHC class  I molecules were pro-
posed to originate from the plasma membrane and to 
recycle to endosomes. A conserved tyrosine residue in 
their cytosolic tail, which is required for internalization 
from the cell surface, was shown to be crucial for cross- 
presentation15. However it was shown recently that CD74 
promotes the trafficking of newly synthesized MHC 
class I molecules from the ER to endocytic compartments 
in DCs and that this routing is required for the cross- 
presentation of cell-associated antigens16. Finally, in rela-
tion to MHC class I molecule trafficking, RAB3B and 
RAB3C — two small GTPases that are involved in regu-
lated secretion in other cell types — were identified in a 
genetic screen as being involved in the cross-presentation 
of an Escherichia coli-associated antigen in DCs17. In these 
studies, however, the pathways (cytosolic versus vacuolar) 
in which these molecules function were not identified, 
which complicates the interpretation of the results.

Figure 1 | Intracellular pathways for cross-presentation in dendritic cells. After phagocytosis, exogenous 
antigens can be exported into the cytosol, where they are processed by the proteasome. The processed antigens can 
then be loaded on MHC class I molecules in the endoplasmic reticulum (ER) (the cytosolic pathway with ER loading) or 
re-imported into the phagosome to be loaded on MHC class I molecules (the cytosolic pathway with phagosomal loading). 
The SNARE SEC22B, which localizes in the ER–Golgi intermediate compartment (ERGIC) and interacts with syntaxin 4 on 
phagosomes, mediates the recruitment of a subset of ER components, including transporter associated with antigen 
processing (TAP), to phagosomes. Alternatively, exogenous antigens can be degraded into peptides in the phagosome, 
where they are then loaded on MHC class I molecules (the vacuolar pathway).
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compartments which are destined for cross-presentation (Dudziak et al., 2007). Uptake of 

soluble but not cell-associated antigens by CD206 reportedly targets these antigens for cross-

presentation (Burgdorf, Lukacs-Kornek, & Kurts, 2006), while uptake by DEC205 on similar 

DCs targets antigen to late endosomes for presentation predominantly on MHC class II 

(Mahnke et al., 2000). Cross-presentation is also more efficient for antigens released during 

cell death (Kurts et al., 1998) and for cell-associated rather than soluble antigens (Li et al., 

2001). 

 

Uptake of antigens by Clec9a is reported to be critical for the cross-presentation of dead-cell 

associated antigens (Sancho et al., 2009), while peptides internalized by other receptors, such 

as DC-SIGN, are efficiently processed and presented to CD4+ T cells (Engering et al., 2002). 

These reports demonstrate that uptake of antigen by specific receptors can lead to processing 

via different pathways resulting in preferential presentation of antigen on MHC class I or class 

II molecules. However, (Schnorrer et al., 2006) have proposed that most DC share a similar 

endocytic capacity and cross-presentation rather requires specialized machinery that is 

expressed specifically by CD8+ DC subsets. It could be argued perhaps that the expression of 

unique antigen uptake receptors is simply an extension of this machinery, although endocytic 

receptors alone do not convey the ability to cross-present. 

 

1.3.2.5. Co-stimulation and cytokines 

 

The final role of DCs in the initiation of immunity is to provide co-stimulation (Signal II) 

(Bakdash et al., 2013)  and cytokine support (Signal III) (Curtsinger, Lins, & Mescher, 2003) 

to the developing immune response. Incomplete co-stimulation or cytokine support leads to T 

cell tolerance, anergy or deletion (Sporri & Reis e Sousa, 2005). Mature DCs express a range 
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of costimulatory molecules (Hubo et al., 2013) including the ligands for OX-40 and ICOS, 

expressed on T cells, and CD80 and CD86 molecules which bind to CD28 on T cells and 

support IL-2 production and T cell proliferation (Linsley et al., 1991). Immature DCs, such as 

those often found in tumours, display decreased levels of costimulatory ligands and instead 

upregulate inhibitory receptors such as CD274 (PD-L1) and CD273 (PD-L2) (Obeid et al., 

2016). In this situation the anti-tumour immune response driven by DC presentation of tumour-

derived antigens favours a tolerised or anergic T cell phenotype (Tran Janco et al., 2015) .  

 

In addition to the expression of co-stimulatory molecules, DCs also produce a wide range of 

immunomodulatory cytokines that can direct the developing T cell response. Cytokine 

expression by DCs is often particular to specific subsets and driven by the unique range of 

PRRs they express (de Jong et al., 2002). The expression of IL-12 and IL-15 by DCs drives 

robust T cell proliferation and alongside type I IFN production, mediates cytotoxic CD8+ T cell 

(Cui et al., 2009) and Th1 polarised CD4+ T cell responses (Kapsenberg, 2003). DC production 

of IL-6, IL-23 and TGFβ drive Th17 responses (Zhou et al., 2007) that are effective against 

bacterial and fungal pathogens, while production of IL-10, TGFb and retinoic acid drives 

differentiation of Tregs (Coombes et al., 2007). However, the tumour microenvironment is 

often lacking in these immune-stimulatory signals or can develop a setting of chronic 

inflammation, which fails to properly mature tumour-infiltrating DCs (Tran Janco et al., 2015). 

Therefore, complex DC signalling, via specific cytokines, controls the generation of T cell 

immunity and is critical for correctly directing the phenotype of the T cell response to specific 

malignancies. 
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1.4. Anti-tumour T cell immunity 

 

The phenotype of the T cell response generated during recognition of tumour neo-antigens can 

be varied. T cells can be induced to differentiate into numerous different phenotypes, which 

have specific functional characteristics. Some subsets may be more or less beneficial to the 

anti-cancer response. CTLs recognise their cognate antigen via T cell receptor-MHC class I 

engagement and can destroy tumour cells. CD4+ T cells play a vital role in supporting or 

regulating the CTL response and are also reported to have cytotoxic potential under certain 

circumstances (Quezada et al., 2010). 

 

1.4.1. Anti-tumour CD8+ T cells  

 

CD8+ T cells have been the focus of anti-cancer immunotherapies due to their cytotoxic 

potential. Studies have shown that many cancer patients harbour populations of tumour-

specific CD8+ T cells, particularly in highly immunogenic cancers such as melanoma (van 

Oijen et al., 2004). The recruitment of these cells into the tumour is associated with improved 

prognosis in many types of cancers (Djenidi et al., 2015; Hamanishi et al., 2007; Miyashita et 

al., 2015) and the adoptive transfer of tumour-specific CD8+ T cells into patients has the 

capacity to mediate robust tumour regression (Rosenberg et al., 2015). 

 

Enhanced CD8+ T cell proliferation, mediated by immune-stimulatory cytokines such as IL-2 

(Fearon et al., 1990) and IL-15 (Klebanoff et al., 2004), results in improved anti-tumour 

immunity via the production of IFNg and TNFa (Calzascia et al., 2007; Shankaran et al., 2001). 

However, the disruption of terminal CD8+ T cell differentiation and blockage of T cell entry 

into the tumour, leads to suppression of the anti-tumour immune response (Mortarini et al., 
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2003; Wilson, Woods, & Engelhard, 2016). The expression of inhibitory ligands has also been 

reported to be high on tumour infiltrating lymphocytes (TILs) and is associated with poor anti-

tumour function (Ahmadzadeh et al., 2009). Therefore, many novel immunotherapies are in 

development which aim to boost the anti-tumour function of tumour-specific CD8+ T cells and 

prevent suppression of CD8-mediated anti-tumour immunity. 

 

1.4.2. Anti-tumour CD4+ T cells  

 

The role of CD4+ T cells in anti-tumour immunity is more diverse and debated. On one hand 

CD4+Foxp3+ Tregs are reported to drive immunosuppression in the tumour microenvironment 

via secretion of IL-10 and TGFb (Ghiringhelli et al., 2005) and expression of CD152 (CTLA-

4) (Takahashi et al., 2000), while other T helper cell subsets augment anti-tumour CD8+ T cell 

immunity (Antony et al., 2005) and concurrent infiltration of tumours with CD4 and CD8 T 

cells has been associated with improved prognosis (Hiraoka et al., 2006).  

 

CD4+ T cells have a major role in the post-licensing maintenance (Kurts, Robinson, & Knolle, 

2010) of the CD8+ T cell response following priming by DCs (Marzo et al., 2000). They may 

also possess direct cytotoxic effects via the recognition of MHC class II-restricted epitopes on 

the surface of some tumours (Linnemann et al., 2015). Traditionally, Th1 type CD4+ T cells 

were thought to be the major subset involved in supporting anti-tumour immunity by producing 

IL-2, IFNg and TNFa, and activating memory CD8+ T cells to kill tumour cells. They may also 

promote tumour destruction through the expression of TRAIL and Fas Ligand (Thomas & 

Hersey, 1998). Th2 type CD4+ T cells have been reported to help establish a more pro-

tumourigenic microenvironment (Tatsumi et al., 2002), but have also been shown to aid tumour 

destruction through the recruitment of eosinophils (Hung et al., 1998). Stratification of T helper 
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cell subsets infiltrating tumours has been associated with survival data and may be useful as a 

prognostic marker in some cancers (Tosolini et al., 2011).  

 

More recently new subsets of CD4+ T cells have been reported and tumour-reactive CD4+ T 

cells, which develop cytotoxic activity and drive rejection of established large tumours in an 

MHC class II-dependant manner, have been described (Quezada et al., 2010). IL-9 producing 

T helper type 9 (Th9) cells are reported to support strong anti-tumour immune responses by 

promoting CCL20/CCR6-dependent recruitment of DCs to the tumour tissues (Lu et al., 2012) 

and adoptive transfer of Th9 polarised CD4+ T cells can suppress melanoma growth in an IL-

9 dependant manner (Purwar et al., 2012). Th17 cells are more enigmatic, with IL-17 reported 

to have both pro- and anti-tumourigenic effects (Murugaiyan & Saha, 2009). However, the 

potential of Th17 type cells to support anti-tumour CD8+ T cell immunity and mediate 

eradication of established melanomas is now well established (Martin-Orozco et al., 2009; 

Muranski et al., 2008). Therefore, CD4+ T cells represent a relatively untapped resource for the 

development of novel immunotherapies (Zanetti, 2015). 

 

1.4.3. Immune suppression  

 

Tumour cells actively produce cytokines and recruit cells capable of suppressing the anti-

tumour immune response. This creates an immunosuppressive tumour microenvironment 

(TME) that enhances tumour growth and survival while limiting the activity of effector 

immune cells to destroy the tumour (Munn & Bronte, 2016). 

 

The constitutive activation of the STAT3 pathway in tumour cells can lead to chronic 

inflammation, which supports tumour initiation (Fukuda et al., 2011), upregulates angiogenic 



	
 

70 

and anti-apoptotic pathways (Haura et al., 2005) and inhibits immune cell function within the 

TME (Wang et al., 2004). The altered metabolic profile of cancer cells, leads to accumulation 

of metabolites and waste products resulting in a TME that is acidified (Estrella et al., 2013) 

and hypoxic, further favouring tumour progression (Carmeliet et al., 1998). The increased 

expression of enzymes such as indoleamine 2,3-dioxygenase (IDO) and tryptophan 2,3-

dioxygenase (TDO) converts available amino acids into immune suppressive metabolites 

(Uyttenhove et al., 2003). High levels of adenosine in the TME have also been shown to be 

immunosuppressive (Hatfield & Sitkovsky, 2016), while increased prostaglandin E2 (PGE2) 

has been linked with impaired DC function (Greenhough et al., 2009) and favours myeloid 

derived suppressor cell (MDSC) generation (Sinha et al., 2007). 

 

There are also a large number of immune-modulatory molecules which can be expressed by 

the tumour (Sharpe, 2017) to alter the anti-tumour immune response. These include the ligand 

CTLA-4, which competes with CD28 on T cells for binding to CD80/86 and interferes with 

co-stimulation (Engelhardt, Sullivan, & Allison, 2006), and PD-L1/L2 ligands, which bind PD-

1 and induce T cell exhaustion (Barber et al., 2006). These molecules have recently been 

successful targets of immunotherapies (Ott, Hodi, & Robert, 2013), while other similar ligands 

are currently being investigated for their therapeutic potential (Dougall et al., 2017; Kim et al., 

2017; Lines et al., 2014).  Furthermore, many factors which cause Treg differentiation are 

abundant in the TME. Treg secrete high levels of the immunosuppressive cytokines, IL-10 and 

TGFβ, which further support Treg development and inhibit effector T cells (Strauss et al., 

2007). Therefore, the tumour microenvironment is often highly suppressive to the anti-tumour 

immune response and presents a barrier that must be overcome to enhance immune-mediated 

tumour destruction. 
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1.4.4. Immune evasion  

 

Tumours which are placed under immune pressure develop a range of mechanisms to evade 

immune recognition and subsequent destruction (Mittal et al., 2014). These mechanisms either 

induce immune tolerance through ignorance or anergy or provide resistance to immunological 

killing. Downregulation of antigen processing and presenting pathways is a primary method of 

immune evasion employed by tumours (Khong & Restifo, 2002; von Boehmer et al., 2013). 

Decreased expression of MHC class I molecules (Degenhardt et al., 2010; Jäger et al., 1997) 

and components of the cells antigen processing machinery have been documented in numerous 

tumour types (Facoetti et al., 2005; Kloor et al., 2005). Downregulation of TAP genes (Seliger 

et al., 2003) as well as components of the immunoproteasome, which comprises highly efficient 

proteolytic machinery (Tripathi et al., 2016), decreases the antigen presenting ability of some 

cancers. The reversibility of this downregulation, upon IFNγ stimulation, suggests these 

changes might be controlled by epigenetic modifications within the cancer genome (Angell et 

al., 2014). 

 

Cancer cells often display aberrant epigenetic modifications, (Feinberg and Vogelstein, 1983). 

Epigenetic changes, such as DNA methylation, are associated with the altered regulation of 

many genes involved in immune evasion (Chou et al., 2005). They may also suppress the 

expression of tumour suppressor genes (Bonazzi, Irwin, & Hayward, 2009) and genes 

associated with pro-apoptotic signalling pathways (Soengas et al., 2001; Zhang et al., 2004). 

Epigenetic shutdown of immunogenic antigens is an important acquired resistance mechanism 

in tumour cells (Goldberger et al., 2008; Sanchez-Perez et al., 2005). However, tumour cells 

may also lose specific genes through aneuploidy and genetic instability (Davoli et al., 2017; 
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Kaluza et al., 2012) or via de-differentiation to a less organised state (Hölzel & Tüting, 2016; 

Landsberg et al., 2012) resulting in escape from immune control. 

 

1.5. Immune modulatory therapies  

 

Melanoma is a cancer characterised by a very high mutation burden (Alexandrov et al., 2013). 

This high level of mutation may lead to the expression of neo-antigens by the tumour cell, 

which are able to trigger an anti-tumour immune response (Schumacher & Schreiber, 2015). 

This characteristic results in tumours that are often highly immunogenic and suitable for 

treatment with immunotherapy (van Rooij et al., 2013). 

 

In melanoma, once metastatic spread occurs to either regional lymph nodes or distant sites 

(Stage III and IV), prognosis becomes poor with 5-year survival rates of 63% and 16.6% 

respectively (Miller et al., 2016). Standard treatments for metastatic melanoma include 

invasive surgery, radiotherapy, chemotherapies; including Dacarbazine, Cisplatin and 

Paclitaxel and targeted therapies with BRAF and MEK inhibitors. However, recently 

developed T cell based immunotherapies, which aim to enhance the endogenous anti-tumour 

immune response, are quickly becoming the new pillar of treatment for this and other 

immunogenic cancers (Drake, Lipson, & Brahmer, 2014). 

 

1.5.1. Cytokine therapy 

 

High dose IFNα2 or pegylated IFNα2 were the first immunotherapies to be used for late stage 

melanoma patients. Given as a single agent therapy, they can result in prolonged relapse and 

decreased tumour burden. However, there has been little proven benefit on overall survival 
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with this therapy (Bottomley et al., 2009; Eggermont et al., 2008). The anti-tumour efficacy of 

these agents is thought to be due to their ability to broadly enhance anti-tumour immunity 

(Ascierto and Kirkwood, 2008). 

 

1.5.2. Checkpoint blockade 

 

Checkpoint blockade immunotherapies with monoclonal antibodies directed against immune 

inhibitory surface molecules CTLA-4 (Ipilimumab) and PD-1 (Nivolumab/Pembrolizumab) 

have recently been approved by the U.S. FDA for treatment of patients with unresectable or 

metastatic melanoma (Boutros et al., 2016). Phase III clinical trials of Ipilimumab versus gp100 

peptide vaccine in patients with Stage III or IV melanoma (Hodi et al., 2010) and Ipilimumab 

plus Dacarbazine versus Dacarbazine alone in previously untreated patients with metastatic 

disease (Robert et al., 2011) both reported a significant increase in overall survival when 

treating with Ipilimumab. Similarly, the PD-1 monoclonal antibody, Nivolumab, has been 

reported to increase overall survival compared to standard chemotherapy in Phase III clinical 

trials where patients had received no prior treatment (Robert et al., 2014) or had progressed 

after treatment with Ipilimumab (Weber et al., 2015). Results from recent Phase III clinical 

trials combining both Ipilimumab and Nivolumab show that combination therapy provides 

improved results over Ipilimumab monotherapy (Postow et al., 2015; Larkin et al., 2015), and 

improvement over Nivolumab monotherapy in PD-L1 negative tumours (Larkin et al., 2015). 

Building on these successes, new immunotherapeutic agents are being investigated for 

combination with checkpoint blockade inhibitors (Naidoo, Paige and Wolchok, 2014) to 

further improve patient outcomes. 
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1.5.3. Adoptive cell therapy 

 

Adoptive cell therapy (ACT) involves the isolation and identification of tumour specific T cells 

which have specificity for tumour-derived antigens (Rosenberg & Restifo, 2015). These 

tumour specific T cells are then expanded ex vivo before being transferred back into the patient 

in an adoptive cell transfer. More recently, next generation TCR-engineered T cells (Kershaw 

et al., 2014) and chimeric antigen receptor T cells (Davila et al., 2014; Maude  et al., 2015) 

have been developed to improve anti-tumour immunity and target known tumour antigens. Pre-

treatment with lymphodepleting radiation or chemotherapy aids the expansion of transferred 

cells by emptying the immune compartment, and enhances T cell persistence and duration of 

the clinical response (Dudley et al., 2002).  

 

In highly immunogenic cancers, such as melanoma, ACT can  be very effective (Besser et al., 

2010; Dudley et al., 2013) even in the treatment of aggressive metastatic disease (Stevanović 

et al., 2015). Positive results have been reported in often difficult to treat areas such as the brain 

(Hong et al., 2010). In addition, ACT may synergise well with other immunotherapeutic 

approaches such as checkpoint blockade, DC vaccination and immune adjuvant therapies  to 

further increase efficacy (Chodon et al., 2014; John, Kershaw, & Darcy, 2013; Paulos et al., 

2016). However, the silencing of immunogenic antigens and generation of tumour-escape 

variants remains a problem for this therapy that needs to be overcome (Gardner et al., 2016; 

Khong & Restifo, 2002; Sotillo et al., 2015). The potential of targeting multiple antigens 

concurrently has been trialled as a way to overcome such escape mechanisms (Ruella et al., 

2016; Zah et al., 2016). 
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1.5.4. Epigenetic modifying agents 

 

Cancers are associated with an aberrant epigenetic landscape (Feinberg & Vogelstein, 1983) 

and the epigenetic silencing of immune-related genes is a striking feature of cancer gene 

expression (Héninger, Krueger, & Lang, 2015). DNA methylation and histone post-

translational modifications, such as acetylation and lysine methylation, can interrupt normal 

gene expression. DNA methylation of gene promoters and upstream elements leads to gene 

down-regulation while acetylation of histones makes them more accessible to RNA polymerase 

and other transcriptional machinery. Methylated histones can be either repressive or activating, 

depending on the site and degree of methylation (Arrowsmith et al., 2012). The enzymes that 

catalyse these reactions can be organised into three main classes; those that add methyl or 

acetyl groups are termed ‘writers’, those that recognise and bind to histone modifications are 

called ‘readers’ and enzymes which remove histone marks are known as erasers, as outlined in 

Figure 1.9 (Arrowsmith et al., 2012). Such epigenetic modifications are reversible and 

targetable with drug inhibitors (Morera, Lübbert, & Jung, 2016). Therefore, the use of 

epigenetic modifying agents has the potential to reverse epigenetic lesions and modulate the 

epigenetic landscape in cancer cells. 

 

DNA methylation can be targeted globally with DNA methyltransferase inhibitors (DNMTi) 

such as Azacytidine (AZA) and 5-aza-2′-deoxycytidine (Decitabine, DEC). These de-

methylating agents are used for the treatment of myelodysplastic syndrome and acute myeloid 

leukaemia (Douglas-Smith et al., 2014) where they induce DNA hypomethylation dependent 

on cell division (Qin et al., 2009). Histone deacetylase inhibitors (HDACi) are another class of 

epigenetic modifiers that have been thoroughly investigated for their anti-cancer properties 

(Minucci & Pelicci, 2006; West & Johnstone, 2014). HDACi such as Vorinostat, Panobinostat 
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and Romidepsin have been approved for the treatment haematological cancers including T cell 

lymphoma and multiple myeloma (Greig, 2016; Kavanaugh, White, & Kolesar, 2010; Reddy, 

2016). HDACi have also been reported to be important modulators of the immune system and 

inflammatory response (Shakespear, et al., 2011), a fact that should be considered when 

combining these agents with anti-cancer immunotherapies.  

 

 

 

Figure 1.9  Covalent modifications to DNA and histones regulates gene expression 

(Arrowsmith et al., 2012) 

 

Beyond DNMTi and HDACi there are a wide range of chromatin regulatory complexes 

including writers like the protein methyltransferases (e.g. GLP1/EHMT1 and G9a/EHMT2), 

erasers including lysine demethylases (e.g. LSD1, EZH2 and Jarid1a/b/c), euchromatic 

activators (e.g. BRD4, CREBBP/EP300 and UTX/JMJD3) and elongation complexes (e.g. 
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DOT1L) which control the compactness of chromatin and transcription of genes  (Arrowsmith 

et al., 2012; Bannister & Kouzarides, 2011; Liu & Wang, 2016). Targeting of these epigenetic 

marks with specific inhibitors, such as BET-inhibitors and EZH2-inhibitors, can impact on the 

growth and metastatic potential of melanoma cells by regulating the expression of tumour 

suppressor genes and inducing apoptosis (Zingg et al., 2015, Heinemann et al., 2015). 

Therefore, a myriad of potential targets exists for the next-generation of epigenetic therapies 

targeting the de-regulated epigenetic landscape of cancer cells. 

 

In melanoma, treatment with epigenetic modifying agents (EMAs) such as DNMTi and 

HDACi have been shown to reverse the epigenetic down-regulation of MHC molecules 

(Serrano et al., 2001). Downregulation of MHC I on the surface of tumour cells is a common 

immune escape mechanism (Garcia-Lora et al., 2003; Klippel et al., 2014). Treatment with 

EMAs can up-regulate TAP and other molecules involved in MHC class I processing and 

presentation, increasing the immunogenicity of tumour cells (Khan, Gregorie, & Tomasi, 

2008). EMAs have also been reported to sensitise cancer cells to chemo- and immunotherapies 

(Steele et al., 2009).  

 

Treatment of tumour cells with EMAs can further increase their immunogenicity by re-

activating the expression of cancer testis and differentiation antigens not expressed in normal 

tissues (Guo et al., 2006; Vo et al., 2009). These tumour antigens present novel targets for 

antigen specific therapies such as ACT (Gjerstorff, Andersen, & Ditzel, 2015). DNMTi have 

also been used to overcome resistance to immunotherapy with monoclonal antibodies and ACT 

(Hasanali et al., 2015; Sanchez-Perez et al., 2005) by driving re-expression of the therapeutic 

targets. Therefore, epigenetic modifying agents are thought to show potential as adjuvant 

therapies in combination with other immunotherapeutic approaches (Maio et al., 2015; 
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Sigalotti et al., 2014). The presence of multiple epigenetic aberrations within malignant cells 

suggests that epigenetic therapies may be most beneficial when combined with other anti-

cancer therapies (Héninger et al., 2015; Saleh, Wang, & Goldberg, 2016; Zahnow et al., 2016). 

A challenge for future epigenetic therapies will be to develop inhibitors with greater 

specificity, thereby reducing their potential side effects (Kelly, De Carvalho, & Jones, 2010). 

 

1.5.5. Combination therapy 

 

The ability of epigenetic modifying agents to increase tumour immunogenicity suggests a 

potentially productive partnership with immunotherapies such as checkpoint blockade and 

ACT (Maio et al., 2015). However, to date clinical evidence remains limited (Covre et al., 

2015). Treatment with epigenetic modifying agents can overcome resistance to PD-1 and 

CTLA-4 monoclonal antibody therapies by eradication of MDSCs (Kim et al., 2014), and 

increased responsiveness to therapy with anti-PD-1 by upregulating the expression of PD-L1 

and PD-L2 on B16 melanoma cells (Woods et al., 2015) . Epigenetic modifying therapies have 

also been reported to synergise with ACT, improving T cell persistence and effector cytokine 

production (Lisiero et al., 2014).  

 

Treatments with a combination of multiple checkpoint immunotherapies, including those 

targeting PD-1 and CTLA-4, are being investigated as a way to prevent resistance, and combat 

advanced metastatic disease (Lussier et al., 2015). Furthermore, combinations of new 

checkpoint inhibitors are being tested including those that block signalling via TIGIT, CD96, 

VISTA and TIM-3 (Dougall et al., 2017; Kim et al., 2017; Lines et al., 2014). Other 

combination therapies designed to enhance the efficacy of immunotherapy include the use of 

TLR agonists in combination with ACT (Paulos et al., 2016) or checkpoint blockade (Singh et 
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al., 2014), and the activation of NK cells through the blocking of killer inhibitory receptor 

(KIR)-mediated inhibition (Vey et al., 2012).  

 

The future of immunotherapy lies in determining combinations of therapies which cause 

activation of multiple components of the immune system against the cancer. This approach 

may be the best strategy to prevent resistance to therapy and increase disease-free survival in 

cancer patients. However, much research remains to be done in order to determine the 

appropriate combinations of agents to use to craft the most effective anti-cancer therapies 

(Mahoney, Rennert, & Freeman, 2015). 

 

1.6.  Aims of the thesis 

 

DCs are important immune cells which are uniquely designed for the surveillance of their 

environment and initiation of adaptive immunity against encountered pathogen or tumour 

antigens. However, the complex network of DC subtypes and their unique roles in 

immunosurveillance remains to be completely determined. In particular, DCs with the ability 

to cross-present antigens are critical for the development of anti-tumour immunity. The role of 

other subsets of DCs, which do not cross-present, remains less clearly defined. Furthermore, 

the immune system and the tumour interact in a dynamic process where the ongoing immune 

response shapes the immunogenicity of the developing tumour. Therefore, it is critical to 

understand which DC subsets drive productive anti-tumour immune responses. This 

knowledge has the potential to inform the development of improved anti-cancer 

immunotherapies. 
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Aim 1: 

To identify the DC subsets which cross-present tumour antigens and initiate anti-tumour 

immunity in a novel orthotopic model of melanoma, where tumour development is confined to 

the skin.  

 

Hypothesis: 

Unique subsets of DCs may exist within the skin and sdLNs that preferentially acquire and 

cross-present melanoma-derived antigens, with high efficiency, promoting the initation of anti-

tumour immunity.  

 

Aim 2: 

To compare, using microarray analysis, the differences in gene expression between cross-

presenting and non-cross-presenting CD8+ DCs to elucidate a role for the CD8+XCR1neg DC 

subset in the complex network of DC immunosurveillance. 

 

Hypothesis: 

CD8+ DCs lacking the XCR1 marker do not cross-present tumour-dervied antigen, therefore, 

we hypothesise that these DCs have a different and unique role in immunity and immuno-

surveillance. These differences should be reflected in their gene expression profile, which, we 

predict may more closely resemble that of a cDC2 DC subset. 

 

Aim 3: 

To better understand the mechanisms, employed by the tumour, which drive the evasion of 

immune-mediated destruction during ACT. This aim included the testing of an extensive panel 

of epigenetic modifying agents on tumour explant cell lines that had acquired resistance to 
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determine whether these agents could be utilised to reverse the silencing of the antigen targeted 

by our ACT. 

 

Hypothesis: 

Silencing of immunogenic antigens, by the tumour, during immunotherapy is a resistance 

mechanism that may be controlled by complex epigenetic modifications. If this is indeed the 

case, we should be able to alter this silenced phenotype by employing novel epigenetic 

modifying agents to target this pathway. 

 

Throughout the work presented in this thesis the over-arching aim is to better understand the 

biology and role of unique subsets of DCs in the generation of immunity and the interplay 

between the immune system and tumour in the sculpting of immunogenicity.  
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CHAPTER 2. 

Materials and Methods 

 

 

This chapter provides a list of materials used and a section of general methods. Specific 

methods related to the experiments for each chapter will be presented therein. Some 

replication of methods may occur where similar techniques were used in different 

experiments. 
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2.1  Materials List 

 
2.1.1 Mice 

 
C57BL/6 (B6) 

(CD45.2) 

Inbred mice that have the H-2b haplotype, which includes the Kb 

restricting element and CD45.2 allele. 

OT-I (CD45.1) H-2Kb restricted, TCR transgenic (Va2/Vb5), specific for 

ovalbumin (OVA) epitope, (Hogquist et al., 1994).  

BALB/c (CD90.2) Inbred mice that have the H-2d haplotype, which includes Kd, Dd 

and Ld and the CD90.2 allelle. 

CL4 (CD90.1) H2Kd restricted, TCR transgenic (Va10/Vb8.1/8.2), specifc for 

A/PR/8 haemagluttinin (HA) epitope, (Patten et al., 1993).    

gDT-II (B6) (CD45.1)  I-Ab-restricted TCR transgenic specifc for HSV-1 

glycoprotein-D epitope gD290–302 (Bedoui et al., 2009). 

CCR7-/- (B6) (CD45.1) Lack DC migration from periphery to lymph nodes (Forster et 

al., 1999). 

 

2.1.2 Cell Lines 

 
Cell Line Description Media 

B16.F10 Murine melanoma cell line. Purchased from ATCC 

(ATCC CRL-6475) 

RPMI-10% FCS 

B16.F10.OVA. 

GFP 

Variant of B16.F10 cell line transduced with 

retroviral constructs containing the full-length 

membrane-bound from of OVA and Green 

Fluorescent Protein (eGFP).  

RPMI-10% FCS 

B16.F10.Kb- 

 

B16.F10 cell line lacking the Kb allele 

(Cho, Lee and Celis, 2010). 

RPMI-10% FCS 
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B16.F10.Kb-

OVA.GFP 

Variant of B16.F10.Kb- cell line transduced with 

retroviral constructs containing the full-length 

membrane-bound from of OVA and eGFP. 

RPMI-10% FCS 

AB1 Murine mesothelioma cell line developed by the 

i.p. injection of crocidolite asbestos into BALB/c 

mice (Davis et al., 1992). 

RPMI-10% + 

HEPES 

AB1.HA Variant of the AB1 cell line transduced to express 

the HA epitope of influenza virus A/PR/8/34 

(H1N1) and antibiotic resistance cassette for 

Geneticin (G418) (Marzo et al., 1999) 

RPMI-10% FCS 

+ HEPES + G418 

L929 Murine fibroblast cell line. RPMI-10% FCS 

293T Human embryonic kidney cells line. DMEM-10% 

FCS 

 
 

2.1.3 Peptides 

 
Chicken Ovalbumin peptide OVA257-264 

(SIINFEKL).  

H-2Kd restricted (Hogquist et al., 1994). 

Herpes Simplex Virus-1 Glycoprotein D  

gD290–302 (IPPNWHIPSIQDA) 

I-Ab restricted (Bedoui et al., 2009) 

CL4 Influenza Haemagluttinin HA512-520 

(IYSTVASSL).  

H2Kd restricted (Morgan et al., 1996) 

 

2.1.4 Epigenetic Modifying Agents 

 
Agent Target Concentration 

Azacitidine  DNMT 1-5uM 

Decitabine  DNMT 1-5uM 

Panobinostat PAN HDAC 10nM 
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Vorinostat HDAC1/3 1uM 

DOT1L DOT1L 10uM 

GSK343 EZH2 10uM 

Dual 946 BET-HDAC 1uM 

LSD1i LSD1 10uM 

GSK071 G9A/GLP 10uM 

SKF426 DNMT3B-DNMT 10uM 

GSK-J4 JMID3 1uM 

GSK856 JARID1A/B/C 10uM 

GSK077 CREBBP/EP300 10uM 

GSK602 BRD9 5uM 

GSK814 ATAD2 10uM 

GSK858 PAN BET 1uM 

GSK959 BRPF1 10uM 

GSK2801 BAZ2A/B 10uM 

GSK467 JMID2/JARID1 10uM 

GSK591 PRMT5 10uM 

GSK503 EZH2 5uM 

 

*Epigenetic modifying agents were kindly provided by Dr. Mark Cruickshank, Telethon Kids 

Institute, Perth, Western Australia. 

 

2.1.5 Cell Biology Reagents 

 
2-mercaptoethanol       Sigma-Aldrich, USA 

Acetone       Sigma-Aldrich, USA 

Alamar Blue       Thermo Fisher Scientific, USA 

Bovine Serum Albumin (BSA)    Sigma-Aldrich, USA 
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Brefeldin A (BFA)      Sigma-Aldrich, USA 

5,6-carboxyfluorescein diacetate succinimidyl  

ester (CFSE)       Invitrogen, USA 

Collagenase Type III      Worthington Biochemicals, USA 

Dibutyl Phthalate      Sigma-Aldrich, USA 

Dimethyl Sulfoxide (DMSO)     Merck & Co, USA 

DNase I       Roche Holding AG, Switzerland 

Dulbecco’s Modifed Eagles Media (DMEM)   Invitrogen, USA 

Dulbecco’s Phosphate Buffered Saline (D-PBS)  Invitrogen, USA 

E. coli lipopolysaccharide (LPS)    Sigma-Aldrich, USA 

Ethylenediaminetetraacetate (EDTA)    Sigma-Aldrich, USA 

FACSAria™ cell sorter     Becton-Dickinson, USA 

FACSCalibur™ flow cytometer    Becton-Dickinson, USA 

FITC-0.5% (w/v) (1:1, vol/vol) acetone and  

Dibutyl phthalate       Sigma-Aldrich, USA 

Foetal Calf Serum (FCS)     Serrana, Australia 

Geneticin (G418)      Thermo Fisher Scientific, USA 

Glutamax       Invitrogen, USA 

Goat-anti rat IgG magnetic beads    Qiagen, Germany 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic  

acid (HEPES)       Thermo Fisher Scientific, USA 

Isoflurane (Attane)      Bayer, AUS 

Ketamine       Troy Labs, AUS 

L-glutamine       Thermo Fisher Scientific, USA 

LSRFortessa™ flow cytometer    Becton-Dickinson, USA 
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Matrigel™       Becton-Dickinson, USA 

Nylon mesh (100 micron)     Clear Edge, Australia 

Paraformaldehyde (PFA)     Proscitech, Australia 

Penicillin       Invitrogen, USA  

Phorbol Mystrate Ester (PMA)    Sigma-Aldrich, USA 

1x/10x Phosphate Buffered Saline (PBS)   Invitrogen, Australia 

Polypropylene round-bottom FACS tubes (5 ml)  Corning, USA 

Polystyrene round-bottom FACS tubes (5 ml)  Corning, USA 

Propidium Iodide (PI)      Sigma-Aldrich, USA 

Recombinant human IL-2     Peprotech, USA 

Recombinant murine IFNɣ      Shenandoah, USA 

Red blood cell lysis solution     Sigma-Aldrich, USA 

RefreshÒ Lacri-LubeÒ     Allergan, AUS 

Roswell Park Memorial Institute 1640 (RPMI)  Invitrogen, USA 

Saponin       Sigma-Aldrich, USA 

Streptomycin       Invitrogen, USA 

Tissue culture plates (96 wells-flat bottom)   Corning, USA 

Tissue culture plates (96 wells-V bottom)   VWR International, USA 

Tissue culture plates (96 wells-round bottom)  Corning, USA 

Tissue culture flasks (25/75/175 ml)    Corning, USA 

Tissue culture petri dishes (100mm)    Corning, USA 

0.4% Trypan Blue      Invitrogen, USA   

TrypLE Express      Invitrogen, USA 

VeetÒ        Reckitt-Benckiser, USA 

Xylazil        Troy Labs, AUS 
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RPMI-10% FCS 

RPMI-1640 supplemented with 10% foetal calf serum, 50µM 2-mercaptoethanol, 2mM L-

glutamine 100U/mL penicillin and 100µg/mL streptomycin. 

 

DMEM-10% FCS 

DMEM supplemented as per RPMI-10% FCS 

 

FACS Wash 

1x PBS with 5 mM EDTA and 1% BSA 

 

RBC Lysis buffer 

8.46g NH4Cl, 1.0g KHCO3, 0.037g EDTA (Disodium), 1L ddH20 
  
 

DC Prep Media 

1x D-PBS with 5 mM EDTA and 5% FCS stored only in sterile plastic to avoid LPS 

contamination.  

 

T cell / DC Negative Selection Cocktail 

cDC: 

 

 

 

 

 

 

Clone Specificity Dilution Vol for 
100ml 
cocktail 

Ter119 RBC 1:25 4.0mL 
KT3-1.1 CD3 1:10 10.0mL 
ID3 CD19 1:25 4.0mL 
RB6-8C5 Gr1 1:100 1.0mL 
T24-31.7 Thy1 1:200 0.5mL 
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pDC: As for cDC cocktail except that the α-GR-1 antibody has been substituted with a specific 

α-Ly6G antibody, 1A8 at 1:50 dilution. 

 

CD8+ T cell: 

Clone Specificity Dilution Vol for 
100ml 
cocktail  

Ter119 RBC 1:25 4.0mL 

M5/114 MHC II 1:50 2.0mL 
GK1.5 CD4 1:50 2.0mL 
RB6-8C5 Gr1 1:100 1.0mL 
M1/70 Mac-1 1:50 2.0mL 
F4/80 Macrophages 1:50 2.0mL 

 

2.1.6 Fluorescently Conjugated Antibodies 

 

 Panel                      Antibody                               Clone            Dilution          Supplier 

C
or

e 
D

C
 S

or
tin

g 
Pa

ne
l 

CD11c – V421 HL3 1:200 Becton-Dickinson 

MHC class II (I-A/I-E) – Biotin M5/114 1:200 Jason Waithman 

CD8 – PECF594 53-6.7 1:500 Becton-Dickinson 

XCR1 – PE ZET 1:100 BioLegend 

CD103 – FITC M290 1:100 Becton-Dickinson 

CD103 – PERCPCy5-5 M290 1:100 Becton-Dickinson 

CD326 – PECy7 G8.8 1:200 BioLegend 

A
dd

iti
on

al
 D

C
 

Ph
en

ot
yp

in
g 

PDCA-1 – BV650 927 1:200 Becton-Dickinson 

CD11b – PERCPCy5-5 M1/70 1:200 Becton-Dickinson 

CD11b – BV650 M1/70 1:200 Becton-Dickinson 

CD24 – APC M1/69 1:200 Becton-Dickinson 

CD172a (SIRPa) – FITC P84 1:200 Becton-Dickinson 
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CD207 (Langerin) – APC 4C7 1:200 BioLegend 

CD283 (TLR3) – PE 11F8 1:200 BioLegend 

CD285 (TLR5) – APC ACT5 1:50 BioLegend 

CD287 (TLR7) – PE A94B10 1:100 Becton-Dickinson 

MHC class II – BV510 M5/114 1:200 BioLegend 

CD103 – BV510 M290 1:100 Becton-Dickinson 

CD4 – PECy7 RM4.5 1:200 Becton-Dickinson 

CD274 – FITC TY25 1:100 Thermo Fisher 

CD206 – FITC  C068C2 1:200 BioLegend 

CD301b - APC URA-1 1:200 BioLegend 

Siglec H - APC 551 1:200 BioLegend 
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CD8 – APC 53-6.7 1:200 Becton-Dickinson 

Vα2 – PE B20.1 1:200 Becton-Dickinson 

CD45.1 – V421 A20 1:200 Becton-Dickinson 

CD90.1 – V421 OX-7 1:200 Becton-Dickinson 

CD279 – PECy7 29.1A12 1:100 BioLegend 

CD152 - PE UC10.4F10-11 1:100 BioLegend 

IFNy – BV786 XMG1.2 1:200 Becton-Dickinson 

TNFa – FITC MP6-XT22 1:200 BioLegend 

O
th

er
 

H2kb – FITC 5F1 1:100 Jason Waithman 

H2Db - PE KH95 1:100 Becton-Dickinson 

Streptavidin APC-Cy7 - 1:200 BioLegend 
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2.1.7 Molecular Biology Reagents 

 

Agarose        Sigma-Aldrich, USA 

Cresol Red Loading Dye     Sigma-Aldrich, USA 

DNEasy Mini Kit      Qiagen, Germany 

EasyLadder DNA Ladder     BioLine, USA 

Ethanol (100%)      ChemSupply, Australia 

Ethidium Bromide      Thermo-Fisher Scientific, USA 

GoTaq Green PCR Mastermix    Promega, USA 

Fugene® HD       Promega, USA 

Midori Green Advance DNA Stain    Nippon Genetics, Germany 

PCR strip-tubes      SSI Bio, USA 

Phenol Chloroform Isoamyl Alcohol    Sigma-Aldrich, USA 

PolybreneÒ       Sigma-Aldrich, USA 

Proteinase K       Promega, USA 

RNase/DNase Free H20     Invitrogen, USA 

RNEasy Mini Kit      Qiagen, Germany 

SuperscriptIII First Strand Synthesis Kit   Invitrogen, USA 

SYBR Green Master Mix     Applied Biosystems, USA 

TRIZOL®       Invitrogen, USA 

 

Tissue Lysis Buffer 

Tris-Hcl pH 8.0 100mM, EDTA, 5mM, SDS 1% (v/v), NaCl 200mM, Proteinase K 0.5mg/mL 

in ddH2O. 
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TAE Buffer  

(50x): 242 g Tris Base; 57.1 ml acetic acid (glacial); 100 ml 0.5 M EDTA (pH 8.0); up to 1 L 

with dH20. Diluted to 1x with dH20.  

 

2.1.8 Primers 

 
Primer Name  Sequence (5’®3’) 

OVA forward   CTGTGCAGATGATGTAC  

OVA reverse   TGGTTGCGATGTGCTTG 

HA forward   CAATTGGGGAAATGTAACATCGCC 

HA reverse   AGCTTTGGGTATGAGCCCTCCTTC 

GAPDH forward  GAAGGTCGGTGTGAACGGATT 

GAPDH reverse  CGGAAGGGGCGGAGATGATGA 

IRF4 forward   TGCAAGCTCTTTGACACACA 

IRF4 reverse   CAAAGCACAGAGTCACCTGG 

IRF8 forward   CAGGAGGTGGATGCTTCCATC  

IRF8 reverse   GCACAGCGTAACCTCGTCTTC 

ID2 forward   ATGAAAGCCTTCAGTCCGGTG 

ID2 reverse   AGCAGACTCATCGGGTCGT 

Batf3 forward   GCGCCCGGGAACCA 

Batf3 reverse   AACCCGGTTTTTCTCTCTCCTT 

TLR1 forward  GGATGTGTCCGTCAGCACTA 

TLR1 reverse  TGTAACTTTGGGGGAAGCTG 

TLR2 forward  CAGACGTAGTGAGCGAGCTG 

TLR2 reverse  GGCATCGGATGAAAAGTGTT 

TLR3 forward  GAGGGCTGGAGGATCTCTTT 
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TLR3 reverse  TGCCTCAATAGCTTGCTGAA 

TLR4 forward  GCTTTCACCTCTGCCTTCAC 

TLR4 reverse  CGAGGCTTTTCCATCCAATA 

TLR5 forward  GCTTTGTTTTCTTCGCTTCG 

TLR5 reverse  ACACCAGCTTCTGGATGGTC 

TLR6 forward  GCAACATGAGCCAAGACAGA 

TLR6 reverse  GTTTTGCAACCGATTGTGTG 

TLR7 forward  ATTCAGAGGCTCCTGGATGA 

TLR7 reverse  AGGGATGTCCTAGGTGGTGA 

TLR8 forward  TCCTGGGGATCAAAAATCAA 

TLR8 reverse  AAGGTGGTAGCGCAGTTCAT 

TLR9 forward  ACCCTGGTGTGGAACATCAT 

TLR9 reverse  GTTGGACAGGTGGACGAAGT 

 

2.2 General Methods 

 

2.2.1 Animals 

 

Mice were obtained from the Animal Resources Centre (ARC), Perth, Western Australia or 

bred onsite in the Bioresources Centre at Telethon Kids Institute and housed in accordance to 

AEC guidelines. Mice were kept in individually ventilated cages with controlled temperature 

and lighting. All experiments performed were approved by The Telethon Kids Institute Animal 

Ethics Committee (AEC: #243, #290) or University of Western Australia Animal Ethics 

Committee. 
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2.2.2 Euthanasia and Anaesthesia 

 

Euthanasia was performed at specific time points using CO2 at 20% volume/minute fill rate, in 

compliance with the Telethon Kids Institute and AEC guidelines. For procedures where mice 

were anaesthetised with isoflurane; “Attane” Isoflurane (Bayer, AUS) was used in a specific 

ISOTEC 3 vaporiser (AAS, NSW, AUS) at 2.5-3% in 6L medical air/minute. All mice were 

monitored until full recovery. Where longer anaesthesia was required ketamine was used: 

prepared by addition of 1 ml Ketamine (Troy Labs, AUS) (100 mg/ml) and 0.75 ml Ilium 

Xylazil (Troy Labs, AUS) (20 mg/ml) to 8.25 ml sterile PBS. 

 

2.2.3 Injections 

 

Injections were performed with 26-gauge insulin syringes (Terumo, Phillipines). Intravenous 

injections were made into the tail vein and were performed after heating mice under a heat 

lamp. The volume injected was typically 200-300µl and cells were injected in media or PBS 

containing no FCS. Intraperitoneal injections were performed after sterilizing the site with 80% 

ethanol solution while the mouse was restrained. 

 

2.2.4 Sample Collection and Preparation 

 

For T cell experiments, spleens and lymph nodes were collected into sterile PBS or RPMI and 

subject to mechanical disruption by passing organs through a sterile wire mesh using the blunt 

end of a 3mL syringe and filtered through a 100µm nylon filter. For spleen samples, cells were 

recovered by centrifugation and resuspended in 3mL of red blood cell lysis buffer and left to 

incubate on ice for 3-5 minutes. An equal volume of serum containing-PBS was added to 
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neutralize the reaction. For DC experiments organs were collected in a similar fashion but 

processed according to specific methods described in section 3.4.5. 

 

2.2.5 Cell Culture  

 

Tumour cell lines were maintained in RPMI media supplemented with 10% FCS, 2-

mercaptoethanol (50μM), L-glutamine (2mM), penicillin (100U/mL) and streptomycin 

(100μg/mL) in a 5% CO2 incubator set at 37°C. Cells were harvested or split when at 70% 

confluency using TrypLE enzyme and collected in PBS containing 1% BSA. 

 

2.2.6 Cryopreservation and Thawing 

 

Cryopreservation was performed by pelleting harvested cells and resuspending in 10% DMSO 

90% FCS to a final concentration of 1-2 x 106 cells/ml. Samples were aliquoted into cryovials 

(Fisher-Biotech, Australia), placed into a CoolCell (Biocision, USA) cryo-freezing container 

and placed in a -80oC freezer overnight. Samples were transferred to LN2 for long term storage. 

For rejuvenation, cells were thawed rapidly in a 37oC water bath diluted in complete media and 

recovered by centrifugation before resuspending in fresh media. Cells were counted using a 

haemocytometer (Neubauer, Germany) under a light microscope (Olympus, Japan) with trypan 

blue (0.4% in PBS). 

 

2.2.7 Agarose Gel Electrophoresis 

 

Electrophoresis of DNA was performed using a 1% (w/v) agarose gel containing 0.5 µg/ml 

ethidium bromide in TAE buffer or Midori Green Advanced DNA stain. The gel was run in 



	
 

96 

1X TAE buffer at 100V for 30 minutes with EasyLadder I DNA ladder (BioLine) and 

visualised on a Gel-Doc (Bio-Rad). 

 

2.2.8 Statistics and Software 

 

Flow cytometry analysis was completed using FlowJo software (Tree star, USA). Figures 

were constructed in GraphPad Prism (Graphpad Software Inc.). All statistics were calculated 

using GraphPad Prism using a student’s T test or ANOVA, paired or un-paired as 

appropriate. Data are presented as the mean +/- SD or SEM as indicated. Significant 

differences (p<0.05) are indicated by *. 
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Identification of cross-presenting DC 
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3.1 Preamble 

 

Dendritic cells (DCs) are the key initiators of T cell based immunity. DCs with the ability to 

cross-present exogenous antigens are particularly critical for the priming of anti-tumour CD8+ 

T cell responses. However, the specific DC subsets that cross-present tumour-derived antigens 

remains unclear. In this chapter, the expression of specific surface markers and transcription 

factors is used to align related DC subsets in the skin-draining lymph nodes of mice bearing a 

cutaneous melanoma tumour. The resident or migratory origin of novel XCR1+ DC subsets 

was then defined, and it was demonstrated that XCR1+ DCs comprise a related family with the 

unique ability to cross-present tumour-derived antigens and drive anti-tumour CD8+ T cell 

immunity. These findings suggest that these novel DC subsets play a specific role in the 

network of DC immunosurveillance, initiating anti-tumour immune responses, and may be 

useful targets for DC-based immunotherapies. The data also demonstrate that the classical 

nomenclature of CD8+/CD103+ DCs as cross-presenting DCs is less reliable than identification 

by expression of XCR1 as CD8+XCR1neg DCs failed to cross-present tumour-derived antigen. 

 

3.2 Abstract 

 

The question of which DCs cross-present peripheral tumour antigens remains unanswered. The 

ability of multiple skin-derived and lymphoid resident DCs to perform this function was 

assessed in a novel orthotopic murine melanoma model where tumour establishment and 

expansion is within the skin. Two migratory populations defined as CD103negXCR1+ and 

CD103+XCR1+ efficiently cross-presented melanoma-derived antigen, with the 

CD103negXCR1+ DCs surprisingly dominating this process. These results are critical for 
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understanding how anti-tumour CD8+ T cell immunity is coordinated to tumour antigens 

present within the skin. 

 

3.3 Introduction 

 

Currently, limited information exists on the exact cell types responsible for generating an anti-

tumour CD8+ T cell response. Thus, the overall aim of this study was to identify the DCs that 

are important for the cross-presentation of cutaneous melanoma antigen to naive tumour-

specific T cells within the skin-draining lymph nodes. A novel orthotopic melanoma transplant 

model that predominantly confines peripheral tumour growth to the epidermal and dermal 

layers of the skin was utilised to answer the important question of which DCs cross-present 

peripheral tumour antigen. 

 

DCs are the master regulators of T cell immunity (Banchereau & Steinman, 1998). Peripheral 

sites, such as the skin, contain a rich network of heterogeneous DCs (Henri et al., 2010).  Such 

diversity allows individual subsets to perform a particular function, enabling a division of 

labour. This concept is supported by studies highlighting that some subsets of DCs are superior 

at presenting endocytosed antigen to CD4+ T cells on MHC class II molecules, while others 

are better at introducing exogenous antigens into the MHC class I pathway in a process referred 

to as cross-presentation (Burgdorf et al., 2007; Burgdorf et al., 2008; Dudziak et al., 2007; 

Sancho et al., 2008). These differences reflect inherent variations between DC subsets that 

include possession of specialized intracellular processing machinery enabling external antigens 

to access the MHC class I peptide-loading pathway (Burgdorf et al., 2008) or the expression of 

defined endocytic receptors to facilitate the specific uptake of antigen from their surroundings 

(Burgdorf et al., 2007; Dudziak et al., 2007). 



	
 

100 

Specific categorization of the different DC lineages remains challenging, although sub-

classification into independent subsets is possible (Shortman & Liu, 2002). An immediate 

segregation can be made of plasmacytoid DCs (pDCs) and conventional DCs (cDCs). Both of 

these subgroups arise from a common DC precursor before terminally differentiating into their 

respective subgroups (Naik et al., 2007; Onai et al., 2007). Traditionally, demarcation of these 

subgroups relies on expression of selective surface antigens and their specific immune 

function. For example, expression of CD317 within the DC compartment is restricted to pDCs 

and these cells are the primary source of type I interferon following viral infection (Cella et al., 

1999; Diebold et al., 2003). An improved understanding of the transcription factors controlling 

DC development provides an alternate means to classify distinct DC subsets. Using this 

approach, pDCs can be separated from cDCs by regulation of their differentiation program 

dependent on specific transcription factors such as E2-2 (Cisse et al., 2008; Ghosh et al.,  2010). 

Furthermore, cDCs can be further divided into several subgroups displaying common 

functional features and properties. For example, certain mouse strains lacking the gene 

encoding the transcription factor Batf3 do not have the capacity to cross-present antigens 

(Hildner et al., 2008; Tussiwand et al., 2012). However, identification of specific lineage 

markers exclusively expressed on cross-presenting DCs remains elusive. 

 

Numerous studies have established that the CD8+ DC subset excels at cross-presenting antigens 

(Shortman & Heath, 2010). This particular subset predominantly resides in the spleen and 

lymphoid organs. Recent reports demonstrate that skin-derived CD103+ DCs also efficiently 

cross-present antigens (Bedoui et al., 2009; Henri et al., 2010). In certain mouse strains, these 

subsets share a dependency on key transcription factors crucial for their development (Edelson 

et al., 2010). Thus, based on their similar functional specialization and unified gene expression 

signature, the CD8+ and CD103+ DCs appear to represent a distinct lineage of DCs. More 
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recently, the expression of the XCR1 has been used to identify cross-presenting DCs (Bachem 

et al., 2012; Crozat et al., 2010, 2011; Dorner et al., 2009; Yamazaki et al., 2013). This marker 

is not found on all CD8+ DCs and the existence of XCR1+ DCs that do not express either CD8 

or CD103 have been reported (Bachem et al., 2012). 

 

In summary, a strong link exists between DC subtypes that express a common set of 

transcription factors and the ability to cross-present antigens to CD8+ T cells  Ginhoux et al., 

2009; Hildner et al., 2008), but linking this with the expression of particular surface markers 

remains challenging. Here, surface expression of CD8, CD103 and XCR1 is used to describe 

various DC populations within the skin-draining lymph nodes of mice. In this setting four 

XCR1+ DC populations with heterogeneous surface marker expression can be identified. By 

using a novel transplant model of cutaneous melanoma where tumour growth is within the skin, 

it can be demonstrated that two migratory populations defined as CD103negXCR1+ and 

CD103+XCR1+ are superior at cross-presenting melanoma-derived antigen, with the 

CD103negXCR1+ population dominating this process. This data provides new insight into the 

functional specialization within the broad network of DCs that are responsible for skin 

immunosurveillance and possess the capacity to initiate anti-tumour CD8+ T cell immunity. 

 

3.4 Methods 

 

3.4.1 Mice 

 

C57BL/6 mice that express the CD45.2 allele were purchased from the Animal Resource 

Center, Murdoch, Western Australia. CCR7o/o (Forster et al., 1999) and OT.I (Hogquist et al., 

1994) mice on a C57BL/6.SJL-Ptprca-Pep3b/BoyJ background (CD45.1) were bred and 
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maintained at the Telethon Kids Institute. All animal experiments were performed in 

accordance with protocols approved by the Telethon Kids Institute animal ethics committee 

(Ethics Application ID: 243) and conformed to the National Health and Medical Research 

Council Australia code of practice for the care and use of animals for scientific purposes. 

 

3.4.2 Cell Lines 

 

The B16.F10 melanoma cell line was purchased from the American Type Culture Collection. 

The B16.Kb- cell line was a kind gift from Esteban Celis, University of Southern Florida, USA. 

B16 cell lines were transduced with retroviruses constructed using Fugene® transfection 

reagent (Promega) to transfect 293T cells with MSCV vectors containing a full-length 

membrane bound form of ovalbumin (OVA) and eGFP, pMD.OLD.GAG.POL and pCAG-eco. 

The supernatant containing ecotrophic retroviruses was collected after 72 h and filtered through 

a 0.45 µM filter before being incubated with target cells in the presence of 8 mg/mL polybrene 

(Sigma). Transduction was confirmed by eGFP expression and eGFP+ cells were sorted by 

flow cytometry to establish purified lines. B16 cells were passaged routinely at 70–80% 

confluency and cultured in RPMI media (Life Technologies) supplemented with 10% FCS, 2-

mercaptoethanol (50 µM), L-glutamine (2 mM), penicillin (100 U/mL) and streptomycin (100 

mg/ mL) in a 5% CO2 incubator at 37ºC.  

 

3.4.3 Cutaneous Melanoma Engraftment 

 

Mice were anaesthetised with a mixture of Ketamine (100mg/kg) and Xylazil (10mg/kg) (Troy 

Laboratories) administered intraperitoneally (10 mL/g body weight). The eyes of the mice were 

covered with a Refresh® Lacri-Lube® (Allergan) from the time of anesthesia to when they 
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regained consciousness to prevent them from drying out. The flank of the mouse was shaved 

and depilated with Veet® (Reckitt Benckiser). A small (~2mm2) area of skin on the flank was 

abraded using a MultiPro Dremel with a grindstone attachment. 1 x 105 B16 melanoma cells 

were washed in sterile PBS, resuspended in 10 µL of MatrigelTM (Becton Dickinson) and 

applied to the abraided area. To contain the cells at the abraded site, the Matrigel was allowed 

to set before covering it with a piece of Op-site FlexigridTM (Smith and Nephew). The torsos 

of the mice were wrapped, first with a soft hypoallergenic MicroporeTM tape (3M Health Care) 

and then by a stronger porous polyethene TransporeTM tape (3M Health Care) to protect the 

site. Mice were allowed to recover from anesthesia on a heating pad and monitored daily until 

bandages were removed 6 days post grafting. 

 

3.4.4 Flow Cytometry 

 

Monoclonal antibodies specific to mouse CD8α, CD11c, MHC II, CD103, CD326, CD207, 

CD24 and CD172a were purchased from BD or eBioscience. The monoclonal antibody specific 

to XCR1 was kindly provided by R.A. Kroczek (Robert Koch Institute, Berlin). Multi-

parameter analysis was performed on a LSRFortessa (BD) and cells were sorted using a 

FACSAriaIII (BD). GFP expression on treated tumour explants was monitored using an 

LSRFortessa (BD) or FACSCalibur II (BD). Prior to acquisition cells were stained with 

propidium iodide (PI; Sigma) to exclude dead cells. All data were analyzed with FlowJo (Tree 

Star). 
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3.4.5 DC Isolation and Sorting 

 

DCs were isolated from lymphoid organs as described previously (Waithman et al., 2013). 

Briefly, single cell suspensions were prepared from pooled skin- or tumor-draining lymph 

nodes and enriched for conventional DCs using antibody depletion and magnetic bead 

enrichment. These cells were stained with anti-CD11c, -MHC II, -CD8a, -XCR1, -CD103, and 

-CD326 antibodies. DC subsets were sorted from PI negative events using a FACSAriaIII cell 

sorted (BD). During sorting DCs were collected in buffer containing FCS (Serana) and EDTA 

(Sigma) and kept on ice at all times. 

 

3.4.6 Preparation of T cells 

 

OT.I T cells were purified as described previously (Waithman et al., 2007). Briefly, single cell 

suspensions were prepared from pooled lymph nodes and spleens from OT.I female mice and 

enriched using antibody depletion (see section 2.1.5) and magnetic bead enrichment. After 

incubation with the depletion cocktail for 30 minutes, unpurified cells were washed and 

incubated with magnetic beads at a ratio of 7.5:1 for a further 20 minutes at 4ºC. Purity of 

enriched cell suspensions usually yielded >80% CD8+Vα2+ cells. 

 

3.4.7 Ex vivo Culture Assays 

 

Flow cytometrically sorted DCs were washed and resuspended in RPMI media (Life 

Technologies) supplemented with 10% FCS, 2-mercaptoethanol (50 µM), L-glutamine 

(2mM), penicillin (100 U/mL) and streptomycin (100 mg/mL) and cultured in a 5% CO2 

incubator at 37ºC for the duration of the experiment. For ex vivo presentation assays, serial 
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dilutions of sorted DCs were co-cultured for 60 h with 5 x 104 OT.I CD8+ T cells labeled 

with 2.5 µM CFSE (Sigma). Proliferation of OT.I cells was measured by flow cytometry as 

CFSE dilution in the CD45.1+CD8+ Vα2+ cell population. 

 

3.4.8 Fluorescein Isothiocyanate Painting  

 

Mice were anaesthetised, shaved and depilated using Veet® (Reckitt Benckiser). The back and 

flanks of mice were painted with 100 mL of 0.5% (w/v) Fluorescein Isothiocyanate (FITC) 

powder (Sigma) prepared in a 1:1 mixture of acetone and dibutyl phthalate. DCs were isolated 

from the skin-draining lymph nodes 96 hours after painting. Migratory DC were defined as 

FITC+CD11c+MHCII+ cells by flow cytometry. 

 

3.4.9 Preparation of RNA 

 

Isolated DC populations were resuspended in 1 mL of Trizol solution (Life Technologies) 

immediately after sorting and stored at -80ºC. RNA was extracted using phenol chloroform 

extraction and the RNEasy Mini Kit (Qiagen) according to the manufacturers’ instructions. 

Reverse transcription of mRNA was performed using the SuperscriptIII First Strand Synthesis 

System (Invitrogen), with 2 µg of RNA per reaction, according to manufactures instructions. 

 

3.4.10 Quantative Polymerase Chain Reaction 

 

Following cDNA synthesis, quantitative polymerase chain reaction (qPCR) assays were 

performed using SYBR® green chemistry according to the manufacturers’ instructions 

(Applied Biosystems). Briefly, wells contained 10 µL (1x) SYBR® green master mix, 4 µL 
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primer mix (forward and reverse) (200 µM final concentration), 2 µL of DNase/RNase free 

water and 4 µL of cDNA (from first strand synthesis reaction). Cycling conditions were as 

follows; hold for 20 seconds at 95ºC, cycle 40x through 95ºC for 1 second, 60ºC for 20 seconds 

followed by a hold for 2 minutes at 25ºC. Amplification and detection was performed using an 

ABI 7900HT Fast Real-time PCR system with SDS 2.3 software (Applied Biosystems). For 

analysis of transcripts associated with DC ontogeny primer for IRF4, IRF8, ID2 and BATF3 

are described in see section 2.1.8. For quantification of relative gene expression, the 

comparative LLCT method was employed using HPRT expression as the reference. 

 

3.5 Results 

 

3.5.1 Cross-presentation of cutaneous-derived melanoma antigen 

 

Immunity to cancer is a classic biological scenario that relies heavily on cross-presentation to 

elicit a CD8+ T cell response. To date, the exact DC populations responsible for cross-

presenting cutaneous tumour antigens remains ill-defined. In this chapter, we focused our 

attention on melanoma. Traditionally, the standard preclinical model of melanoma involves 

subcutaneous delivery of B16 melanoma cells (Overwijk & Restifo, 2001). This robust model 

results in tumour growth beneath the skin. However, the etiology of malignant melanoma in 

humans is within the epidermis. The early stages of this disease display aberrant intra-

epidermal growth that progresses to vertical growth and dermal invasion (Miller & Mihm, 

2006), allowing local epidermal- and dermal-derived DCs to sample the malignant tissue 

before their migration to the tumour-draining lymph nodes. Thus, to conduct studies on skin-

derived DC immunosurveillance of melanoma, a more realistic model that more closely mimics 
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human disease is required. Therefore, we developed an orthotopic murine melanoma model 

where tumour establishment and expansion took place within the skin. 

 

Such a model is achieved by grafting B16 cells directly onto the skin of mice in a procedure 

referred to as cutaneous inoculation. Figure 3.1A shows the growth of cutaneous tumours at 

various timepoints. It clearly shows that cutaneous tumours grow superficially whereas 

subcutaneous tumours grow beneath the skin (Fig. 3.1B). Histological examination confirmed 

the macroscopic observations (Fig. 3.1C–E), thus our novel grafting procedure provides a 

robust model of disease progression in the correct anatomical microenvironment. Interestingly, 

cutaneous-derived wild-type B16 tumours reliably form metastases in the draining lymph node 

(Fig. 3.1F). This is not observed in the classical subcutaneous model and it is a bonafide 

metastasis, as B16 cells transduced to express eGFP can be grown in vitro from tumour-

draining lymph node explants (Fig. 3.1G). Of critical relevance here, cutaneous inoculation 

results in melanoma establishment within the epidermis and dermis, mimicking the human 

condition and allowing skin resident DCs to sample local tumour antigens. 

 

To assess tumour antigen presentation in vivo in the cutaneous model, B6 mice were inoculated 

with B16 cells expressing the model antigen OVA. To monitor antigen presentation, we tracked 

the proliferation of CFSE labeled CD8+ OT.I T cells specific for an H-2Kb-restricted epitope 

of OVA (Hogquist et al., 1994) 60 hours after intravenous injection into B6 mice harboring 

palpable cutaneous B16-OVA tumours. This approach revealed that OVA-specific T cell 

proliferation occurred in the draining lymph nodes (Fig. 3.2A) Within this experimental model, 

B16-OVA melanoma cells that have metastasized to the regional nodes have the capacity to 

present antigen directly to T cells. To circumvent this possibility, we acquired a variant of B16 

that selectively lacks H-2Kb molecules and transduced it with OVA to generate B16Kb−-OVA.  
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Figure 3.1 Orthotopic model of cutaneous melanoma. Wild-type B16 melanoma cells were 

grafted via the (A) cutaneous or the (B) conventional subcutaneous route. Disease progression 

over time is depicted for cutaneous lesions. (C–E) H & E staining of skin identifying the 

epidermal, dermal, adipose tissue and subcutaneous muscle layers on (C) un-inoculated skin, 

(D) cutaneous, and (E) subcutaneous tumour grafts. (F) Metastatic disease in the tumour 

draining brachial lymph node. (G) eGFP expression on cells grown from lymph node explants 

(green) were compared to B16_eGFP (blue) and parental B16 (red) cells grown in vitro. Data 

are representative of at least two independent experiments.  
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Treatment of wild-type B16-OVA and B16Kb−-OVA cells with IFNγ results in the expression 

of H-2Db molecules in both lines. However, upregulation of H-2Kb molecules after IFNγ 

treatment was not observed in the B16Kb−OVA cell line (Fig. 3.2B), confirming previously 

published results that this variant has lost this particular MHC restriction element (Cho, Lee, 

& Celis, 2011).  

 

Considering OT.I T cells recognize a H-2Kb-restricted epitope, potential direct presentation by 

B16Kb−-OVA melanoma cells is abrogated and only host-derived cross-presenting DCs can 

drive melanoma-specific CD8+ T cell proliferation. Interestingly, metastases to the skin-

draining lymph nodes are either reduced or absent when this particular B16Kb− variant is grafted 

onto the skin (data not shown). Thus, in this experimental setup melanoma growth is 

predominantly confined to the skin. To confirm cross-presentation occurs in this setting, the 

proliferation of OVA-specific CD8+ T cells was investigated in B6 mice harboring cutaneous 

B16Kb−-OVA cells. Robust T cell activation was observed (Fig. 3.2C), confirming that efficient 

cross-presentation of melanoma-derived antigen by host cells occurs in this setting. 

 

3.5.2 Expression of XCR1 defines DCs with a similar phenotype and ontogeny 

 

The ability to segregate the complex skin DC network into defined populations is necessary 

before assessing their capacity to cross-present cutaneous melanoma antigen. Expression of 

either CD8 or CD103 is traditionally used to describe independent cross-presenting DC 

subsets. Another approach to identify these DCs is by the differential expression of CD172a 

and CD24 with a CD172a loCD24hi phenotype restricted to CD8+ and CD103+ DCs (Bachem 

et al., 2012; Naik et al., 2005). More recently, the expression of the chemokine receptor XCR1 

has been used to identify cross-presenting DCs  
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Figure 3.2 Tumour-specific CD8+ T cells proliferate in mice bearing cutaneous 

melanomas. (A) A total of 106 CFSE-labeled CD8+ OT.I T cells were adoptively transferred 

into mice bearing cutaneous B16 or B16-OVA tumors. After 60 hours, the tumor-draining 

lymph nodes were analyzed by flow cytometry for the proliferating 

CD45.1+CD8+Vα2+CFSE+PI− cells. Shaded and open histograms are from mice with either 

B16 or B16-OVA tumors respectively. (B) Wild-type B16 and B16Kb− melanoma cells were 

cultured in vitro with or without addition of IFNγ and analyzed for up-regulation of H2Kb and 

H2Db. Shaded histograms represent untreated controls. (C) A total of 106 CFSE-labeled 

CD8+ OT.I T cells were adoptively transferred into mice bearing cutaneous B16Kb− or B16Kb−-

OVA tumors. After 60 hours, the tumor-draining lymph nodes were analyzed by flow 

cytometry for the proliferating CD45.1+CD8+Vα2+CFSE+PI− cells. Shaded and open 

histograms are from mice with either B16Kb− or B16Kb−-OVA tumors respectively. 

Representative histograms from at least three independent experiments.  
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(Bachem et al., 2012; Crozat et al., 2010, 2011; Dorner et al., 2009). While many surface 

markers on DCs have been identified, to date they remain insufficient to completely describe 

unified DC populations (Bachem et al., 2012; Becker et al., 2014).  

 

The expression of these various surface markers on DCs isolated from skin-draining lymph 

nodes was investigated. DCs were isolated from lymph node suspensions as reported 

previously (Waithman et al., 2013) and stained with the pan-DC marker CD11c as well as 

MHC II, CD8, CD103, XCR1, CD172a and CD24. Figure 3.3A shows our gating strategy 

where cDCs, identified as CD11c+MHC II+, were segregated into specific populations. 

Initially, cDCs were divided by expression of CD8, which is expressed on lymph node-resident 

DCs (Shortman & Heath, 2010). CD8+ DCs were divided further based on XCR1 expression 

into CD8+XCR1+ and CD8+XCR1neg populations. The heterogeneous CD8- DC population was 

divided into two further groups: previously described CD8negCD103+XCR1+ dermal-derived 

DCs (Bedoui et al., 2009), which we called CD103+XCR1+; and relatively uncharacterized 

CD8negCD103negXCR1+ DCs, which we called CD103negXCR1+. Our analysis of these DCs for 

the expression of CD172a and CD24 showed XCR1+ DCs have a unified phenotype of 

CD172aloCD24hi, whereas the CD8+XCR1neg DCs expressed high levels of both markers (Fig. 

3.3B). This result suggests CD8+XCR1neg DCs may be either a precursor population to a 

XCR1+ DC subset or they represent a distinct differentiated population. 

 

To investigate this further, the transcription factors involved in guiding the differentiation of 

distinct lineages of DCs were analyzed in multiple isolated populations including 

CD8+XCR1neg DCs. Those DCs that are highly efficient at cross-presenting exogenous 

antigens on MHC class I molecules to CD8+ T cells are reported to share a dependence on the 

transcription factors ID2, IRF8, and Batf3 (Hildner et al., 2008). DCs that are more efficient in 
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presenting MHC class II-restricted antigens to CD4+ T cells express the lineage-specific 

transcription factor IRF4 (Ginhoux et al., 2009; Suzuki et al., 2004). Splenic CD8+ and 

CD8neg DCs were used as controls during these analyses as the correlation between discrete 

functions and the expression of corresponding transcription factors has been articulated clearly 

for these populations. The results revealed that all XCR1+ DCs expressed higher levels of ID2, 

IRF8, and Batf3 than the CD8+XCR1neg DC subset, which expressed abundant IRF4 transcripts 

(Fig. 3.3C). These data suggest that expression of XCR1, but not CD8 or CD103, defines DCs 

with a similar ontogeny. 

 

3.5.3 CD103+XCR1neg DCs are heterogeneous, comprised of lymphoid resident 

and migratory subpopulations  

 

Examination of MHC class II expression on the various DC populations defined 

in Figure 3.3A revealed that CD8+XCR1+ DCs have low/intermediate expression and the 

CD103+XCR1+ DCs have high expression (Fig. 3.4A). This phenotype is consistent with the  

CD8+XCR1+ DCs being immature and lymphoid resident in nature, in contrast to the 

CD103+XCR1+ DCs having matured following migration from the periphery. Interestingly, the 

CD103negXCR1+ DC subpopulation displays bimodal expression of MHC class II, indicative 

of a heterogeneous population of resident and migratory DCs.  

 

DC migration from the periphery to the draining lymph nodes depends on expression of CCR7 

(Forster et al., 1999). To validate further that CD103negXCR1+ cells are heterogeneous and 

comprised partially of a trafficking population, the DC compartment within CCR7o/o mice was 

examined. Similar proportions of CD8+XCR1+ DCs were present within skin-draining lymph 

nodes of control B6 wild-type mice and CCR7o/o mice. This population has similar levels of  
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Figure 3.3 Expression of XCR1 defines DCs with a similar phenotype and ontogeny. (A) 

Gating strategy for identifying enriched DC populations from the skin-draining lymph nodes. 

(B) Surface expression of CD172a and CD24 on CD8+XCR1+, CD8+XCR1neg, CD103+XCR1+, 

and CD103negXCR1+ DCs. Shaded histograms represent fluorescence minus one control 

staining. Representative plots from three independent experiments are shown. (C) Quantitative 

RT-PCR of the transcription factors ID2, IRF8, Batf3 and IRF4 in purified DC populations. 

Data show the expression normalized to HPRT of two pooled biological replicates each 

assayed in triplicate for each DC population (mean ± SEM). 
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MHC II expression in both strains, indicating that this lymph node resident population remains 

unaltered in the absence of CCR7 expression (Fig. 3.4B). In contrast, the skin-draining lymph 

nodes of CCR7o/o mice completely lack the dermal-derived CD103+XCR1+MHC IIhi DCs as 

compared to an abundant population expressing high levels of MHC II within B6 control mice. 

In addition, CD103negXCR1+MHC IIhi DCs are also absent within CCR7o/o mice whereas the 

population of CD103negXCR1+MHC IIlo DCs remains unaffected. This provides further 

evidence that the CD103negXCR1+ DCs are comprised of both a lymphoid resident population 

and a peripheral migratory population in the skin-draining lymph nodes.  

 

To validate further that a CD103negXCR1+ skin-emigrant DC transports antigen from the 

periphery to the draining lymph nodes, we painted the skin of B6 mice with FITC dissolved in 

the strong irritant dibutyl phthalate, known to rapidly promote DC migration (Macatonia et al., 

1987). We observed relatively few CD8+XCR1+ and CD8+XCR1neg cells co-staining for FITC 

4 days post skin painting, consistent with the notion that both populations are lymphoid resident 

within the skin-draining lymph nodes. As expected, a large proportion of the dermal-derived 

CD103+XCR1+ and epidermal-derived CD326+ Langerhans cells (LCs) were FITC+ 

(Fig. 3.5A), consistent with published findings that many of these cellular populations 

efficiently migrate within this timeframe (Allan et al., 2006). Again, MHC class II expression 

was low/intermediate on FITCneg residents and high on FITC+ trafficking DCs. Analysis of the 

CD103negXCR1+ DCs showed the existence of a FITC+ population restricted to only those cells 

expressing high levels of MHC class II.  

 

Similar proportions of FITC+ cells are observed within all MHC IIhi trafficking populations 

(Fig. 3.5B), indicating the migratory capacity of peripheral CD103negXCR1+ is similar to well-  
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Figure 3.4 CD103negXCR1+ DCs from the skin-draining lymph nodes are comprised of a 

migratory MHC IIhi population and a lymphoid resident MHC IIlo population. Analysis 

of MHC II expression on enriched CD8+XCR1+, CD103+XCR1+, and CD103negXCR1+DCs 

isolated from the skin-draining lymph nodes of (A) wild-type B6 and (B) CCR7o/o mice. The 

numbers indicate the percentage of CD8+ DCs (left) and CD103+/neg DCs that co-express 

XCR1. Histograms represent MHC II expression on each of the gated subpopulations. Data are 

representative plots from three independent experiments. 
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Figure 3.5 CD103negXCR1+MHC IIhi DCs migrate from the skin to the skin-draining 

lymph nodes with similar kinetics as CD103+XCR1+ DCs and CD326+ LCs. (A) Wild type 

mice were shaved, depilated and painted with a 0.5% FITC solution prepared in an 

inflammatory stimulating mixture of acetone and dibutyl phthalate (1:1, vol:vol) on the flank 

skin. After 96 hours, single cell suspensions from pooled draining lymph nodes were enriched 

for DCs and CD8+XCR1+, CD8+XCR1neg, CD103+XCR1+, CD103negXCR1+ DCs and 

CD326+ LCs were examined for FITC and MHC II expression by flow cytometry. (B) The 

percentage MHC IIhi migratory DCs positive for FITC in the draining lymph nodes 96 hours 

after FITC painting. Data are pooled from 8 to 9 mice from three independent experiments 

presented as mean ± SEM. Representative plots from three independent experiments are 

shown. 
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defined trafficking DC populations following application of an irritant to the skin. Collectively, 

these results confirm that CD103negXCR1+ DCs are heterogeneous, comprised of a skin-

resident migratory population and a blood-derived lymphoid resident population. 

 
3.5.4 Differential expression of CD207 distinguishes lymph node resident from 

migratory CD103negXCR1+ DCs 

 

The heterogeneous CD103negXCR1+ DC population was examined for surface expression of a 

number of markers characteristic of the DC lineage in order to identify a potential phenotypic 

marker differentially expressed. As demonstrated previously, resident and migratory 

populations can be discriminated based on their expression of MHC class II (Fig. 3.6A). Our 

results show that the skin-derived CD103negXCR1+MHC IIhi DCs express abundant levels of 

the CLR CD207 similar to the levels observed on previously reported CD103+XCR1+ DCs and 

CD326+ LCs (Henri et al., 2010), whereas expression of CD207 was considerably less 

abundant within the lymph node resident CD103negXCR1+MHC IIlo DCs (Fig. 3.6B). Thus, a 

CD103negXCR1+CD207+ DC population is present within skin and migrates to the lymph nodes 

where a distinct resident CD103negXCR1+CD207lo DC population co-exists. 

 

3.5.5 Skin-derived CD103negXCR1+ DCs and CD103+XCR1+ DCs are the 

dominant migratory populations capable of cross-presenting cutaneous 

melanoma antigens 

 

Many studies, including our own, have used ex vivo isolation of DCs to demonstrate which 

DCs are involved in cross-presenting antigens. DCs were isolated from tumour-draining lymph 
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node suspensions as described previously (Waithman et al., 2013). Enriched DCs were stained 

with the pan-DC marker CD11c as well as MHC II, CD8, CD103, XCR1 and CD326  

(Fig. 3.3A). Next, we sorted CD11c+MHC II+ DCs by flow cytometry on the basis of 

differences in expression of these markers to delineate various populations. In this sorting 

scheme, lymphoid resident CD8+ DCs are isolated first with two populations collected based 

on their differential expression of XCR1 (CD8+XCR1+ and CD8+XCR1neg), then from the 

CD8neg fraction we took the CD103+XCR1+ dermal DCs followed by collection of the 

migratory CD103negXCR1+MHC IIhi DCs and resident CD103negXCR1+MHC IIlo DCs before 

isolating the LCs from the remaining DCs on the basis of CD326 expression. 

 

Following sorting, we examined these populations for their presentation of melanoma-derived 

OVA by co-culturing each purified DC population with CFSE-labeled OT.I cells (Fig. 3.7A). 

The results show that CD103+XCR1+ DCs and the migratory CD103negXCR1+MHC IIhi DCs 

were highly efficient at cross-presenting cutaneous melanoma antigen. We consistently 

observe that the CD103negXCR1+MHC IIhi DCs drive the most abundant proliferation within 

the tumour-specific T cells, suggestive that on a per cell basis they are the most efficient DC 

at cross-presenting in this setting. Antigen cross-presentation was observed by all XCR1+ DC 

populations, with the lymph node resident CD8+XCR1+ and CD103negXCR1+MHC IIlo DCs 

driving modest T cell proliferation at higher DC:T cell ratios. This is in contrast to the 

CD8+XCR1neg DC population, where no proliferation of melanoma-specific T cells was 

observed (Fig. 3.7B), even in co-cultures containing as many as 4 × 104 of these DCs (data not 

shown). 
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Figure 3.6 The resident CD103negXCR1+MHC IIlo and migratory CD103negXCR1+MHC 

IIhi DCs differ in their expression of CD207. (A) DC populations from the skin-draining 

lymph nodes were identified as per Fig. 1A. The CD103negXCR1+ DCs were divided into MHC 

IIlo and MHC IIhi populations. (B) Surface expression of CD207 on CD8+XCR1+, 

CD8+XCR1neg, CD103+XCR1+, CD103negXCR1+MHC IIlo, CD103negXCR1+MHC IIhi DCs 

and CD326+ LCs. Shaded histograms represent fluorescence minus one control staining. 

Representative plots from three independent experiments are shown.  
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Figure 3.7 CD103+XCR1+ and CD103negXCR1+ migratory DCs cross-present cutaneous 

melanoma antigen to CD8+ T cells. (A) Proliferation of 5 × 104 CFSE-labeled OVA-specific 

CD8+ T cells (OT.I) after 60 hours of culture together with serial dilutions of DC populations 

isolated from the tumor draining lymph nodes of mice bearing B16Kb−-OVA melanoma. (B) 

Representative dot plots of CFSE dilution on CD8+ OT.I cells co-cultured with 104 of each DC 

population. Numbers indicate the percentage of divided cells. Data are representative of two 

independent experiments, which showed a similar trend. 
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3.6  Discussion 

 

This study describes a novel cutaneous melanoma transplant model that was used to determine 

the DCs responsible for cross-presenting peripheral skin-derived tumour antigen. This new 

mouse model more closely reflects human melanoma than the standard subcutaneous model  

routinely employed in most laboratories worldwide. This is due to melanoma establishment 

and progression within the dermal and epidermal layers, a process not observed in the standard 

subcutaneous model. This model better allows for an understanding of how the rich and 

complex skin DC network interacts with melanoma at this site. 

 

Using this model, we identified that the skin contains at least two populations of migratory 

CD103negXCR1+ and CD103+XCR1+ DCs that excel at cross-presenting solid peripheral 

tumour antigen to CD8+ T cells. To a much lesser extent, two lymphoid resident DCs, defined 

as CD8+XCR1+ and CD8negXCR1+, cross-presented tumour antigen. It is important to note that  

not all of these cross-presenting DCs display CD8 or CD103 on the cell surface, even though 

current nomenclature commonly links expression of these molecules to the unique capacity of 

cross-presenting antigens. An alternative means of unifying DCs with common attributes is via 

their transcriptome, where the differentiation of distinct DC subtypes is specifically regulated 

by particular sets of transcription factors (Belz & Nutt, 2012). This is demonstrated in mice 

lacking key transcription factors responsible for the development of cross-presenting DCs, such 

as ID2o/o, IRF8o/o, and Batf3o/o animals, which exhibit a severe deficit in the ability to elicit 

immune responses dependent on cross-presentation (Ginhoux et al., 2009; Hildner et al., 2008). 

 

Recently, it has been suggested that a more appropriate nomenclature to classify ID2-IRF8-

Batf3 dependent DCs as cDC1, whereas DCs that rely on the transcription factor IRF4 are 
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classified as cDC2, with expression of these transcription factors inversely correlated 

(Guilliams et al., 2014). We identified that CD8+XCR1neg DCs express high levels of IRF4 

mRNA, consistent with a cDC2 phenotype. This argument is supported with data showing that 

this population has abundant CD172a expression and is unable to cross-present melanoma 

antigen. Thus, CD8 expression is not a reliable marker for identifying a uniform cross-

presenting DC subset. Several studies have identified a similar DC population in the spleen 

(Bachem et al., 2012) and mesenteric lymph nodes (Becker et al., 2014), with a functional role 

for this particular subset remaining to be documented.  

 

The elevated expression of ID2, IRF8, and Batf3 mRNA observed in the XCR1+ DCs analyzed 

in this report is consistent with a cDC1 phenotype (Guilliams et al., 2014). This is supported 

by the ability of all isolated XCR1+ DCs to cross-present tumour antigen to CD8+ T cells. 

Among the XCR1+ DCs, only the migratory DCs express high levels of CD207. These 

XCR1+CD207+ DCs can be further subdivided based on differential expression of CD103, with 

both migratory CD103+XCR1+ and CD103negXCR1+ DC populations exceling at cross-

presenting antigen from cutaneous melanoma lesions that are present within the dermis. While 

both these DCs are capable of cross-presenting cutaneous melanoma antigen, others have 

demonstrated that a skin-derived CD103negCD207+ DC population, analogous to the 

CD103negXCR1+CD207+ population described in this study, fail to cross-present epidermal 

antigen from keratinocytes (Henri et al., 2010). The inability of CD103negXCR1+ DCs to cross-

present epidermal-derived antigen may be explained by inadequate access to antigen at that 

particular site. It is possible that CD103negXCR1+ DCs reside deeper within the dermis 

mitigating their ability to access epidermal-restricted antigens. In contrast, the 

CD103+XCR1+ DCs are known to congregate close to the epidermal-dermal junction, 

especially around the hair follicles (Bursch et al., 2007). How this subset acquires epidermal 
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antigen that is restricted to the other side of the basement membrane remains undetermined, 

but this process may occur around hair follicles, which constitute a common portal of entry for 

invading microbes (Janda, Abbott, & Brenden, 1997) and topical DNA application (Fan, Lin, 

Morrissey, & Khavari, 1999). 

 

It is unclear why so many different DCs with the ability to cross-present are observed in this 

study. It is possible that the XCR1+ DCs that do not express either CD8 or CD103 are 

precursors in a late stage of differentiation, retaining the potential to commit to either 

CD8+ lymphoid resident or CD103+ skin-resident DCs. A requirement to reside in close 

proximity to the epidermis may exist in order for such a precursor to upregulate CD103. For 

example, TGFβ-1 is expressed by the skin epithelium (Kane, Knapp, Mansbridge, & Hanawalt, 

1990), where it is known to drive the upregulation of CD103 in other immune cells (Mackay 

et al., 2013). Future experiments are required to address the potential of such precursors to 

actively differentiate into either CD8+ or CD103+ DCs. 

 

Alternatively, the presence of a deeper level of functional specialization may exist within an 

already specialized group of cells, providing an increased capacity to coordinate more effective 

immune regulation. It is plausible that one faction consists of the CD8+XCR1+ and 

CD103+XCR1+ DCs, whereas the CD8negXCR1+ and CD103neg XCR1+ DCs represent another. 

These two groups share the capacity to cross-present but may be strategically placed within an 

appropriate niche to sample antigens by unique methods within both the periphery and 

secondary lymphoid compartment. This view is substantiated by reports of a unique DC subset 

that obtains antigens by merocytosis, defined as the uptake of small particles (Reboulet et al., 

2010). This subset is capable of storing acquired antigens within compartments with reduced 

lysosomal degradation, resulting in prolonged antigen retention and presentation (Katz et al., 
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2010). This “merocytic” DC subset has been identified so far only in the spleen and the reported 

surface antigen phenotype is in line with the CD8negXCR1+ and CD103negXCR1+ DCs 

described in this study. An investigation of the anatomical location of the four XCR1+ DCs 

analyzed in this study may reveal that the spatial relationship within the skin or lymph node is 

distinct, enabling each subset to have unique interactions with neighboring cellular networks. 

Further characterization of these DCs is required to support this concept. 

 

In summary, a clear indication of which cells present tumour antigen to lymph node T cells has 

not been defined previously. However, a role for CD8+ DCs and undefined migratory 

populations has been reported (McDonnell, et al., 2010). This study identifies four populations 

of XCR1+ DCs with unique surface antigen expression that possess the ability to cross-present 

cutaneous tumour antigen, raising the possibility that a complex division of labor exists among 

DCs responsible for immunosurveillance of the skin. This concept requires further examination 

before it can be exploited for optimal delivery of vaccine antigen into the skin to promote 

enhanced anti-tumour CD8+ T cell immunity. 

 

3.7 Summary 

 

The results presented in this chapter and conclusions drawn from them are summarised below: 

 

• CD103negXCR1+ DCs in the skin-draining lymph nodes are heterogeneous and 

comprised of resident and migratory sub-populations which can be separated based on 

expression on MHC class II and CD207. 
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• CD103negXCR1+MHCIIhi DCs migrate from the skin with a similar kinetics to 

CD103+XCR1+ DCs and efficiently cross-present melanoma-derived antigens to drive 

CD8+ T cell proliferation.  

 

• CD8+XCR1neg DCs are unable to cross-present melanoma-derived antigens. Their 

surface phenotype and transcription factor profile does not align them with cross-

presenting DC subsets. 

 

• XCR1 expression rather than CD8 or CD103 expression defines cross-presenting 

subsets of dendritic cells, which display a consistent surface phenotype and 

transcription factor profile, depending on IRF8, ID2 and Batf3. 

 

• Targeting of antigen to XCR1+ DC subsets in DC vaccination strategies may be an 

effective way to trigger the induction of anti-tumour immune responses in patients with 

melanoma in combination with current immunotherapies. 

 

In the next chapter of the thesis the relatedness of DC subsets in the skin-draining lymph nodes 

is further interrogated. In particular, the role of CD8+XCR1neg DCs, which were classically 

included with cross-presenting DC subsets but have been shown to lack this ability, will be 

explored. To date a physiological role for the CD8+XCR1neg DC subset remains to be 

determined. 
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CHAPTER 4. 

Determining a role for CD8+XCR1neg DCs 

in immunosurveillance 

 

 

Prepared for publication as: 

 

Wylie B., Read J., Buzzai A., Syn G., Troy N., Stone S., Foley., B., Bosco A., 

Cruickshank M., Waithman J. A role for CD8+XCR1neg DCs in the sensing of bacterial 

pathogens via expression of TLR5 and a unique pattern of endocytic receptors. 2018. 

 

Prepared for submission to Frontiers in Immunology. 

 

This paper has been reformatted for consistency and a preamble added at the 

beginning of the chapter to enhance the overall flow of the thesis. 
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4.1 Preamble 

 

Multiple subsets of XCR1+ dendritic cells (DCs) exist in the skin-draining lymph nodes 

(sdLNs) of mice. These subsets play an important role in the cross-presentation of exogenous 

antigens to CD8+ T cells. Alongside these subsets, a population of DCs that is CD8+ but 

negative for XCR1 is also present. To date, the function of CD8+XCR1neg DCs remains 

unresolved.  

 

In this chapter, we use gene expression microarray to analyse the transcriptional profile of these 

DC subsets, compare their relatedness and further refine the definition of DC subsets in the 

sdLNs. Our work suggests that CD8+XCR1neg DCs are transcriptionally related to plasmacytoid 

DCs (pDC) and cDC2 DCs, but not to cDC1 DCs. CD8+XCR1neg DCs have been reported 

previously to display a pDC-like transcriptional signature; our findings build upon this by 

describing a unique expression pattern of toll-like receptors (TLR) and C-type lectin receptors 

(CLR), which also link CD8+XCR1neg DCs to the cDC2 lineage.  

 

We propose that expression of these receptors may provide CD8+XCR1neg DCs with the ability 

to uniquely sense and interact with invading pathogens. The data support the concept of a 

division of labour among DC subsets and help to further define the role of CD8+XCR1neg DCs 

within the complex network of DC immunosurveillance. 

 

4.2 Abstract 

 

Resident cDCs in the sdLNs and spleen have been classically divided into CD8+ and CD8neg 

subsets. It is well established that CD8+ DCs and their migratory counterparts in the periphery 
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make up the cross-presenting cDC1 subset. In contrast, CD8neg DCs are grouped together in the 

heterogeneous cDC2 subset. These DCs are relatively poor at cross-presenting exogenous 

antigens and drive more prominent CD4+ T cell responses via the presentation of antigen on 

MHC class II. More recently, the discovery of XCR1 has unified cross-presenting DC subsets 

across different anatomical niches and species and led to the identification of a subset of CD8+ 

DCs that lacks the ability to cross-present exogenous antigens. Here, we report that these poorly 

characterised CD8+XCR1neg DCs have a gene expression profile that is consistent with both 

pDCs and cDC2. They display a unique pattern of endocytic receptors, which we propose, 

allows them to sense and respond to specific pathogens in their environment. CD8+XCR1neg 

DCs possess a restricted TLR profile that is particularly enriched for TLR5. This suggests a 

novel role for CD8+XCR1neg DCs in the surveillance of flagellated bacterial pathogens and 

seperates them further from CD8+XCR1+ DCs. 

 

4.3 Introduction 

 

DCs play a key role in the immunosurveillance of pathogens and tumours; they are specialised 

in the acquisition and presentation of foreign antigens and the regulation of T cell immunity 

(Banchereau & Steinman, 1998). Numerous unique subsets of DCs exist in the periphery and 

secondary lymphoid organs, where they perform unique roles and inhabit specific niches 

suggestive of a division of labour (Pulendran, Tang, & Denning, 2008). In particular, DCs 

expressing the chemokine receptor XCR1 are specialised in the cross-presentation of 

exogenous antigens (Dorner et al. 2009). We previously reported that four subsets of XCR1+ 

DCs are present in the skin-draining lymph nodes of mice (Wylie et al., 2015), alongside the 

XCR1neg subset of CD8+ DCs described previously (Bachem et al., 2012). To further 

interrogate the relatedness of these DC subsets and define their roles within the complex 
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network of DC immunosurveillance, transcriptome profiling from purified populations of DCs 

was performed and their differential gene expression analysed. 

 

Classically, CD8+ and CD103+ DCs have been grouped together in the closely related cDC1 

family (Edelson et al., 2010), which can also be identified by expression of the chemokine 

receptor XCR1 (Crozat et al., 2011; Dorner et al., 2009). The primary roles of these DCs is the 

cross-presentation of viral (Bedoui et al., 2009; Waithman et al., 2013) and tumour antigens 

(Hildner et al., 2008) and the maintenance of peripheral tolerance (Idoyaga et al., 2013; Liu et 

al., 2002). CD11b+ and double-negative (DN) DCs, which make up the cDC2 DC family, are 

more heterogeneous and less well characterised. cDC2 DCs universally express SIRPα on their 

surface, which is inversely correlated to XCR1 expression (Gurka et al., 2015). Individual 

cDC2 subsets possess specialised roles in the generation of CD4+ T cell immunity (Kumamoto 

et al., 2013; Lewis et al., 2011; Persson, Uronen-Hansson, et al., 2013), and can be further 

defined by their expression of surface markers such as ESAM (Lewis et al., 2011), DCIR2 and 

DCAL2 (Kasahara & Clark, 2012). pDCs make up the third distinct lineage of DCs and are 

defined by their expression of surface antigen CD317 (PDCA-1). pDCs are the primary source 

of type I interferon following viral infection (Cella et al., 1999) and provide inflammatory 

signalling which drives Th1 type CD4+ T cell responses (Cella et al., 2000). Despite the 

identification of subset-specific surface markers, the separation of DCs based on surface 

expression remains complex and difficult across species (Merad et al., 2013; Patel and Metcalf, 

2016). 

 

The discovery of DC lineage-specific transcription factors has allowed for the consistent 

organisation of DC subsets based on their ontogeny (Cisse et al., 2008; Hildner et al., 2008; 

Satpathy et al., 2013; Tamura et al., 2005; Tussiwand & Gautier, 2015). The transcription 
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factors IRF8 and IRF4 are master regulators of cDC1 and cDC2 lineages respectively, which 

arise from committed precursor populations (Schlitzer et al., 2015). Other transcriptions factors 

including Batf3 (Murphy et al., 2013) and Id2 (Ginhoux et al., 2009) are important for the 

development of cDC1 subsets. IRF8 also plays a role in the phenotype and gene expression of 

mature pDCs but is not critical for their development (Sichien et al., 2016). The generation of 

pDCs instead relies on the transcription factors E2-2 (Cisse et al., 2008) and Zeb2 (Wu et al., 

2016), highlighting their unique ontogeny when compared to cDCs.  

 

Other studies have used transcriptional profiling to interrogate differences in gene expression 

between DC subsets (Crozat et al., 2010; Miller et al., 2012; Robbins et al., 2008; Watchmaker 

et al., 2014). Gene expression microarray data have been used to define subset-specific gene 

profiles (Miller et al., 2012; Robbins et al., 2008), allowing for the study of DC subsets based 

on their unique gene expression patterns. In particular, Miller and colleagues (Miller et al., 

2012) used data from the Immunological Genome Project (ImmGen) database (Heng et al., 

2008) to describe transcriptional profiles that control DC lineage development, homeostasis 

and function. Recently, the combination of these different approaches has allowed for a refined 

definition of DC subsets and the proposal of a simplified and unified DC nomenclature 

(Guilliams et al., 2016). However, the precise role of some DC subsets in the generation of 

immunity remains to be determined. 

 

In the lymphoid organs of mice, CD8+ DCs were long considered to be a single population with 

a consistent phenotype, function and transcriptional profile, placing them as the prototypic 

cross-presenting cDC1. After the initial discovery of XCR1 as a marker of cross-presenting 

DCs (Dorner et al., 2009), it was reported to be highly specific for CD8+ DCs (Crozat et al., 

2010). However, it was later shown that a population of CD8+ DCs exist which do not express 
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XCR1 and lack the ability to cross-present antigen (Bachem et al., 2012; Becker et al., 2014). 

Further phenotyping of these DCs showed they expressed high levels of CX3CR1 and SIRPα, 

two cDC2-restricted surface markers, in contrast to their apparent cDC1 lineage (Bachem et 

al., 2012; Gurka et al., 2015). This population of CD8+CX3CR1+ DCs have been reported 

previously to lack hallmark characteristics associated with CD8+ DCs including; IL-12 

production, Batf3-dependance and the ability to cross-present antigen (Bachem et al., 2012; 

Bar-On et al., 2010). Analysis of the gene expression profile of CD8+CX3CR1+ DCs has 

revealed a unique pDC-like gene signature and reliance on the transcription factor E2-2 (Bar-

On et al., 2010) suggesting they are related to pDCs. However, unlike pDCs, they do not 

produce type I interferon after exposure to influenza virus, the most critical aspect of pDC 

functionality (Bar-On et al., 2010). To date, the role of this CD8+CX3CR1+XCR1neg DC subset 

remains unresolved. We set out to determine where these unusual DCs fit within the network 

of DC immunosurveillance and shed light on their potential function in the generation of 

immunity. 

 

The expression of specific TLR and CLR can be used to identify unique subsets of DCs 

(Kasahara & Clark, 2012). DCs possess a varied array of these pattern recognition receptors 

that facilitate active sensing of their environment and the uptake of antigen from their 

surroundings. The activation of signalling cascades by ligation of specific TLRs is intrinsicially 

linked to the unique functional capacity of different DC subsets. TLR3 and TLR7 bind 

specifically to viral RNAs, inducing strong anti-viral immunity (Arpaia & Barton, 2011), and 

are expressed exclusively on cDC1 and pDCs, respectively (Edwards et al., 2003). cDC2 DCs 

exhibit greater expression of TLR5, which recognises the bacterial protein flagellin (Edwards 

et al., 2003). Signalling via these receptors drives specific gene expression directing Th1 and 
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Th17 type immunity (Hirschfeld et al., 2001; Liu et al., 2016). Therefore, determining the TLR 

expression profile of CD8+XCR1neg DCs may provide insight into their functional role. 

 

CLRs are another key component of the sensory array possessed by DCs, allowing DCs to 

sense and acquire antigens from their surroundings. CLRs can recognise a wide range of 

pathogens including viruses, fungi, helminths and bacteria via specific carbohydrate moieties. 

Uptake of pathogen-associated molecular patterns (PAMPs) by different CLRs directs 

internalised antigens towards specific intracellular processing pathways (Chatterjee et al., 

2012), favouring different forms of antigen presentation (Engering et al., 2002). CLR triggering 

by different PAMPs induces specific gene expression profiles and drives unique T cell 

responses (Geijtenbeek & Gringhuis, 2009). CLRs such as DC-SIGN and CD206 (mannose 

receptor) can trigger differing responses by DCs dependent on the stimulating pathogen 

(Geijtenbeek & Gringhuis, 2009). For example, recognition of Helicobacter pylori by DC-

SIGN on DCs shifts the T cell response generated towards a Th2 dominated phenotype 

(Bergman et al., 2004), while binding to products from Neisseria meningitides induces a Th1 

cytokine profile and enhances pathogen uptake (Steeghs et al., 2006). However, ligation of 

DC-SIGN is also reported to enhance DC regulatory functions via increased IL-10 production 

after TLR4 engagement (Gringhuis et al., 2007), suggesting the role of this CLR in immunity 

is complex. Similarly, expression of the mannose receptor by DCs during the priming of  CD4+ 

T cells restrains Th1 type CD4+ T cell responses, and IFNγ production to Schistosoma mansonii 

(Paveley et al., 2011), but is also reported to favour Th1 over Th17 type responses to 

Mycobacterium tuberculosis (Zenaro et al., 2009).  

 

The expression of the CLRs can also be used to further define related subsets of DCs. Inverse 

expression of DCIR2 and DCAL can distinguish two subsets of CD11b+ DCs that respond to 
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unique TLR ligands and produce distinct sets of cytokines (Kasahara & Clark, 2012). In the 

skin, a subset of dermal DCs expressing the CLR Mgl2 (CD301b) is critical in driving Th2 

immunity after subcutaneous immunization (Kumamoto et al., 2009). Determing the CLR 

expression profile of CD8+XCR1neg DCs may provide useful information regarding their role 

in immunosurveillance and can be used as further evidence to place them within a specific DC 

lineage. 

 

In our analyses, the transcriptional profiles of DCs in the sdLNs were determined, with a 

particular focus on their TLR and CLR expression patterns. These data were used to elucidate 

the relationship and function of the poorly described CD8+XCR1neg DC subset. Our microarray 

data confirm the unusual pDC-like gene signature reported previously for these DCs (Bar-On 

et al., 2010). However, characteristics of cDC2, with particular similarity to the CD4+ splenic 

DC subset, were also observed. TLR5 is highly expressed on some cDC2 DCs and is important 

in the recognition of flagellated bacteria. The high levels of TLR5 expression by CD8+XCR1neg 

DCs are suggestive of a role for this subset in the immune response to flagellated bacterial 

pathogens. 

 

We report that CD8+XCR1neg DC share a similar TLR expression pattern to CD4+ DCs and 

express a unique range of CLRs, which links them to both pDC and cDC2 lineages, but is 

strikingly different to classical CD8+XCR1+ DCs. Their broad CLR expression profile should 

allow these DCs to sense a range of different pathogens within their environment. These data 

highlight that these two CD8+ populations have independent roles in the generation of 

immunity, with the CD8+XCR1neg DC population occupying a unique niche in the division of 

labour provided by the complex DC compartment. 
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Name DC 
Subtype 

Antigen 
Presentation 

Migratory 
or 

Resident 

Tissue 
of 

Origin 
Phenotype 

CD8+XCR1neg cDC2? MHCII? Resident sdLN CD8+, XCR1neg, 
SIRPα+, MHCIIint 

CD8+XCR1+ cDC1 XP Resident sdLN CD8+, XCR1+, 
MHCIIlo 

CD103+XCR1+ cDC1 XP Migratory Dermis CD103+, XCR1+, 
CD207+, 
MHCIIhi 

CD103negXCR1+
mig cDC1? XP Migratory Dermis CD103neg, 

XCR1+, CD207hi, 
MHCIIhi 

CD103negXCR1+
res cDC1? XP Resident sdLN CD103neg, 

XCR1+, CD207lo, 
MHCIIlo 

Splenic CD4+ cDC2 MHCII Resident Spleen CD8neg, CD4+, 
SIRPα+, MHCIIlo 

 

? This subset is not well reported in the literature and evidence supporting placement of these 
cells in a specific DC subtype remains unclear. XP – Cross-presentation. sdLN – skin-
draining lymph node. 
 

Table 4.1 DC subsets sorted for microarray analysis. DC subsets were isolated from the 

sdLN or spleens of naïve C57BL/6 mice and purified by cell sorting on the FACSAria III cell 

sorter (BD). The table summarises known information for the subsets included in the 

microarray analysis (Bar-On et al., 2010, Bachem et al., 2012, Belz et al., 2012, Merad et al., 

2013, Wylie et al., 2015). 
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4.4 Methods 

 

4.4.1 Mice  

 

C57BL/6 mice expressing the CD45.2 allele were purchased from the Animal Resource Centre, 

Murdoch, Western Australia. Mice were housed under specific pathogen-free conditions at the 

Telethon Kids Instiute Bioresources Centre and provided with standard food pellets and water 

ad libitum on a 12 hour light/dark cycle. All animal experiments were performed in accordance 

with protocols approved by the Telethon Kids Institute animal ethics committee (Ethics 

Application ID: 243, 290) and conformed to the National Health and Medical Research Council 

Australia code of practice for the care and use of animals for scientific purposes. 

 

4.4.2 Sample Preparation and Sorting  

 

DCs were isolated from lymphoid organs as described previously (Waithman et al., 2013). 

Briefly, single cell suspensions were prepared from pooled skin-draining lymph nodes and 

enriched for conventional DCs using antibody depletion and magnetic bead enrichment. Cells 

were stained with anti-CD11c, -MHC II, -CD8a, -XCR1, -CD103, and -CD326 antibodies to 

identify DC subsets and sorted (as in Supp. Figure 4.1) from Propidium Iodide (PI) negative 

events using a FACSAriaIII cell sorter (BD). During sorting, DCs were collected in buffer 

containing FCS (Serana) and EDTA (Sigma) and kept on ice at all times before being recovered 

by centrifugation and stored in Trizol reagent (Thermo Fisher). 
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4.4.3 RNA Isolation and Transcriptome Profiling  

 

Total RNA was extracted from up to 50,000 DCs per subset using Trizol (Invitrogen) phase 

separation and purified using the RNeasy MinElute kit (Qiagen). RNA integrity was measured 

using the BioAnalyzer (Agilent) and the mean RNA integrity score +/- SD was 9.5 +/- 0.5 for 

all samples. RNA samples were shipped on dry ice to the Ramiciotti Centre for Genomics (New 

South Wales, Australia) where sample amplification was performed with the Ovation Pico 

WTA v2 protocol (NuGen). Hybridisation to GeneChip™ Mouse Gene 2.0 ST microarrays 

(Affymetrix) was performed according to standard procedures. 

 

4.4.4 Microarray Data Analysis 

 

The microarray data were analysed in R. Raw expression data were background corrected, 

normalised and summarised into probe set level data using the robust multi-array average 

(RMA) method (Irizarry et al., 2003). Probe sets were re-mapped to a current genome 

annotation using a brain array chip description file (CDF, version 019) (Dai et al., 2005). Non-

informative probe sets were identified with the PVAC (Proportion of Variation Accounted for 

by the first principal Component) algorithm and filtered out of the analysis (Lu et al., 2011). 

The R package ‘SWAMP’ (v1.3.1) was used to determine the most likely identity of the 

principal components. Differential expression analysis was performed using linear modelling 

and empirical Bayes methods, carried out in the Bioconductor package ‘limma’ (Ritchie et al., 

2015). Following Benjamini and Hochberg correction (Benjamini and Hochberg, 1995) for 

multiple testing, genes with an adjusted p-value <0.05 and Log2 fold change (FC) >1 were 

deemed of interest. 
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4.4.5 Gene Enrichment and Pathway Analysis 

 

Genes upregulated in CD8+XCR1neg compared to CD8+XCR1+ DCs with log2FC >1 and 

adjusted p-value <0.05 were used to query Mouse Gene Atlas, KEGG Pathways and GO 

Biological Processes databases via the Enrichr online software platform (Chen et al., 2013). 

Significantly associated pathways or gene sets (adjusted p-value <0.05) are reported (Supp. 

Table 4.5). Ingenuity Pathway Analysis (IPA) (Qiagen, Germany) was used to identify 

canonical pathways associated with genes differentially expressed between CD8+XCR1neg and 

CD8+XCR1+ DCs. For this analysis, a more stringent cut-off of FC>5 was applied. 

Significantly enriched pathways (adjusted p-value <0.05) are reported (Supp. Table 4.6). A 

network was constructed in IPA using the ‘connect’ and ‘build’ functions with the same data 

set and filtering as for pathway analysis. Important hub genes, relating to DC ontogeny, are 

highlighted in bold as are the genes for TLR present within the network (Fig. 4.4). 

 

Heatmaps were generated showing expression of CLR and TLR genes across the different DC 

subsets included in the microarray. For TLR heatmaps, all murine TLRs were included. For 

CLR heatmaps, CLRs with upregulated expression in CD8+XCR1neg or CD8+XCR1+ DCs were 

annotated from the list of differentially expressed genes (log2FC>1) and their expression was 

compared across all subsets included in the microarray. TLR and CLR, differentially expressed 

between CD8+XCR1neg and CD8+XCR1+ DCs, were selected to perform association analysis 

against publicly available expression profiles from the Immgen database (Heng et al., 2008). 

Expression profiles for DC_4+_SLN, DC_8+_SLN, DC_8-4-11b+_SLN and DC-

PDC_8+_SLN subsets from Immgen were used as reference gene sets and data were analysed 

using the Immgen MyGeneSet online tool (http://rstats.immgen.org/MyGeneSet/). 
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4.4.6 RNA extraction, cDNA Synthesis and RT-PCR 

 

RNA was extracted from DC subsets that had been sorted from the sdLNs or spleen (Supp. 

Figure 4.5A/B), by phenol chloroform extraction and the RNEasy Mini Kit (Qiagen) according 

to the manufacturers’ instructions. Reverse transcription of mRNA was performed using the 

SuperscriptIII First Strand Synthesis System (Invitrogen), with 1µg of RNA per reaction 

according to the manufacturers’ instructions. Amplification of cDNA in RT-PCRs was 

performed in 25µL reactions consisting of 12.5µL GoTaq Green Mastermix, 1µL each of 

relevant forward and reverse primers (20µM stock), 1µL of cDNA template and 9.5µL of 

RNase/DNase-free water. The touchdown protocol and conditions were as follows: 93°C for 3 

minutes, followed by 15 cycles where the annealing temperature reduced from 63°C by 0.5°C 

per cycle, followed by 25 cycles of 93°C for 30 seconds, 55°C for 30 seconds and 72°C for 45 

seconds and a final extension at 72°C for 3 minutes. PCR products were run on a 1% agarose 

gel at 100V for 25 minutes with a DNA ladder (BioLine; EasyLadder I) in the first lane and 

visualised with ethidium bromide. GAPDH was used as a reference gene. For TLR 1-9 primers 

see section 2.1.8. ImageJ software was used to calculate the intensity of bands via 

densitometry. Data is presented as relative expression normalised to GAPDH controls. 

 

4.4.7 DC Phenotyping by Flow Cytometry 

 

Single cell suspensions were incubated with monoclonal antibodies specific to mouse CD8α 

PECF594, XCR1 PE, CD11c BV421, MHC II APC-Cy7, CD103 BV510, CD326 PECy7, CD4 

PECy7, CD11b PERCPCy5-5, CD206 FITC, CD301b APC, Siglec-H APC, PDCA-1 BV650, 

CD274 FITC, TLR3 PE, TLR5 APC and TLR7 PE, purchased from BD (San Jose, USA) or 

BioLegend (San Diego, USA) (see section 2.1.6). Multi-parameter analysis was performed on 
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a LSRFortessa (BD) and cells were sorted using a FACSAriaIII (BD). All data were analyzed 

with FlowJo (Tree Star, Sanford, USA). 

 

4.4.8 Ex vivo Proliferation Assay 

 

DC were sorted from sdLNs or spleens (Supp. Figure 4.5A/B) and resuspended in RPMI media 

(Life Technologies) supplemented with 10% FCS, 2-mercaptoethanol (50µM), L-glutamine 

(2mM), penicillin (100U/mL) and streptomycin (100mg/mL), plus TLR agonists LPS 

(100ng/mL) or flagellin (1ug/mL), or left unstimulated and cultured at 37ºC for 24 hours. After 

this time, the supernatant was removed and DCs were pulsed in media containing 1nM of gD-

peptide (see section 2.1.3) for a further 1 hour. gD-specific CD4+ T cells were isolated from 

the spleen and lymph nodes of gDT-II mice (see section 2.1.1) (Bedoui et al., 2009) and 

purified by antibody depletion and magnetic bead enrichment (see section 2.1.5). For ex vivo 

presentation assays: purified gDT-II T cells were labeled with 2.5 µM CFSE (Sigma) and 

cultured with peptide-pulsed DCs at a 10:1 ratio for four days. Proliferation of gDT-II T cells 

was measured by flow cytometry as CFSE dilution in the CD45.1+CD4+ Vα3.2+ cell 

population.  

 

4.4.9 Interferon Bioassay 

 

Murine type I IFN standards (Lee Biomolecular Inc., San Diego, USA) and test samples were 

titrated in an IFN bioassay as previously described (Cull, Bartlett, & James, 2002). Briefly, 

DCs were isolated and sorted into subsets as described earlier (see section 4.4.2, Supp. Figure 

4.5A). After 24 hours incubation in the presence of TLR agonists, LPS (100ng/ml), CpG 

(100ng/mL) or flagellin (1ug/ml), culture supernatants were collected, and acid treated. 
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Supernatants from TLR-stimulated DCs were evaluated for acid-stable IFN titres using the 

50% protection from encephalomyocarditis virus (EMCV)-induced cytopathic effect (CPE) on 

L929 cell monolayers method (PBL Assay Science, NJ, USA). Cells were stained with crystal 

violet to assess CPE and resuspended in 200uL of 100% methanol to read absorbance at 

595nM. IFN levels are expressed as biological activity (% cell control) relative to uninfected 

control wells.  

 

4.4.10 Statistical Analysis 

 

Statistical analyses were performed using GraphPad Prism software (La Jolla, USA). Paired t-

tests were performed where indicated in the figure legends to assess significance. Principal 

component analysis was performed on PVAC-filtered expression data using the PCA function 

from the ‘FactoMineR’ package in R. 2D PCA plots were created using the plot function from 

the ‘graphics’ package in R and 3D PCA plots were created using the the 'scatterplot3D' 

package. Volcano plots were generated by plotting Log2FC and -log10 adjusted P-value using 

the plot function from the ‘graphics’ package in R. The Log2FC value was calculated as part 

of the topTable function. Heatmaps of specific gene expression were created using the 

heatmap.2 function from the ‘gplots’ package in R. Z-scores were calculated by mean center 

scaling of raw expression data and scaled Log2 transformation was calculated by mean center 

scaling after Log2 transformation. The R software version 3.2.4 was used for all analyses. 
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4.5 Results 

 

4.5.1 CD8+ DCs in the skin-draining lymph nodes are divided by XCR1 

expression into two subsets with unique gene expression profiles 

 

Multiple distinct subsets of XCR1+ DCs exist in the sdLNs (Wylie et al., 2015). These DCs 

have a conserved surface antigen expression and transcription factor profile, and share the 

ability to cross-present tumour-derived antigens. To determine if a deeper level of functional 

specialization exists within the XCR1+ DC population, microarray analysis of DC subsets was 

conducted. Briefly, DC subsets were isolated from the sdLNs of naïve mice and sorted by flow 

cytometry (Supp. Figure 4.1). Total RNA was extracted from sorted DC subsets, purified and 

amplified before hybridisation to GeneChip™ Mouse Gene 2.0 ST microarrays (see 4.4.2, 

4.4.3 and 4.4.4 for further information). Gene expression data was then interrogated to 

determine differences between specific DC subsets of interest. 

 

Principal component analysis (PCA) of these populations showed a high degree of relatedness 

between XCR1+ DC subsets (squares and circles). The first principal component was 

determined to be the migratory or resident nature of the DC subset, the second principal 

component was determined to be XCR1 expression, while the third component was identified 

as tissue of origin. There was a distinct separation of populations based on their migratory or 

resident origin (Fig. 4.1A). Conversely, the CD8+XCR1neg population (diamond) appeared to 

be distinct from the XCR1+ DC subsets. CD8+XCR1neg DCs clustered together with splenic 

CD4+ DCs (triangle), a cDC2 subset, on the first two principal components (Fig. 4.1A) but 

were separated on the third component of the analysis. Confirming these observations, 

hierarchical clustering of DC subsets placed CD8+XCR1neg DCs together with splenic CD4+ 



	
 

142 

DCs and separate to, but under a common branch with the XCR1+ resident DCs. Migratory 

XCR1+ DCs clustered together as a separate branch (Fig. 4.1B).  

 

A comparison of differentially expressed genes (DEGs) with Log2FC>1 and adjusted p-value 

<0.01 between related migratory or resident XCR1+ subsets in the sdLNs demonstrated similar 

gene expression patterns in line with their common ontogeny and function (Fig. 4.1C). There 

were only 23 differentially expressed genes between CD103+XCR1+ and CD103negXCR1+ 

migratory DCs (Supp. Table 4.1) and 200 differentially expressed genes between CD8+XCR1+ 

and CD8negCD103negXCR1+ resident DCs (Supp. Table 4.2). However, when the gene 

expression profiles of the XCR1neg and XCR1+ CD8+ DCs were compared, over 1,000 genes 

were differentially expressed with a log2FC>1 and adjusted p-value <0.01 (Supp. Table 4.3). 

While XCR1+ DC subsets display relatively conserved expression patterns, the transcriptional 

profiles of the two CD8+ DC subsets display a high degree of variance. This suggests that 

shared expression of CD8 is not a reliable indicator of relatedness between these two DC 

subsets. Therefore, we set out to further elucidate the differences between the two CD8+ DC 

subsets, to determine whether they possess unique functions. 

 

4.5.2 CD8+XCR1neg DC exhibit a unique gene signature in common with both 

cDC2 and pDC subsets 

 
cDC1, cDC2 and pDCs can be defined by their expression of subset-specific genes. Previously 

established gene expression profiles (Miller et al., 2012) were used to interrogate the 

relatedness of DC subsets in our microarray. The expression of 99 genes reported to signify a 

cDC signature were compared (Fig. 4.2A) and it was found that these genes were consistently 

upregulated in the two resident XCR1+ DC subsets. The splenic CD4+ population also showed  
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Figure 4.1. Analysis of DC subset relatedness in the skin-draining lymph nodes reveals 

differences in gene expression profiles of XCR1neg and XCR1+ CD8+ DCs. RNA was 

extracted from dendritic cells sorted from the sdLNs of mice, amplified and hybridized onto 

the Affymetrix Mouse Gene 2.0 ST array. (A) Principal component analysis of the first three 

components showing relatedness of sorted DC subsets. CD8+XCR1neg (diamond), XCR1+ 

resident (squares), XCR1+ migratory (circles), splenic CD4+ (triangle). (B) Dendrogram 

displaying hierarchical clustering of individual sorted populations divided into XCR1+ 

migratory DCs, XCR1+ resident DCs and XCR1neg resident DCs. (C) Volcano plots displaying 

differential gene expression between related migratory and resident DC subsets. Red dashes 

represent log2FC>1 and black dashes represent adjusted P-value <0.01. Numbers of 

differentially expressed genes are indicated on each plot. Green labelled genes are up-regulated 

and red labelled genes are down-regulated in the population indicated first in the title. 
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increased expression of many genes in this profile. However, expression of cDC-related genes 

was lower in CD8+XCR1neg DCs and migratory DCs. The expression of a subset of 25 genes 

reported to constitute a CD8+ DC gene signature was analysed next. Resident CD8+XCR1+ and 

CD103negXCR1+ DCs displayed strong expression of genes included in this profile, while 

migratory XCR1+ DC subsets showed selective expression of some related genes (Fig. 4.2B). 

Of particular interest, we observed that CD8+XCR1neg DCs exhibited limited expression of all 

genes associated with the CD8+ gene signature, similar to the splenic CD4+ DC subset. 

CD8+XCR1neg DCs displayed increased expression of 20 genes included in the pDC gene 

signature, which were only lowly expressed by both the XCR1+ subsets and splenic CD4+ DCs 

(Fig 4.2C). These data are in line with previous findings, which reported a pDC-like origin for 

a CX3CR1+ subset of CD8+ DCs (Bar-On et al., 2010), which overlaps with the CD8+XCR1neg 

population in our study (Bachem et al., 2012). To gain further insight into the origins of this  

under-reported DC subset, the differential gene expression between the XCR1neg and XCR1+ 

subsets of CD8+ DCs was interrogated (Supp. Figure 4.2A), as these clearly distinct DC subsets 

have often been grouped together as a single population. 

 

4.5.3  CD8+XCR1neg DCs show enrichment of NF-ĸB signaling and Toll-like 

receptor signaling by pathways analysis. 

 

Pathway analysis and bioinformatics approaches were used to identify important pathways 

differentially regulated between CD8+XCR1neg and CD8+XCR1+ DCs to shed light on potential 

functional differences between the two subsets. Genes up-regulated in CD8+XCR1neg vs. 

CD8+XCR1+ DCs by a log2FC>1 with an adjusted p-value <0.05 were included in the analyses 

(Fig. 4.3A). The web-based program Enrichr (Chen et al., 2013) was used to query the Mouse  
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Figure 4.2. CD8+XCR1neg DCs display up-regulated expression of a gene set associated 

with pDCs but not conventional or CD8+ DCs. Gene expression data from sorted DC subsets 

were compared to previously reported gene signatures for conventional DCs (cDC), CD8-

specific (CD8+ DC) DCs and pDCs (pDC) (Miller et al., 2012). Populations have been clustered 

hierarchically and dark gray bars represent XCR1neg populations while light gray bars represent 

XCR1+ populations. (A) Differential expression of a panel of 99 cDC signature genes by sorted 

DC subsets. (B) Differential expression of a panel of 25 CD8+ DC signature genes by sorted 

DC subsets. (C) Differential expression of a panel of 20 pDC signature genes by sorted DC 

subsets. Green; upregulated, Red; down-regulated. 
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Gene Atlas database, to determine the relatedness of CD8+XCR1neg DCs to specific immune 

cell subtypes. The two highest associations reported were to pDCs (adjusted p-value = 3.654e-

11) and CD8neg DCs (adjusted p-value = 5.725e-07), while no significant association to CD8+ 

DCs was found (Fig. 4.3B). These data support our results demonstrating that CD8+XCR1neg 

DCs share a transcriptional profile linking them to both pDCs and cDC2 subsets rather than 

CD8+ DCs.  

 

The same gene set was used to query the KEGG Pathways database to look for enriched 

biologically relevant pathways. The analysis showed an enrichment of genes involved in a 

number of immune-related pathways consistent with normal DC function. Of particular interest 

was an enrichment in the NF-ĸB signaling pathway (adjusted p-value = 1.748e-06) (Fig. 4.3C), 

which is a primary signaling pathway downstream of TLR activation of DCs. Querying the GO 

Biological Processes database for enriched GO terms identified that genes up-regulated in  

CD8+XCR1neg DCs were involved in many key DC processes including; T cell activation, 

cytokine production, regulation of inflammatory responses and regulation of defence responses 

(Supp. Figure 4.2B). These data suggest that the observed differences in gene expression 

between CD8+XCR1+ and CD8+XCR1neg DCs are highly relevant to their function and indicate 

that they may possess unique roles in the generation of immunity. 

 

IPA analysis was used to identify enriched pathways and gene networks. For these analyses, a 

FC cut-off ≥ 5 was used to look specifically at highly differentially expressed genes between 

CD8+XCR1neg and CD8+XCR1+ DCs. Again, enrichment was observed for the NF-ĸB 

signaling pathway (adjusted p-value =1.35e-02), which was predicted by IPA to be activated 

in CD8+XCR1neg DCs (Fig. 4.3D). Genes involved in the TLR signaling pathway were found 
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Figure 4.3. CD8+XCR1neg DCs show relation to both pDCs and CD8- DCs and display 

enrichment of TLR and NF-kappa B signaling pathways. Bioinformatics tools Enrichr and 

Ingenuity Pathway Analysis (IPA) were used to interrogate the differential gene expression 

observed between CD8+XCR1neg and CD8+XCR1+ DC subsets. (A) Heatmap showing 

differential gene expression between CD8+XCR1neg and CD8+XCR1+ DC subsets. Green; up-

regulated, Red; down-regulated. (B) Genes with increased expression in CD8+XCR1neg DC 

with a fold change > 2 and adj. p-value <0.05 were analysed with Enrichr using the Mouse 

Genome Atlas database. Significant results (p<0.05) are shown. (C) Genes with increased 

expression in CD8+XCR1neg DCs with a fold change > 2 and p-value <0.05 were analysed with 

Enrichr using the KEGG pathways database. The top 5 enriched pathways are shown. (D) 

Highly differentially expressed genes (FC >5) between CD8+XCR1+ and CD8+XCR1neg DC 

subsets were analysed using IPA to identify enriched pathways and over-represented genes. 

The top 8 pathways are shown. Full data tables for each analysis are provided in the 

supplementary data. Prim. = Primary, Immuno. = Immunodeficency, Haem.= Haemopoietic. 
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to be over-represented (adjusted p-value = 4.17e-02) amongst genes differentially expressed 

between CD8+XCR1neg and CD8+XCR1+ DCs, as were genes involved in responses to 

pathogen-associated molecular patterns (adjusted p-value = 3.31e-02) (Supp. Table 4.6). 

Further examination of differentially expressed genes revealed an enrichment for genes 

encoding for TLRs and endocytic receptors, along with key signaling intermediaries such as 

IL-1R1, IL-1R2 and IL-12b (Supp. Table 4.6). These data suggest that differential expression 

of key signaling molecules, such as TLRs, and immunomodulatory cytokines are important 

points of difference between the two subsets of CD8+ DCs. Network analysis, performed by 

IPA, was used to identify key hub genes important in controlling the gene networks of the two 

different CD8+ DC subsets (Fig. 4.4). IPA analysis placed E-cadherin (CDH1), the master 

cDC2 transcription factor, IRF4, and pDC-specific transcription factor, SPIB, as important hub 

genes in the network of differentially expressed genes. These data provide further evidence of 

the unusual transcriptional profile of CD8+XCR1neg DCs.  

 

Increased expression of SPIB in CD8+XCR1neg DCs appeared to control the expression of many 

pDC-specific genes that were found to be up-regulated in this subset. Hub genes CDH1 and 

IRF4 were placed in the network upstream of TLRs 3, 4, 5 and 7, which in turn regulated the 

inflammatory cytokine IL-12b and immuno-regulatory ligands CD274 (PD-L1) and 

PDCD1LG2 (PD-L2) (Fig. 4.4). These immune effector molecules are key determinants of the 

immune-stimulatory capacity of a DC, and may influence the outcome of T cell priming 

towards either a proliferative or anergic response (Zhang et al., 2006). These data support the 

hypothesis that the two CD8+ DC subsets have unique roles in the regulation of immunity. As 

such, targeting of these DCs non-selectively may lead to the activation of opposing signaling  
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Figure 4.4. Network analysis identifies key hub genes controlling the unique gene 

expression pattern of CD8+XCR1neg DCs. Network analysis was conducted using the 

‘connect’ and ‘build’ functions for network analysis in IPA. Genes differentially expressed 

between CD8+XCR1neg and CD8+XCR1+ DC subsets with a FC ± 5 and adjusted p-value <0.05 

were used to construct the network. Hub genes including important DC lineage transcription 

factors, and signaling molecule, such as TLRs, are labeled in bold. Red; upregulated in 

CD8+XCR1neg, Green; up-regulated in CD8+XCR1+. 
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pathways, rather than a single unified response that is supportive of cross-priming and a strong 

anti-tumour immune response. 

 

4.5.4 CD8+XCR1neg DCs express a restricted pattern of TLRs and a unique range 

of endocytic receptors related to both pDC and cDC2 lineages. 

 

CD8+XCR1neg and CD8+XCR1+ DCs have distinct gene expression profiles. Our microarray 

data suggested that TLRs were among the most differentially expressed genes between these 

two subsets (Fig 4.5A). Due to the importance of TLRs in the activation and maturation of 

DCs, the TLR expression of the different DC subsets in our microarray was compared. Resident 

XCR1+ DCs shared a common TLR pattern with high expression of TLRs 3, 4, 11 and 12, but 

low expression of TLRs 5 and 7 (Fig. 4.6A). This TLR profile has been reported previously to 

identify the cDC1 DC subset (Reynolds & Haniffa, 2015). CD8+XCR1neg DCs do not express 

TLR3, but instead share expression of TLRs 5, 7 and 9 in common with splenic CD4+ DCs, a 

major cDC2 subset. Comparatively lower expression of TLRs 1, 4 and 6 gives CD8+XCR1neg 

DCs a more restricted TLR pattern compared to CD4+ DCs. Migratory DCs showed low TLR 

expression as expected in mature DC populations (Kadowaki et al., 2001). These data may 

indicate unique and different roles for CD8+XCR1neg DCs in the sensing of pathogens and 

immunosurveillance and suggests they provide a unique niche in the division of labour within 

the DC network.  

 

To investigate these differences further, the profile of endocytic receptors expressed by 

CD8+XCR1neg DCs was examined. Endocytic receptors, including CLRs, were among the most 

differentially expressed genes between CD8+XCR1+ and CD8+XCR1neg DCs (Fig 4.5B). The 

CLR expression of the different DC subsets in our microarray was also examined.  
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Figure 4.5. Differential expression of TLRs and endocytic receptors between 

CD8+XCR1neg and CD8+XCR1+ DCs. Differential expression of TLRs and endocytic 

receptors, including CLRs, between CD8+XCR1neg and CD8+XCR1+ DCs. Volcano plots show 

differentially expressed genes with TLR (A) and endocytic receptors (B) highlighted and 

labelled in red. Red dashed line represents log2FC>1 and black dashed line represents adjusted 

P-value <0.01. A positive log2FC indicates upregulation in CD8+XCR1neg DCs and a negative 

log2FC indicates up-regulation in CD8+XCR1+ DCs. 
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CD8+XCR1neg DCs expressed CLRs that were distinct from those expressed by CD8+XCR1+ 

DCs. CD8+XCR1neg shared up-regulated expression of several CLRs with splenic CD4+ DCs 

(Fig. 4.6B) and had up-regulated expression of some CLRs specifically related to pDCs 

(Kanazawa, 2007). In addition, CD8+XCR1neg DCs showed expression of several receptors that 

were not highly expressed on any other DC subset. This unique expression profile further 

reflects the dual cDC2/pDC nature of these DCs. To interrogate the relationship of 

CD8+XCR1neg DCs to additional DC subsets, such as pDCs, which were not included in the 

initial microarray, the Immunological Genome Project (Immgen) database was used. The 

Immgen dataset has expression data for a range of DC subsets sorted from different organs 

(Heng et al., 2008). We compared the expression of TLRs and CLRs, with up-regulated 

expression (log2FC>1, adjusted p-value <0.05) in either the CD8+XCR1neg or CD8+XCR1+ DC 

subsets against the expression profiles of sdLN DC subsets from Immgen, including pDCs and 

CD11b+ DCs. TLRs and CLRs up-regulated in the CD8+XCR1+ subset, including TLR3, 

DEC205, CD207 (langerin) and mDCAR1 were highly associated with the CD8+ subset from 

Immgen, with high expression of CLRs, Micl and Clec9a, also shared with pDCs (Fig. 4.6C). 

TLRs and CLRs up-regulated in CD8+XCR1neg DCs showed a more varied pattern of 

association. Highly differentially expressed genes Siglec-H, TLR7, CD301a, Havcr1 and 

Klra17 were restricted in their expression to the pDC subset from Immgen (Fig. 4.6C). Other 

CLRs were shared with CD4+ and CD11b+ subsets but were absent from pDCs, including 

Dectin-1, DCIR-1 and -2, CD206 and Emr4 (FIRE) (Fig. 4.6C). Furthermore, several genes 

including TLR5, CD209a (CIRE) and CD301b showed high expression only in the CD4+ 

Immgen subset (Fig. 4.6C).  

 

The TLR and CLR expression patterns of CD8+XCR1neg DCs subset reflects the unusual dual 

origin of these DCs, displaying a positive correlation to both CD4+ DCs and pDCs, but not the  
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Figure 4.6. CD8+XCR1neg DCs display restricted Toll-like receptor expression and a 

unique pattern of endocytic receptors that suggest a unique pDC and cDC2 co-signature. 

Gene expression data for specific TLRs and CLRs was compared between sorted DC subsets 

and against publicly available data from the Immgen database. (A, B) Gene expression data for 

TLRs 1-13 (A) and specific endocytic receptors (B) was compared across the sorted DC 

subsets. Green; up-regulated, Red; down-regulated. Populations are clustered hierarchically. 

(C) TLR and CLR enriched in either CD8+XCR1neg or CD8+XCR1+ DCs (log2FC>1 adjusted 

p-value <0.05) were compared to expression data of known DC subsets in the Immgen database 

using online tools. Red; up-regulated, Blue; down-regulated. (D) W-Plots summarise the 

relatedness of CD8+XCR1neg and CD8+XCR1+ expression profiles to each Immgen population. 
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classical CD8+ DC population (Fig. 4.6D). As TLR and CLR are critical to a DCs ability to 

sense specific pathogens, the wide range of CLRs expressed by CD8+XCR1neg DCs may 

uniquely position them to respond to a variety of pathogens. The clear difference observed in 

the PRR profiles of CD8+XCR1neg and CD8+XCR1+ DCs further indicates their potential to 

possess unique roles in the regulation of host immunity (Lundberg et al., 2014).  

 

4.5.5 RT-PCR and flow cytometry confirms TLR5 expression on CD8+XCR1neg 

DCs. 

 

To confirm the mirroarray data predicting high levels of TLR5 expression by CD8+XCR1neg 

DCs we sorted CD8+XCR1neg and CD8+XCR1+ DCs along with cDC2 subsets and pDCs from 

the sdLNs and spleen of naïve C57BL/6 mice (Supp. Figure 4.3A/B). CD8+XCR1neg DCs 

sorted from sdLNs expressed high levels of TLR5 mRNA but expressed other TLRs only at 

low levels (Fig. 4.7A), confirming the restricted pattern of TLR expression indicated in the 

microarray data. In comparison, CD8+XCR1+ DCs in the sdLN and spleen consistently 

expressed TLRs 1-4, TLR6 and TLR9, but lacked expression of TLRs 5, 7 and 8 (Fig. 4.7A, 

Supp. Figure 4.4A). TLR5 expression was also seen in CD4+ DCs and pDCs, which expressed 

most TLR to moderate levels, however TLR3 was highly selective for CD8+XCR1+ DCs as 

has been reported previously (Edwards et al., 2003).  

 

As expression of TLRs 3, 5 and 7 have been reported to be restricted to individual subsets of 

DCs (Edwards et al., 2003), their expression was further validated by flow cytometry. We 

confirmed that CD8+XCR1neg DCs possess the highest surface expression of TLR5 among 

sdLN (Fig. 4.7B) and splenic DCs (Fig. 4.7D). This expression was significantly higher than 

that seen on CD8+XCR1+ DCs (Fig 4.7C/E). The expression levels of TLR3 and TLR7 seen in  



	
 

155 

 
 

Figure 4.7. CD8+XCR1neg DCs can be differentiated from CD8+XCR1+ DCs by TLR5 

mRNA and cell surface expression. DC subsets were isolated from the sdLN and spleen and 

their TLR expression analysed by RT-PCR and flow cytometry (A) RNA was extracted from 

sorted sdLN DC subsets (as in Supp. Figure 3A) and was converted to cDNA and used as 

template in RT-PCR reactions with primers specific to TLRs 1-9. Data are presented as relative 

expression normalized to GAPDH, n=3 and error bars represent SEM. DC subsets were 

isolated from sdLN (B, C) or spleen (D, E) and analysed by flow cytometry for TLR5 

expression. Representative histograms of 4 independent experiments are shown for sdLN (B) 

and spleen (D). MFI of TLR5 expression on DC subsets from the sdLN (C) or spleen (E) 

presented as the mean +/- the SEM. * p<0.05, n=4. 
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RT-PCR experiments were also confirmed by flow cytometry. Surface expression of TLR3 

was largely restricted to CD8+XCR1+ DCs, while TLR7 expression was restricted to pDCs 

(Supp. Figure 4.4B/C). Therefore, CD8+XCR1neg DCs, which express high levels of TLR5 may 

be uniquely positioned to detect and respond to flagellated bacterial pathogens. 

 

4.5.6 CD8+XCR1neg DCs do not produce type I interferons after stimulation with 

the TLR5 ligand flagellin.  

 

As CD8+XCR1neg DCs present a pDC-like gene signature, their ability to make type I IFN was 

examined. It has been reported previously that this subset does not produce IFN in response to 

viral challenge (Bar-On et al., 2010). However, stimulation with bacterial flagellin, the TLR5 

agonist, has not been investigated previously. To determine the capacity of DC subsets to 

produce type I IFN after TLR stimulation we sorted CD8+XCR1neg DCs, CD8+XCR1+ DCs, 

CD11b+ DCs and pDCs from the spleens of naïve C57BL/6 mice. Sorted DC subsets (Supp. 

Figure 4.3B) were stimulated for 24 hours with the TLR4 agonist LPS, TLR5 agonist flagellin 

or TLR9 agonist CpG. Culture supernatants were collected after this time and serially diluted 

onto L929 cells, which were exposed subsequently to EMCV. The IFN bioassay measures the 

capacity of DCs to produce bioactive type I IFNs after TLR stimulation, which in turn prevents 

viral killing of L929 cells by the EMCV when DC supernatants are added to L929 cultures. 

IFN levels were inferred by measuring protection from viral killing compared to unstimulated 

control wells.  

 

CpG-stimulated pDC produced adequate amounts of type I IFN to prevent viral killing even at 

high dilutions. However, similar protection was not observed with supernatants from flagellin 

stimulated CD8+XCR1neg DCs (Figure 4.8) or pDCs (data not shown) even at the highest  
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Figure 4.8. CD8+XCR1neg DCs do not produce type I IFNs after stimulation with the 

TLR5 agonist flagellin. DC subsets sorted from the spleens of naïve C57BL/6 mice were 

cultured overnight in the presence of TLR agonists Flagellin (FLAG) (100ng/uL), CpG 

(1ug/mL) or in media alone at a concentration of 30,000 DC/well. After 24 hours supernatants 

were collected, acid treated, serially diluted onto L929 cells and incubated overnight prior to 

addition of EMCV virus. After 2 days cells were stained with crystal violet, washed and 

absorbance was measured at 595nM. Bioactive IFN production was measured as protection 

from viral killing compared to no virus control wells. Flagellin-stimulated pDCs did not 

produce type I IFN (data not shown). Data are presented as the mean +/- SEM of three 

independent experiments, n=6. ** represents p<0.01 and * represent p<0.05 versus 

unstimulated pDC control well. 100k = 100,000 DC/well, 30k = 30,000 DC/well. 
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concentrations. L929 cell death was similar in these wells to media only controls (no 

supernatant), which display no protection. The IFN bioassay is a sensitive method of measuring 

bioactive IFN production by DCs (Seeds & Miller, 2011); therefore, this result strongly 

suggests that CD8+XCR1neg DCs do not produce type I IFN after activation with a TLR5 

agonist. These data are in line with previous reports showing that CD8+XCR1neg DCs do not 

produce IFN after stimulation with viral adjuvants (Bar-On et al., 2010) and further separate 

them from pDCs on a functional level. 

 

4.5.7 CD8+XCR1neg DCs resemble cDC2 DCs in MHC class presentation ability 

and CLR expression.  

 

pDCs are reported to be poor presenters of antigen to CD4+ T cells due to their constant 

recycling of MHC class II molecules (Villadangos & Young, 2008). To determine if 

CD8+XCR1neg DCs share this characteristic, DC subsets from the sdLNs (Supp. Figure 4.3A) 

and spleens (Supp. Figure 4.3B) of naïve mice were sorted and stimulated with the TLR ligands 

LPS or flagellin to activate DCs. Twenty-four hours later DC subsets were pulsed with 1nM 

gD peptide and their ability of present antigen and drive the proliferation of CFSE-labelled gD-

specific transgenic CD4+ T cells (gDT-II) (Bedoui et al., 2009) was examined. After 96 hours, 

the percentage of proliferated cells within the gDT-II population was measured by flow 

cytometry. CD11b+, splenic CD4+ DCs and CD8+XCR1neg DCs were all able to efficiently 

present antigen to gDT-II cells and drive robust proliferation (Fig. 4.9A; Supp Figure 4.5A). 

gDT-II T cells proliferated significantly less when co-cultured with CD8+XCR1+ DCs or pDCs, 

even after these DCs were stimulated with LPS (Fig. 4.9A; Supp Figure 4.5A). CD8+XCR1neg 

DCs express moderate levels of MHC class II (Bachem et al., 2012; Wylie et al., 2015) and our 
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results indicate they are capable of presenting antigen efficiently to CD4+ T cells, further 

separating them functionally from pDCs and linking them with cDC2 DC subsets. 

 

Next, the surface expression of several CLRs, which our microarray data suggested were 

upregulated in CD8+XCR1neg DCs and not associated with other DC subsets was examined. 

CD8+XCR1neg DCs shared high expression of CD301b with CD11b+ DCs in the sdLN and 

expressed intermediate levels of PD-L2 compared to other subsets. sdLN CD8+XCR1neg and 

CD11b+ DCs also displayed slightly elevated expression of CD206 compared to pDCs and 

CD8+XCR1+ DCs (Fig. 4.9B). PDCA-1+ pDCs stained brightly for Siglec H and were the only 

population in the sdLN or spleen to express high levels of Siglec H (Fig. 4.9B; Supp Figure 

4.5B). Despite observations from our microarray data suggesting that CD8+XCR1neg DCs had 

elevated expression of Siglec H, we did not observe bright staining by flow cytometry.  

 

Expression of PD-L2, CD301b and CD206 was consistently low across all DC subsets isolated 

from the spleen (Supp. Figure 4.5B), suggesting there may be organ-specific differences in 

CLR expression based on tissue of origin. This may be accounted for by the presence of 

migratory DCs in the sdLNs, which are absent in the spleen, as well as the increased levels of 

activated DCs found within lymph nodes. Our phenotyping data further strengthens the link 

between CD8+XCR1neg DCs and cDC2 DC subsets in the sdLN and, importantly, suggests that 

while their transcription profile may be pDC-like, this may not translate into the expression of 

pDC-specific markers on their surface. These data further differentiate CD8+XCR1neg DCs 

from CD8+XCR1+ DC subsets in the sdLNs both functionally and phenotypically. 
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Figure 4.9. CD8+XCR1neg DCs resemble cDC2 DCs in MHC class II presentation ability 

and CLR expression in the sdLN. sdLN DCs were sorted as in Supp. Figure 3A. (A) DC 

subsets were activated for 24 hours in vitro with TLR agonists LPS (100ng/mL) or flagellin 

(1ug/mL) or left unstimulated. Activated DCs were pulsed with 1nM gD peptide for 1 hour and 

cultured for 4 days with naïve CFSE-labelled gDT-II at a 1:10 ratio. Proliferation of gDT-II 

cells was measured by CFSE dilution. Data are presented as the percentage of CFSE low 

(proliferated) gDT-II cells and error bars show mean +/- SEM from two independent 

experiments, n=4. * = p>0.05, ** = p>0.01, *** = p>0.001. (B). Expression of PD-L2 and 

CLRs, CD206, CD301b and Siglec H on DC subsets isolated from sdLNs of naïve C57BL/6 

mice. Representative plots of 3 independent experiments are shown. 
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4.6 Discussion  

 

This study uses gene expression microarray data to investigate the relatedness of key DC 

subsets in the sdLNs under steady state conditions. In our analyses, the gene expression patterns 

of four unique XCR1+ subsets were compared along with a subset of CD8+ DCs that lack 

expression of XCR1. While XCR1+ subsets shared relatively similar gene expression, a striking 

difference was observed in the expression profiles of the two CD8+ DC subsets (XCR1+ and 

XCR1neg), which have previously been referred to extensively as a single uniform population 

within the literature. We interrogated the gene expression of CD8+XCR1neg DCs in order to 

better understand their function and their place within the network of DC immunosurveillance. 

 

PCA was used to query the relatedness of DC subsets, identifying that all of the XCR1+ DC 

populations present in the sdLNs were related and could be separated into migratory or resident 

subtypes. In contrast, CD8+XCR1neg DCs appeared to be more related to CD4+ splenic DCs on 

the first two principal components. CD8+XCR1neg DCs overlap phenotypically with a 

previously reported subset of CD8+ DCs which co-express CX3CR1 (Bachem, Hartung, 

Guttler, et al., 2012). This subset has been proposed to represent a Batf3-independent precursor 

of the CD8+XCR1+ population (Petersen et al., 2014). If this were indeed the case, it might be 

expected that these two subsets would share common expression of key DC transcripts, in line 

with a conserved lineage. However, the microarray data presented here show that these two 

DC subsets possess highly differential gene expression. Our findings suggest that, although 

they share common expression of the CD8 marker, CD8+XCR1+ and CD8+XCR1neg DCs are 

in fact two divergent populations, which may arise from separate DC lineages.  
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When the expression of classical CD8+ DC signature genes by CD8+XCR1neg DCs was 

examined, a striking downregulation of these genes was observed compared to CD8+XCR1+ 

DCs. Instead, CD8+XCR1neg DCs displayed up-regulation of many genes present in a pDC-

specific signature (Miller et al., 2012) and several pDC-specific transcription factors (Supp. 

Table 4.3). A similar profile was reported previosuly for the population of CX3CR1+CD8+ DCs 

(Bar-On et al., 2010). Supporting a potential link to the pDC lineage, CX3CR1+CD8+ DC were 

shown to be reliant on the pDC-specific transcription factor E2-2 for their development rather 

than Batf3 (Bar-On et al., 2010). However, since this ground-breaking study, further 

investigation into the role of this unusual DC subset has been lacking. 

 

IRF8 is reported to be critical for the development of pDC and cDC1 subsets (Seillet & Belz, 

2013). More recently, it was shown that complete or late deletion of IRF8 does not affect the 

development or survival of pDCs, despite pDC precursors expressing high levels of IRF8 

(Sichien et al., 2016). Instead, loss of IRF8 altered pDC gene expression patterns, leading to 

increased capacity to stimulate T cells, but decreased type I IFN production. With these 

findings in mind, the data presented in this chapter, demonstrating that CD8+XCR1neg DCs do 

not produce type I IFN in response to flagellin stimulus and possess greater potential for CD4+ 

T cell stimulation, is suggestive of an altered pDC phenotype. This behaviour may be explained 

by the decreased IRF8 expression observed for CD8+XCR1neg DCs, while they maintain 

expression of pDC transcription factors E2-2 and SPIB. Loss of IRF8 is reported to occur either 

through aberrant development (Bajaña et al., 2016) or through lack of IRF8 maintenance in 

mature DC populations (Grajales-Reyes et al., 2015). It would be interesting to determine 

whether overexpression of IRF8 in CD8+XCR1neg DCs is able to restore pDC functionality and 

if IRF8 is necessary for their development, or if they develop independently of IRF8 like cDC2 

DC subsets. 
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Alternatively, it is possible that CD8+XCR1neg DCs arise from a cDC1 origin, in common with 

CD8+XCR1+ DCs, but fail to gain mature cDC1 functions due to deregulated IRF8 expression. 

Unlike pDCs, IRF8 is critical for the development of all cDC1 subsets (Jackson et al., 2011). 

However, it has been reported that CD8+ DCs can be induced in the absence of other cDC1-

specific transcription factors including Id2, Nfil3, and Batf3 (Seillet et al., 2013). Whether 

CD8+XCR1neg DCs arise from a similar scenario remains uncertain, but this could explain their 

lack of classical CD8+ DC function. CD8+XCR1neg DCs display decreased expression of cDC1 

transcription factors, including Batf3, Id2 and IRF8 and increased expression of IRF4 

compared to CD8+XCR1+ DCs (Wylie et al., 2015). However, we were not able to determine 

in this study whether they develop from a cDC1-committed precursor or another progenitor 

population, such as a pre-pDC (Schlitzer et al., 2011). 

 

Expression of IRF8 and IRF4 controls commitment to the cDC1 and cDC2 lineages, 

respectively, and is mutually antagonistic throughout DC development (Xu et al., 2015). These 

two transcription factors facilitate the specialization of DC subsets for distinct modes of antigen 

presentation (Vander Lugt et al., 2014), and control the fate of cDCs (Seillet and Belz, 2013). 

Recently, it was reported that CD8+ cDC1 DCs lacking Batf3 in secondary lymphoid tissues, 

were capable of diverting to the cDC2 lineage (Chandra et al., 2017). As Batf3 is important for 

maintenance of IRF8 activation in mature cDC1 (Grajales-Reyes et al., 2015), loss of Batf3 

expression by CD8+ DCs and down-regulation of IRF8 may result in switching to a cDC2 

phenotype controlled by concomitant up-regulation of IRF4. This mechanism could explain 

the cDC2-like gene expression, observed in our microarray, for the CD8+XCR1neg DC subset, 

along with their increased expression of cDC2 specific markers (Bachem et al., 2012).  
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To focus on functional differences between the CD8+XCR1+ and CD8+XCR1neg DC subsets, 

bioinformatics analysis was used to identify enriched or over-represented pathways within sets 

of differentially expressed genes. We identified an enrichment of genes involved in the NF-ĸB 

signalling pathway, as well as TLR and PRR responses. These data demonstrated important 

differences in functionally relevant pathways, as NF-ĸB signalling downstream of TLR 

activation controls DC activation and maturation after sensing of foreign pathogens (Cui et al., 

2014). This provides further evidence for the division of labour between DC subsets. 

Validation of microarray data for TLR expression patterns by RT-PCR and flow cytometry, 

identifed that CD8+XCR1neg DC expressed high levels of TLR5 in both the sdLN and the 

spleen. High levels of TLR5 are also reported on CD11b+CD103+ DCs in the mesenteric lymph 

nodes (Uematsu et al., 2008), which drive Th17 type CD4+ T cell responses by producing IL-

6 and IL-23 after TLR5 ligation (Kinnebrew et al., 2012; Persson, Uronen-Hansson, et al., 

2013). Therefore, a potential role for CD8+XCR1neg DCs may exist in the surveillance of 

flagellated bacterial pathogens and the generation of anti-bacterial immunity. To date however, 

the CD4+ T cell response generated after T cell priming by CD8+XCR1neg DCs remains 

undetermined. 

 

It was previously reported that CD8+XCR1neg DCs do not produce interferon after viral 

challenge (Bar-On et al., 2010). Our flow cytometry data confirmed that they express little 

TLR7 and lack TLR3 expression, thereby limiting their ability to respond to a viral challenge. 

However, our data shows they express abundant TLR5, which detects the bacterial protein 

flagellin. pDCs can initiate and amplify inflammation triggered by bacterial infections (Takagi 

et al., 2011). TLR5 signals exclusively through the adaptor molecules, MyD88, and activates 

the NF-ĸB signalling pathway which can lead to IFN-β production (Kawai & Akira, 2007). We 
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hypothesised that increased expression of TLR5 might allow the CD8+XCR1neg subset, with its 

pDC-like ontogeny, to uniquely respond to bacterial pathogens by producing type I interferon.  

 

In experiments where we stimulated CD8+XCR1neg DCs with the TLR5 agonist flagellin, they 

failed to produce type I IFNs. Siglec-H expression is reported to dampen interferon production 

(Blasius et al., 2004) in a subset of pDC, which show limited interferon producing potential 

(Schmitt et al., 2016). The absence of Siglec-H increases type I IFN production by pDCs during 

MCMV infection (Puttur et al., 2013). Our microarray data show that CD8+XCR1neg DCs have 

increased expression of Siglec-H compared to CD8+XCR1+ DCs. However, phenotyping of 

CD8+XCR1neg DCs by flow cytometry demonstrated that CD8+XCR1neg DCs express lower 

surface levels of Siglec-H than pDCs. Siglec-H associates with DAP12, which is necessary for 

its surface expression (Schmitt et al., 2016). Therefore, it would be interesting to determine the 

level of DAP12 expression in CD8+XCR1neg DCs as this may impact Siglec-H surface 

expression. 

 

The superior ability of CD8+XCR1neg DCs to present antigen to CD4+ T cells compared to 

cDC1 and pDCs provides additional evidence for their functional separation. These data 

demonstrate a clear division of labour between these DC subsets and suggest that 

CD8+XCR1neg DCs function similarly to cDC2, despite their dependence on the pDC-specific 

transcription factor E2-2 (Bar-On et al., 2010).  

 

Our data clearly demonstrate that CD8+XCR1neg DCs possess a unique transcriptional profile, 

different to that of CD8+XCR1+ DCs. Functionally, they lack the ability to cross-present 

exogenous antigens, which is the hallmark ability of cDC1 subsets (Bachem et al., 2012). They 

display an unusual pDC/cDC2 co-signature suggesting multiple factors may influence their 
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development. Their inability to produce type I IFN after TLR stimulation and their unique array 

of CLR places them in a unique niche within the network of DC immunosurveillance. Instead, 

CD8+XCR1neg DCs efficiently present antigen to drive CD4+ T cell proliferation and express 

moderate levels of MHC class II, in line with other cDC2 subsets. The expression of TLR5 on 

CD8+XCR1neg DCs remains a unique and functionally relevant feature of this subset, which 

could be investigated further to discern the role of this under-reported subset in the complex 

network of DC immunosurveillance. 

 

4.7 Summary 

 

An exact role for the CD8+XCR1neg DC subset was not determined during this study. However, 

valuable insight into their biology was gained that should help to further resolve the definition 

of specific DC subsets. Notably, the data presented in this chapter suggest key differences 

between CD8+XCR1neg DCs and CD8+XCR1+ DCs despite shared expression of the CD8 

marker. Future experiments, focusing on determining the specific CD4+ T cell response driven 

by these DCs after encounter with a range of pathogens, may help to determine their role within 

the DC network and help to clarify a potential cDC2-like function in the generation of 

immunity.  

 

The results presented in this chapter and conclusions drawn from them are summarised below: 

 

• CD8+XCR1neg DCs display a unique gene expression profile that differentiates them 

from CD8+XCR1+ DCs and associates them rather with both the pDCs and cDC2 DC 

lineages. 
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• Genes highly expressed in CD8+XCR1neg DCs compared to classical CD8+XCR1+ DCs 

are enriched in pathways involved in NF-kB signalling and TLR and PRR response 

pathways suggesting important differences in these key functional pathways. 

 

• CD8+XCR1neg DCs express the highest levels of TLR5 among sdLN and splenic DC 

subsets implicating these DCs in the surveillance of flagellated bacterial pathogens.  

 

• The TLR and CLR expression patterns of CD8+XCR1neg DCs show unusual pDC/cDC2 

co-signature, again linking them to both these DC subtypes. However, these DCs also 

express exclusive receptors that should allow them to sense their environment and 

respond uniquely to a range of pathogens. 

 

• CD8+XCR1neg DC do not produce biologically relevant levels of type I interferon after 

TLR5 stimulation despite the presence of many pDC signature genes. Rather, they 

express moderate levels of MHCII and drive more productive T cell proliferation that 

pDCs, suggesting that they are functionally similar to cDC2 DC subsets.  
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4.8 Supplementary Figures 

 

 
 

Supplementary Figure 4.1. DC gating strategy for microarray analysis. Gating strategy 

used to identify and sort dendritic cell subsets from the skin-draining lymph nodes for 

microarray analysis. Single cell suspensions prepared from lymph nodes were first enriched 

for DCs using a negative selection method. The remaining cells were stained with surface 

antibodies to identify DC subsets. Specific sdLN DC subsets were sorted on a FACSAriaIII 

cell sorter, recovered by centrifugation and resuspended in Trizol reagent for RNA extraction. 

Splenic CD4+ DC were also sorted from spleens as a control population due to their relative 

abundance in the spleen compared to the sdLN. 
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Supplementary Figure 4.2. Differential gene expression analysis of CD8+XCR1neg and 

CD8+XCR1+ DC subsets. (A) Volcano plot shows differential gene expression between 

CD8+XCR1neg and CD8+XCR1+ DC subsets in the sdLNs. Genes with a FC ± 2 and p-value 

<0.01 are labeled with the gene name (B) Genes up-regulated in CD8+XCR1neg DC with a 

FC>2 were used to search for enriched GO TERMS using Enrichr and the GO Biological 

Processes database. The top 20 terms are shown. Full lists of pathways and processes are 

available in attached supplementary tables. 
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Supplementary Figure 4.3. Gating strategy used to identify and sort DC subsets. Gating 

strategy to identify DC subsets for sorting from the sdLNs (A) and spleen (B) for downstream 

use in RT-PCR analysis of gene expression and surface marker analysis by flow cytometry. 
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Supplementary Figure 4.4. TLR validation on sdLN and splenic DC subsets. (A) RNA 

extracted from sorted splenic DC subsets (as in Supp. Figure 3B) was converted to cDNA and 

used as template in RT-PCR reactions with primers specific to TLRs 1-9. Data is presented as 

relative expression normalized to GAPDH control reactions, n=3 and error bars represent SEM. 

(B) DC subsets from the sdLN were analysed by flow cytometry for expression of TLR3 and 

TLR7. Representative histograms of 3 independent experiments are shown. (C) DC subsets 

from the spleen were analysed by flow cytometry for expression of TLR3 and TLR7. 

Representative histograms of 3 independent experiments are shown. 
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Supplementary Figure 4.5. Splenic CD8+XCR1neg DCs resemble cDC2 DCs in MHC class 

II presentation ability and CLR expression. Splenic DCs were sorted as in Supp. Figure 3B. 

(A) DC subsets were activated for 24 hours in vitro with TLR agonists LPS (100ng/mL) or 

flagellin (1ug/mL) or left unstimulated. Activated DCs were pulsed with 1nM gD peptide for 

1 hour and cultured for 4 days with naïve CFSE-labelled gDT-II at a 1:10 ratio. Proliferation 

of gDT-II cells was measured by CFSE dilution. Data are presented as the percentage of CFSE 

low (proliferated) gDT-II cells and error bars show mean +/- SEM from two independent 

experiments, n=4. * = p>0.05, ** = p>0.01. (B). Expression of PD-L2 and CLRs, CD206, 

CD301b and Siglec H on DC subsets isolated from spleens of naïve C57BL/6 mice. 

Representative plots of 3 independent experiments are shown. 
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4.9 Supplementary Tables  

 

Supplementary Tables for Chapter 4 are available online at: 

 

https://tki.sharefile.com/d-sc34d1b5297b411db 

 

Supplementary Table 4.1 Differentially expressed genes between 

CD103negXCR1+MHChi and CD103+XCR1+ DCs in the sdLNs. 

 

Supplementary Table 4.2 Differentially expressed genes between 

CD103negXCR1+MHClo and CD8+XCR1+ DCs in the sdLNs. 

 

Supplementary Table 4.3 Differentially expressed genes between CD8+XCR1neg and 

CD8+XCR1+ DCs in the sdLNs. 

 

Supplementary Table 4.4 Genes used in cDC, CD8+ DC and pDC gene signatures. 

 

Supplementary Table 4.5 Gene set enrichment analysis of genes upregulated in 

CD8+XCR1neg versus CD8+XCR1+ DCs. 

 

Supplementary Table 4.6 Ingenuity Pathway Analysis of differentially expressed 

genes between CD8+XCR1neg and CD8+XCR1+ DCs. 
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5.1 Preamble 

 

Tumour immunosurveillance begins with the acquisition and presentation of tumour-derived 

antigens by dendritic cells (DCs) to components of the adaptive immune system. However, 

immunosurveillance does not end there, rather it is a dynamic and ongoing process which 

results in the destruction of tumours or their eventual escape from immune control. The 

development of resistance mechanisms allowing tumours to evade immunosurveillance and 

destruction by the immune system remains a major obstacle to successful treatment with 

immunotherapy. In this chapter, the development of acquired resistance to adoptive T cell 

therapy (ACT) is described in two solid tumour models and the underlying mechanisms are 

examined.  

 

5.2 Abstract 

 

Immunotherapies such as ACT are promising treatments for solid cancers however, many 

tumours develop resistance to immunotherapy. We have utilised two preclinical models of 

ACT to study the evolution of acquired resistance in tumours that initially respond to the 

therapy. ACT induced robust tumour regression in these models, but this trend reverted with 

the emergence of resistant tumour cells, mimicking the disease progression observed in 

relapsing patients. Tumour cells escaping ACT underwent a loss of immunogenic antigen 

expression, whilst retaining the antigen-encoding gene within their DNA. This suggested that 

epigenetic silencing of immunogenic antigens was an important mechanism during the 

development of resistance to ACT. Treatment of escaped tumour cells with DNA 

methyltransferase inhibitors (DNMTi) Azacytidine (AZA) and Decitabine (DEC) restored 

antigen expression in a proportion of the tumour population. DMNTi-refractory tumour cells 
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were recovered after treatment with AZA or DEC and further screened against a panel of 19 

small molecule epigenetic modifying agents (EMAs) targeting a wide range of chromatin 

regulatory complexes including; heterochromatin proteins, euchromatic repressors, 

euchromatic activators and elongation complexes. In all cases, further epigenetic therapy using 

these EMAs as single agents was unable to induce antigen re-expression in tumour cells already 

refractory to treatment with DNMTi. Together our data has shown that relapsing tumour cells 

descend from immune escapees with reduced antigen expression. These tumour cells appear to 

employ complex epigenetic mechanisms to downregulate immunogenic antigens and escape 

immune-mediated destruction, imposing a potent barrier to the efficacy of current 

immunotherapies. 

 

5.3 Introduction 

 

T cell-based immunotherapies such as ACT aim to boost tumour-specific immune responses 

and are promising therapies for solid cancers such as metastatic melanoma (Rosenberg et al., 

2011; Pilon-Thomas., 2012; Besser et al., 2013). ACT involves isolating tumour-specific 

cytotoxic T lymphocytes (CTLs) from tumour biopsies or the blood and expanding them ex-

vivo before re-infusing large numbers of these activated T cells back into the patient 

(Rosenberg et al., 2015). ACT can induce durable tumour regressions in melanoma patients 

and demonstrates promising objective response rates of up to 60% (Yee et al., 2002; Khammari 

et al., 2009; Robbins et al., 2015). However, many patients do not respond to treatment and 

complete responses remain relatively low, with three-year survival rates rarely reported above 

20% (Andersen et al., 2016; Goff et al., 2016). The development of resistance mechanisms by 

the tumour remains a major obstacle to successful treatment with immunotherapy (Khong and 

Restifo, 2002; Landsberg et al., 2012; Holzel et al., 2013). Placing tumour cells under 
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heightened levels of immune pressure can lead to immunoediting of the tumour and the 

selection of immune escape variants (Shankaran et al., 2001; Dunn, Old and Schreiber, 2004). 

The loss of immunogenic antigens or components of antigen processing and presentation 

pathways are commonly observed in escaped tumours (Jager et al., 1997; Khong et al., 2004; 

Matushita et al., 2012; von Boehmer et al., 2013); however, the mechanisms underlying the 

development of resistance remain unclear. 

 

Cancer cells display aberrant epigenetic modifications, which lead to chromosomal instability 

and de-regulated gene expression during tumorigenesis (Feinberg and Vogelstein, 1983). 

Histone and DNA post-translational modifications (e.g. methylation and acetylation) are 

archetypal epigenetic modifications modulating gene expression, DNA accessibility and 

genome structure. They are distributed throughout the genome, often enriched at gene 

regulatory regions and play a fundamental role controlling cell development and identity.  DNA 

hypermethylation at CpG-rich gene promoters (Tellez et al., 2009) is associated with silencing 

of tumour suppressors (DeSmet et al., 1999; Bonazzi et al., 2009), pro-apoptotic genes 

(Soengas et al., 2001; Zhang et al., 2004) and genes controlling antigen processing and 

presentation (Chou et al., 2005). Therefore, epigenetic modifications control important tumour 

resistance mechanisms and represent potential targets for therapy. 

 

Several chemotherapeutic drugs function as epigenetic modifying agents including the 

DNMTi’s, AZA and DEC (Streseman et al., 2008). These compounds are used for the treatment 

of myelodysplastic syndrome and acute myeloid leukaemia (Douglas-Smith et al., 2014) and 

induce DNA hypomethylation dependent on cell division (Qin et al., 2009). Treatment of 

tumour cells with DNMTi can increase their immunogenicity by re-activating the expression 

of antigens not expressed in normal tissues (Guo et al., 2006; Vo et al., 2009; Gang et al., 2014; 



	
 

178 

Klar et al., 2015). DNMTi’s have also been reported to increase antigen presentation and major 

histocompatibility complex (MHC) class I expression on tumour cells (Adair et al., 2009) and 

modulate interferon signalling (Chiappinelli et al., 2015). The capacity of DNMTi’s to increase 

tumour immunogenicity prompted us to consider if such agents could enhance the success of 

ACT (Maio et al., 2015). To date, evidence remains limited on whether this approach may 

provide clinical benefit (Lisiero et al., 2014; Covre et al., 2015).  

 

In this study, two different preclinical cancer models were treated with ACT once tumours 

were well established. The tumour cells used in each model were engineered to express 

different neo-antigens, which were specifically recognised by the activated antigen-specific 

CD8+ T cells that comprised the ACT. In both cases, treatment with ACT caused robust tumour 

regression followed by a period of equilibrium and subsequent development of resistant clones 

escaping from immune control. Escaped tumour cells displayed down-regulated expression 

(silencing) of the immunogenic antigen targeted by the therapy. This ACT-resistant phenotype 

was retained long-term in tumour explants established from silenced tumours and cultured in 

vitro over multiple generations. Exposure of silenced tumour cells to either AZA or DEC in 

vitro restored expression of the silenced antigen to a sub-population comprising 5–10% of the 

ACT-resistant tumour cells. These results demonstrate that antigen down-regulation is 

controlled epigenetically in these cells and is targetable with epigenetic agents such as DNMTi. 

 

To determine if other epigenetic mechanisms, besides DNA methylation, were important in the 

observed development of resistance silenced tumour cells, refractory to treatment with AZA or 

DEC, were screened against a panel of 19 different EMAs. In all cases, further epigenetic 

therapy with EMAs as single agents was unable to induce antigen re-expression in tumour cells 

refractory to treatment with DNMTi. This was despite their retention of the gene encoding the 
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immunogenic antigen. These findings reveal epigenetic complexity among ACT-resistant 

tumour cells, implying that relapsed tumours evolve clonally diverse epigenetic landscapes, 

which operate as unique mechanisms of acquired resistance.  

 

5.4 Methods 

 

5.4.1 Mice 

 

C57BL/6 and BALB/c female mice were purchased from the Animal Resource Centre, 

Murdoch, Western Australia. OT.I mice on a C57BL/6.SJL-PtprcaPep3b/BoyJ background 

(CD45.1) were bred and maintained at the Telethon Kids Institute. Balb/c Clone 4 (CL4) TCR-

transgenic mice were bred and maintained at the Animal Resource Centre, Murdoch, Western 

Australia. All animal experiments were performed in accordance with protocols approved by 

the Telethon Kids Institute Animal Ethics Committee or the University of Western Australia 

Animal Ethics Committee and conformed to the National Health and Medical Research 

Council Australia code of practice for the care and use of animals for scientific purposes. 

 

5.4.2 Cell Lines and Culture 

 

The B16.F10 melanoma cell line was purchased from the ATCC. B16 lines were transduced 

with retroviral constructs containing the full-length membrane-bound form of ovalbumin 

(OVA) and eGFP and maintained in culture as previously described (Wylie et al., 2015). 

Transduction was confirmed via eGFP expression by flow cytometry. The AB1 murine 

mesothelioma cell line was developed by the i.p. injection of crocidolite asbestos into BALB/c 

mice (Davis et al., 1992). AB1.HA cells were transduced to express the haemagluttinin (HA) 
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gene of influenza virus A/PR/8/34 (H1N1) and were cultured as previously described (Marzo 

et al., 1999). HA+ cell lines were maintained under antibiotic selection in RPMI-10% FCS (see 

section 2.1.5) supplemented with 400µg/mL geneticin (Thermo Fisher Scientific). Both cell 

lines were passaged routinely at 70–80% confluency. Tumour explants were established from 

ACT-treated and untreated tumours by homogenisation under sterile conditions and grown in 

RPMI-10% FCS. There was no observed difference in in vitro growth rates between tumour 

explants and parental cell lines. For antibiotic resistance experiments, ACT-treated tumour 

explants were cultured for two or seven days in the presence of 400µg/mL geneticin and cell 

viability was measured by Propidium Iodide (PI) (Sigma) exclusion. 

 

5.4.3 T Cell Activation 

 

Syngeneic C57BL/6 or BALB/c splenocytes were used as antigen-presenting cells for the 

activation of OVA-specific (OT.I) and HA-specific (CL4) T cells. C57BL/6 or BALB/c 

splenocytes were pulsed for one hour in serum-free media containing 1µM OVA or HA peptide 

respectively and then washed twice and resuspended in RPMI-10% FCS. Lipopolysaccharide 

(LPS) (Sigma-Aldrich) was added at a final concentration of 3µg/mL. Peptide-pulsed 

splenocytes were then added to an equal number of splenocytes from either OT.I or CL4 

transgenic mice and cultured in T175 flasks in a final volume of 40mL in RPMI-10% FCS. On 

day 2, cells were split 1:2 and 10U/mL of recombinant IL-2 (Peprotech) was added per flask. 

This split was repeated on day 3 and cells were collected on day 4, washed twice and 

resuspended in sterile PBS for adoptive transfer into tumour bearing mice. 
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5.4.4 Tumour Inoculation and ACT 

 

Mice were maintained under anaesthesia using isoflurane throughout the tumour inoculation 

procedure. The right flank of mice was shaved and 5x105 tumour cells were inoculated 

subcutaneously underneath the skin in 50µL of sterile PBS. At least 8 days after tumour 

inoculation, mice received 550 rads of total body irradiation (TBI) followed by i.v. transfer of 

1x107 in vitro activated OT.I or CL4 T cells in 300µL sterile PBS 4 hours later. Tumour 

measurements were recorded with electronic calipers and tumour volume or area were 

calculated according to specific ethics requirements. 

 

5.4.5 Flow Cytometry and Sorting 

 

Monoclonal antibodies specific to mouse CD8α, Vα2, CD45.1, CD90.1, CD279, CD152, IFNγ 

and TNFα were purchased from BD Bioscience or BioLegend (see section 2.1.6). GFP 

expression and multi-parameter analysis was performed using an LSRFortessa (BD). Prior to 

acquisition, cells were stained with PI (Sigma) to exclude dead cells. Treated tumour explants 

were sorted for GFP-positive and -negative populations using a FACSAriaIII (BD). All data 

were analysed with FlowJo v10 (TreeStar).  

 

5.4.6 Intracellular Cytokine Staining 

 

Tumours and spleens were harvested from mice bearing B16.OVA and AB1.HA tumours 14 

days after ACT. Tissues were homogenised and single cell preparations containing OT.I or 

CL4 CD8+ T cells were restimulated for 1 hour with OVA or CL4 peptides, respectively, before 

addition of Brefeldin A (Sigma-Aldrich) and incubation for a further 4 hours. After the 
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incubation, cells were stained with surface antibodies to identify transgenic T cells 

(CD8+CD45.1+ or CD8+CD90.1+) and inhibitory surface receptors PD-1 (CD279) and CTLA-

4 (CD152). Cells were then fixed with 1% Paraformaldehyde (Sigma-Aldrich) and 

permeabilised with 0.1% Saponin (Proscitech) before staining for intracellular effector 

cytokines, IFNγ and TNFα. Samples were analysed using the LSRFortessa (BD) and data were 

analysed with FlowJo v10 (TreeStar).  

 

5.4.7 Preparation of DNA and RNA  

 

For PCR-based analysis of the OVA gene DNA was extracted from tumour explants, 

established from individual ACT-treated tumours with silenced OVA-gene expression, or in 

vitro cell lines. Cells were lysed in 700µL tissue lysis buffer (see section 2.1.7) and incubated 

at 55°C overnight with the addition of 0.7µL Proteinase K (Promega). DNA was isolated using 

a phenol chloroform (Sigma-Aldrich) extraction and the ethanol (ChemSupply) precipitation 

method and stored at -20°C. For RT-PCR analysis of mRNA expression tumour explants or in 

vitro cell lines were resuspended in 0.5 mL Trizol solution (Life Technologies) immediately 

after sorting or directly from culture and stored at -80°C. RNA was extracted using phenol 

chloroform and the RNeasy Mini Kit (Qiagen) according to the manufacturers’ instructions. 

Reverse transcription of cDNA was performed using the SuperscriptIII First Strand Synthesis 

System (Invitrogen), with 1µg of RNA per reaction according to the manufacturers’ 

instructions. RNA and DNA were quantified on the Nanodrop (ND-1000; Thermo Scientific). 
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5.4.8 PCR and RT-PCR 

 

Amplification of genomic DNA from tumour explants was routinely performed in 25µL 

reactions consisting of 12.5µL GoTaq Green Mastermix (Promega), 1µL each of relevant 

forward and reverse primers (see section 2.1.8) (20µM stock), 1µL of genomic DNA template 

and 9.5µL of RNase/DNase-free water (Invitrogen). Where amounts of starting template were 

adjusted, the amount of water was also changed to keep a constant reaction volume of 25µL. 

RNA and DNA were quantified on the Nanodrop (ND-1000; Thermo Scientific). PCR 

conditions were as follows: 93° for 3 minutes followed by 35-40 cycles of 93°C for 30 seconds, 

55°C for 30 seconds and 72°C for 45 seconds and a final extension at 72°C for 3 minutes. PCR 

products were run on a 1% agarose gel at 100V for 25 minutes with a DNA ladder (BioLine; 

EasyLadder 1) in the first lane and visualised with ethidium bromide (Thermo-Fisher 

Scientific). Amplification of cDNA in RT-PCRs was performed using a similar reaction mix 

and touchdown PCR protocol: 93° for 3 minutes, followed by 15 cycles where the annealing 

temp reduced from 63°C by 0.5°C per cycle, followed by 20 cycles under the conditions 

already listed above. 

 

5.4.9 Determination of Half Maximal Inhibitory Concentration (IC50) Values 

 

1x103 B16 melanoma cells were allowed to adhere to a flat bottom 96-well plate in RPMI-10% 

FCS. Serial dilutions of epigenetic modifying agents from 10µM to 0.08 µM were prepared in 

culture media and added to adherent cells. Cells were cultured without splitting or refreshing 

media for 72 hours before adding Alamar Blue Reagent (Thermo-Fisher Scientific) at a ratio 

of 1:10 with culture media. Absorbances were read 4 hours later at 570nM and 595nM 
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wavelengths using a BioTek Synergy MX plate reader and IC50 values were calculated 

according to manufacturer’s protocols. 

 

5.4.10 Epigenetic Modifying Agents 

 

ACT-treated tumour explants were treated with AZA or DEC for 72hrs at concentrations of 

5µM and 1µM respectively. GFP re-expression was measured by flow cytometry at 72hrs. To 

assess the potential of additional EMAs to induce antigen re-expression in the tumour 

population refractory to treatment with AZA or DEC, the GFPneg tumour population was sorted 

after DNMTi treatment. These GFPneg tumour cells were further treated with a panel of 19 

individual EMAs at concentrations below their IC50 value (Table 1, Supp. Fig. 5.2) for 3, 7 or 

14 days. Cells were split and drugs refreshed every three days to ensure cells did not become 

over-confluent. GFP re-expression was measured by flow cytometry at each time point. 

 

5.5 Results 

 

5.5.1 Tumours escape from immune control after initially responding to ACT 

 

ACT using tumour-specific CTL is a promising immunotherapy applicable to many solid 

tumours. To better understand the mechanisms controlling anti-tumour immunity in this 

setting, two preclinical models of ACT were established. B16 melanomas engineered to 

express the model antigen OVA and GFP (B16.OVA) were inoculated into C57BL/6 mice. 

AB1 mesotheliomas engineered with the model antigen HA and antibiotic resistance to 

geneticin (AB1.HA) were inoculated into BALB/c mice. Importantly, both tumour cell lines  
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Figure 5.1. ACT with activated CTLs induces tumour regression but fails to eliminate 

tumours. (A) Tumour growth curves (in mm3) of B16.OVA tumours on C57BL/6 mice with 

(circles) or without (squares) transfer of activated OT.I T cells. (B) Tumour growth curves (in 

mm2) of AB1.HA tumours on BALB/c mice with (circles) or without (squares) transfer of 

activated CL4 T cells. Points represent the mean and error bars show standard deviation. Dotted 

lines represent the treatment time point. All mice receive 550 rads TBI 4 hours prior to ACT 

on D8 or D10 after tumour inoculation. Data are pooled from three independent experiments 

for B16.OVA and AB1.HA tumours. 
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constitutively expressed their respective model antigens. ACT of activated OVA-specific 

(OT.I) or HA-specific (CL4) T cells was administered four hours after TBI once tumours were 

well established (D8-10). TBI is commonly used in the clinic in association with ACT and 

creates space for adoptively transferred T cells to expand within the lymphoid compartment. 

In both models, all tumours began to respond to ACT within 4 days (Fig. 5.1A/B).  

 

Although ACT reduced tumour burden considerably no complete responses were observed. 

Tumour regression plateaued 5-8 days after ACT with tumour growth being held in check for 

a further 3-5 days (Fig. 5.1A/B). From this point onwards, exponential tumour outgrowth was  

observed at a similar rate to untreated controls. Treatment of B16.OVA tumours led to a greater 

delay in tumour outgrowth than was observed with AB1.HA tumours, but this did not result in 

increased survival time. Thus, these models recapitulated the cycle of regression, remission 

and relapse often associated with resistance to immunotherapy, making these models 

appropriate to study the development of resistance mechanisms and tumour immune evasion 

during ACT. 

 

5.5.2 Tumour infiltrating T cells exhibit reduced effector function in escaping 

tumours 

 

Suppressed function of tumour-infiltrating lymphocytes (TILs) within the tumour 

microenvironment may contribute to tumour escape from immune control. To determine if 

transferred OT.I and CL4 T cells were suppressed within escaping tumours the expression of 

inhibitory receptors, PD-1 and CTLA-4, and production of effector cytokines, IFNγ and TNFα 

by TILs was examined. A higher proportion of OT.I TILs in escaped tumours expressed PD-1  
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Figure 5.2. Adoptively transferred T cells exhibit reduced effector function in escaping 

melanoma. The frequency of PD-1 or CTLA-4 expression on transferred T cells 

(CD8+CD45.1+/CD8+CD90.1+) in the spleens and tumours of C57BL/6 (A) or BALB/c (B) 

mice and the frequency of IFNγ- and TNFα-producing transgenic T cells, upon ex vivo re-

stimulation, in the spleens and tumours of (A) C57BL/6 or (B) BALB/c mice. All samples were 

analysed 14 days after treatment with ACT. Error bars represent the mean +/- SD. Data are 

pooled individual animals from two independent experiments (n=7 (A) and n=8 (B)). Samples 

from spleen and tumour were compared using a paired t-test *p<0.05, **p<0.01, 

****p<0.0001.  
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compared to those in the spleen (12.30% vs. 1.22%, p <0.05) and fewer OT.I TILs were able 

to produce pro-inflammatory cytokines IFNγ (27.16% vs. 58.81%, p <0.001) and TNFα 

(16.21% vs. 66.94%, p <0.0001) upon re-stimulation (Fig. 5.2A). Similarly, an increased 

proportion of CL4 TILs in escaped tumours expressed PD-1 (60.98% vs. 23.03%, p <0.001) 

(Fig. 5.2B). However, the percentages of CL4 TILs capable of producing IFNγ and TNFα were 

similar to those in the spleen, suggesting the involvement of other resistance mechanisms in 

AB1-HA tumours. These differences may reflect the differing biology of these two cancer 

models or the specific cells used for the ACT. Neither transgenic T cell displayed significant 

differences in CTLA-4 expression between the spleen and tumour. 

 

5.5.3 Immune pressure drives immunoediting of tumours cells and silencing of 

immunogenic antigens 

 

To determine if the observed suppression of TILs in B16.OVA tumours was driving tumour 

escape, the efficacy of a second round of ACT was examined. A second transfer of freshly 

activated OT.I T cells was given once tumour escape became detectable (~14 days post ACT) 

and the impact on tumour growth was measured. B16.OVA tumours that received the second 

round of ACT outgrew at a similar rate to those receiving only a single treatment, indicating 

that ACT with activated OT.I cells was no longer effective against escaped tumours (Fig. 

5.3A). 

 

In this setting, adoptively transferred OT.I T cells specifically recognise the OVA antigen 

displayed on the surface of B16.OVA tumour cells. To determine whether OT.I T cells could 

still identify escaped tumour cells, the expression of OVA antigen was analysed in treated and 

untreated tumours directly ex vivo. In the B16.OVA cell line, OVA and GFP are expressed 
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under the control of the same promoter, allowing GFP expression to be used as a surrogate for 

OVA expression. Untreated tumours harvested from mice retained high expression of GFP 

(Mean Fluorescent Intensity (MFI): 1047) (Supp. Fig. 5.1). ACT-treated tumours displayed 

down-regulation of GFP to a similar intensity as the GFPneg parental B16.F10 cell line (MFI: 

199.6 vs. 246.3 p=0.12) (Fig. 5.3B; Supp. Fig. 5.1). These data suggest that ACT drives 

silencing of OVA expression by tumour cells as a mechanism of immune evasion and that OT.I 

T cells can no longer recognise escaped tumour cells. 

 

In the AB1.HA model, adoptively transferred CL4 T cells specifically recognise the HA 

antigen. Expression of HA and a resistance gene to the antibiotic, geneticin, are driven by the 

same promoter and down-regulation of HA should result in a loss of resistance to geneticin. To 

determine if ACT-treated AB1.HA tumours had down-regulated the HA antigen ACT-treated 

and untreated tumours were harvested and explant lines were established. Tumour explants 

were cultured for 2 to 7 days in the presence of geneticin and their viability was compared. 

After 2 days, ACT-treated explants showed significantly decreased viability compared to 

untreated explants (59.68% vs. 89.02% p <0.0001) (Fig. 5.3C).  By day 7 this difference was 

further increased with less than 5% of ACT-treated explants remaining viable (4.97% vs. 

81.46%, p <0.0001). The viability of untreated explants did not decrease significantly during 

the culture period (89.02% vs. 81.46%, p=0.08) (Fig. 5.3C).  

 

Together these data provide strong evidence that loss or down-regulation of immunogenic 

antigens is a common feature in the development of resistance to ACT in both these models. 

Decreased immunogenicity is an important immune escape mechanism which allows tumours 

to evade immune-mediated destruction resulting in the failure of immune-based therapies such 

as ACT.  
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Figure 5.3. Escape from immune control is mediated by loss of target antigen (A) Tumour 

growth curves (in mm3) of B16.OVA tumours in C57BL/6 mice administered single (circles) 

or dual (squares) ACT. Dotted lines represent treatment time points. Data are pooled from two 

independent experiments and n=10 for both groups. (B) GFP expression in B16.OVA tumour 

cells from mice with or without prior ACT.  The B16.F10 parental cell line is shown as a 

control (grey shaded). Histograms are representative of three independent experiments (n=3 

for each experiment). (C) The percentage of viable AB1-HA cells in tumour explants after 2 

or 7 days of culture with 400µg/mL Geneticin. Error bars show mean +/- SD. Data pooled from 

two independent experiments and n=6 for each group. ****p<0.0001, n.s. = not significant. 
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5.5.4 Expression of immunogenic antigens is suppressed at the level of 

transcription 

 

To determine if silencing of immunogenic antigens resulted from a loss of the genes encoding 

them we attempted to amplify the OVA or HA genes in ACT-treated B16.OVA and AB1.HA 

tumour explants, by PCR (Fig 5.4A/B). B16.F10 or AB1 parental cell lines were used as 

negative controls (Lane 1). B16.OVA or AB1.HA cell lines and untreated B16.OVA or 

AB1.HA explants were used as positive controls (Lanes 2-3). The OVA gene was detectable 

in all ACT-treated B16.OVA explants (Lanes 4-6) as well as the untreated explant (Fig. 5.4A). 

Of interest, one explant (Lane 6) displayed diminished levels of OVA, suggesting there may 

be a partial loss of the OVA gene within this tumour population (Fig. 5.4A). Similarly, the HA 

gene was detectable in all AB1.HA explants (Fig. 5.4B). However, each ACT-treated AB1.HA 

explant displayed lower amplification of HA compared to the untreated explant and positive 

control cell line. While some ACT-treated explants showed reduced levels of OVA or HA all 

explants retained copies of the transgene detectable by PCR.  

 

To determine whether OVA and HA genes were being transcribed in escaped tumours RT-

PCR was used to visualise expression of these genes (Fig. 5.4C/D). GAPDH was used as an 

internal loading control due to its constitutive expression in these cells. Untreated explants and 

tumour cells maintained in vitro showed strong bands in reactions with OVA- or HA-specific 

primers (Lanes 2-3). However, ACT-treated tumour explants (Lanes 4-6) showed no or greatly 

reduced levels of OVA (Fig. 5.4C) and HA (Fig. 5.4D) transcripts. The levels of GAPDH 

expression remained similar across samples suggesting that the decreased intensity observed 

for OVA and HA products was a specific effect rather than the result of a global 

downregulation of gene expression in these cells. Therefore, the observed down-regulation of  
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Figure 5.4. Expression of immunogenic antigens is suppressed at the level of 

transcription. DNA was extracted from explants established from individual ACT-treated 

tumours, to use as template for PCR reactions with OVA or HA specific primers (A, B). RNA 

was extracted and used to synthesise cDNA for template in RT-PCR reactions with OVA or 

HA specific primers (C, D). Upper panels represent amplification with OVA (A, C) or HA (B, 

D) specific primers. Lower panels represent control reactions with GAPDH (GAP) specific 

primers. Explants derived from ACT-treated tumours are labelled ACT 1, 2, 3. Explants 

derived from tumours that did not receive ACT are labelled No ACT. Parental cell lines are 

labelled B16 or AB1 and transduced cell lines maintained in vitro are labelled B16.OVA or 

AB1.HA. 
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OVA and HA expression in ACT-treated tumours results primarily from an inhibition of gene 

transcription from DNA to mRNA. Epigenetic modification of DNA is an important 

mechanism that regulates gene expression (Jaenisch & Bird, 2003) and key regulatory 

mechanism controlling  gene transcription. Our data suggest a role for the epigenetic silencing 

of immunogenic genes as an important mechanism of tumour immune evasion and resistance 

to immunotherapy.  

 

5.5.5 DNA methyltransferase inhibitors Azacytidine and Decitabine restore 

antigen expression in a percentage of silenced tumour cells 

 
We used a chemical screening approach to indicate if DNA methylation was involved in 

silencing of OVA antigen expression in B16.OVA tumours. Three ACT-treated B16.OVA 

explants were exposed to DNMTi AZA and DEC at concentrations of 1µM or 5µM for 72 

hours. After treatment, GFP re-expression was observed in a subset of tumour cells in all three 

explant lines (Fig. 5.5A). The response to treatment was dose dependent with DEC showing 

greater GFP-reactivation compared to AZA at the same concentration (pooled 1µM: 6.66% vs. 

0.52%, p <0.001; pooled 5µM: 8.78% vs. 4.45%, p <0.05, n=4) (Fig. 5.5B). Treatment with 

1µM AZA had little effect on GFP re-expression in all three tumour explants, while treatment 

with DEC at 5µM lead to the greatest re-expression, but reduced cell viability (data not shown). 

 

A correlation was observed between the intensity of bands for OVA transgene in escaped 

B16.OVA tumour explants (Fig. 5.4A) and their capacity for re-activation following treatment 

with AZA or DEC (Fig. 5.5B). These data are suggestive of genetic heterogeneity between 

different tumour explants and may represent differing genetic or epigenetic changes in the 

specific tumours from which these explants arose. The correlation was consistent across drug  
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Figure 5.5. Azacytidine and Decitabine treatment restores antigen expression in a 

proportion of escaped tumour cells. (A) B16.OVA tumour explants were treated with 1uM 

DEC (top panel) or 5uM AZA (bottom panel) and GFP expression was measured by flow 

cytometry. Data are representative dot plots showing GFP expression in an untreated (control) 

or treated (72hrs) tumour explant. (B) GFP expression in B16.F10 control or ACT treated 

(ACT1-3) explant lines after 72hrs of treatment with AZA or DEC. Data are pooled from two 

independent experiments and n=4 per group. Error bars represent the mean +/- SD. (C) The 

percentage of tumour cells remaining GFPpos 3 weeks after treatment with 5uM AZA or 1uM 

DEC for 72 hours. At least 20 different GFPpos clones were sorted and monitored for each 

ACT-treated explant. Dots represent tumour colonies arising from a single GFPpos
 clone and 

error bars show the mean +/- SD. 
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concentrations, ACT-treated explant 3 (ACT3) which displayed the faintest band for OVA by 

PCR (Fig. 5.4A), also showed the least capacity for GFP re-expression after treatment with 

AZA or DEC (Fig. 5.5B).  

 

To determine if the observed re-expression of GFP after DNMTi treatment was transient or 

persisted in progeny cells after drug withdrawal, GFPpos cells were single cell sorted after 72 

hours of treatment with AZA or DEC. Colonies arising from single GFPpos clones were 

expanded and their GFP expression monitored over a period of 3 weeks, allowing multiple cell 

divisions and time for the reversion of epigenetic silencing. After this period >90% of sorted 

AZA-treated colonies and >75% of sorted DEC-treated colonies remained positive for GFP  

 (>90% of cells GFPhi), while relatively few colonies showed a mix of GFPpos and GFPneg cells 

(Fig. 5.5C). These data suggest that epigenetic changes induced by treatment with AZA or 

DEC are stably maintained across the majority of the susceptible tumour population over 

multiple cell generations.  

 

When GFPneg clones were similarly expanded and re-treated with AZA or DEC, limited GFP 

re-expression was observed (data not shown) suggesting that DNA methylation is not the 

mechanism of antigen silencing in these cells. These findings support the use of DNMTi to 

reverse the silencing of immunogenic antigens in a proprortion of the tumour population, 

potentially making them susceptible to ACT again. However, other epigenetic mechanisms, 

besides methylation, appear to be involved. 
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5.5.6 ACT-treated B16.OVA explants that are refractory to treatment with 

DNMTi retain the gene encoding the silenced OVA antigen  

 

It remained possible that tumour cells resistant to treatment with AZA and DEC were 

selectively derived from OVAneg clones, which had selectively lost the OVA transgene. To 

compare the OVA content within the genomic DNA of these tumour cells a 5-fold dilution 

series of DNA (starting with 50,000 cells) was prepared and used as template in PCR reactions 

with OVA-specific primers. The limit of detection for the OVA gene was compared between 

AZA or DEC treated tumour cells (Fig. 5.6A/B) and the parental B16.OVA cell line (100% 

GFP+) (Fig. 5.6C). We observed that the limit of detection for the OVA gene varied between 

tumour explants arising from different primary tumours. ACT1 explant, treated with either 

AZA or DEC, maintained similar levels of OVA to the B16.OVA cell line while ACT2 and 

ACT3 explants displayed at least a 25-fold decrease in genomic OVA levels (Fig. 5.6A/B). 

These data reflect the considerable heterogeneity that may arise within different tumour 

populations. In all the explants examined there were still detectable copies of the OVA gene, 

suggesting that outgrowth of a single OVAneg clone was not the cause of resistance to DNMTi. 

As these explant cell lines were still able to maintain the OVA gene in a silenced state despite 

therapy with AZA or DEC we hypothesied that epigenetic mechanisms, other than DNA 

methylation, were involved in the maintenance of antigen silencing.  

 

5.5.7 Tumours cells unresponsive to AZA or DEC are refractory to treatment 

with a range of different epigenetic modifying agents 

 

As DNA methylation is just one of the numerous epigenetic mechanisms that can modulate 

gene expression, the role of other epigenetic modifiers in antigen silencing was assessed. To 
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allow for epigenetic remodeling without overt cell death, we determined the concentrations of 

19 small molecule EMAs that caused 50% cell death (IC50) in B16.F10 melanoma cells (Table 

5.1). Our results revealed that 11 out of the 19 inhibitors were not toxic at high doses 

(IC50>10µM; Table 5.1; Supp. Figure 5.2). The cytotoxic compounds included Panobinostat 

(IC50:65nM), Vorinostat (IC50:3.96µM), DUAL-946 (IC50:6.90µM), GSK-J4 (IC50:3.25µM), 

GSK858 (IC50:2.32µM), and GSK503 (IC50:8.76µM). These results are consistent with studies 

reporting the effects of HDAC-inhibitors, BET-inhibitors and EZH2-inhibitors (Zingg et al., 

2015, Heinemann et al., 2015) in melanoma.  

 

GFPneg tumour cells, resistant to transgene re-activation with AZA or DEC, were exposed to 

the panel of EMAs at sub-toxic doses (Table 5.1) using each EMA as a single agent therapy 

after exposure to DNMTi. We used a wide range of chromatin regulatory complexes including; 

heterochromatin proteins (e.g. GLP1/EHMT1 and G9a/EHMT2), euchromatic repressors (e.g. 

LSD1, EZH2, HDAC and Jarid1a/b/c), euchromatic activators (e.g. BRD4, CREBBP/ EP300 

and UTX/JMJD3) and elongation complexes (e.g. DOT1L) to interrogate potential 

mechanisms of gene silencing. Exposure of DEC-treated GFPneg tumour cells, containing 

silenced a OVA gene, for up to 14 days with each of the 19 EMAs as monotherapies was unable 

to induce further re-expression of GFP (Fig. 5.7). Exposure of AZA-treated tumour cells to 

EMAs showed similar results to those observed with DEC-treated cells (data not shown). These 

results suggest that although GFPneg explants retain copies of the OVA transgene (Figure 5.6) 

it is stably maintained in a repressed state despite intervention with a broad range of epigenetic 

agents. Redundancy or overlap in the epigenetic mechanisms that control gene expression in 

these cells may account for the failure of EMAs when used as single agents in this setting. In 

conclusion, the epigenetic landscape of escaped tumours is highly complex and may resist  
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Figure 5.6. Tumour cells that resist epigenetic therapy retain the OVA transgene, but 

display heterogeneity. B16.OVA tumour explants treated with 5uM AZA (A) or 1uM DEC 

(B) for 72 hours and GFPneg populations were sorted. 1x106 GFPneg cells were used for genomic 

DNA extraction. The limit of detection for OVA in AZA treated (A) or DEC treated (B) tumour 

explants lines from ACT treated mice (ACT 1, 2, 3) or untreated B16.OVA cells (C) is shown. 

Lanes 1-7 contain DNA titrations 50,000, 10,000, 2000, 400, 80, 16 and 3.2 cells/reaction. 

Lane 8 contains the no-template (NT) control. GAPDH reactions were run in parallel for all 

samples as a control. 
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epigenetic intervention unless the specific epigenetic mechanisms controlling gene silencing 

can be elucidated and targeted. 

 

5.6 Discussion 

 

The development of acquired resistance mechanisms by tumours allows for the generation of 

clones that can avoid destruction during anti-cancer immunotherapy. The outgrowth of these 

clones results in the relapse of disease in patients who initially respond to therapy and thus 

represents a barrier to effective anti-tumour immunotherapy. This study describes the 

development of acquired resistance to CTL-mediated killing in two small animal models of 

ACT. After intervention with ACT, OVA and HA antigen-positive tumour cells were initially 

eliminated leading to tumour regression. This regression was short lived and after a limited 

period of remission, where the immune response holds tumour growth in equilibrium, tumour  

cells escaped from immune-mediated destruction resulting in tumour relapse and progressive 

outgrowth.  

 

The establishment of an immunosuppressive tumour microenvironment (TME) has been 

reported to be a cause of the failure of the immune system to control solid tumours (Kim et al., 

2006; Petersen et al., 2006). To determine if adoptively transferred cells were suppressed in 

relapsed tumours the expression of immune checkpoint ligands, PD-1 and CTLA-4, were 

examined on tumour infiltrating OT.I and CL4 T cells. Similar to reports in other cancers such 

as breast and head and neck cancer (Ghebeh et al., 2006; Montler et al., 2016), tumour-

infiltrating lymphocytes expressed higher PD-1 than those systemically and trended towards 

increased expression of CTLA-4. Increased PD-1 expression on OT.I TILs in B16.OVA 
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Agent Target Concentration IC50 

Panobinostat PAN HDAC 10nM 65.0nM 

Vorinostat HDAC1/3 1µM 3.96µM 

DOT1L DOT1L 10µM 17.67µM 

GSK343 EZH2 10µM 16.70µM 

Dual 946 BET-HDAC 1µM 6.90µM 

LSD1i LSD1 10µM N.D. 

GSK071 G9A/GLP 10µM 18.31µM 

SKF426 DNMT3B-DNMT 10µM N.D. 

GSK-J4 JMID3 1µM 3.25µM 

GSK856 JARID1A/B/C 10µM 78.90µM 

GSK077 CREBBP/EP300 10µM 28.50µM 

GSK602 BRD9 5µM 17.88µM 

GSK814 ATAD2 10µM 33.87µM 

GSK858 PAN BET 1µM 2.32µM 

GSK959 BRPF1 10µM 55.86µM 

GSK2801 BAZ2A/B 10µM 56.15µM 

GSK467 JMID2/JARID1 10µM N.D. 

GSK591 PRMT5 10µM N.D. 

GSK503 EZH2 5µM 8.76µM 

 

Table 5.1. Epigenetic modifying agents used to screen resistant melanoma. Tumour cells 

unresponsive to treatment with AZA or DEC were treated with a range of epigenetic modifying 

agents, which target different epigenetic mechanisms, at the following concentrations for 3, 7 

and 14 days. N.D. Not detected, outside of concentration range >100µM. 



	
 

201 

 
 

Figure 5.7. Treatment with an extensive panel of EMAs is unable to restore antigen 

expression in cells that resist therapy with DEC. ACT-treated tumour explants, containing 

a silenced OVA gene (as in Fig 5.6), were treated with 1µM DEC for 72 hours and then sorted 

for GFPpos and GFPneg populations. GFPneg tumour populations were further treated with a 

panel of EMAs, as single agents, at concentrations below their IC50 value (Table 5.1) for up to 

14 days. Cells were split and drugs refreshed every three days to ensure cells did not become 

over-confluent. GFP re-expression was measured at each split by flow cytometry. Data are 

representative FACS plots of D14 timepoints from 2 independent experiments. Pano. = 

Panobinostat, Vorino. = Vorinostat.  
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tumours was correlated with decreased ability to produce anti-tumour cytokines IFNγ and 

TNFα. After trafficking to the tumour site antigen-specific OT.I T cells appeared to become 

suppressed within the tumour microenvironment and lose their cytotoxic potential. These data 

suggest that the B16 melanoma model establishes a highly suppressive tumour 

microenvironment as a mechanism of evading immune destruction. In contrast, a similar up-

regulation of suppressive markers on CL4 TILs within AB1.HA tumours did not result in 

significant loss of effector function by these cells. CL4 TILs in escaping tumours retained the 

capacity to produce IFNγ and TNFα upon re-stimulation at similar levels to those in the spleen. 

Whether CL4 TILs actively produce anti-tumour cytokines within the tumour is more difficult 

to determine. Inherent genetic differences between the two mouse strains used in this study 

may impact the phenotype of the anti-tumour immune response (Sellers et al., 2011). It is also 

possible that other mechanisms of resistance are more important in this cancer model. For 

example, the down-regulation of death receptors Fas and TRAIL (Cai et al., 1996; Horak et al., 

2005) can allow tumour cells to survive despite the presence of TNFα signalling, which 

normally induces apoptosis and senescence in tumour cells. 

 

To determine if suppression of TILs was critical for tumour escape in the B16.OVA model, a 

second round of freshly activated OT.I T cells were transferred once tumours began to show 

signs of relapse following the initial ACT. The second round of ACT delivered 14 days after 

the initial treatment displayed no impact on the outgrowth of relapsed B16.OVA tumours. 

There was no observable improvement in tumour control and no increase in survival compared 

to animals receiving only the initial round of ACT. These data provide strong evidence that 

tumour cells develop resistance mechanisms that allow them to evade immunosurveillance and 

avoid immune-mediated destruction. The data also suggest that immunosuppression of TILs is 

not the key resistance mechanism leading to tumour escape in this setting. Unless these 
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resistance mechanisms can be reversed or overcome (e.g. by unveiling new immunogenic 

targets) we conclude that further treatment with ACT, specific to the target antigen, is unlikely 

to be effective in our models. The targeting of multiple immunogenic epitopes is reported  to 

protect against the development of resistance in both the clinic (Rosenberg et al., 2008) and in 

animal models (Kaluza et al., 2012). Diversifying the antigen specificity of the ACT represents 

a potential strategy to overcome the development of resistance and improve therapeutic 

efficacy. Recently, chimeric antigen receptor (CAR) T cells with specificity for multiple 

discrete antigens have been developed. This approach has been shown to decrease the ability 

of cancer cells to escape from immunosurveillance and improve survival in murine xenograft 

models (Ruella et al., 2016; Zah et al., 2016). 

 

We observed that all tumours in our models develop resistance to the immune-based therapy 

employed in this study. To determine if resistance occurred through permanent genetic lesions 

such as loss or mutation of the genes encoding immunogenic proteins we amplified OVA- or 

HA-specific sequences from the genomic DNA of escaped tumours. Our data show that the 

genes encoding these immunogenic proteins were retained, albeit to a varied extent, within the 

tumour cell population. This suggested that antigen loss through genetic defect was not the 

primary mechanism of resistance in our models, as was reported by Kaluza et al., 2012, who 

found that ACT promoted the emergence of tumor cells with diverse karyotypes characterized 

by loss of the gene encoding the target OVA antigen. 

 

It has been suggested that tumour cells can use different mechanisms to achieve loss or down-

regulation of immunogenic antigens. Loss of the cancer testis antigen P1A has been 

demonstrated in multiple tumour models following therapy with P1A-specific T cells and 

reportedly occurs through separate mechanisms dependent on the tumour type (Bai et al., 2006; 
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Guo et al., 2006). Mechanisms included both antigenic drift and loss of antigen expression 

suggesting that in different circumstances cancer cells use specific mechanisms to alter their 

immunogenicity. Similar diversity in acquired resistance mechanisms has been reported in 

acute lymphoblastic leukaemia following therapy with chimeric antigen receptor (CAR) T cells 

targeting the B cell marker CD19. Despite impressive initial response rates (Kochenderfer et 

al., 2010; Maude et al., 2014), resistance can develop via both loss of antigen and alternate 

splicing of CD19 isoforms compromising the target epitope (Sotillo et al., 2015). It has also 

been reported that leukaemic cells can undergo lineage switching to a myeloid phenotype 

(Gardner et al., 2016), providing a further mechanism of CD19 downregulation leading to 

escape from therapy. 

 

When the transcription of genes coding for immunogenic antigens, which were targeted by our 

ACT, were examined in relapsed tumours we observed a clear decrease in transcription 

compared to untreated tumours. Previous reports of immunological resistance (Goldberger et 

al., 2008; Sanchez-Perez et al., 2005) support these findings and suggest that in our models 

expression of immunogenic antigens is down-regulated by reversible alterations to DNA such 

as epigenetic modifications. In the B16.OVA melanoma model, it has been reported that 

expression of OVA antigen was modified by a complete loss of the gene encoding for OVA 

(Kaluza et al., 2012). However, another study demonstrated that down-regulation of OVA 

antigen in B16.OVA melanomas occurred through an unknown epigenetic mechanism 

(Goldberger et al., 2008). Loss of immunogenic antigens is a biologically relevant immune 

escape mechanism that may arise through multiple distinct pathways, even within the same 

tumour (Real et al., 2001). We therefore suggest that epigenetic downregulation of 

immunogenic antigens is a significant escape mechanism that is used by cancer cells to evade 

immune-mediated destruction.  
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Epigenetic mechanisms have been reported in the development of resistance to other 

immunotherapies such as checkpoint blockade and DC vaccination (Marwitz et al., 2017; 

Pauken et al., 2016; Terranova-Barberio, Thomas, & Munster, 2016). Treatment strategies 

targeting the epigenetic landscape may therefore be broadly applicable for combination with 

other forms of immunotherapy. Combinations of epigenetic and immunotherapeutic agents 

may lead to improved response rates and the prevention of acquired resistance. An 

understanding of the epigenetic landscape of the tumour will likely be critical in the 

development of such combination therapies (Maio et al., 2015). 

 

In our studies, tumour cells from escaped tumours were treated with DNMTi to determine their 

capacity to enforce the re-expression of silenced antigens. Treatment of tumour cells with 

DNMTi can induce the expression of cancer-testis and differentiation antigens not expressed 

in normal cells (Sanchez-Perez et al., 2005; Guo et al., 2006; Klar et al., 2015), making tumour 

cells targetable by the immune system. The ability of DNMTi to induce tumour cells to reverse 

epigenetic down-regulation of antigens in response to immunotherapy is less well 

characterised, but has been reported previously by DuPage et al., 2012. In our studies, after 

treating escaped tumour cells with AZA or DEC for 72hrs, a dose dependent re-expression of 

GFP was observed within 5-10% of escaped tumour cells. These findings confirmed that 

antigen down-regulation was reversible and could be targeted through demethylation of DNA. 

This antigen re-expression was remarkably stable, with over 90% of AZA-treated colonies 

maintaining their GFP expression after 3 weeks in culture. These results demonstrate that the 

effects of epigenetic therapy can be maintained over numerous cellular generations once 

treatment is withdrawn as reported elsewhere (Guo et al., 2006; Mossman et al., 2011). Our 

observations are limited by the fact that in vitro culture conditions lack the relevant immune 

pressure that drives silencing of immunogenic antigens in vivo, which could lead to re-silencing 
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of reactivated genes. This question could be addressed in future in vivo experiments using our 

animal models and ACT protocol. 

 

Our data suggest antigen repression in silenced tumour populations is controlled by epigenetic 

mechanisms other than methylation. To address the refractory population which did not 

respond to treatment with AZA or DEC GFPneg cells were sorted after treatment. To determine 

if other epigenetic mechanisms were important in gene silencing these cells were treated with 

an extensive panel of EMAs that targeted an array of different epigenetic modifications. Our 

aim was to determine which of these epigenetic mechanisms might represent potential 

therapeutic targets and lead to the re-expression of immunogenic antigens in silenced tumour 

cells. We were unable to induce further GFP re-expression in tumour cells refractory to AZA 

or DEC following treatment with any other EMA as single therapies (Table 5.1; Fig. 5.7). Our 

findings suggest that multiple, complex events may shape the epigenetic landscape leading to 

tumour antigen downregulation as reported previously (Real et al., 2001; Jones et al., 2016). 

Combinations of epigenetic agents have the potential to work in synergy to improve antigen 

re-expression in resistant tumours. The re-expression of silenced antigens by tumour cells was 

enhanced when DNMTi therapy was combined with an HDACi (Leclercq et al., 2011; Steele 

et al., 2009). As transcriptional silencing is associated with HDAC-mediated chromatin 

condensation (Park, Thomas, & Munster, 2015), HDACi and other  chromatin remodelling 

agents may increase the efficacy of demethylating agents when used in combination. 

 

In our experiments, tumour populations resistant to treatment with DNMTi displayed 

heterogeneous OVA content within their genomic DNA, however in all cases, at least some of 

the tumour population retained the OVA gene. In our study, we were unable to determine how 

populations of tumour cells that retain their OVA gene maintain it in a silenced state after 
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DNMTi therapy and if this is mediated by other epigenetic mechanisms. Additional layers of 

epigenetic complexity may be involved, consistent with reports in other settings (Miranda et 

al., 2009; Steele et al., 2009; Rao et al., 2011). Further experiments are required to elucidate 

the exact epigenetic mechanisms used to maintain antigen silencing in our models, thus helping 

to define appropriate targets for future epigenetic therapies. 

 

Treatment with DNMTi has been reported to synergise with the use of T cell based 

immunotherapies through upregulation of MHC class I expression on tumour cells (Vo et al., 

2009; Vlkova et al., 2014). This is of particular importance for tumour recognition by 

transferred CTLs (Garrido et al., 2016). DNMTi have been suggested as complementary 

treatments in combination with established immunotherapies such as checkpoint blockade and 

ACT (Maio et al., 2015; Saleh et al., 2016). There is evidence that their ability to increase 

tumour visibility and immunogenicity can work synergistically with these therapies (Wrangle 

et al., 2013; Lisiero et al., 2014; Chiapinelli et al., 2015;). DNMTi are also reported to sensitize 

tumours to chemotherapy (Plumb et al., 2000). Our data suggest that treatment with DNMTi 

may also be effective in reinstating the expression of epigenetically silenced genes. A deeper 

understanding of the epigenetic mechanisms that control tumour gene expression is required 

for the design of appropriate therapies to support the generation of productive and lasting anti-

tumour immunity. The complex epigenetic landscape that exists within the tumour remains a 

barrier to therapy that needs to be better understood in order to prevent the development of 

acquired resistance to immunotherapies such as ACT. 

 

 

 

 



	
 

208 

5.7 Summary 

 
Immunotherapies, though a promising treatment for many cancers, remain susceptible to the 

problem of acquired therapeutic resistance. The combination of multiple therapies aimed to 

target the initiation of immunity, maintenance of the immune response and the development of 

resistance, will likely be necessary to achieve considerable and lasting improvements to patient 

outcomes. The success of checkpoint blockade with PD-1 and CTLA-4 has led to research into 

the use of different ligands that can be triggered or blocked to support the anti-tumour T cell 

response. The results presented in this chapter focus on epigenetic therapies, which may aid 

against the development of acquired resistance by the tumour. Developing these therapies will 

be essential in the maintenance of immunosurveillance and the ongoing anti-tumour immune 

response during immunotherapy. 

 

In summary, the conclusions drawn from the results presented in this chapter are as follows: 

 

• ACT applies immune pressure, resulting in the immunoediting of tumours, which 

drives the development of tumour resistance mechanisms. 

 

• Epigenetic modifications are an immune escape mechanism employed by tumours to 

down-regulate the expression of immunogenic antigens and evade 

immunosurveillance. 

 
• Epigenetic modifications can be targeted as a therapeutic intervention using epigenetic 

modifying agents, such as Azacytidine and Decitabine. The reversal of tumour-driven 
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epigenetic events can lead to the stable re-expression of silenced antigens over multiple 

cell generations. 

 
• The epigenetic landscape of tumours is highly complex and further in-depth study, 

using a variety of different cancer models may aid the development of therapies to 

combat epigenetically-driven resistance to immunotherapy. 
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5.8 Supplementary Figures 

 

 

 
 

Supplementary Figure 5.1. ACT-treated B16.OVA down-regulate GFP expression to a 

similar level as OVAneg parental cells. The MFI of GFP expression in B16.OVA tumour 

explants from mice with or without prior ACT.  The B16.F10 parental cell line is shown as a 

control. ****p<0.0001. 
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Supplementary Figure 5.2. Determination of IC50 values for epigenetic modifying agents 

on B16 melanoma cells. 1 x 103 B16 melanoma cells were treated with serial dilutions of 

epigenetic modifying agents for 72 hours. Alamar Blue reagent was added at a ratio of 1:10 

with culture media and cells were incubated for a further 4 hours. Absorbance was read at 

570nM and 595nM on a BioTek Synergy MX plate reader. Data are pooled from two 

independent experiments consisting of triplicate wells. Error bars show mean +/- SEM (n=3). 

The Y-axis represents cell viability relative to untreated cells. 
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General Discussion 

 

 

This chapter discusses the significance and importance of the results presented in the 

three previous chapters in relation to the published literature. The potential for future 

work arising from the thesis and overall conclusions in a broader sense are also discussed. 
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6.1 General Discussion 

 

Since they were identified by Ralph Steinman and Zanvil Cohn in 1973 (Steinman & Cohn, 

1973), DCs have been an enigmatic and difficult-to-study cell type. The classification of DC 

subsets remains a highly debated field of study (Durand & Segura, 2015; Guilliams & van de 

Laar, 2015; Shortman & Vremec, 2015). However, the identification of subset-specific surface 

markers (Dorner et al., 2009; Guilliams et al., 2016; Gurka et al., 2015) and transcription factors 

(Aliberti et al., 2003; Cisse et al., 2008; Suzuki et al., 2004) has allowed the division of DCs 

into discrete subsets. The heterogeneous expression of many surface markers across different 

DC subsets mirrors the complex division of labour that exists within the DC network (Merad 

et al., 2013). DCs play a critical role in the priming and control of adaptive immunity to foreign 

pathogens and tumours. However, the contributions of different DC subsets to these processes 

and their impact on the phenotype of the immune response remains, in many settings, poorly 

understood.  

 

With the recent rise of T cell-based immunotherapies and their success in the treatment of 

advanced metastatic cancer (Andersen et al., 2016; Larkin et al., 2015; Postow et al., 2015), it 

is critical to determine the specific subsets of DCs that drive productive adaptive immunity 

against tumours. Furthermore, as our understanding of the complex and dynamic interactions 

between the immune system and tumours continues to evolve (Teng et al., 2015), so too do the 

avenues available for targeting the mechanisms used by cancer cells to evade immune-

mediated destruction (Beatty & Gladney, 2015; Vinay et al., 2015). Therefore, this thesis 

explores and seeks to understand the divisions of labour that exist within the complex network 

of DC immunosurveillance and mechanisms of acquired resistance used by tumours to evade 

immune recognition. 
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In this thesis, four unique subsets of XCR1+ DCs that exist within the skin-draining lymph 

nodes (sdLNs) of mice were identified.  The ability of these DC subsets to cross-prime anti-

tumour CD8+ T cell immunity to a melanoma-restricted model antigen confined within the skin 

was interrogated. The data showed that CD103+ and CD103neg subsets of migratory XCR1+ 

DCs were the most efficient at cross-presenting cutaneous melanoma antigens. DC subsets 

from the sdLNs of näive animals were then further characterised by surface antigen and 

transcription factor expression. Cross-presenting DC subsets displayed a common phenotype 

and ontogeny consistent with the idea that they represent a distinct sub-family of DCs that 

possess a specific function. 

 

Next, the relatedness of these DC subsets was interrogated on a transcriptome level by gene 

expression microarray. From these data, differential gene expression between related DC 

subsets was analysed. Strikingly different patterns of expression were identified when 

comparing the gene expression of CD8+XCR1+ and CD8+XCR1neg DC subsets, despite their 

common expression of the CD8 surface antigen. While CD8+XCR1+ DCs represented a 

prototypical cDC1 subset, CD8+XCR1neg DCs displayed an unusual pDC-like transcriptional 

profile and appeared more functionally related to cDC2 DCs. Furthermore, these 

CD8+XCR1neg DCs displayed a unique array of TLR and CLR, which may allow them to 

uniquely interact with pathogens in their local environment. The role of these unusual DCs in 

the generation of immunity remains to be revealed.  

 

Finally, this thesis investigated epigenetic mechanisms of immune evasion, via the silencing 

of immunogenic antigens, in two small animal models of ACT. While treatment with 

demethylating agents was partially successful in restoring the expression of silenced antigens, 

our data revealed that the epigenetic landscape involved immune evasionby the tumour was 
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likely to be heterogeneous and highly complex. These results suggested that single agent 

therapy with epigenetic modifying agents is unlikely to be successful in reversing the 

epigenetic down-regulation of immunogenic antigens. Our findings have important 

implications for the design of future combinatorial strategies employing epigenetic modifying 

agents with immunotherapy.  

 

Immunotherapies such as checkpoint blockade and adoptive cellular therapies have, in many 

cases, been successful in extending the survival of cancer patients who do not respond to 

frontline therapies such as chemotherapy (Hodi et al., 2010). However, other patients do not 

respond and their cancers progress. These observations suggest that multiple therapeutic 

modalities will be required to achieve long term cures in the majority of patients. The addition 

of supportive therapies such as DC vaccination, to prime new immune responses to cryptic or 

sub-dominant tumour epitopes, may help to further boost the efficacy checkpoint blockade 

(Overwijk, 2017). Therefore, it is important to determine the role of individual DC subsets in 

the generation of anti-tumour immunity, in order to manipulate them appropriately.  

 

Resistance to immunotherapy is also an emerging problem which needs to be overcome 

(Gardner et al., 2016). The ability of tumours to silence immunogenic antigens via epigenetic 

mechanisms, under pressure from immune attack, can lead to escape from immunotherapy 

(DuPage et al., 2012). The addition of epigenetic modifying agents to current treatment 

regimes, and their ability to reverse down-regulation of immunogenic antigens, should be 

investigated further.  
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6.1.1 Targeting cross-presenting DC subsets in the skin for DC vaccination as a 

strategy to drive potent anti-tumour immunity 

 

In this thesis, the phenotype and transcription factor expression of XCR1+ DC subsets was 

examined in order to identify a unified family of DCs that efficiently cross-present melanoma-

derived antigen to naïve tumour-specific CD8+ T cells. The novel cutaneous melanoma model 

used in these experiments represents an anatomically correct model to study the 

immunosurveillance of tumour-specific antigens confined within the skin. The skin is the 

largest organ in the body and presents an abundant source of DCs for targeting in DC 

vaccination strategies (Fehres et al., 2013). Targeting of antigens to XCR1+ DC subsets is a 

promising strategy to prime strong anti-tumour immunity (Fossum et al., 2015; Kroczek & 

Henn, 2012; Tullett, Lahoud, & Radford, 2014). The targeting of other antigen uptake 

receptors, such as CLEC9A and DEC205, has been reported to drive anti-tumour responses 

(Caminschi et al., 2008; Mahnke et al., 2005; Sancho et al., 2008). However, unlike XCR1, 

these receptors are not entirely specific for cross-presenting DC subsets and have also been 

reported to promote regulatory CD4+ T cell responses (Mahnke et al., 2003) and CD8+ T cell 

tolerance (Bonifaz et al., 2002). 

 

The research presented in this thesis demonstrates that CD103+ and CD103neg subsets of 

migratory XCR1+ DC, which reside within the dermis of the skin and traffic to sdLNs, are the 

most potent DCs for stimulating CD8+ T cell immunity against melanoma-derived antigen. 

Activation and maturation of skin-resident subsets can be induced by topical administration of 

adjuvants to the skin (Fehres et al., 2014), and intra-dermal vaccination (Koutsonanos et al., 

2011), which has been reported to induce increased protection against viral antigens versus 

sub-cutaneous routes. Targeting of antigen to CD103+ and CD103neg XCR1+ DC subsets may 
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represent a strategy to drive potent anti-tumour immunity, with this approach potentially 

applicable to a range of cancers. Thus, utilising the rich network of DCs present within the skin 

in combination with the added provision of appropriate adjuvant support is an area of research 

which merits further investigation. 

 

A deeper analysis of the phenotype of those DC subsets that represent targets for DC 

vaccination within the lymph nodes, skin and the tumour, may provide further insight into the 

stimulatory or suppressive capacity of these cells. Such knowledge is critical in the choice of 

appropriate adjuvants and may prove vital in altering the immune suppressive state that 

predominates within many tumours. The tumour microenvironment is highly complex (Zou, 

2005), but an increased understanding of the interactions between host APCs and the tumour 

should allow for better manipulation of this setting in order to drive productive anti-tumour 

immune responses.  

 

The often-reported chronic inflammatory landscape that develops within the tumour 

microenvironment, can affect the ability of tumour-infiltrating DCs (tiDCs) to effectively 

prime an anti-tumour immune response. Instead of priming robust anti-tumour immunity, 

tiDCs often lack the appropriate co-stimulatory molecules and produce immunosuppressive 

cytokines leading to T cell anergy and tolerance (Pinzon-Charry, Maxwell, & Lopez, 2005; 

Stoitzner et al., 2008). Therefore, the phenotype and function of a given DC subset should be 

carefully considered when the site of antigen acquisition is potentially immunosuppressive, as 

is the case in many tumours. Modulation of DCs located within the tumour, such as by intra-

tumoural delivery of adjuvants has been shown to boost the stimulatory capacity of TiDC 

(Davis et al., 2011; Morse et al., 2011) and has been suggested in combinatorial approaches 

designed to improve current T cell based immunotherapies (Datta et al., 2014; Salmon et al., 
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2016). Other strategies have focused on the depletion of suppressive cell types (Morse et al., 

2008; Najjar & Finke, 2013) to improve the immuno-stimulatory capacity of tiDCs. Depletion 

of immunosuppressive M2 macrophages, myeloid-derived suppressor cells (MDSCs) or 

regulatory T cells (Tregs) from the tumour microenvironment has been reported to support the 

development of potent anti-tumour immunity in combination with DC-based immunotherapy 

(Dammeijer et al., 2017; Pilon-Thomas et al., 2016; Saha & Chatterjee, 2010). 

 

The induction of immunogenic cell death and activation of immunostimulatory signalling is 

another potential strategy that may potentiate the generation of anti-tumour immunity in 

combination with DC-based immunotherapy (Garg et al., 2016; Vandenberk et al., 2015). In a 

murine model of squamous cell carcinoma, treatment with photodynamic therapy (PDT) 

induced the expression of damage-associated molecular patterns (DAMPs) such as calreticulin, 

HSP70 and HMGB1 on tumour cells. Exposure of DCs to these DAMPS leads to phenotypic 

maturation of DCs with increased functional capacity (Wang et al., 2015). Localised 

radiotherapy at the site of the tumour can also induce immunogenic cell death and the release 

of DAMPs leading to DC activation (Apetoh et al., 2007), this approach can support 

combinatorial strategies employing both DC vaccination and adoptive cell therapy (Teitz-

Tennenbaum et al., 2009). However, the induction of inflammatory signalling can promote 

tumour growth in certain settings and, as such, should be considered as a double-edged sword 

(Hernandez, Huebener, & Schwabe, 2016). 

 

By coupling DC vaccination with localised therapies which target the suppressive tumour 

microenvironment or induce immune-activating tumour cell death, strong anti-tumour 

immunity can be induced and potentiated. Such strategies may be of benefit for cancer patients 

in combination with current immunotherapies such as checkpoint blockade or adoptive cell 
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therapy. The targeting of naïve DC populations in the skin to activate lymph node resident T 

cell populations against tumour-derived antigens is a promising strategy to induce anti-tumour 

immunity (Romani et al., 2012). This environment is more likely to be permissive to the 

induction of potent immunity. Further study of the dynamics of DC populations within the skin 

and the tumour may lead to the refinement of DC vaccination strategies to drive strong anti-

tumour immune responses directed against tumour-specific antigens. 

 

6.1.2 Understanding the ontogeny and function of CD8+XCR1neg DCs 

 

Our earlier data identified that CD8+XCR1neg DCs do not cross-present melanoma-derived 

antigens (Wylie et al., 2015) and to date, their role in immunity is poorly understood. To 

examine the role these non-classical CD8+ DCs play in the generation of immunity, we used 

gene expression microarray data to better understand their biology. We particularly focused on 

their differences to the prototypical CD8+XCR1+ cross-presenting DC subset. In the context of 

cancer, there has been a strong focus on determining which DC subsets drive strong anti-

tumour immunity and provide targets for DC vaccination strategies. It is important that care is 

taken to avoid targeting of other DC subsets which could have opposing roles in the generation 

of immunity. CD8+XCR1neg DCs represent one such population due to their expression of the 

CD8 surface marker but lack of other characteristics of cDC1 DC populations, including the 

ability to cross-present antigen. 

 

We used transcriptome profiling by gene expression microarray to gain insight into the 

complex network of DCs subsets in the sdLNs, which represent targets for DC vaccination 

strategies. Initially, we proposed to examine the differences between related XCR1+ DC 

subsets to determine if they possessed unique functions that could be exploited.  Our 
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microarray data supported these subsets being closely related and no clear differences emerged 

from the data to suggest that individual XCR1+ subsets possessed additional layers of 

specialisation. However, the data did show a striking difference between CD8+XCR1neg and 

CD8+XCR1+ DCs, which until recently were thought to be a single uniform population 

(Bachem et al., 2012; den Haan et al., 2000; Shortman & Heath, 2010). We observed an 

enrichment of key pDC-specific genes within the CD8+XCR1neg population, similar to previous 

reports for a  subset of CX3CR1+ CD8+ DCs (Bar-On et al., 2010). However, in our analyses, 

we were unable to compare CD8+XCR1neg DCs with pDCs, as they were not included in the 

DC subsets initially sorted for microarray analysis. The sample selection for the microarray 

analysis was a limitation of this study. It would be interesting in future work to examine the 

gene expression profile of CD8+XCR1neg DCs in relation to other sdLN subsets, including 

CD11b+ DCs and pDCs, more closely. To overcome these limitations, we compared the 

expression profiles of the DC subsets in our microarray against published profiles for cDCs, 

CD8+ DCs and pDCs (Miller et al., 2012). Using these profiles, we identified a strong 

correlation between the pDC-specific profile and the CD8+XCR1neg DC population. 

 

To further compare the gene expression profile of CD8+XCR1neg DCs to DC subsets not 

included in the initial microarray, we used expression profiles publicly available as part of the 

Immgen project (Heng et al., 2008). In these comparisons, we selected TLR and CLR genes 

that were differentially expressed between CD8+XCR1+ and CD8+XCR1neg DCs and queried 

their relative expression in sdLN DC subsets from the Immgen database. These analyses 

allowed us to correlate the expression of CLR and TLR in CD8+XCR1neg DCs and to compare 

this expression profile across a range of DC subsets. The data showed an interesting pattern of 

expression with some TLR and CLR genes expressed by CD8+XCR1neg DCs being highly 

specific to the Immgen pDC subset, while others shared expression with cDC2 subsets from 
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the Immgen database (CD4+ and CD11b+ DCs). These correlations between our own data and 

an independent data set further support the unique pDC/cDC2 co-signature observed for the 

CD8+XCR1neg subset. 

 

To further study the ontogeny of CD8+XCR1neg DCs, it would be useful to examine the 

presence or absence of this population across a range of genetically modified mouse strains 

lacking specific transcription factors related to DC development (Bar-On & Jung, 2010). Key 

transcription factors such as IRF4, IRF8, Batf3 and E2-2 are major determinants of DC 

development and mice lacking these genes have severe immune defects (Bajaña et al., 2016; 

Edelson et al., 2010; Hildner et al., 2008; Tailor et al., 2008; Tamura et al., 2005). Another 

possibility lies in the identification, via lineage tracing experiments, of the DC progenitors or 

precursors from which CD8+XCR1neg DCs arise (Schraml et al., 2013; Poltorak et al., 2015). 

DC precursors committed to cDC1 and cDC2 lineages have been identified (Schlitzer et al., 

2015), and the steps in cDC development from early progenitors to committed precursors have 

been mapped (Naik et al., 2007). Similarly, the developmental steps leading to the generation 

of mature pDCs are becoming clear (Dursun et al., 2016). Clearly identifying which distinct 

precursor population leads to the generation of CD8+XCR1neg DCs could unravel the potential 

link between pDC-like CD8+XCR1neg DCs and mature pDCs. An E2-2hi DC precursor has 

recently been reported to possess the potential to differentiate into both mature pDC and cDC 

subsets, dependent on specific signalling within its niche (Onai et al., 2017). Isolating these 

multipotent DC precursors and interrogating their phenotype and gene expression profile after 

differentiation under specific conditions in vitro, or in animal models lacking key DC growth 

factors such as Flt3L (McKenna et al., 2000), may help to elucidate the origins of the 

CD8+XCR1neg DC subset. 
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It would be interesting to determine whether the expression of pDC-specific transcriptions 

factors in CD8+XCR1neg DC arise early in their progression along either a cDC1- or cDC2-

restricted developmental pathway (Schlitzer et al., 2011), or if they are generated from 

committed pDC precursors. Alternatively, their unique transcriptional profile may be a result 

of deregulated expression at a later point after commitment to a defined lineage as suggested 

elsewhere (Chandra et al., 2017). The lack of cDC1 transcription factor expression by 

CD8+XCR1neg DCs suggests that they do not share a developmental origin with CD8+XCR1+ 

DCs (Edelson et al., 2010) despite their shared expression of the CD8 surface marker. Increased 

expression of IRF4 by CD8+XCR1neg DCs compared to XCR1+ subsets suggests a potential 

link to the cDC2 lineage. Here again, our interpretation was limited by the lack of comparison 

to a bonafide pDC or cDC2 DC in the sdLN. Future work using microarray or RNA-Seq 

analysis to examine the link between CD8+XCR1neg DCs and pDC and cDC2 subsets would 

provide greater support, linking these DCs together as developmentally related subsets. 

 

6.1.3 Using epigenetic modifying agents in combination with immunotherapy to 

fight resistance. 

 

Epigenetic modifying agents have well documented abilities to enhance tumour 

immunogenicity through the induction of cancer testis and differentiation antigens that are 

silenced in non-transformed cells (Dubovsky et al., 2011; Heninger et al., 2016). However, the 

ability of these agents to reverse the silencing of antigens, as a mechanism of immune evasion, 

is less well explored. In two independent tumour models we observed that tumours that initially 

responded to ACT eventually became resistant to the therapy. We identified silencing of 

immunogenic antigens as the key mechanism of resistance in these tumours and hypothesised 

that this silencing was controlled epigenetically. As epigenetic modifications are reversible and 
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targetable, we tested the ability of demethylating agents to reinstate antigen expression in 

silenced tumour cells, as has been reported when using these agents in other settings (Guo et 

al., 2006; Klar et al., 2015; Vo et al., 2009). We found that treatment with DNMTi successfully 

reinstated the expression of silenced antigens in a proportion of relapsing tumour cells. 

However, the majority of cells did not respond to DNMTi therapy suggesting other epigenetic 

mechanisms were important in the silencing of immunogenic antigens in these cells.  

 

There is accumulating evidence to suggest that different epigenetic events act in a coordinated 

manner to control gene silencing (Fuks et al., 2005; Vaissière, Sawan, & Herceg, 2008) and 

that targeting of multiple epigenetic mechanisms can lead to further enhancement of antigen 

re-expression (Kondo et al., 2008; Steele et al., 2009; Zahnow et al., 2016). Therefore, in ACT-

resistant tumours, it is possible multiple epigenetic mechanisms are important in antigen 

silencing and the development of resistance. To gain further insight into the epigenetic 

modifications controlling antigen silencing in DNMTi-refractory tumours, we treated these 

cells with a panel of different epigenetic modifying agents that targeted numerous epigenetic 

activators and repressors. Using this strategy, we aimed to uncover the extent of epigenetic 

modulation present in ACT-resistant tumours. However, none of the agents included in our 

screen were successful, when used as single agents, at increasing antigen expression in tumour 

cells already refractory to treatment with DNMTi. The negative results of this screening 

approach suggested the epigenetic landscape of escaped tumours is highly complex and 

difficult to target with single agents.  

 

It has been reported that silenced tumour suppressor genes, reactivated by DNMTi, do not 

return to a fully euchromatic state and retain certain heterochromatic characteristics, indicative 

of silenced genes (McGarvey et al., 2006). Furthermore, re-expression of the p16 gene in T24 
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carcinoma cells after treatment with a DNMTi could not be rescued from re-silencing by the 

further addition of the HDACi 4-phenylbutyric acid, suggesting that complex epigenetic 

mechanisms were involved in the silencing event (Egger et al., 2007). These findings provide 

evidence that DNA methylation and multiple histone modifications can work in tandem to 

control gene silencing. Treating silenced cancer cells simultaneously with multiple epigenetic 

agents, to target DNA methylation, histone acetylation and histone methylation may improve 

their therapeutic efficacy beyond what is possible with single agents. Combining global DNA 

demethylation with inhibitors targeting specific histone lysine methyltransferases (KMTs), 

such as LSD1 (Han et al., 2013) and EZH2 (Sun et al., 2009) has been demonstrated to 

synergistically increase the re-expression of silenced genes including cancer testis antigens and 

IFN-response genes. Therefore, the many classes of histone methyltransferases represent 

viable targets for concurrent therapy in combination with DNMTi and HDACi (Castillo-

Aguilera et al., 2017; Morera, Lübbert, & Jung, 2016), provided drug toxicities can be 

managed. 

 

While loss of genetic material represents an irreversible change to the DNA of a tumour cell, 

the reversibility of epigenetic modifications through drug inhibitors makes them exciting 

targets for therapy (Heninger, Krueger, & Lang, 2015). Epigenetic modifiers have been 

suggested as potential combinatorial agents with current immunotherapies (Maio et al., 2015; 

Saleh et al., 2016). To date, evidence of their success in enhancing survival remains limited 

(Covre et al., 2015; Goodyear et al., 2010; Schrump et al., 2006), and the diversity of epigenetic 

mechanisms controlling gene expression may represent a hurdle in this regard. Therefore, 

further study into the epigenetic landscape of tumour cells is required to determine relevant 

therapeutic targets, and allow for the selection of appropriate epigenetic agents, that will 

provide benefit to patient survival. The complex role of epigenetic modifications in the control 
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of normal cellular processes, such as homeostasis of the immune system (Kroesen et al., 2014), 

must also be considered before combining these agents with immunotherapies designed to 

boost the anti-tumour immune response. 

 

Chromatin immunoprecipitation (ChIP) sequencing for specific histone modifications often 

observed in cancer cells, e.g. H3k9me and H2k27me (Ezponda & Licht, 2014; Hua et al., 

2014), could be employed to gain a deeper understanding of the epigenetic landscape of 

resistant tumours. Such information would allow for the development of more targeted 

approaches when trying to determine the correct combination of epigenetic agents required to 

treat resistant tumours (Lim et al., 2010). Understanding the exact make-up of the epigenetic 

landscape within the tumour cell, as well as the heterogeneity which may exist across the 

tumour, will likely be critical for the translation of these agents into the clinic for combination 

with other therapeutic approaches such as immunotherapy. Targeted approaches may also limit 

the effects of off-target toxicity when combining multiple agents. 

 

6.1.4 Future Directions 

 

The work presented in chapter 3 of this thesis identified the specific subsets of XCR1+ DCs 

that drive CD8+ T cell immunity to tumour antigens in the skin. The data indicated that 

migratory XCR1+ DCs cross-present melanoma-derived antigens with the highest efficiency. 

Currently, many laboratories are investigating the use of the XCR1-ligand, XCL1, to target 

antigen specifically to XCR1+ DCs (Fossum et al., 2015; Hartung et al., 2015), and optimising 

routes of administration for vaccination to the skin (Terhorst et al., 2015). Knowledge of the 

specific expression patterns of TLR and CLR present on these DCs will allow for more directed 

targeting and improved control of antigen presentation and maturation of these subsets (Unger 
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& van Kooyk, 2011). The orthotopic melanoma model developed in our laboratory provides 

an ideal setting for such experiments and, in combination with the XCR1.DTR mouse model 

(Yamazaki et al., 2013), would allow us to further study the kinetics of the developing anti-

tumour response driven by XCR1-targeting DC vaccination strategies.  

 

The combination of DC-based therapies to initiate potent anti-tumour immunity and novel 

checkpoint blockade strategies to further enhance and maintain this response is an area of 

increasing research (Karaki et al., 2016; Kleponis, Skelton, & Zheng, 2015). Furthermore, 

rapid sequencing of patient tumours and high-throughput screening for immunogenic epitopes 

(Linnemann et al., 2015) are now achievable. Combining these technologies with strategies to 

target immune checkpoints based on specific immune biomarkers (Topalian et al., 2016), and 

to identify and monitor the subsequent anti-tumour T cell response using advanced mass-

cytometry techniques (Fehlings et al., 2017) may soon allow for the personalisation of 

immunotherapy on the patient level. These technological advances will drive the design of 

improved DC vaccination strategies (Bol et al., 2016; Garg et al., 2017) for cancer patients in 

the near future. 

 

Chapter 4 of this thesis explored the relationship of DC subsets in the sdLNs and reported on 

the unusual transcriptional profile and phenotype of the CD8+XCR1neg DC subset. The data 

suggested a unique niche for CD8+XCR1neg DCs within the complex network of DC 

immunosurveillance. However, to date, the exact role of these DCs in the generation of 

immunity remains undetermined. The data suggested that CD8+XCR1neg DCs are functionally 

related to cDC2 subsets, driving robust CD4+ T cell proliferation. It would be interesting, in 

future experiments, to determine the phenotype of the CD4+ response primed by CD8+XCR1neg 

DCs after exposure to a range of different pathogens (Diebold, 2008). The high TLR5 
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expression seen on these DCs is suggestive of a role in bacterial immunity (Smith & Ozinsky, 

2002) and gut homeostasis (Ohta et al., 2016), which can affect microbiota levels. Importantly, 

disruptions in gut homeostasis can impact systemic immune responses (Oh et al., 2014) and 

inflammatory bias (Rutkowski & Conejo-Garcia, 2015). The ability of CD8+XCR1neg DCs to 

drive inflammatory responses or mediate immune tolerance in these settings could be further 

investigated to elucidate their function. For example, the cytokine production of CD8+XCR1neg 

DCs could be analysed in multiplex arrays after stimulation under different activating 

conditions to provide further insight into the capacity of these DCs to direct immunity. The  

production of IL-6, TGFb and IL-23, by cDC2 DC subsets in the intestinal lamina propria 

(Denning et al., 2011; Kinnebrew et al., 2012), is required for the differentiation of Th17 type 

CD4+ T cells (Z. Chen & O’Shea, 2008) in response to bacterial pathogens and is important 

for gut homeostasis (Ohta et al., 2016). Determining the cytokine profile of CD8+XCR1neg DCs 

may be useful for inferring their function within different anatomical locations.  

 

The unusual transcription profile of CD8+XCR1neg DCs, displaying up-regulation of both 

cDC2- and pDC-related transcription factors, and their reliance on the pDC factor E2-2, raises 

questions about their origin and ontogeny (Bar-On et al., 2010). Analysis of DC populations in 

knockout mice lacking key DC regulators such as IRF4, IRF8 and E2-2, may reveal the lineage 

restriction of CD8+XCR1neg DCs (Bar-On & Jung, 2010). However, more complex assays are 

necessary to determine the direct precursor populations from which CD8+XCR1neg DCs arise.  

It has recently been suggested that the differentiation of E2-2hi DC progenitor cells, a potential 

precursor of CD8+XCR1neg DCs, is finely controlled by specific signalling within their 

microenvironment. While these precursor cells strictly give rise to pDCs in the presence of 

Flt3, in the small intestine they differentiate into cDCs that produce retinoic acid and induce 

Foxp3+ regulatory T cells (Onai et al., 2017), suggesting they play a unique role in homeostasis 
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in the gut. It would be of great interest, in future work, to determine whether the CD8+XCR1neg 

DC population from our microarray are derived from this multipotent E2-2hi precursor 

population. This could be achieved by identifying and sorting E2-2hi precursors and tracking 

their differentiation in vitro under defined conditions or in vivo in mice lacking key DC growth 

factors as has been demonstrated for other DC subsets previously (Onai et al., 2013; Schraml 

et al., 2013). 

 

In chapter 5 of this thesis, the mechanisms underlying the development of resistance to ACT 

in two solid tumour models were examined. The data pointed to epigenetically mediated down-

regulation of the target antigen as the key mechanism of resistance in these models. To attempt 

to reverse this down-regulation, resistant tumour cells were treated with a range of epigenetic 

modifying agents. The modest re-expression of antigen observed demonstrated the complexity 

of this system and highlighted the need for greater understanding of the epigenetic mechanisms 

controlling antigen expression. Future experiments, could include bisulphite sequencing or 

Chromatin Immunoprecipitation (ChIP) sequencing of DNA from silenced tumour cells to 

determine the methylation status of promoters and upstream elements controlling the 

expression of immunogenic genes. The results of these experiments may help to further reveal 

the complexity of the epigenetic landscape within tumour cells.  

 

There is currently a need to identify which classes of epigenetic modifiers may be useful in 

reversing the phenotype of escaping tumours and reverting them to a susceptible state. 

However, without an understanding of which epigenetic marks are present in individual 

tumours this may prove difficult. ChIP sequencing of silenced tumour cells may enable us to 

further elucidate the exact epigenetic mechanisms leading to antigen silencing within 

individual tumours and allow us to choose relevant combinations of epigenetic agents to 
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achieve antigen re-expression. The combination of epigenetic and immunotherapies to enhance 

antigen expression or prevent resistance is an emerging area of scientific interest, and has the 

potential to deliver great clinical benefit to cancer patients (Mazzone et al., 2017). Therefore, 

the identification and rational combination of these therapies for testing in preclinical models 

presents an area of considerable expansion in the future. 

 

6.1.5 Final Conclusions 

 

The results presented in this thesis described novel subsets of DCs in the sdLNs of mice, which 

efficiently cross-presented tumour-derived antigen and stimulated antigen-specific CD8+ T cell 

proliferation. They expanded on previous reports concerning the XCR1neg subset of CD8+ DCs. 

A unique pattern of TLR and CLR expression was described for this subset, which was 

suggestive of a unique position for these DCs within the division of labour provided by the DC 

network. Finally, results presented in this thesis described the epigenetic silencing of 

immunogenic antigens targeted during ACT in two pre-clinical cancer models and 

demonstrated the complexity of epigenetic mechanisms that control gene silencing.  

 

These important findings add to the current knowledge of DC immunosurveillance and have 

important implications for the design of combination epigenetic and immunotherapies for the 

treatment of cancer. Future studies may continue to elucidate the role of CD8+XCR1neg DCs in 

the generation of immunity, and further define the epigenetic mechanisms which induce 

antigen silencing and resistance during immunotherapy. 
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The question of which dendritic cells (DCs) cross-present peripheral tumor antigens remains unanswered. We
assessed the ability of multiple skin-derived and lymphoid resident DCs to perform this function in a novel orthotopic
murine melanoma model where tumor establishment and expansion is within the skin. Two migratory populations
defined as CD103¡XCR1C and CD103CXCR1C efficiently cross-presented melanoma-derived antigen, with the
CD103¡XCR1C DCs surprisingly dominating this process. These results are critical for understanding how antitumor
CD8C T cell immunity is coordinated to tumor antigens present within the skin.

Introduction

Currently, limited information exists on the exact cell types
responsible for generating an antitumor CD8C T cell response.
Thus, the overall aim of this study was to identify the DCs that
are important for the cross-presentation of cutaneous melanoma
antigen to naive tumor-specific T cells within the skin-draining
lymph nodes. A novel orthotopic melanoma transplant model
that predominantly confines peripheral tumor growth to the epi-
dermal and dermal layers of the skin is utilized in this study to
answer the important question of which DCs cross-present
peripheral tumor antigen.

DCs are the master regulators of T cell immunity.1 Peripheral
sites, such as the skin, contain a rich network of heterogeneous
DCs.2 Such diversity allows individual subsets to perform a par-
ticular function, enabling a division of labor. This concept is sup-
ported by studies highlighting that some subsets of DCs are
superior at presenting endocytosed antigen to CD4C T cells on
major histocompatibility complex (MHC) class II molecules,
while others are better at introducing exogenous antigens into
the MHC class I pathway in a process referred to as cross-presen-
tation.3-6 These differences reflect inherent variations between
DC subsets that include possession of specialized intracellular
processing machinery enabling external antigens to access the
MHC class I peptide-loading pathway5 or the expression of

defined endocytic receptors to facilitate the specific uptake of
antigen from their surroundings.3,4

Specific categorization of the different DC lineages remains
challenging, although subclassification into independent sub-
sets is possible.7 An immediate segregation can be made of
plasmacytoid DCs (pDCs) and classical DCs (cDCs). Both of
these subgroups arise from a common DC precursor before
terminally differentiating into their respective subgroups.8,9

Traditionally, demarcation of these subgroups relies on expres-
sion of selective surface antigens and their specific immune
function. For example, expression of CD317 within the DC
compartment is restricted to pDCs and these cells are the pri-
mary source of type I interferon following viral infection.10,11

An improved understanding of the transcription factors con-
trolling DC development provides an alternate means to clas-
sify distinct DC subsets. Using this approach, pDCs can be
separated from cDCs by regulation of their differentiation pro-
gram dependent on specific transcription factors such as
E2-2.12,13 Furthermore, cDCs can be further divided into sev-
eral subgroups displaying common functional features and
properties. For example, certain mouse strains lacking the
gene encoding the transcription factor Batf3 do not have the
capacity to cross-present antigens.14,15 However, identification
of specific lineage markers exclusively expressed on cross-pre-
senting DCs remains elusive.
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Numerous studies have established that the CD8C DC subset
excels at cross-presenting antigens.16 This particular subset predomi-
nantly resides in the spleen and lymphoid organs. Recent reports
demonstrate that skin-derived CD103C DCs also efficiently cross-
present antigens.2,17 In certain mouse strains, these subsets share a
dependency on key transcription factors crucial for their develop-
ment.18 Thus, based on their similar functional specialization and
unified gene expression signature, the CD8C and CD103C DCs
appear to represent a distinct lineage of DCs. More recently, the
expression of the XC-chemokine receptor 1 (XCR1) has been used
to identify cross-presenting DCs.19-23 This marker is not found on
all CD8CDCs and the existence of XCR1CDCs that do not express
either CD8 or CD103 have been reported.22

In summary, a strong link exists between DC subtypes that
express a common set of transcription factors and the ability to
cross-present antigens to CD8C T cells,14,24 but linking this
with the expression of particular surface markers remains chal-
lenging. Here, surface expression of CD8, CD103 and XCR1 is
used to describe various DC populations within the skin-drain-
ing lymph nodes of mice. We report that four XCR1C DC
populations with heterogeneous surface marker expression can
be identified. Using a novel transplant model of cutaneous mel-
anoma where tumor growth is within the skin, we demonstrate
that two migratory populations defined as CD103¡XCR1C and
CD103CXCR1C are superior at cross-presenting melanoma-
derived antigen, with the CD103¡XCR1C population dominat-
ing this process. This report provides new insight into the func-
tional specialization within the broad network of DCs that are
responsible for skin immunosurveillance and possess the capac-
ity to initiate antitumor CD8C T cell immunity.

Results

Cross-presentation of cutaneous-derived melanoma antigen
Immunity to cancer is a classic biological scenario that relies

heavily on cross-presentation to elicit a CD8C T cell response.
To date, the exact DC populations responsible for cross-present-
ing cutaneous tumor antigen remain ill-defined. In this study, we
focused our attention on melanoma. Traditionally, the standard
preclinical model of melanoma involves subcutaneous delivery of
B16 melanoma cells.25 This robust model results in tumor
growth beneath the skin. However, the etiology of malignant
melanoma in humans is within the epidermis. The early stages of
this disease display aberrant intraepidermal growth that pro-
gresses to vertical growth and dermal invasion.26 This certainly
allows local epidermal- and dermal-derived DCs to sample the
malignant tissue before their migration to the tumor-draining
lymph nodes. Thus, to conduct studies on skin-derived DC
immunosurveillance of melanoma, a more realistic model that
more closely mimicks human disease is required. Therefore, we
developed an orthotopic murine melanoma model where tumor
establishment and expansion takes place within the skin.

Such a model is achieved by grafting B16 cells directly onto
the skin of mice in a procedure referred to as cutaneous inocula-
tion. Figure 1A shows the growth of cutaneous tumors at various
timepoints. It clearly shows that cutaneous tumors grow superfi-
cially whereas subcutaneous tumors grow beneath the skin
(Fig. 1B). Histological examination confirmed the macroscopic
observations (Fig. 1C–E), thus our novel grafting procedure pro-
vides a robust model of disease progression in the correct ana-
tomical microenvironment. Interestingly, cutaneous-derived

wild-type B16 tumors reliably form
metastases in the draining lymph node
(Fig. 1F). This is not observed in the
classical subcutaneous model and it is a
bona-fide metastasis, as B16 cells trans-
duced to express eGFP can be grown in
vitro from tumor-draining lymph node
explants (Fig. 1G). Of critical relevance
here, cutaneous inoculation results in
melanoma establishment within the epi-
dermis and dermis, mimicking the
human condition and allowing skin resi-
dent DCs to sample local tumor
antigens.

To assess tumor antigen presentation
in vivo in the cutaneous model, B6 mice
were inoculated with B16 cells expressing
the model antigen ovalbumin (OVA).
To monitor antigen presentation, we
tracked the proliferation of CFSE labeled
CD8C OT.I T cells specific for an H-
2Kb-restricted epitope of OVA27 60 h
after intravenous injection into B6 mice
harboring palpable cutaneous B16-OVA
tumors. This approach revealed that
OVA-specific T cell proliferation

Figure 1. Orthotopic model of cutaneous melanoma. Wild-type B16 melanoma cells were grafted via
the (A) cutaneous or the (B) conventional subcutaneous route. Disease progression over time is
depicted for cutaneous lesions. (C–E) H & E staining of skin identifying the epidermal, dermal, adi-
pose tissue and subcutaneous muscle layers on (C) uninoculated skin, (D) cutaneous, and (E) subcu-
taneous tumor grafts. (F) Metastatic disease in the tumor draining brachial lymph node. (G) eGFP
expression on cells grown from lymph node explants (green) were compared to B16_eGFP (blue)
and parental B16 (red) cells grown in vitro. Data are representative of at least two independent
experiments.
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occurred in the draining lymph nodes (Fig. 2A). Within this
experimental model B16-OVA melanoma cells that have metas-
tasized to the regional nodes have the capacity to present antigen
directly to T cells. To circumvent this possibility, we acquired a
variant of B16 that selectively lacks H-2Kb molecules and trans-
duced it with OVA to generate B16Kb¡-OVA. Treatment of
wild-type B16-OVA and B16Kb¡-OVA cells with IFNg results
in the expression of H-2Db molecules in both lines. However,
upregulation of H-2Kb molecules after IFNg treatment was not
observed in the B16Kb¡OVA cell line (Fig. 2B), confirming pre-
viously published results that this variant has lost this particular
MHC restriction element.28 Considering OT.I T cells recognize
a H-2Kb-restricted epitope, potential direct presentation by
B16Kb¡-OVA melanoma cells is abrogated and only host-derived
cross-presenting DCs can drive melanoma-specific CD8 T cell
proliferation. Interestingly, metastases to the skin-draining lymph
nodes are either reduced or absent when this particular B16Kb¡

variant is grafted onto the skin. Thus, in this particular experi-
mental setup melanoma growth is predominantly confined to the
skin. To confirm cross-presentation occurs in this setting, the
proliferation of OVA-specific CD8 T cells was investigated in B6
mice harboring cutaneous B16Kb¡-OVA cells. Robust T cell acti-
vation was observed (Fig. 2C), confirming that efficient cross-
presentation of melanoma-derived antigen by host cells occurs in
this setting.

Expression of XCR1 defines DCs with a similar phenotype
and ontogeny

The ability to segregate the complex skin DC network into
defined populations is necessary before assessing their capacity to
cross-present cutaneous melanoma antigen. Expression of either
CD8 or CD103 is traditionally used to describe independent
cross-presenting DC subsets. Another approach to identify these
DCs is by the differential expression of CD172a (Sirpa) and
CD24 (heat stable antigen), with a CD172aloCD24hi phenotype
restricted to CD8C and CD103C DCs.22,29 More recently, the
expression of the chemokine receptor XCR1 has been used to
identify cross-presenting DCs.19-22 While many surface markers
on DCs have been identified, to date they remain insufficient to
completely describe unified DC populations.22,30

The expression of these various surface markers on DCs iso-
lated from skin-draining lymph nodes was investigated. DCs were
isolated from lymph node suspensions as reported previously31

and stained with the pan-DC marker CD11c as well as MHC II,
CD8, CD103, XCR1, CD172a and CD24. Figure 3A shows our
gating strategy where cDCs, identified as CD11cCMHC IIC,
were segregated into specific populations. Initially, cDCs were
divided by expression of CD8, which is expressed on lymph node-
resident DCs.16 CD8C DCs were divided further based on XCR1
expression into CD8CXCR1C and CD8CXCR1¡ populations.
The heterogeneous CD8¡ DC population was divided into two
further groups: previously described CD8¡CD103CXCR1C der-
mal-derived DCs,17 which we called CD103CXCR1C; and rela-
tively uncharacterized CD8¡CD103¡XCR1C DCs, which we
called CD103¡XCR1C. Our analysis of these DCs for the expres-
sion of CD172a and CD24 showed XCR1C DCs have a unified

Figure 2. Tumor-specific CD8C T cells proliferate in mice bearing cutane-
ous melanomas. (A) A total of 106 CFSE-labeled CD8C OT.I T cells were
adoptively transferred into mice bearing cutaneous B16 or B16-OVA
tumors. After 60 h, the tumor-draining lymph nodes were analyzed by
flow cytometry for the proliferating CD45.1CCD8CVa2CCFSECPI¡ cells.
Shaded and open histograms are from mice with either B16 or B16-OVA
tumors respectively. (B) Wild-type B16 and B16Kb¡ melanoma cells were
cultured in vitro with or without addition of IFNg and analyzed for up-
regulation of H2Kb and H2Db. Shaded histograms represent untreated
controls. (C) A total of 106 CFSE-labeled CD8C OT.I T cells were adoptively
transferred into mice bearing cutaneous B16Kb¡ or B16Kb¡-OVA tumors.
After 60 h, the tumor-draining lymph nodes were analyzed by flow
cytometry for the proliferating CD45.1CCD8CVa2CCFSECPI¡ cells.
Shaded and open histograms are from mice with either B16Kb¡ or
B16Kb¡-OVA tumors respectively. Representative histograms from at
least three independent experiments.
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phenotype of CD172aloCD24hi, whereas the CD8CXCR1¡ DCs
expressed high levels of both markers (Fig. 3B). This result sug-
gests CD8CXCR1¡ DCs may be either a precursor population to
a XCR1C DC subset or they represent a distinct differentiated
population.

To investigate this further, the transcription factors involved
in guiding the differentiation of distinct lineages of DCs was ana-
lyzed in multiple isolated populations including CD8CXCR1¡

DCs. Those DCs that are highly efficient at cross-presenting
exogenous antigens on MHC class I molecules to CD8C T cells
are reported to share a dependence on the transcription factors
ID2, IRF8, and Batf3.14 DCs that are more efficient in present-
ing MHC class II-restricted antigens to CD4C T cells express the
lineage-specific transcription factor IRF4.24,32 Splenic CD8C

and CD8¡ DCs were used as controls during these analyses as
the correlation between discrete functions and the expression of
corresponding transcription factors has been articulated clearly
for these populations. The results revealed that all XCR1C DCs
expressed higher levels of ID2, IRF8, and Batf3 than the
CD8CXCR1¡ DC subpopulation, which expressed abundant
IRF4 transcripts (Fig. 3C). These data suggest that expression of
XCR1, but not CD8 or CD103, defines DCs with a similar
ontogeny.

CD103¡XCR1C DCs are
heterogeneous, comprised of lymphoid
resident and migratory subpopulations

Examination of MHC class II expres-
sion on the various DC populations
defined in Figure 3A revealed that
CD8CXCR1C DCs have low/intermedi-
ate expression and the CD103CXCR1C

DCs have high expression (Fig. 4A).
This phenotype is consistent with the
CD8CXCR1C DCs being immature
and lymphoid resident in nature, in
contrast to the CD103CXCR1C DCs
having matured following migration
from the periphery. Interestingly, the
CD103¡XCR1C DC subpopulation
displays bimodal expression of MHC
class II, indicative of a heterogeneous
population of resident and migratory
DCs.

DC migration from the periphery to
the draining lymph nodes depends on
expression of CCR7.33 To validate fur-
ther that CD103¡XCR1C cells are het-
erogeneous and comprised partially of a
trafficking population, the DC com-
partment within CCR7o/o mice was
examined. Similar proportions of
CD8CXCR1C DCs were present within
skin-draining lymph nodes of control
C57BL/6 (B6) wild-type mice and
CCR7o/o mice. This population has
similar levels of MHC II expression in

both strains, indicating that this lymph node resident popula-
tion remains unaltered in the absence of CCR7 expression
(Fig. 4B). In contrast, the skin-draining lymph nodes of
CCR7o/o mice completely lack the dermal-derived
CD103CXCR1CMHC IIhi DCs as compared to an abundant
population expressing high levels of MHC II within B6 con-
trol mice. In addition, CD103¡XCR1CMHC IIhi DCs are
also absent within CCR7o/o mice whereas the population of
CD103¡XCR1CMHC IIlo DCs remains unaffected. This pro-
vides further evidence that the CD103¡XCR1C DCs are com-
prised of both a lymphoid resident population and a
peripheral migratory population in the skin-draining lymph
nodes.

To validate further that a CD103¡XCR1C skin-emigrant DC
transports antigen from the periphery to the draining lymph
nodes, we painted the skin of B6 mice with FITC dissolved in
the strong irritant dibutyl phthalate, known to rapidly promote
DC migration.34 We observed relatively few CD8CXCR1C and
CD8CXCR1¡ cells co-staining for FITC 4 d post skin painting,
consistent with the notion that both populations are lymphoid
resident within the skin-draining lymph nodes. As expected, a
large proportion of the dermal-derived CD103CXCR1C and epi-
dermal-derived CD326C Langerhans cells (LCs) were FITCC,

Figure 3. Expression of XCR1 defines DCs with a similar phenotype and ontogeny. (A) Gating strat-
egy for identifying enriched DC populations from the skin-draining lymph nodes. (B) Surface expres-
sion of CD172a and CD24 on CD8CXCR1C, CD8CXCR1¡, CD103CXCR1C, and CD103¡XCR1C DCs.
Shaded histograms represent fluorescence minus one control staining. Representative plots from
three independent experiments are shown. (C) Quantitative RT-PCR of the transcription factors ID2,
IRF8, BATF3 and IRF4 in purified DC populations. Data show the expression normalized to HPRT of
two pooled biological replicates each assayed in triplicate for each DC population (mean § SEM).
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consistent with published findings that
many of these cellular populations effi-
ciently migrate within this timeframe
(Fig. 5A).35 Again, MHC class II expres-
sion was low/intermediate on FITC¡

residents and high on FITCC trafficking
DCs. Analysis of the CD103¡XCR1C

DCs showed the existence of a FITCC

population restricted to only those cells
expressing high levels of MHC class II.
Similar proportions of FITCC cells are
observed within all MHC IIhi trafficking
populations (Fig. 5B), indicating the
migratory capacity of peripheral
CD103¡XCR1C is similar to well-
defined trafficking DC populations fol-
lowing application of an irritant to the
skin. Collectively, these results confirm
that CD103¡XCR1C DCs are heteroge-
neous, comprised of a skin-resident
migratory population and a blood-
derived lymphoid resident population.

Differential expression of CD207
distinguishes lymph node resident from
migratory CD103¡XCR1C DCs

The heterogeneous CD103¡XCR1C

DC population was examined for sur-
face expression of a number of markers
characteristic of the DC lineage in order
to identify a potential phenotypic
marker differentially expressed. As demonstrated previously, res-
ident and migratory populations can be discriminated based on
their expression of MHC class II (Fig. 6A). Our results show
that the skin-derived CD103¡XCR1CMHC IIhi DCs express
abundant levels of the C-type lectin CD207 similar to the levels
observed on previously reported CD103CXCR1C DCs and
CD326C LCs;2 whereas expression of CD207 was considerably
less abundant within the lymph node resident
CD103¡XCR1CMHC IIlo DCs (Fig. 6B). Thus, a
CD103¡XCR1CCD207C DC population is present within skin
and migrates to the lymph nodes where a distinct resident
CD103¡XCR1CCD207lo DC population co-exists.

Skin-derived CD103¡XCR1C DCs and CD103CXCR1C

DCs are the dominant migratory populations capable
of cross-presenting cutaneous melanoma antigens

Many studies, including our own, have used ex vivo isolation
of DCs to demonstrate which DCs are involved in cross-pre-
senting antigens. DCs were isolated from tumor-draining lymph
node suspensions as described previously.31 Enriched DCs were
stained with the pan-DC marker CD11c as well as MHC II,
CD8, CD103, XCR1 and CD326 (Fig. 3A). Next, we sorted
CD11cCMHC IIC DCs by flow cytometry on the basis of dif-
ferences in expression of these markers to delineate various pop-
ulations. In this sorting scheme, lymphoid resident CD8C DCs

are isolated first with two populations collected based on their
differential expression of XCR1 (CD8CXCR1C and
CD8CXCR1¡), then from the CD8¡ fraction we took the
CD103CXCR1C dermal DCs followed by collection of the
migratory CD103¡XCR1CMHC IIhi DCs and resident
CD103¡XCR1CMHC IIlo DCs before isolating the LCs from
the remaining DCs on the basis of CD326 expression. Fol-
lowing sorting, we examined these populations for their pre-
sentation of melanoma-derived OVA by co-culturing each
purified DC population with CFSE-labeled OT.I cells
(Fig. 7A). The results show that CD103CXCR1C DCs and
the migratory CD103¡XCR1CMHC IIhi DCs were highly
efficient at cross-presenting cutaneous melanoma antigen. We
consistently observe that the CD103¡XCR1CMHC IIhi DCs
drive the most abundant proliferation within the tumor-spe-
cific T cells, suggestive that on a per cell basis they are the
most efficient DC at cross-presenting in this setting. Antigen
cross-presentation was observed by all XCR1C DC popula-
tions, with the lymph node resident CD8CXCR1C and
CD103¡XCR1CMHC IIlo DCs driving modest T cell prolif-
eration at higher DC:T cell ratios. This is in contrast to the
CD8CXCR1¡ DC population, where no proliferation of mel-
anoma-specific T cells is observed (Fig. 7B), even in co-cul-
tures containing as many as 4 £ 104 of these DCs (data not
shown).

Figure 4. CD103¡XCR1C DCs from the skin-draining lymph nodes are comprised of a migratory MHC
IIhi population and a lymphoid resident MHC IIlo population. Analysis of MHC II expression on
enriched CD8CXCR1C, CD103CXCR1C, and CD103¡XCR1C DCs isolated from the skin-draining lymph
nodes of (A) wild-type B6 and (B) CCR7o/o mice. The numbers indicate the percentage of CD8C DCs
(left) and CD103C/¡ DCs that co-express XCR1. Histograms represent MHC II expression on each of
the gated subpopulations. Data are representative plots from three independent experiments.
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Discussion

This study describes a novel cutaneous melanoma trans-
plant model that was used to determine the DCs responsible
for cross-presenting peripheral skin-derived tumor antigen.
This new mouse model more closely reflects human mela-
noma than the standard subcutaneous model routinely
employed in most laboratories worldwide. This is due to mel-
anoma establishment and progression within the dermal and

epidermal layers, a process not
observed in the standard subcutane-
ous model. This model better allows
for an understanding of how the rich
and complex skin DC network inter-
acts with melanoma at this site.

Using this model, we identified that
the skin contains at least two popula-
tions of migratory CD103¡XCR1C

and CD103CXCR1C DCs that excel at
cross-presenting solid peripheral tumor
antigen to CD8C T cells. To a much
lesser extent, two lymphoid resident
DCs, defined as CD8CXCR1C and
CD8¡XCR1C, cross-presented tumor
antigen. It is important to note that not
all of these cross-presenting DCs dis-
play CD8 or CD103 on the cell sur-
face, even though current nomenclature
commonly links expression of these
molecules to the unique capacity of
cross-presenting antigens. An alterna-
tive means of unifying DCs with
common attributes is via their tran-
scriptome, where the differentiation of
distinct DC subtypes is specifically reg-
ulated by particular sets of transcription
factors.36 This is demonstrated in mice
lacking key transcription factors
responsible for the development of
cross-presenting DCs, such as ID2o/o,
IRF8o/o, and Batf3o/o animals, which
exhibit a severe deficit in the ability to
elicit immune responses dependent on
cross-presentation.14,24

Recently, it has been suggested
that a more appropriate nomenclature
to classify ID2-IRF8-Batf3 dependent
DCs as cDC1, whereas DCs that rely
on the transcription factor IRF4 are
classified as cDC2, with expression of
these transcription factors inversely
correlated.37 We identified that
CD8CXCR1¡ DCs express high lev-
els of IRF4 mRNA, consistent with a
cDC2 phenotype. This argument is
supported with data showing that this

population has abundant CD172a expression and is unable to
cross-present melanoma antigen. Thus, CD8 expression is not
a reliable marker for identifying a uniform cross-presenting
DC subset. Several studies have identified a similar DC popu-
lation in the spleen22 and mesenteric lymph nodes,30 with a
functional role for this particular subset remaining to be
documented.

The elevated expression of ID2, IRF8, and Batf3 mRNA
observed in the XCR1C DCs analyzed in this report is consistent

Figure 5. CD103¡XCR1CMHC IIhi DCs migrate from the skin to the skin-draining lymph nodes with sim-
ilar kinetics as CD103CXCR1C DCs and CD326C LCs. (A) Wild type mice were shaved, depilated and
painted with a 0.5% FITC solution prepared in an inflammatory stimulating mixture of acetone and
dibutyl phthalate (1:1, vol:vol) on the flank skin. After 96 h, single cell suspensions from pooled drain-
ing lymph nodes were enriched for DCs and CD8CXCR1C, CD8CXCR1¡, CD103CXCR1C, CD103¡XCR1C

DCs and CD326C LCs were examined for FITC and MHC II expression by flow cytometry. (B) The per-
centage MHC IIhi migratory DCs positive for FITC in the draining lymph nodes 96 h after FITC painting.
Data are pooled from 8 to 9 mice from three independent experiments presented as mean § SEM.
Representative plots from three independent experiments are shown.
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with a cDC1 phenotype.37 This is sup-
ported by the ability of all isolated
XCR1CDCs to cross-present tumor anti-
gen to CD8CT cells. Among the XCR1C

DCs, only the migratory DCs express
high levels of CD207. These
XCR1CCD207C DCs can be further
subdivided based on differential expres-
sion of CD103, with both migratory
CD103CXCR1C and CD103¡XCR1C

DC populations exceling at cross-pre-
senting antigen from cutaneous mela-
noma lesions that are present within the
dermis. While both these DCs are capa-
ble of cross-presenting cutaneous mela-
noma antigen, others have demonstrated
that a skin-derived CD103¡CD207C

DC population, analogous to the
CD103¡XCR1CCD207C population
described in this study, fail to cross-pres-
ent epidermal antigen from keratino-
cytes.2 The inability of CD103¡XCR1C

DCs to cross-present epidermal-derived
antigen may be explained by inadequate
access to antigen at that particular site. It
is possible that CD103¡XCR1C DCs
reside deeper within the dermis mitigat-
ing their ability to access epidermal-
restricted antigens. In contrast, the
CD103CXCR1CDCs are known to con-
gregate close to the epidermal-dermal
junction, especially around the hair fol-
licles.38 How this subset acquires epider-
mal antigen that is restricted to the other
side of the basement membrane remains
undetermined, but this process may
occur around hair follicles, which consti-
tute a common portal of entry for invad-
ing microbes39 and topical DNA
application.40

It is unclear why so many different
DCs with the ability to cross-present are
observed in this study. It is possible that
the XCR1C DCs that do not express
either CD8 or CD103 are precursors in a late stage of differentia-
tion, retaining the potential to commit to either CD8C lymphoid
resident or CD103C skin-resident DCs. A requirement to reside
in close proximity to the epidermis may exist in order for such a
precursor to upregulate CD103. For example, transforming
growth factor-b 1 is expressed by the skin epithelium,41 where it
is known to drive the upregulation of CD103 in other immune
cells.42 Future experiments are required to address the potential
of such precursors to actively differentiate into either CD8C or
CD103C DCs.

Alternatively, the presence of a deeper level of functional spe-
cialization may exist within an already specialized group of cells,

providing an increased capacity to coordinate more effective
immune regulation. It is plausible that one faction consists of the
CD8CXCR1C and CD103CXCR1C DCs, whereas the
CD8¡XCR1C and CD103¡ XCR1C DCs represent another.
These two groups share the capacity to cross-present, but may be
strategically placed within an appropriate niche to sample antigens
by unique methods within both the periphery and secondary lym-
phoid compartment. This view is substantiated by reports of a
unique DC subset that obtains antigens by merocytosis, defined as
the uptake of small particles.43 This subset is capable of storing
acquired antigens within compartments with reduced lysosomal
degradation, resulting in prolonged antigen retention and

Figure 6. The resident CD103¡XCR1CMHC IIlo and migratory CD103¡XCR1CMHC IIhi DCs differ in their
expression of CD207. (A) DC populations from the skin-draining lymph nodes were identified as per
Fig. 1A. The CD103¡XCR1C DCs were divided into MHC IIlo and MHC IIhi populations. (B) Surface
expression of CD207 on CD8CXCR1C, CD8CXCR1¡, CD103CXCR1C, CD103¡ XCR1CMHC IIlo, CD103¡

XCR1CMHC IIhi DCs and CD326C LCs. Shaded histograms represent fluorescence minus one control
staining. Representative plots from three independent experiments are shown.
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presentation.44 This “merocytic” DC subset has been identified so
far only in the spleen and the reported surface antigen phenotype
is in line with the CD8¡XCR1C and CD103¡XCR1C DCs
described in this study. An investigation of the anatomical location
of the four XCR1C DCs analyzed in this study may reveal that the
spatial relationship within the skin or lymph node is distinct,
enabling each subset to have unique interactions with neighboring
cellular networks. Further characterization of these DCs is
required to support this concept.

In summary, a clear indication of
which cells present tumor antigen to
lymph node T cells has not been
defined previously. However, a role for
CD8C DCs and undefined migratory
populations has been reported.45 This
study identifies four populations of
XCR1C DCs with unique surface anti-
gen expression that possess the ability to
cross-present cutaneous tumor antigen,
raising the possibility that a complex
division of labor exists among DCs
responsible for immunosurveillance of
the skin. This concept requires further
examination before it can be exploited
for optimal delivery of vaccine antigen
into the skin to promote enhanced anti-
tumor CD8C T cell immunity.

Materials and Methods

Mice
C57BL/6 (B6) female mice that

express the CD45.2 allele were purchased
from the Animal Resource Center, Mur-
doch, Western Australia. CCR7o/o33 and
OT.I27 mice on a C57BL/6.SJL-Ptprca-
Pep3b/BoyJ background (CD45.1) were
bred and maintained at the Telethon
Kids Institute. All animal experiments
were performed in accordance with pro-
tocols approved by the Telethon Kids
Institute Animal Ethics Committee
(Ethics Application ID: 243) and con-
formed to the National Health andMed-
ical Research Council Australia code of
practice for the care and use of animals
for scientific purposes.

Cell lines
The B16.F10 melanoma cells were

purchased from the ATCC. The
B16Kb¡ cell line was a kind gift from
Esteban Celis, University of Southern
Florida, USA. B16 lines were transduced
with retroviruses constructed using
Fugene! transfection reagent (Promega)

to transfect 293T cells with MSCV vectors containing a full-length
membrane-bound form of OVA and eGFP, pMD.OLD.GAG.
POL and pCAG-eco. The supernatant containing ecotrophic retro-
viruses was collected after 72 h and filtered through a 0.45 mM fil-
ter before being incubated with target cells in the presence of 8 mg/
mL polybrene (Sigma). Transduction was confirmed by eGFP
expression and eGFPC cells were sorted by flow cytometry to estab-
lish purified lines. B16 cells were passaged routinely at 70–80%

Figure 7. CD103CXCR1C and CD103¡XCR1C migratory DCs cross-present cutaneous melanoma anti-
gen to CD8C T cells. (A) Proliferation of 5 £ 104 CFSE-labeled OVA-specific CD8C T cells (OT.I) after
60 h of culture together with serial dilutions of DC populations isolated from the tumor draining
lymph nodes of mice bearing B16Kb¡-OVA melanoma. (B) Representative dot plots of CFSE dilution on
CD8C OT.I cells co-cultured with 104 of each DC population. Numbers indicate the percentage of
divided cells. Data are representative of two independent experiments, which showed a similar trend.
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confluency and cultured in RPMI media (Life Technologies) sup-
plemented with 10% FCS, 2-mercaptoethanol (50 mM), L-gluta-
mine (2 mM), penicillin (100 U/mL) and streptomycin (100 mg/
mL) in a 5%CO2 incubator at 37!C.

Cutaneous melanoma engraftment
Mice were anaesthetized with a mixture of Ketamine

(100 mg/kg) and Xylazil (10 mg/kg) (Troy Laboratories) admin-
istered intraperitoneally (10 mL/g body weight). The eyes of the
mice were covered with a Refresh! Lacri-Lube! (Allergan) from
the time of anesthesia to when they regained consciousness to
prevent them from drying out. The flank of the mouse was
shaved and depilated with Veet! (Reckitt Benckiser). A small
(»2mm2) area of skin on the flank was abraded using a MultiPro
Dremel with a grindstone attachment. 105 B16 melanoma cells
were washed, resuspended in 10 mL of MatrigelTM (BD) and
applied to the abraded area. To contain the cells at the abraded
site, the matrigel was allowed to set before covering it with a piece
of Op-site FlexigridTM (Smith and Nephew). The torsos of the
mice were wrapped, first with a soft hypoallergenic MicroporeTM

tape (3M Health Care) and then by a stronger porous polyethene
TransporeTM tape (3M Health Care) to protect the site. Mice
were allowed to recover from anesthesia on a heating pad and
monitored daily until bandages were removed 6 d post grafting.

Flow cytometry
Monoclonal antibodies specific to mouse CD8a, CD11c,

MHC II, CD103, CD326, CD207, CD24 and CD172a were
purchased from BD or eBioscience. The monoclonal antibody
specific to XCR1 was kindly provided by R.A. Kroczek. Multi-
parameter analysis was performed on a LSRFortessa (BD) and
cells were sorted using a FACSAriaIII (BD). All data were ana-
lyzed with FlowJo (Tree Star). Prior to acquisition cells were
stained with propidium iodide (PI; Sigma) to exclude dead cells.

DC isolation and sorting
DCs were isolated from lymphoid organs as described previ-

ously.31 Briefly, single cell suspensions were prepared from
pooled skin- or tumor-draining lymph nodes and enriched for
conventional DCs using antibody depletion and magnetic bead
enrichment. These cells were stained with anti-CD11c, -MHC
II, -CD8a, -XCR1, -CD103 and -CD326 antibodies. DC sub-
sets were sorted from PI negative events. During sorting DCs
were collected in buffer containing FCS (Serana) and EDTA
(Sigma) and kept on ice at all times.

Preparation of T cells
OT.I T cells were purified as described previously.46 Briefly,

single cell suspensions were prepared from pooled lymph nodes
and spleens from OT.I female mice and enriched using antibody
depletion and magnetic bead enrichment. Purity of enriched cell
suspensions usually yielded >80% CD8CVa2C cells.

Ex vivo culture assays
Flow cytometrically sorted DCs were washed and resuspended

in RPMI media (Life Technologies) supplemented with 10%

FCS, 2-mercaptoethanol (50 mM), L-glutamine (2 mM), peni-
cillin (100 U/mL) and streptomycin (100 mg/mL) and cultured
in a 5% CO2 incubator at 37!C for the duration of the experi-
ment. For ex vivo presentation assays, serial dilutions of sorted
DCs were co-cultured for 60 h with 5 £ 104 OT.I CD8C T cells
labeled with 2.5 mM CFSE (Sigma). Proliferation of OT.I cells
was measured by flow cytometry as CFSE dilution in the
CD45.1CCD8CVa2C cell population.

Fluorescein Isothiocyanate (FITC) painting
Mice were anaesthetized, shaved and depilated using Veet!

(Reckitt Benckiser). The back and flanks of mice were painted
with 100 mL of 0.5% (w/v) FITC solution (Sigma) prepared in a
1:1 mixture of acetone and dibutyl phthalate. DCs were isolated
from the skin-draining lymph nodes 96 h after painting. Migra-
tory DC were defined as FITCC CD11cCMHCIIC cells by flow
cytometry.

Preparation of RNA
Isolated DC populations were resuspended in 1 mL of Trizol

solution (Life Technologies) immediately after sorting and stored
at ¡80!C. RNA was extracted using phenol chloroform extrac-
tion and the RNEasy Mini Kit (Qiagen) according to the man-
ufacturers’ instructions. Reverse transcription of mRNA was
performed using the SuperscriptIII First Strand Synthesis System
(Invitrogen), with 2 mg of RNA per reaction, according to man-
ufactures instructions.

Quantitative polymerase chain reaction
Following cDNA synthesis, quantitative polymerase chain

reaction (qPCR) assays were performed using SYBR! green
chemistry according to the manufacturers’ instructions
(Applied Biosystems). Briefly, wells contained 10 mL (1x)
SYBR! green master mix, 4 mL primer mix (forward and
reverse) (200 mM final concentration), 2 mL of DNase/RNase
free water and 4 mL of cDNA (from first strand synthesis reac-
tion). Cycling conditions were as follows; hold for 20 s at
95!C, cycle 40£ through 95!C for 1 s, 60!C for 20 s fol-
lowed by a hold for 2 min at 25!C. Amplification and detec-
tion was performed using an ABI 7900HT Fast Real-time
PCR system with SDS 2.3 software (Applied Biosystems). For
analysis of transcripts associated with DC ontogeny, primer
sequences were: IRF4: forward 50-TGCAAGCTCTTTGACA-
CACA-30; reverse 50-CAAAGCACAGA GTCACCTGG;
IRF8: forward 50-CAGGAGGTGGATGCTTCCATC-30; reverse
50- GCACAGCGTAACCTCGTCTTC-30; ID2: forward
50-ATGAAAGCCTTCAGTC CGGTG-30; reverse 50-AGCA-
GACTCATCGGGTCGT-30; BATF3: forward 50- GCGCC-
CGGGAACCA-30; reverse 50-AACCCGGTTTTTCTCT-
CTCCTT-30. For quantification of relative gene expression, the
comparative DDCT method was employed using HPRT expres-
sion as the reference.
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