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Abstract 

Background: Citrullination is the post-translational modification of arginine to citrulline 

mediated by peptidylarginine deiminases (PADs). We have previously shown that 

vaccination with citrullinated peptides from vimentin and Ŭ-enolase which are 

presented on HLA-DR4 or -DP4 in tumour cells mediate strong anti-tumour responses 

[1, 2]. This response is dependent upon autophagy and presentation of citrullinated 

peptides on MHC-II. Cytotoxic CD4 T cells can directly kill tumours expressing MHC-

II and cognate peptide. As most tumours do not express MHC-II unless induced to do 

so by IFNɔ we propose that citrullination is a normal stress response but that 

citrullinated epitopes are only presented on viable cells in the presence of 

inflammation. 

Results: Exposure to nutrient starvation induced citrullinated vimentin expression in 

the murine melanoma cell line B16F1 grown in vitro, measured using the anti-

Citrullinated vimentin rabbit polyclonal anti-serum GB17002 (ECV-1), but was also 

associated with apoptosis. Interestingly, up to 70% of low density plated cells 

expressed citrullinated vimentin which was mostly cytoplasmic with some cases 

showing punctate staining, increased phagosome associated LC3-II and increased 

proliferation marker Ki67 compared to high density cultures, suggesting actively 

growing cells undergo more autophagy and have greater potential to express 

citrullinated epitopes. The role the HIPPO pathway and Epithelial-to-Mesenchymal 

transition (EMT) plays in citrullination was investigated however results were 

inconclusive and require further work. Approximately 27-55% of human cancers were 

positive for MHC-II.  The expression of MHC-II was associated with survival 

advantage in breast cancer patients (P=0.004), and positively correlated with 

citrullinated vimentin (P<0.001), PAD2 (P<0.001), IFNɔ receptor (P=0.003) and 

Ambra1 (P=0.016) in ovarian cancer. In a panel of triple negative breast cancer 
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(TNBC) and ovarian cancer cell lines, 4/8 lines showed expression of MHC-II. This 

was enhanced following exposure to IFNɔ which was dependent on activation of the 

Class II transactivator (CIITA) and is controlled by the pIV promoter. In addition, a 

strong correlation between IRF-1 and CIITA mRNA expression was found in 10 

cancer types analysed from the TCGA database and in 4 cancer types CIITA 

expression alone correlated with good prognosis. Interestingly, IFNɔ also increased 

citrullinated vimentin expression in the B16F1, suggesting this cytokine upregulates 

citrullination and MHC-II. Analysis of the human CD4 T cell repertoire responding to 

the citrullinated peptides, Vim28-49cit, Vim415-433cit and Eno241-260cit, showed 

oligoclonal proliferation of mainly T effector memory (Tem) cells but also an increase 

in the cytotoxic CD45RA expressing Tem population (TEMRA). In total, 28 high 

frequency TCRs were identified by RNA sequencing of proliferating CD4 T cells in 

response to Vim28cit (16), Eno241cit (4) and Vim415cit (8). These were transduced 

using lentiviral technology into Jurkat 76 and/or T cells and tested in antigen 

presentation assays to confirm their reactivity to citrullinated peptides by upregulation 

of the activation marker CD69 and the potent T cell stimulating cytokine, IFNɔ. 

Despite numerous improvements to the lentiviral constructs, transfection/transduction 

methods and recognition assays, no positive responses were detected with any 

citrullinated peptide transduced TCRs. This suggests that the in vitro assays to detect 

citrulline specific T cell responses did not sufficiently expand the antigen specific T 

cells or that the TCR that did expand were of too low affinity for in vitro peptide 

recognition. Repeat stimulation assays to select for higher affinity more specific TCRs 

are required. 

Summary: Lack of cell-to-cell contact induced the greatest levels of citrullination in 

viable cells which were also highly proliferative and had upregulated autophagy. For 

stress induced post-translational modifications (siPTMs) to be recognised by T cells, 

MHC-II expression is also required. This data shows MHC-II is present on human 
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tumour cells at low levels but can be further induced by the inflammatory cytokine 

IFNɔ and is dependent on CIITA expression. Citrullinated peptides presented by 

MHC-II stimulated oligoclonal proliferation of CD4 T cells that expressed an effector 

phenotype. IFNɔ released from these cells can induce MHC-II expression on tumours 

thus allowing presentation of siPTM epitopes. Citrullinated peptide vaccines have 

shown that siPTMs are good targets for immunotherapy but further results are 

required to determine if specific TCRs can be identified and used for adoptive T cell 

therapy. 
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1 Introduction 

1.1 Cancer ï Hallmarks of Cancer 

Cancer is the abnormal growth of cells that accumulate to form tumours, that spread 

and invade neighbouring tissues, and quite often distant parts of the body by 

metastasis. Currently, over 100 different types of cancers have been identified, each 

with unique features depending on the tissue affected. However, as this is a genetic 

disease and therefore controlled by alterations to genes involved in cellular growth, 

division, proliferation and death, a range of hallmarks have been identified essential 

for cancer development. This was first suggested by Hanahan and Weinberg over 20 

years ago, who stated six important traits essential for cancer physiology; self-

sufficiency in growth signals such as cytokine expression oncogene activation, 

insensitivity to anti-growth signals that regulate cell cycle machinery, evading 

apoptosis by inactivation of p53 tumour suppressor gene or overexpressed 

oncogenes, limitless replication, sustained angiogenesis providing oxygen and 

nutrients to expanding tumours and tissue invasion/metastasis [3]. They later 

revisited this theory and added two more hallmarks, reprogramming cellular 

metabolism and avoiding immune destruction, and two essential characteristics that 

promote tumour formation, genomic instability allowing mutations and tumour 

promoting inflammation (Figure 1.1) [4].  
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Figure 1.1 

 

Figure 1.1 Hallmarks of cancer. The various factors that contribute to the establishment and progression 

of cancer. 

1.2 Immune Surveillance and Editing 

The immune system was hypothesised to combat developing tumours over 100 years 

ago by Paul Ehrlich but due to the lack of tools, scientific evidence to support this 

theory only emerged 50 years later. The general term used to describe this function 

is cancer immunosurveillance, where the immune system is capable of recognising 

and eliminating tumour cells. Interferon-ɔ (IFNɔ) and perforin was shown to be an 

important mediator in anti-tumour responses. Both have been shown to protect 

against development of chemically induced tumours or spontaneous tumour 

formation [5, 6]. In addition, tumour rejection was reversed when mice were 

administered with an IFNɔ neutralising antibody [7]. As major effectors of the immune 
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system that secrete high levels of IFNɔ and lytic granules, T cells were studied for 

their specific anti-tumour activity. Their structure and functions will be discussed in 

more detail in sections 1.3, 1.5 and 1.6. Increased numbers of tumour-infiltrating 

lymphocytes (TILs) have also been associated with improved patient survival and 

better prognosis in many cancers further supporting the concept of 

immunosurveillance [8-10]. However, it became clear that not all individuals are able 

to prevent the spread of cancer and that tumours had found a way to avoid pressure 

from the immune system. In the early 2000ôs, Dunn and colleagues proposed the 

interaction between tumour and immune system which flipped the switch on tumour 

suppression involved three Eôs; elimination, equilibrium and escape [11]. Together 

they contributed to immunoediting within the cancer. At the first stage, elimination, 

immune cells are able to identify malignant cells and exert pro-inflammatory effects 

to destroy them. The initial recognition is most likely by cells of the innate immune 

system such as natural killer (NK) cells or macrophages that are summoned to the 

tumour site by chemokines produced through local tissue damage [12]. When 

stimulated these cells produce IFN  ɹand other pro-inflammatory cytokines as well as 

chemokines to attract lymphocytes to the area [13]. Both NK cells and T cells are then 

able to eliminate the target cells by release of lytic granules or engagement of the 

tumour necrosis factor receptor superfamily (TNFSF) members such as TRAIL [14, 

15]. 

During the equilibrium phase, lymphocytes are able to exert enough pressure through 

pro-inflammatory mediators to maintain the tumour cells and prevent progression, but 

the response is not strong enough to fully eliminate the cells. This contributes to the 

longest period for a cancer patient and can span many years [11]. From the hallmarks 

of cancer, factors such as genetic instability, sustaining proliferative signals, avoiding 

anti-growth signals and regulating angiogenesis all contribute to this stage, enabling 

the tumour to resist immune pressure. In the final phase, escape, tumour cells are 
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able to grow unchecked by both, innate and adaptive, arms of the immune system. 

There are many mechanisms the tumour will utilise to overcome immunosurveillance 

such as secretion of suppressive cytokines and mediators such as TGF- ,̡ IL-10 and 

IDO, expression of PD-L1 and CTLA-4 to block co-stimulation of T cells, and loss of 

antigen and major histocompatibility complex (MHC) molecules, in particular 2̡ 

microglobulin for MHC class I [16, 17]. Some of these will be discussed in more detail 

throughout this chapter. For the immune system to counterattack the tumour, it must 

overcome this tolerance and fight against the immunosuppressive environment. 

1.3 T cells 

T lymphocytes (cells) are a major component of the adaptive immune system and are 

responsible for the cell mediated immune response. They can directly kill cells but 

only when activated by protein fragments (peptides) presented by Major-

Histocompatibility Complex (MHC) molecules on the surface of other cells. The 

structure, function and peptide processing methods are discussed in section 1.3.1 

and 1.3.2. When presented with a MHC:peptide complex the T cell will recognise the 

antigen via the T cell receptor (TCR). TCR structure, function and diversity is 

discussed in section 1.3.3 and 1.3.4. Several types of T cells exist but can be divided 

into two main classes depending on their expression of the co-receptor; CD4 or CD8. 

The function and antigen recognition of these subsets is discussed later in section 

1.5 and 1.6. T cells that have not yet recognised and been activated by antigen are 

called Naïve T cells [18]. These have a long-life span of 5-10 years and are commonly 

characterised by expression of CD45RA, C-C chemokine receptor 7 CCR7, lymph 

homing receptor CD62L (L-selectin) and CD27 [19]. CD62L facilitates T cell migration 

into lymphoid tissues where CCL21 and CCL19 is released to attract T cells by 

binding to CCR7. Mature naïve T cells express the early activation marker CD25. 

CD25dim cells have a lower expression of CD45RA, higher Ki-67 (cell cycling marker), 
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but a broader TCR Vɓ repertoire than CD25neg cells, so are not completely 

differentiated [19].  

Two main signals are required to fully activate naïve T cells and induce differentiation 

into effector T cells. Signal 1 is the presentation of peptide via MHC and binding to 

TCR. This process also requires the interaction of adhesion molecules CD2 and 

CD58 on the T cell surface with APC expressing lymphocyte function-associated 

antigen (LFA) 2 and 3 respectively to form the immunological synapse [20, 21]. In 

addition, LFA 1 is found on T cells and binds to ICAM-1 (CD54) on APCs. Signal 2 is 

facilitated by costimulatory molecule CD28 on naïve T cells which binds to B7.1 

(CD80)/B7.2 (CD86) on APCs. Other costimulatory molecules such as CD40L on T 

cells also facilitate activation after binding to APC surface molecule CD40. T cell 

proliferation and function was inhibited in the absence of CD28 and CD40L where 

CD28 deficient T cells lacked IL-2 and IL-4 release and CD40L deficient T cells were 

defective in IFNɔ production [22]. 

The effector population, characterised by the expression of CD45RO, can be further 

divided into 3 subsets; Cytotoxic T cells that can directly kill pathogens, infected cells 

or tumour cells, Helper T cells that provide cytokine support and other pro-

inflammatory signals for other B and T cells and can also differentiate to cytotoxic 

cells, and Regulatory T cells that help to control the immune response by monitoring 

T cell activity. Some T cells will also differentiate into Memory T cells that contribute 

to long-lasting immunity against a particular pathogen or disease. CD62L and CD25 

are downregulated on these cells, but when exposed to specific antigen, memory T 

cells will be quicker to recognise and activate, re-expressing CD25 and then 

differentiating into effector cells [18]. Memory T cells can be further divided into central 

memory T cells (Tcm, CD45RO+ve, CCR7 high), effector memory T cells (Tem, 

CD45RO+ve, CCR7low), effector memory T cells re-expressing CD45RA (Temra, 



6 | P a g e  
 

CD45RA+ve, CCR7low), tissue-resident memory T cells (Trm, CD45RO+ve, 

CCR7low) and follicular helper cells (Tfh, CD45RO+ve, CCR7high) depending on 

their receptor/ligand expressions [23, 24]. Naïve, effector and memory T cell subsets 

also have varying expressions of adhesion molecule CD44, activation markers 

CD127, CD25 and CD69, and homing ligand CD62L, showing a switch in expressions 

from naïve to effector phenotype (Table 1.1) [23-25]. 

Table 1.1 

 

Table 1.1 Summary of cell surface markers used to distinguish Naïve, Effector and Memory T cell 

subsets. 

1.3.1 MHC structure and function 

Two classes of MHC molecules are found, MHC class I and MHC class II, both differ 

in their structure and tissue expression. Their main purpose is to present a range of 

peptides broken down from extracellular foreign bodies or phagocytosed cells to T 

cells. MHC class I molecules are found the surface of all nucleated cells and present 

peptides that are recognised by CD8 T cells. Whereas MHC class II is constitutively 

expressed on specialised cells such as antigen presenting cells and only upregulated 

on other cells in response to interferons. Peptides presented by MHC class II 

molecules are recognised by CD4 T cells. The structure of both classes is similar and 



7 | P a g e  
 

are composed of four domains (Figure 1.2). The two paired domains adjacent to the 

cell surface membrane resemble immunoglobulin domain and the two outer domains 

fold to form a groove in which the peptide sits [18, 26]. 

Figure 1.2 

 

Figure 1.2 Structure of MHC class II and MHC class II molecules found on all nucleated cells and antigen 

presenting cells respectively. Both are made up of four domains however, MHC class I consists of 3 

domains formed by an Ŭ chain (blue) noncovalently bound to ɓ2-microglobulin (orange). MHC class II is 

composed of and Ŭ (blue) and ɓ (orange) chain, each spanning two domains. Peptide (red) lies in the 

peptide-binding groove that is framed by Ŭ1 and Ŭ2 domains in MHC class II and Ŭ1 and ɓ1 domains in 

MHC class II. 

MHC class I molecules are composed of an Ŭ chain that spans three of the domains 

and ɓ2-microglobulin that makes up the fourth domain. The folded Ŭ1 and Ŭ2 domains 

make up the peptide-binding groove which is closed at both ends by conserved 

tyrosine residues limiting the size of peptide it can accommodate to 8-10 amino acids. 

In contrast, MHC class II molecules are able to bind much longer peptides ranging 

from 13-25 amino acids in length [26]. This complex consists of two chains, Ŭ and ɓ, 

both of which form two domains each. The peptide-binding groove is framed by one 

domain from each chain furthest from the membrane, Ŭ1 and ɓ1 [26]. MHC molecules 
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are unstable, and the bound peptide helps to strengthen the structure allowing 

efficient interactions with the TCR. 

Various allotypes of each MHC molecule can be found based on the expression of 

certain gene regions encoding human leukocyte antigens (HLAs). Both MHC class I 

and II can be divided into 3 HLA groups; A, B and C for MHC class I, and DR, DP, 

DQ for MHC class II. MHC molecules are highly polymorphic with multiple alleles 

within each HLA group. These variations affect the composition of the peptide binding 

groove therefore further defining the peptide repertoire the molecule can present [26, 

27]. 

1.3.2 Peptide processing and presentation 

Peptides are produced after proteolytic cleavage of proteins for presentation to T cells 

via MHC molecules. In general, endogenous proteins degraded within proteasomes 

result in peptides bound to MHC class I which will be recognised by CD8 T cells 

(Figure 1.3a). Whereas, both endogenous and exogenous proteins degraded by the 

lysosomal pathway will produce peptides for MHC class II binding and recognition by 

CD4 T cells (Figure 1.3b) [18]. However, cross-presentation can occur where MHC 

class I will bind exogenous peptides internalised by phagocytosis. Dendritic cells 

exhibit this mechanism which allows the cross-priming of naïve CD8 T cells [28]. 

MHC class I molecules are folded, and chains are assembled in the endoplasmic 

reticulum (ER) (Figure 1.3a). Meanwhile, proteins in the cytosol are ubiquitinated and 

subsequently tagged for degradation into short peptides. The newly formed peptides 

are transported to the ER by proteins called transporter associated with antigen 

processing 1 and 2 (TAP1 and TAP2). TAP proteins preferentially transport peptides 

of shorter length, 8-16 amino acids, which contributes to the difference in peptides 

presented via MHC class I vs MHC class II [29]. The MHC class I Ŭ chain enters the 
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ER bound to calnexin. When it encounters and binds to ɓ2-microglobulin, the partially 

folded MHC heterodimer is incorporated into the peptide-loading complex (PLC) 

where Tapasin catalyses the loading of high-affinity peptides [18, 27]. Some MHC 

allotypes are tapasin-dependent and so are retained in the ER in its absence. These 

allotypes are still able to bind peptide but only with low affinity [27]. Tapasin-

independent allotypes are still able to bind peptide and translocate to the surface [26]. 

A process called peptide editing occurs where the PLC retains the MHC class I 

complex in a state that allows exchange of low affinity peptides for high affinity 

peptides. Eventually, binding of a peptide will release the MHC molecule from PLC, 

and then transported to the cell surface [18]. Conformational differences in the 

peptide-binding groove due to allotype expression is also thought to alter the flexibility 

of the groove therefore binding peptides of various affinities [27]. 

Figure 1.3 

 



10 | P a g e  
 

Figure 1.3 Overview of proteasomal (a) and lysosomal (b) protein processing pathways. Endogenous 

peptides are processed by the proteasomal pathway and transported to the endoplasmic reticulum (ER) 

by TAP molecules for loading onto MHC-I. The peptide:MHC-1 complex is transported to the surface for 

presentation to CD8 T cells (a). MHC-II molecules bound to invariant chain (Ii) are released from the ER 

into to MHC-II containing compartments. Ii is cleaved to form CLIP which is later displaced with the help 

of HLA-DM/DO by endocytosed peptides. The peptide-MHC-II complex then presents to CD4 T cells 

(b)[30]. 

MHC class II molecules are also assembled within the ER into endosomes or MHC 

class II containing compartments (MIICs), and associate with the invariant chain (Ii) 

also known as CD74 (Figure 1.3b). This chaperone blocks the MHC class II peptide-

binding groove to prevent premature peptide loading, until the molecule enters the 

endosome and is cleaved by proteolysis to form a short class II associated invariant 

chain peptide called CLIP (~20 residues) remaining in the binding groove. Meanwhile, 

extracellular proteins are captured in endosomes and are cut into smaller antigen 

fragments by proteolytic enzymes before attaching to available MHC class II 

molecules [31]. Another MHC-associated protein termed DM (HLA-DM in humans) is 

responsible for releasing CLIP by binding to the class II molecule and promoting a 

conformational change. The peptide binding groove is now free to accept antigenic 

peptides. DM can also block low affinity peptides from binding to MHC class II 

therefore only high affinity peptides will be presented to CD4 T cells. This greatly 

influences the CD4 T cell repertoire [18, 28]. The MHC class II presentation pathway 

is further regulated by another MHC-associated molecule known as DO (HLA-DO in 

humans). DO inhibits DM by binding to the same sites on DM that interact with MHC 

class II [32]. 

1.3.3 Ŭ/ɓ T cell receptor structure and function 

TCRs are heterodimers and two classes exist; TCR-Ŭɓ and TCR-ɔŭ. In the following 

chapters only Ŭ/ɓ TCRs will be discussed, however others are investigating the use 
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of TCR-ʴ ɻT cells for cancer immunotherapy [33, 34]. TCRs are located on the surface 

of T cell membranes and consist of an extracellular domain, a transmembrane region 

and a short cytoplasmic tail (Figure 1.4). Both Ŭ and ɓ chains make up the 

extracellular domain with a constant region adjacent to the membrane and a variable 

region furthest from the membrane. Like the BCR, the variable region is involved in 

peptide recognition. A CD3 molecule associates with  the  TCR, and is important for 

stabilising and eliciting T cell signals through the cytoplasmic tails of CD3 -Ů,-ŭ, -ɔ and 

ï ɕ, that contain Immune-receptor Tyrosine-based Activation Motifs (ITAMs) as shown 

in Figure 1.4 [35-37]. 

The genes that encode TCRs are divided into Variable (V), Joining (J) and Constant 

(C) regions, that make up the Ŭ and ɔ chains. The additional region, Diversity (D) 

determines the structure of the ɓ and ŭ chains. In the TCRŬ locus, the V and J regions 

consists of 70-80 and 61 gene segments respectively. The TCRɓ locus contains 52 

functional segments in the V region followed by two clusters of a single D segment 

and either 6 or 7 J region segments. A single C region follows each J region in both 

alpha and beta chains [18, 38]. TCR diversity arises from the random recombination 

events such as nucleotide additions, deletions and substitutions of a single segment 

from each region and can potential create between 1015 and 1020 TCR clonotypes (a 

population of T cells with identical TCRs) [38]. 
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Figure 1.4 

 

Figure 1.4 Structure of T cell receptor (TCR). The TCR is composed of two chains; alpha (Ŭ) and beta 

(ɓ) which are form by a constant (C) region adjacent to the cell surface and variable (V) region that 

recognises the peptide-MHC complex. CD3 molecules surround the TCR with Ů/ŭ and ɔ/Ů on the cell 

surface and intracellular zeta (ɕ) chains involved in TCR signalling. 

A TCRôs main purpose is to recognise and interact with antigen presented to a T cell 

via major-histocompatibility complex (MHC) molecules on the surface of antigen-

presenting cells (APCs). The ability of a T cell to respond to a wide range of antigens 

stems from the high degree of variability in the TCR antigen-binding site. This part of 

the TCR structure is known as the third hypervariable loop (CDR3) and is formed by 

the D and J segments of both the Ŭ and ɓ chains. The periphery of the antigen-binding 

site, which mostly interacts with MHC, is encoded by the V gene segments forming 

the CDR1 and CDR2 loops [18, 39]. The numerous combinations of Ŭ:ɓ (or ɔ:ŭ) chains 

further increase TCR diversity. 
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1.3.4 Gene rearrangement of the Ŭ/ɓ TCR loci 

Various factors are involved in the development of T cells from maturation and 

selection in the thymus to stimulation, differentiation and proliferation in the periphery, 

contributing to numerous phenotypes each with their own specific function. The first 

stage of T cell development occurs at the gene level and results in the acquisition of 

a functional T cell receptor (TCR). T cell progenitors, known as thymocytes, in the 

thymus are negative for TCR until they undergo rearrangement of the antigen-

receptor genes and become CD4+CD8+ double positive thymocytes. 

Rearrangements are mediated by recombination activating genes RAG1 and RAG2 

and the enzyme terminal deoxynucleotidyl transferase (TdT). Studies have shown 

that these genes can also alter TCRs post-selection in peripheral and tumour-

infiltrating T cells, suggesting a later stage role RAG1/2 plays in shaping the TCR 

repertoire [40, 41]. In the beta chain, D-J rearrangement occurs first, followed by the 

addition of a V gene (Figure 1.5). As D genes are not present in the alpha chain loci, 

only V-J rearrangement occurs [39]. Although V(D)J rearrangement is considered to 

be a random event, some clonotypes are more common than others and are shared 

between individuals. This is believed to be due to the generation of certain amino acid 

sequences by a greater number of nucleotide triplets resulting in a higher chance of 

occurrence, also known as convergent recombination [42]. 
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Figure 1.5 

 

Figure 1.5 Recombination of the TCR alpha (left) and beta (right) chain genes. Gene locus composed 

on Variable [V], Diversity [D], Joining [J] and Constant [C] regions. D region only found in beta chain 

locus (a). DJ rearrangements occur first for the beta chain (b), followed by the addition of a V gene in 

both alpha and beta chains (c). The Constant region is then spliced and rearranged with the VDJ 

segment [43]. 

1.4 Thymic selection 

A unique microenvironment exists in the thymus that aids T cell development. It 

consists of numerous lobules separated into an outer cortical region, the thymic cortex 

and the inner medulla. In young individuals, high numbers of new T cells are produced 

in the thymus to build a repertoire of antigen specific lymphocytes. Many 

hematopoietic cells are attracted to this area giving rise to high numbers of 

thymocytes (T cell precursors) that are differentially distributed [44]. Immature 

thymocytes will interact with thymic epithelial cells (TECs), initiating Notch signalling 

which switches on T-cell development specific genes and induces the initial phase of 

differentiation [45]. These early thymic progenitors (ETPs) are double negative (DN) 

for co-receptors CD4 and CD8 and do not express a T cell receptor. ETPs pass four 
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double negative stages before gaining a co-receptor; DN1, DN2, DN3 and DN4. In 

the first stage, DN1, thymocytes express CD44 and Kit, and gain CD25 expression 

by DN2. CD44 and Kit is lost at the DN3 stage but cells undergo TCR ɓ chain selection 

[18, 46]. After ɓ-selection, thymocytes in DN4 lose both CD25 and CD44 but express 

TCR-ɓ chain and upregulate CD28 before proliferating in a Notch-dependent manner 

[18, 47]. An intermediate stage exists where the cells gain CD8 and are termed 

intermediate single positives (ISP) before becoming double positive (DP) by acquiring 

CD4 [18, 46, 48, 49]. There are two thymocyte populations negative for CD4 and CD8 

that are considered as matured; thymocytes expressing ɔ:ŭ TCRs and thymocytes 

expressing the NK1.1 receptor (found on NK cells) as well as an Ŭ:ɓ TCR with little 

diversity [44]. NK1.1+ T cells act as an early response to infections, they have an 

effector memory phenotype (CD62Lneg), differentiating in the presence of IL-15 and 

rapidly producing IFNɔ in response to pathogen [50]. 

TECs show morphological differences depending on their location in the cortex or the 

medulla, contributing to T cell receptor diversity. Cortical thymic epithelial cells 

(cTECs) express high levels of MHC class II and undergo constitutive autophagy 

allowing presentation of self-peptides, favouring CD4 T cell differentiation. High 

abundance of the lysosomal proteases Cathepsin L and thymus-specific serine 

protease (TSSP) proteins are found in cTECs [51]. Autophagic activity has been 

found to decrease in these cells with age which may contribute to the low levels of T 

cells found in older individuals [52]. In addition to the ability of presenting self-peptides 

through autophagy, cTECs express the unique subunit, ɓ5t, of the proteosome are 

known as the thymoproteosome which aids the degradation of cytoplasmic proteins 

for presentation via MHC class I and subsequent induction of CD8 T cells [48, 51, 

53].  
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Thymocytes can be engulfed by the cTECs forming multicellular complexes known 

as thymic nurse cells (TNCs) [51]. Within the TNCs, DP thymocytes begin Ŭ chain 

rearrangement [49]. Once complete, low levels of an Ŭ:ɓ T cell receptor will associate 

with CD3 on the cell surface. Receptors that fail to recognise self-peptide:MHC 

complexes presented by the cTECs will die. However, double positive cells that do 

recognise self-peptide:MHC are positively selected to mature and express high levels 

of that Ŭ:ɓ TCR [44, 48, 49]. This is termed positive selection. At this stage the 

thymocytes will lose expression of either CD4 or CD8 depending on the class of MHC 

it recognises, eventually becoming single positive [18, 46].  

Before the single positive thymocytes can leave the thymus and enter the periphery, 

they undergo one final test within the thymic medulla known as negative selection. 

Medulla thymic epithelial cells (mTECs) and dendritic cells in this area present various 

self-antigens to the newly single positive thymocytes [48]. These specialised mTECs 

express high levels of Cathepsin S, CD40 and AIRE; a nuclear protein that regulates 

promiscuous gene expression where up to 90% of genes including the tissue-

restricted antigens are expressed [49, 51]. This process eliminates self-reactive T 

cells in circulation and therefore reduces the chances of autoimmune diseases, 

monitoring T cell tolerance. However, not all self-proteins are expressed in the thymus 

allowing mature T cells to recognise these antigens and produce a response.  

The process of positive selection and negative selection appear to be 

counterproductive, as any cell that recognises self-peptide:MHC complexes are 

destined to mature during positive selection but are then eliminated during negative 

selection. The survival of a diverse T cell repertoire must therefore depend on the 

specificity and affinity of the TCRs to recognise self-peptide:MHC complexes. The 

affinity hypothesis states that thymocytes that weakly recognise self-peptide:MHC will 

survive but a strong interaction against self-antigen will drive the cell to apoptosis [18]. 
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Two proposed models show how the TCR signal strength contributes to this outcome 

(Figure 1.4). In the first model, a TCR with moderate affinity for self-peptide will pass 

the positive selection threshold but avoid elimination by apoptosis. A high affinity TCR 

will pass both of these thresholds and will be destroyed (Figure 1.4a). The second 

model suggests lower affinity TCRs can sustain signalling over a long period of time 

avoiding negative selection, but high affinity TCRs peak in signalling faster, passing 

the apoptosis threshold (Figure 1.4b). Any high affinity TCRs that do not reach the 

apoptosis threshold would still be removed as signalling is not sustained [54].  

Figure 1.6 

 

Figure 1.6 Affinity based TCR signalling contributes to positive and negative selection. Threshold model 

shows moderate affinity TCRs pass positive selection and avoid death, whereas strong signalling passes 

threshold for apoptosis (a). The sustained signal model is based on the length of signalling, showing low 

affinity TCRs survive positive and negative selection due to longer signalling period. High affinity TCR 

peak pass the apoptosis threshold and are eliminated and/or can not sustain signal for as long (b) [54]. 

1.5 CD8 T cells 

CD8 T cells have long been considered the main mediators against infectious disease 

and cancer. When activated by antigen, they will differentiate into effector T (Teff) 

cells, secreting pro-inflammatory cytokines IFNɔ, TNF-Ŭ and IL-2 to aid activation and 
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proliferation of neighbouring T cells, and release cytotoxic granules such as perforin 

and granzyme to directly kill the target cell. Many researchers measure immune 

responses to cancer via increased proliferation, IFNɔ production and lytic activity of 

CD8 T cells. These cells express a range of phenotypes after differentiation known 

as central memory (Tcm), effector memory (Tem) and stem cell memory (Tscm), 

which can be distinguished by varied expressions of cell surface molecules CCR7, 

CD62L, CD27, and CD127 [55]. Some effector cells can also re-express the naïve T 

cell marker CD45RA. These highly cytotoxic cells are known as Temra and are often 

considered terminally differentiated, however some CD57-ve Temra cells still retain 

function [55-57]. CD8 T cells localised in tissues, termed tissue resident memory 

(Trm) will also express a slightly different phenotype with higher levels of activation 

marker CD69, E-cadherin ligand CD103, collagen binding integrin CD49a and 

extracellular matrix HUA receptor CD44 [58]. Although the role of these cells is still 

under investigation, the cell surface marker expression highlights the adaptation of 

the CD8 T cell subset to its surroundings. 

As discussed in section 1.3.2, CD8 T cells recognise endogenous peptides presented 

via MHC-I. Due to the expression of this molecule on both APCs and epithelial cells, 

a wide range of epitopes can be presented and stimulate CD8 T cells. This is 

especially important as every nucleated cell has the potential to be infected by a virus, 

therefore CD8 T cells are able to scan MHC-I molecules for any foreign peptides. Due 

to the TAP loading restrictions and the closed end on the MHC-I peptide binding 

groove, only peptides of approximately 8-16 amino acids are presented by MHC-I and 

therefore available for recognition by CD8 T cells [26, 29]. The CD8 co-receptor is 

proposed to have two main roles in antigen recognition; firstly binding to MHC-I in 

synergy with the TCR and secondly signalling through recruitment of intracellular 

kinase Lck to the TCR/CD3 complex. Although TCR can bind MHC-I without CD8 

help, the synergy of CD8 with the TCR allows stabilisation of the peptide-MHC-TCR 
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complex and induction of cytotoxic activity in the T cells with low TCR affinities [59, 

60]. This synergy diminishes as the TCR affinity increases [60]. CD8 synergy is 

particularly important in the context of cancer, as T cells that bind self-peptide-MHC 

with high affinity are usually deleted during thymic selection. But this characteristic 

allows the recognition of TAAs which are usually recognised with low affinity. After 

recognition of peptide, the co-receptor helps to ensure successful activation of the 

CD8 T cell. Initially by binding to MHC-I. This occurs at relatively low affinity (Kd ~100-

200µM) depending on the allele, however this interaction can increase sensitivity and 

activity of the T cell to MHC-I and cognate peptide by a million-fold [61-63]. More 

importantly, CD8-MHC binding ensures specific antigen recognition [64]. TCR 

signalling through Lck initially occurs without coordination of CD8 but the CD8/Lck 

interaction stabilises this signalling allowing full activation [65]. This CD8-Lck coupling 

increases upon T cell maturation; 13-fold increase in coupling in peripheral CD8 T 

cells compared to DP thymocytes, highlighting this enhancement as another 

contributing factor to their ability to recognise self-peptides with low affinity TCRs [66]. 

Due to these characteristics CD8 T cells have been of great interest in cancer 

immunotherapy techniques and TAAôs recognised by them have been studied 

intensely for over 20 years. 

1.6 CD4 T cells 

Like CD8 T cells, when activated CD4 T cells will differentiate into effector and 

memory T cells. Traditionally effector CD4 T cells were considered solely as helper 

cells, supporting B cells in antibody production and cytotoxic activity of CD8 T cells. 

However, accumulating evidence indicates these cells are capable of exhibiting 

cytotoxic phenotypes and can kill target cells through indirect and direct methods 

(discussed later). CD4 T cells have a great degree of plasticity and various subsets 

exist; Th1, Th2, Th17, follicular helper T cells (Tfh), regulatory T cells (Treg), Th9, 
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Th22 [18]. Each portray distinct functions however all except Tregs aim to defend 

against pathogens and parasites (Figure 1.10). Newly differentiated effector CD4+ T 

cells (Th0) will secrete IL-2 to stimulate their own proliferation which will then 

differentiate into the various Th subsets when activated by a cocktail of cytokines. IL-

12 and IFNɔ are considered pro-inflammatory cytokines as they aid differentiation of 

Th0 cells into Th1 (T helper 1). These secrete IFNɔ and TNFŬ to activate 

macrophages and increase toll-like receptor (TLR) expression. Th2 cells are 

produced in response to IL-4 which this subtype also secretes, in addition to IL-5 and 

IL-13, to activate B cells for antibody-mediated inflammation and target parasitic 

infections [67, 68]. Th1 and Th2 have traditionally been known as the major CD4 

effector subsets however research has allowed more subsets to be distinguished. 

Th17 cells, so called for their expression of IL-17, can be differentiated by a 

combination of IL-21, IL-6, IL-23 and TGF-ɓ. These cells also secrete IL-21, IL-22, IL-

25 and IL-26 for neutrophil activation and protection against extracellular pathogens. 

Other subsets include Th9 (stimulated by IL-2, IL-4 and TGF-ɓ, release IL-9 and IL-

10), Th22 (stimulated by IL-6 and TNF-Ŭ, release IL-22), and Tfh (stimulated by IL-6 

and IL-21, release IL-6 and IL-21) [67, 69]. 
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Figure 1.10 

 

Figure 1.10 CD4 T cell subsets induced by various cytokines (Red) which activate different pathways 

(Orange) and promote secretion of cytokines and chemokines to elicit unique functions (Blue) [69]. 

Th1 cells are the main focus of anti-tumour activity. The other subtypes, Th2, Th9, 

and Tfh and Th17 have shown both tumour suppressive and promoting effects so 

their contribution to anti-tumour response still needs to be defined [68]. Subtype 

differentiation depends on a multitude of extracellular signals that initiate signalling 

pathways followed by new gene expression within the cells. These extracellular 

signals include cytokines, TCR and co-stimulatory binding strength [69]. Strong TCR 

signalling preferentially polarises toward a Th1 rather than Th2 phenotype. In 

contrast, weak signalling promotes FOXP3 expression and therefore Treg 

differentiation. However, in the presence of abundant antigen or high TCR affinities, 

very strong TCR signalling can occur and induce an Th2 phenotype [69]. All subtypes 

differ in their cell surface protein expression and cytokine secretion patterns, however 

there is a degree of plasticity between the subpopulations allowing switching from 
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one phenotype to another when induced by cytokines. For example, TGF-ɓ caused 

Th2 switching to Th9 and IL-12 converted Th17 cells to Th1 [70]. In cancer immunity, 

the Th1 phenotype is most desirable due to the secretion of pro-inflammatory 

cytokines that drive macrophage, T cell and NK cell activation [71-73]. By this 

mechanism, CD4 T cells can indirectly induce killing of tumour cells [74]. This 

phenotype was also associated with apoptosis of tumour cells in ovarian cancer [75]. 

In addition, CD8 T cells require help from Th1 for naïve T cell proliferation, survival, 

optimal IFNɔ production, memory CD8 T cell development [73, 76]. 

Current research shows CD4 T cells can also express a cytotoxic phenotype [1, 77], 

due to the expression of the termination of transcription factor thPOK [78]. Like CD8 

T cells, memory CD4 T cells can be distinguished from naïve cells and divided into 3 

groups depending on their expression of CD45RA and CCR7; Tcm, Tem and Terma. 

This highly cytotoxic Temra population expressed increased granzyme B and perforin 

compared to the other groups [79]. As discussed previously these lytic granules 

induce apoptosis of target cells, therefore CD4 T cells are able to upregulate similar 

cytotoxic mechanisms directly killing tumour cells expressing peptide-MHC-II, 

independently of CD8 T cells [80-83]. 

CD4 T cells recognise peptide presented via MHC-II molecules. As MHC-II is primarily 

found on professional APCs, it is thought a smaller range of target antigens are 

available for sampling. However, evidence has shown MHC-II can be induced in non-

professional APCs including tumour cells, and unlike MHC-I this molecule is capable 

of presenting peptides longer than 16 amino acids, allowing the recognition of 

endogenous TAAs not normally exposed to the adaptive immune system. This is very 

beneficial when selecting TAA as targets to avoid toxicity effects on normal cells and 

non-cancerous tissues. Mass spectrometry analysis of MHC-II bound peptides in DCs 

and B cells show they originate from all cellular compartments; membrane, nucleus, 



23 | P a g e  
 

endo/lysosomes, and cytoplasm, with only 11-25% detected from extracellular 

proteins [84]. As a large range of peptides are presented, a mechanism must exist to 

select specific T cell recognition and activation of antigenic peptides. Again, the co-

receptor CD4 contributes to this, in similarity to CD8, it regulates signalling by 

recruiting Lck. Like the CD8 co-receptor, CD4 aids T cell signalling through 

interactions with Lck and CD4-Lck coupling events were also found to increase from 

the thymus to the periphery [64, 66]. But this elevation was to a lesser extent, only 2-

fold, compared to the 13-fold increase seen in CD8 T cells [66]. Nevertheless, the 

CD4-Lck coupling does alleviate T cell activation as seen by increased CD69 levels 

and proliferation in CD4-Lck compared to Lck deficient T cells [64]. CD4 binds to 

MHC-II with very low affinity, >2000µM Kd, and does not stabilise the peptide-MHC-

TCR complex but its main function is to enhance Lck recruitment and elicit TCR 

phosphorylation [59, 63]. Interestingly, CD4 was shown to accumulate on the cell 

surface of unstimulated cells and interact with MHC-II in the absence of TCR. This 

was suggested to facilitate adhesion to MHC-II expressing cells increasing the 

chances of peptide recognition. As CD4-MHC interactions are of low affinity, it is 

possible CD4 multimerization induced by Lck, increases the avidity of TCR-MHC 

interactions thereby stabilising this complex [85, 86]. 

1.7 Checkpoint inhibitors 

Immune checkpoints are necessary to avoid over stimulation of an immune response 

and subsequent destruction of healthy cells. However, in cancer where responses 

are often suppressed, these checkpoints can be blocked to stimulate T cells. There 

are many stimulatory and inhibitory molecules found on the surface of T cells but two 

major targets utilised for checkpoint blockade are the cytotoxic T-lymphocyte antigen-

4 (CTLA-4) and programmed cell death protein-1 (PD-1) (Figure 1.11) [87]. Both of 

these have substantially changed the forefront of cancer immunotherapy. CTLA-4 is 
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upregulated when the T cell is activated and competes for CD80/CD86 on APCs, 

inhibiting binding to CD28 [88]. When CTLA-4 is bound to CD28, the TCR induced 

signalling is blocked, putting the brakes on T cell activation. This self-induced 

antagonism has been a target for cancer immunotherapy for over a decade with anti-

CTLA-4 antibody Ipilimumab at the frontline [89]. Ipilimumab blocks CTLA-4 

interactions with CD80/CD86 allowing the co-stimulatory molecules CD28 to bind, 

therefore removing the brake. It has also been used in combination with other 

therapeutics such as radiotherapy which reduced tumour volume and increased TIL 

clonality compared to radiotherapy alone [90, 91]. The second immunosuppressive 

molecule, PD-1, blocks CD3/CD28 mediated activation, by binding to it ligand PD-L1 

on APCs [92]. In both viral infections and tumours, PD-1 was expressed on T cells 

(or TILs) with an effector memory phenotype exhibiting reduced proliferation and 

lower IL-2/IFNɔ expression compared to PD-1 negative cells [93, 94]. PD-1+ TILs 

isolated from melanoma patients also expressed higher levels of CTLA-4 compared 

to in normal tissue and blood [94]. Taken together, cells expressing one or both of 

these receptors represents an exhausted phenotype with altered effector functions. 

Blocking PD-1 allowed activation of CD8 T cells via CD3/CD28 as seen by increased 

phosphorylated ZAP70, AKT and SHP2 signalling molecules [95]. In addition, non-

small cell lung cancer (NSCLC) and gastric cancer patients that responded to PD-1 

blockade (complete/partial response or stable disease for >6 months), showed 

increased tumour infiltration of PD-1+ CD8 T cells with a greater ratio compared to 

PD-1+ CD8 T regulatory cells [95]. This suggests PD-1 blockade restored the effector 

function of TILs. Combination therapies targeting both CTLA-4 (Ipilimumab) and PD-

1 (Nivolumab or Pembrolizumab) termed immune checkpoint blockade, gained 

popularity for a number of different cancers showing decreased disease progression 

and overall survival [96]. However this combination has a high incidence of treatment 

related adverse events that has led to the discontinuation of treatment in some 
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patients [97]. Individual use of checkpoint inhibitors or in combination with other 

therapeutics is now more common [98-100].  

Figure 1.11 

 

Figure 1.11 Co-stimulatory and co-inhibitory molecules regulating activation or inhibition of T cell 

responses. Therapeutic antibodies targeting inhibitory receptors will block T cell signalling whereas those 

that bind activation receptors will stimulate a T cell response [87].  

1.8 Adoptive T cell therapy 

For some cancer patients therapies such as target antibodies and immunomodulators 

that focus on immune checkpoint blockade, agonists and cytokine treatment, work 

efficiently to recognise and eliminate tumours. However, the efficacy of these 

treatments can be low due to poor T cell infiltration to the tumour, lack of target 

recognition and ablated responses by the patients T cells, creating ócoldô tumours. 

Adoptive T cell therapy (ACT) addresses these challenges and can be divided into 
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multiple groups; tumour-infiltrating lymphocyte (TIL) therapy, engineered T cell 

receptor (TCR) therapy, chimeric antigen receptor (CAR) T cell therapy, and natural 

killer (NK) cell therapy. These therapies have been shown to induce robust T cell 

responses however the technologies and targets involved differ greatly. 

1.8.1 Tumour-Infiltrating Lymphocyte (TIL) therapy 

Naturally occurring T cells with the ability to recognise cancer antigens exist within 

the tumour. These lymphocytes can be harvested from an excised tumour, activated 

and expanded in vitro, and administered back to the same patient as a method of 

ACT. One of the first TIL therapy trials conducted by Rosenberg and colleagues was 

performed in metastatic melanoma patients who received two cycles of autologous 

TILs alongside high dose bolus IL-2. TILs were generated from enzymatic digestion 

of the entire tumour and expanded using high concentrations of IL-2. Unfortunately, 

the overall response rate was low at 34%, only slightly greater than treatment with 

high dose IL-2 alone (31%) [101]. Some toxicity has been found when using high 

dose IL-2 and reducing this to 125000 IU/kg/day alongside TIL therapy in metastatic 

melanoma patients still produced comparable results with limited adverse effects 

[102]. Lymphodepletion prior to administration of TIL therapy resulted in better clinical 

response rates; 51% of metastatic melanoma patients exhibited complete (3/35) or 

partial (15/35) responses [103]. 

Advancements to this technique involved the selection of tumour antigen specific TILs 

prior to expansion and use for treatment. Generated TILs are co-cultured with 

autologous melanoma cells or HLA-matched melanoma cell lines, and recognition is 

measured by IFN  ɹ responses [104, 105]. Positively responding cultures are then 

selected for expansion using anti-CD3 antibodies, irradiated PBMC feeder cells and 

IL-2 [105]. Selected TIL therapy, after a lymphodepleting nonmyeloablative condition 
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regimen, resulted in clinical responses (complete and partial) in 46% of metastatic 

melanoma patients, with clonal expansion of CD8 T cells, increased CD8 tumour 

infiltration and elevated MHC class I and II expression compared to pre-treatment 

[106]. However, one major drawback of this method is the requirement of autologous 

or HLA-matched melanoma cells for specific TIL selection which is not always 

available for each patient. This resulted in the exclusion of many patients from 

receiving this treatment [104].  

Better response rates were reported in patients treated with TILs from óyoungô cultures 

[101, 104]. In contrast to the selected TIL protocol, these cultures are produced from 

a single cell suspension of the excised tumour, rather than from multiple small tumour 

fragments. Due to the initial high cell recovery, young TILs are considered fully 

expanded after ~2 weeks when all melanoma cells have been removed. A higher 

percentage of young TILs (44%) displayed tumour specific IFN  ɹresponses compared 

to standard TILs (38%), and contained a greater frequency of CD4 T cells [107]. CD8 

T cells in young TIL cultures also expressed higher levels of co-stimulatory molecules 

CD27 and CD28 [107, 108]. In metastatic melanoma patients, treatment with young 

TILs results in complete or partial responses in 50% of the population and specific 

IFN  ɹproduction was observed in 5 out of 6 responding patients tested [109]. Long 

term follow up of a young TIL trial also showed clinical responses in 50% of patients 

and CD8 T cell reactivity to neoantigens in TIL products which was elevated in 

peripheral bloods after treatment [110]. The phenotype of these neoantigen specific 

CD8 T cells were of an effector and effector memory phenotype, however greater 

clinical success has been reported with stem-like CD8 (CD39-ve CD69-ve) TILs. The 

frequency of these stem-like TILs was higher in complete responders compared to 

non-responders, correlated with reduced tumour volume and percentage survival in 

mouse models, were capable of persisting for up to 75 months and could differentiate 



28 | P a g e  
 

into other subsets after TCR stimulation in vitro [111]. Together this highlights the 

importance of using non-differentiated T cell subsets for TIL infusion products. 

1.8.2 Chimeric antigen receptor (CAR) T cell therapy 

CARs are made up of three parts; a single chain fragment variant (scFv) in the 

extracellular domain that recognises the antigen and is followed by a spacer that 

connects to the transmembrane domain and then an intracellular domain that is 

involved in T cell signalling. Over time the structure and components of CARs have 

evolved to improve proliferation and effector functions. The first generation of CAR-

Ts used CD3ɕ with three immunoreceptor tyrosine-based activation motifs (ITAMs) to 

elicit activation signals however efficacy was only achieved by administering 

exogenous cytokines such as IL-2 [112]. Second generation CAR-Ts included 

additional signalling domains such as CD28, 4-1BB, OX40 or ICOS to enhance 

proliferation and cytokine responses. These molecules were added individually with 

pros and cons for each receptor. Third generation CAR-Ts better represented a 

natural T cell as multiple co-stimulatory molecule signals were added to the 

intracellular domain enhancing pro-inflammatory cytokine expression, anti-tumour 

activity and T cell persistence [113]. These have been successful in combating B-cell 

malignancies such as lymphoma and leukaemia however increased survival was 

linked to the expression of myeloid activation markers IL-12 and DC-Lamp [114]. The 

fourth generation also termed TRUCKs (T cells redirected for universal cytokine-

mediated killing) involved adding IL-12 (or other effector cytokines) to the structure of 

second generation CARs to promote pro-inflammatory responses [115-117]. 

1.8.3 Engineered T cell receptor (TCR) therapy 

Engineered T cell therapy involves equipping a patients T cells with a TCR directed 

against a specific epitope before administrating back to the patient. As TCRs 
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recognise specific peptides presented by MHC, this therapy method allows detection 

of intracellular proteins and increases the pool of suitable targets available compared 

to CAR-T technology which relies on detection of cell surface molecules only. In 

addition, TCRs require fewer peptide:MHC targets on the cell surface to be activated 

compared to the higher extracellular antigens needed to stimulate CAR-Ts. However, 

all identified peptide targets are subject to HLA-restrictions limiting the population 

available for treatment. As discussed earlier, peptides from self-antigens are 

recognised by TCR with low affinity compared to foreign antigens. Researchers sort 

to overcome this problem by generating high-affinity TCRs specific to cancer peptides 

for ACT however in some cases this led to unexpected cross-reactivity and toxicity. 

For example, the HLA-A2 restricted MAGE A3 TCR also recognised a HLA-A2 

restricted MAGE-A12 epitope in the brain causing neurological toxicity and was fatal 

for two patients [118]. Another MAGE A3 TCR, restricted by HLA-A1, also showed 

severe adverse effects when it cross-reacted with titin expressed in beating cardiac 

tissue [119]. Both of these TCRs had been modified to enhance TCR affinity but not 

all enhanced TCRs display serious off-target toxicity. Partial responses and 38% 

survival (3 years) rates were observed in sarcoma and melanoma patients given 

adoptive transfer of HLA-A2 restricted NY-ESO-1 TCR transduced T cells, with no 

off-target effects [120]. The HLA-A2 restricted MAGE A4 TCR known as ADP-A2M4 

has shown promising anti-tumour activity with no major cross-reactivity but some 

response to an antigen negative melanoma cell line and a small airway epithelial line 

were detected, as well as recognition of MAGE-A8 and MAGE-B2 peptides [121]. So 

far phase I clinical studies with ADP-A2M4 have not reported any off-target effects 

[122]. 

The majority of clinical ACT trials have looked at cancer testis antigens (NY-ESO, 

MAGE), melanoma antigens (gp100) and some myeloid malignancies (WT-1) with 

most restricted by MHC class I HLA alleles [123]. Only one MHC class II restricted 
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(HLA-DPB1*04:01) TCR against MAGE A3 has entered clinical trials but only showed 

responses in 3/9 patients who received a high cell number dose, with no correlation 

to serum cytokine levels [124]. In preclinical studies, adoptively transferred CD4 T 

cells have proved to be successful in inducing tumour regression, maintaining anti-

tumour immunity and directly killing tumour cells [80, 125]. In the case of CD4 T cells 

transduced with a HLA-DPB1*05:01 restricted WT1332 specific TCR and TRP1113-127 

specific CD4 T cells, WT-1 and TRP1 expressing target cells were eliminated through 

granzyme B and perforin release [80, 126]. In addition, responses were HLA-

DQA1*03:01/HLA-DQB1*03:02 restricted in TILs from a melanoma patient with 

mutated BRAFV600E and the CD4 BRAFV600E specific cells displayed an effector 

memory phenotype producing IFNɔ, TNF-Ŭ, IL-4 and IL-21 [127]. An alternative 

approach equipped CD4 T cells with a HLA-A2 restricted TCR specific for STEAP1, 

a TAA that is overexpressed in sarcoma. Anti-tumour activity of the TCR transduced 

CD4 cells increased over a 46 day period and showed comparable effects to TCR 

transduced CD8 cells [128]. Similar survival rates and T cell persistence was 

observed with MHC class I restricted high affinity m33 TCR transduced CD4 T cells 

[129]. The only flaw was a lack of anti-tumour response in metastatic tumours 

compared to TCR transduced CD8 T cells [126, 128]. However, adoptively transferred 

CD4 T cells were also capable of inducing antigen specific CTL activation [126]. 

Taken together, this evidence highlights the potential for CD4 TCR targets in adoptive 

cell therapy. 

1.9 Cancer vaccines  

A vaccine stimulates the immune system to protect against disease. In the context of 

cancer, these vaccines are a form of immunotherapy allowing immune cells to 

recognise and kill tumour cells. Some vaccines, prophylactic vaccines, can prevent 

the development of cancer such as protection against human papillomavirus (HPV) 
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dependent cervical cancer development. However, this vaccine is only effective if 

given prior to infection with the virus. The majority cancer vaccines are given to 

patients as a treatment method for cancer, and the various types of vaccines will be 

discussed below. 

1.9.1 Tumour cell vaccines 

Tumour cell vaccines, also referred to as whole cell vaccines, utilise the entire TAA 

repertoire of the cancer without the need to identify specific epitopes to generate an 

immune response. Tumour cells from the patient are treated in vitro, prior to 

administration, to ensure proliferation is blocked by freeze-thaw, heat shock, 

irradiation or lysis. Vaccination of a patient with their own cancer cells, known as an 

autologous cell vaccine, were associated with better survival in patients that mounted 

an immune response to their own tumour cells. In some cases, the tumour cell is 

engineered to express other pro-inflammatory mediators to further boost the immune 

response. The addition of GM-CSF and knockdown of TGF-ɓ in an autologous 

ovarian cell vaccine significantly increased survival and maintained T cell activity 

(IFNɔ responses) up to 20 months after the last treatment [130]. They can also be 

given in combination with foreign organisms such as Bacilli Calmette-Guerin (BCG) 

as an adjuvant as shown for colon, breast and bladder cancer [131-133]. These 

results are promising however live tumour cells can produce immunosuppressive 

cytokines such as IL-10 and TGF-ɓ downregulating dendritic cell and T cell 

responses, therefore vaccine preparations that result in tumour cell death such as 

freeze-thaw and lysis are more desirable.  

There are currently no approved tumour cell vaccines as most tumours will express 

self-antigens for which the corresponding T cell has been deleted in the thymus. The 

only antigens that can be utilised as TAAs are neo-epitopes. Due to the genetic 
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instability of cancers resulting in somatic mutations, most tumours express distinctly 

different peptide sequences that are absent in normal tissues [134]. These are 

created by codon alterations and antigen processing allows the presentation of these 

novel, tumour specific antigens on MHC. As T cells will not have experienced these 

antigens during thymic selection, a robust response is often generated highlighting 

neo-epitopes as a favourable target for T cell immunotherapies. As melanoma and 

lung cancers are more prone to high levels of somatic mutations, they have a greater 

chance of expressing of neo-epitopes, majority of which are recognised by CD4 T 

cells, therefore in these cancers tumour cell vaccines would be more successful [134]. 

1.9.2 Dendritic cell vaccines 

Dendritic cells (DCs) are specialised immune cells that can engulf and digest cells 

and proteins, presenting a variety of antigens on its cell surface to activate T cells. As 

professional APCs, DCs are able to initiate naïve T cells and boost memory T cell 

responses. They also release a variety of cytokines regulating the responding T cell 

phenotype. Three main subsets of DCs are found in the blood; cDC1s, cDC2s and 

plasmacytoid DCs (pDCs) [135]. The formation of DCs can also be induced by 

exposure of CD14+ve monocytes to GM-CSF and IL-4 and many utilise this method 

to study DC kinetics in vitro. Due to their easy culture and expansion, the earliest DC 

vaccines involved immunisation of melanoma patients with monocyte-derived DCs 

pulsed with a range of TAA peptides or tumour lysate. Potent cytotoxic T cell 

responses to Melan-A and gp100 were found, however most patients had a low 

complete/partial responses and increased disease progression [136]. In more recent 

studies, the use of autologous patient DCs and specific selection of TAAs contributed 

to greater success with these vaccines. Higher complete response rates correlated 

with antigen specific CD8 T cell responses [137, 138]. In addition, immunisation with 

the MART-1 (a melanoma antigen) pulsed DCs increased T cell responses to two 
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other melanoma TAAs, gp100 and tyrosinase in a patient who exhibited a complete 

response, suggesting epitope spreading [139]. No severe adverse effects were 

reported with the most common side effect being erythema at the site of injection 

[138]. The low levels of myeloid and plasmacytoid DCs in peripheral blood make them 

poor targets for DC vaccines. However, the establishment of a plasmacytoid DC line 

has allowed the use of this DC subset for a cancer vaccine against melanoma [140]. 

To date, the majority of DC vaccines in clinical trials have been tested in melanoma 

patients with some in acute myeloid leukaemia (AML), multiple myeloma and prostate 

cancer [141-143]. This method has shown promising results however, it can be 

expensive and laborious, especially when using autologous DCs that require 

leukapheresis products from the patients. This also increases the risk of side effects 

such as vascular injury and electrolyte imbalance.  

1.9.3 Viral vaccines 

As viruses naturally induce an immune response, they can be utilised as vectors for 

stimulating anti-tumour immunity in cancer patients. The simplest method is by 

inserting the genes that encode TAAs into the viral genome and advancements to 

this technique include the addition of immune mediators such as CD80, the ligand for 

T cell surface activation protein CD28 [144]. There are several potential viruses for 

vaccine development with examples of genetically engineered poxviruses, 

adenoviruses, herpesviruses, retroviruses and lentivirus under investigation. 

However, each vector comes with a range of advantages and disadvantages. 

Expression of large gene inserts, strong immune response induction, and infection of 

both proliferating and quiescent cells are common positives among these viral 

vectors. But disadvantages include toxicity in immunocompromised hosts and the 

development of neutralising antibodies limiting efficacy of booster vaccinations [145]. 

In addition, viral vaccines produce substantially lower immune responses to the 
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tumour compared to the virus from which the vector was produced. However, 

oncolytic viral vaccines have shown more success. This technique involves intra-

tumoral administration ensuring the vaccine is delivered to the specific site. The virus 

then replicates and kills the tumour cell it has infected. This inflammation recruits 

other immune cells directing the immune response against the tumour [146]. An 

oncolytic viral vaccine for treatment of advanced melanoma has gained FDA 

approval. The herpes simplex virus (HSV) Talimogene laherparepvec (T-VEC) 

reduced tumour size by 50% in 60% of treated patients, with an overall response rate 

of 26% compared to responses observed in un-injected lesions [147, 148]. 

1.9.4 Nucleic acid vaccines 

This form of vaccine consists of genetically engineered RNA or DNA encoding a TAA 

and/or immunostimulatory molecules such as cytokines and immune checkpoint 

inhibitors [149, 150]. In addition to stimulating the adaptive immune response, DNA 

vaccines can elicit ódanger signalsô that promote DNA-sensing pathways of the innate 

immune system. To ensure these nucleic acid vaccines are able to enter the nucleus 

of cells they need to be administered using physical methods such as electroporation, 

biojector, microneedle array, gene gun, needle free devices, and chemical methods 

liposomes and nanoparticles, some of which are fairly expensive and can cause 

discomfort to the recipient. These methods are under continuous development to 

improve uptake and immunogenicity of these vaccines [151]. In addition, mRNA 

vaccines require storage at low temperatures due to their stability, limiting their 

distribution to unequipped sites. One major advantage of the nucleic acids vaccines 

is that multiple TAAs can be encoded in one vaccine which allows targeting of both 

CD4 and CD8 T cells depending on the antigen selected. For example, a DNA 

vaccine encoding the CD8 TRP2 and CD4 gp100 epitopes, or multiple NY-ESO-1 

epitopes with various HLA-restrictions, increased tumour infiltration of both CD8 and 
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CD4 T cells, stimulated antigen specific IFNɔ responses and correlated with tumour 

growth reduction and increased survival in mouse models [152, 153]. Many DNA 

vaccines have entered clinical trials and target a range of cancers including breast, 

prostate, cervical, ovarian, pancreatic, renal, melanoma, and glioblastoma [154]. 

Most of these trials are still ongoing but treated prostate cancer patients have shown 

significantly increased metastasis-free survival up to 2 years, and increased antigen 

specific antibody titres from 6 weeks up to 1 year [155, 156]. In addition, the phase 

I/II clinical trial of DNA vaccine SCIB1 Immunobody targeting a mix of HLA-A2, HLA-

DR4/DR7/DR53 and HLA-DQ6 restricted epitopes in melanoma patients has shown 

promising T cell responses through IFN  ɹexpression and proliferation [157]. DNA and 

mRNA vaccines against neo-epitopes are also gaining interest. A DNA vaccine 

targeting mutation-inactivated E6 and E7 proteins from human papilloma virus type 

16 (HVP16) is currently in phase II clinical trials for patients with HPV16 positive 

melanoma, non-small cell lung cancer, renal clear cell carcinoma, urothelial cancer 

and squamous cell head and neck cancer. Strong immune responses were found in 

all patients which was greater in those with high frequency of neo-epitopes [158]. The 

mRNA-4650 vaccine encoding 20 different neo-epitope targets, stimulated both CD4 

and CD8 antigen specific T cells after 4 rounds of vaccinations in gastrointestinal 

cancer patients [159]. Personalised neo-epitope RNA vaccines have also shown 

great efficacy against tumour metastasis resulting in elevated progression free 

survival. Tumours from stage III and IV melanoma patients were resected and 

comparative exome RNA sequencing was performed to identify neo-epitopes. 

Majority were found to be immunogenic and stimulate CD4 responses [160]. 

Together, this highlights the potential of nucleic acid vaccines against neo-epitopes. 
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1.9.5 Protein and Peptide vaccines 

As discussed earlier, cancer cells will express a range of unique proteins that are not 

present (or found at low levels) on normal cells. Patients can be immunised directly 

with these TAAs as whole proteins or a specific epitope (peptide) to trigger T cell 

responses. Peptide vaccines have shown great anti-tumour responses. Immunisation 

of breast, ovarian and non-small cell lung cancer patients with a mixture of HER2/neu 

peptides induced T cell responses in 92% of patients and epitope spreading with 

antibody responses to p53 [161, 162]. Various immunogenic peptide sequences 

within this protein have since been identified and induce tumour regression, increased 

survival and T cell activity in mouse models [163-165]. However, as this form of 

vaccine does not stimulate innate immune responses and is usually composed of self-

proteins that elicit weaker responses compared to foreign antigens, they are 

administered with adjuvants such as cytokines, incomplete Freunds (IFA), aluminium 

and toll-like receptor (TLR) agonists [166]. The covalent attachment of TLRs to 

antigenic peptides are known to enhance cytotoxic T cell responses [167]. In some 

cases, TAAs can be linked to natural molecular chaperones, heat shock proteins 

(HSP) HSP110 or Grp170, to direct the antigen for processing and presentation in 

APCs [168]. The use of nanoparticles for delivery of peptide vaccines has also gained 

popularity due to the adaptability of particle coating to enhance APC uptake and 

activation. Liposomes and Polymeric nanoparticles have already gained FDA 

approval and including nanogels and micelles are biodegradable. Other options 

include inorganic nanoparticles like Gold, Iron Oxide, Alum and Calcium Phosphate, 

or silicas and virus-like particles [169]. 

Peptide vaccines can also be combined with other therapeutics to enhance immunity. 

For example, the common TAA gp100 was given in combination with CTLA-4 

checkpoint inhibitor Ipilimumab to HLA-A2 stage III and IV melanoma patients. Overall 
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survival rates with combined treatment was double compared to the single treatment 

(gp100 only immunised) group at 12 and 18 months, however levels matched that of 

checkpoint blockade alone [170]. One limiting factor of peptide vaccines is the HLA-

restriction of certain TAA sequences. However, as a mixture of peptides can be 

administered together, a wider range of HLAs can be covered. Successful 

identification of cancer peptides on tumour cells is critical to select the correct peptide 

for inclusion in vaccines. Protein vaccines have also shown promising results. Better 

overall survival was observed in patients with metastatic melanoma and a predictive 

responder gene signature compared to predicted non-responders, when immunised 

with recombinant MAGE A3 and adjuvant [171]. Oral administration of recombinant 

Wilmôs tumour 1 (WT1) protein reduced tumour volume and increase tumour T cell 

infiltration and survival in mouse models [172]. This vaccine also induced better 

survival compared to a WT1 peptide amino acids 117-419 [173]. These vaccines can 

also be used to target neo-epitopes formed by post-translational modifications such 

as phosphorylation. A HLA-A2 restricted phosphorylated peptide from breast cancer 

anti-estrogen receptor 3 (BRCA3) was administered to stage III and IV melanoma 

patients with either IFA or TLR ligand Poly I:C. No severe adverse effects were 

measured and CD8 IFN  ɹresponses were found in 40% of patients from 3-12 weeks 

post treatment [174]. Another common stress induced post-translational modification 

is citrullination. 

1.10 Citrullination 

Post-translational modifications have been shown to play an important role in 

autoimmunity and tumourigenicity. One of these mechanisms is citrullination; the 

deimination of arginine to citrulline. A positively charged aldimine group is replaced 

with a neutrally charged ketone resulting in a 1Da decrease in size (Figure 1.12). This 
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process is catalysed by a family of calcium dependent enzymes called peptidyl-

arginine deiminases (PADs). 

Figure 1.12  

 

Figure 1.12 Deimination (also known as citrullination) of a positively charged arginine to a neutral 

citrulline by the calcium dependent enzyme peptidyl arginine deiminases (PADs) [175]. 

1.10.1 PADs 

Five isozymes of PADs exist in humans; PAD 1-4 and 6 with variable distribution in 

cells and tissue types. All PADs are located in the cytoplasm but PAD4 has been 

identified in the nucleus and granules and PAD2 in mitochondria [176]. Target 

substrates differ between the 5 PAD enzymes and not all arginine residues are always 

citrullinated in a protein. The secondary structure of a protein will block some arginine 

residues whilst exposing others with the potential for deimination. Neighbouring 

amino acids can also influence the success of citrullination. Arginines followed by 

aspartic acid residues were more frequently citrullinated compared to those next to 

glutamic acid residues or surrounded by two proline residues [177]. The location of 

each isozyme contributes to its main target substrates. PAD1 is found in the 

epidermis, hair follicles and uterus and therefore binds keratin and filaggrin. PAD3 is 

also located in the epidermis and hair follicles and has been shown to bind filaggrin, 
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trichohyalin, apoptosis-inducting factor and vimentin [176]. PAD6 is found in the eggs, 

ovary and early embryo but there are no known targets. In addition, literature 

suggests this isozyme lacks enzymatic activity [178].  

PAD2 and PAD4 are the most studied due to their links with autoimmune diseases 

and cancers. They are located in the central nervous system, spleen, skeletal muscle 

and leukocyte (PAD2) and in inflammatory cells such as macrophages, granulocytes 

and neutrophils (PAD4) [179]. Both have also been identified in various tumours 

including lung cancer, breast carcinomas, cervical squamous cell carcinomas, 

hepatocellular carcinomas, thyroid adenocarcinoma and ovarian adenocarcinomas 

[180-182]. PAD enzymes, and by extension citrullination, are important for the 

migration, proliferation and survival of tumour cells [182]. PAD2 targets myelin basic 

protein, vimentin and actin whereas PAD4 substrates include ING4, p300, p21, 

Nucleophosmin and nuclear lamin C [177]. Both isozymes also bind histones 

indicating their involvement in gene regulation. 

1.10.2 Apoptosis and Calcium 

Calcium (Ca2+) is known to regulate many cellular mechanisms such as secretion of 

insulin by ɓ cells and contraction of cardiac myofilaments [183, 184]. This ion is also 

required to activate PAD enzymes as discussed earlier. B cell lymphoma 2 (Bcl-2), a 

family of proteins greatly involved in the apoptotic pathway, are commonly localised 

within the mitochondrial membrane and ER. Overexpression of Bcl-2 and related 

family member Bcl-xL, was associated with reduced ER Ca2+ stores and increased 

leakage [185, 186]. Additionally, inactivation of Bcl-2, reduced Ca2+ release from the 

ER and restored levels within the ER [187]. This indicates increased cytosolic Ca2+ 

is involved in apoptosis induction. Intracellular Ca2+ released from the ER is thought 

to be taken up by the mitochondria to stimulate the release cytochrome c, a major 
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regulator of the apoptosis pathway [188]. Excessive cell death is found to exacerbate 

inflammation in the synovial fluid of Rheumatoid Arthritis (RA) patients and calcium 

deposits in osteoarthritis and RA patient synovial fluids have been document. 

Crystallisation of basic calcium phosphate (BCP) and calcium pyrophosphate 

dihydrate (CPPD) in these joints is found at the later stages of these autoimmune 

diseases and in the older population [189, 190]. The correlation between RA and CCP 

is yet to be determined but injection of BCP crystals into the mouse knee joints 

induced macrophage infiltration and cartilage damage [191]. This suggests not only 

does the continuous localised inflammation promote formation of BCP and CDDP but 

that the presence of the calcium deposits further induces cell death and damage. 

1.10.3 Citrullination and Antibodies in Rheumatoid Arthritis 

Elevated levels of PAD enzymes have been linked to many diseases including 

rheumatoid arthritis (RA), multiple sclerosis (MS), Alzheimerôs disease (AD) and 

cancer [192, 193]. RA is a chronic autoimmune disease marked by excessive 

inflammation of the joints due to immune cell activation and the generation of 

autoantibodies [194]. One of the first autoantibodies to be identified in RA was specific 

for the Fc region of IgG and known as the Rheumatoid Factor. Since its discovery in 

RA patients (and absence in healthy individuals) it has become an important 

diagnostic marker [195]. The presence of citrullinated proteins in RA results in a more 

recently identified group of autoantibodies called anti-citrullinated protein antibodies 

(ACPAs). Due to their early detection in the disease and their correlation with disease 

severity, ACPAs have taken over as the main diagnostic and prognostic marker in 

identifying RA. Synovial fluid from patients containing anti-APCAs are often used to 

determine the presence of specific citrullinated proteins. Commonly identified 

citrullinated proteins in RA synovial fluid include vimentin, fibrinogen, Ŭ-enolase and 

histone H3 [196-200]. Immune complexes of citrullinated peptides and ACPAs form 
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in the synovial fluid promoting an inflammatory environment. Infiltrating neutrophils, 

macrophages and lymphocytes will be activated and form extracellular DNA traps 

resulting in cell death. Impaired clearance of the dead cells is followed by PAD 

activation and hence increased citrullination and production of ACPAs [201]. 

Specific alleles have been identified as risk factors for many autoimmune diseases 

and some forms of cancers. The association of specific HLA alleles with óshared 

epitopesô (SE); a 5 amino acid sequence in the DRɓ chain in residues 70-74, in RA 

has long been known. These SE alleles correlate with higher risk of RA and the 

development of ACPAs. The more SE alleles expressed by one individual, the greater 

the risk factor and disease severity. The distribution of dominant HLA SE alleles 

varies depending on geographical region. HLA DRB1*04 is the most common allele 

in association with RA risk however in Europe alleles DRB1*01 and *10 are also at a 

higher frequency in RA patients [202]. In the East Asian population DRB1*04 also 

appears as the major risk allele but in the Middle East the DRB1*10 allele is more 

predominant. Interestingly in this population, the frequency of HLA-DRB1*03 was 

lower in RA patients compared to healthy individuals suggesting this allele reduces 

the risk of RA development [203]. 

1.10.4 Citrullination in Viable Cells 

Previously, the majority of documented events on citrullination was related to RA and 

other autoimmune diseases where excessive cell death induced inflammation. This 

suggests citrullination was associated with dying cells. However, Ireland et al (2011) 

found APCs in transgenic mice presented a citrullinated peptide from hen egg white 

lysozyme (HEL) protein which also stimulated CD4 T cell proliferation. The modified 

peptide was naturally presented by DCs and macrophages but not B cells unless 

stimulated by serum starvation [204]. This method of cellular stress is known to induce 
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a survival mechanism called autophagy, which is discussed in more detail in section 

1.11. In addition PAD activation was found within autophagosomes, experiments 

using autophagy inhibitor 3MA and knockdown of Atg5 (an essential protein in this 

pathway) reduced presentation of the HEL 48-62cit peptide in serum starved B 

lymphoma cells and proliferation of responders [204]. Together this indicates the 

involvement the autophagy pathway for presentation of citrullinated epitopes to CD4 

T cells. 

1.11 Autophagy 

Under stressful conditions cells will degrade damaged or unwanted organelles and 

proteins in a process termed autophagy. These degraded proteins can be processed 

via the MHC presentation pathways and therefore can be recognised on the cell 

surface by T cells. 

1.11.1 Autophagy 

There are three types of autophagy; macro-autophagy, micro-autophagy and 

chaperone-mediated autophagy. All involve the proteolytic degradation of cytosolic 

proteins within a double-membraned vesicle called an autophagosome, however 

literature suggests macro-autophagy is the main pathway that allows the presentation 

of proteins on MHC. In macro-autophagy (further stated as autophagy), a phagophore 

is formed from the lipid bilayer of the endoplasmic reticulum (ER) and/or Golgi and 

endosomes, which then expands to form an autophagosome whilst engulfing target 

substrates, and finally fuses with the lysosome to begin proteolytic degradation [205]. 

Micro-autophagy and chaperone-mediated autophagy, which may also contribute to 

presentation via MHC, use HSP70 chaperones for target protein recognition and 

binding and later fuse with lysosome for protein degradation. 



43 | P a g e  
 

Initially, the selection of protein substrates for autophagy was thought to be a random 

process but an order of degradation has been identified, even under stress conditions 

such as nutrient starvation. The first targets are proteasomes and protein aggregates 

followed by ribosomes and after prolonged starvation, mitochondria are degraded 

[206]. The microtubule-associated protein light chain 3 (LC3) and GABARAP are both 

mammalian homologs of the autophagy related gene (atg) product Atg8 and aid the 

recruitment of cargo for autophagy. LC3 is located in the cytoplasm and is cleaved by 

Atg4, a cysteine protease, to generate LC3-I. Once activated in an ATP-dependent 

manner and further processing to form LC3-II, the molecule is integrated onto the 

inner and outer surfaces of the autophagosome [205]. Both LC3 and GABARAP are 

also involved in recruitment of the cargo to autophagosomes. Many studies utilise the 

upregulation of LC3-II to determine the level of autophagy in cells. 

Figure 1.13 
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Figure 1.13 Pathways involved in endogenous and exogenous antigen processing for presentation by 

MHC class II via autophagy. LC3 coated autophagosomes will recruit cargo and fuse with MHC class II 

containing compartments (MIICs) [207]. 

The crossover of autophagy and MHC class II presentation occurs when the 

autophagosome fuses with MIICs for lysosomal proteolysis forming multivesicular 

bodies (MVBs) that contain MHC class II as well as LC3 (Figure 1.13). Self-peptides 

processed during autophagy can now be presented via MHC class II. This concept is 

particularly important during thymic maturation of CD4 T cells [207]. Thymic epithelial 

cells will utilise this mechanism to present self-peptides for positive and negative 

selection. 

1.11.2 Autophagy and stress 

Many stresses act upon tumour cells including nutrient deprivation, hypoxia, 

uncontrollable proliferation, and in cases of treatment, radiation and chemotherapy. 

Despite these stress factors, tumour cells are still able to survive, proliferate and 

metastasise utilising autophagy as their defence mechanism. Autophagy is controlled 

by the serine/threonine protein kinase termed the mammalian target of rapamycin 

(mTOR). This protein is composed of two subunits, mTORC1 and mTORC2, and the 

first is directly involved in autophagy regulation in response to stress. Under normal 

conditions, mTORC1 associates and phosphorylates the ULK1 complex, inhibiting its 

activity, suppressing autophagy. During starvation, ULK1 localises to the 

endoplasmic reticulum (ER) where it phosphorylates Ambra1, allowing it to bind and 

stabilise the Beclin1/Vps34 complex promoting autophagosome formation [208]. In 

addition to LC3, the expressions of ULK1, Beclin1 and Ambra1 are often assessed to 

measure the level of autophagy in cells. 
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One heavily affected organelle that upregulates a stringent stress response under 

non-permissive growth conditions is the ER. In addition to autophagosome 

membrane formation, the ER is involved in a multitude of functions including protein 

folding and transport through chaperones, lipid biosynthesis and intracellular calcium 

(Ca2+) homeostasis [209]. During ER stress, homeostasis is disrupted resulting in 

the aggregation of misfolded proteins and the activation of the unfolded protein 

response (UPR). The UPR consists of three main signalling pathways initiated by the 

dissociation of ER membrane proteins, PERK, ATF6 and IRE1Ŭ from the ER 

chaperone protein GRP78/BiP [210]. These ER stress transducers act to lessen 

protein translation and increase protein degradation through processes such as 

autophagy [209]. The UPR is thought to regulate the autophagy pathway at various 

stages. Within the ER stress induced PERK signalling pathway, ATF4 was activated 

and switched on the downstream gene CHOP that aided cell survival under stress 

induced autophagy [211]. In addition, ATF4 was upregulated by serum starvation and 

bound to gene MAP1LC3B that codes for LC3 molecules whilst CHOP activated Atg5 

transcription, two important proteins required for autophagosome elongation and 

maturation [119, 212]. 

1.11.3 Autophagy and cancer 

Autophagy has been found to promote tumorigenesis in many cancers including 

breast, prostate, pancreatic and melanoma [213-216]. Conflicting evidence suggests 

that autophagy does not only play a tumour survival role but instead can promote 

tumour cell death. The idea that autophagy plays a tumour suppressive role stems 

from the increased levels of class I PI 3-kinase pathway in tumour cells which 

activates the autophagy inhibitor mTOR [217]. In addition, Beclin-1 (mammalian 

homolog of Atg6) which initiates autophagosome formation and is required for 

starvation induced autophagy [214], and Atg5 involved in the extension of the 
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phagophore membrane, is often found deleted or downregulated in breast, ovarian 

and prostate tumours [218]. Furthermore, silencing of Beclin-1 resulted in increased 

tumour volume and size in breast tumour mouse models [214]. The loss of Atg6 

(Beclin 1) and Atg5 in autophagy deficient tumour cells results in DNA damage and 

therefore chromosomal instability. These autophagy-deficient cells are unable to 

degrade mitochondria and peroxisomes which produce reactive oxygen species that 

could contribute to further DNA damage [217]. The regulation of chromosomal 

instability by autophagy is advantageous for tumour cell survival. 

1.12 Citrullination as a target for vaccines 

The recognition of citrullinated epitopes in autoimmune disease have long been 

known however Ireland et al (2011) have shown these post-translational 

modifications can also be presented by APCs in an autophagy dependent manner 

[204]. Autophagy is constitutive in APCs but is only upregulated in other cells when 

exposed to cellular stress factors such as nutrient starvation [219]. As tumour cells 

are subjected to multiple stress factors and yet are viable it was proposed that 

autophagy promoted survival in these cells and that citrullinated epitopes could be 

presented on the surface. In addition, these epitopes would be greatly expressed on 

tumour cells compared to normal cells and therefore are ideal targets for 

immunotherapy. Earlier experiments showed that immunisation with two vimentin 

citrullinated peptides (Vimentin28-49cit and Vimentin415-433cit) in B16F1 tumour 

bearing HLA-DR transgenic mice reduced tumour growth and increased survival by 

~60% compared to unimmunised controls. This also correlated with significant T cell 

responses measured by IFNɔ production which were not seen when immunised with 

the wildtype (non-citrullinated) peptide. These responses were dependent on MHC 

class II presentation to CD4 T cells and autophagy (Figure 1.14a and b) [1]. A 

citrullinated epitope from alpha-enolase (Eno241-260cit) was also identified and 
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promoted ~90% survival after immunisation in transgenic mice bearing B16F1 tumour 

cells expressing HLA-DR4 under the control of an IFNɔ promotor, which was also 

CD4 dependent [2]. Together, these three citrullinated peptides form the MODI1 

vaccine. Later experiments showed these peptides could also be presented by HLA-

DP4 inducing >90% survival in mouse models when administered as single peptides 

or in combination (Figures 1.14c and d). The MODI1 peptides also stimulated 

proliferation of CD4 T cells in PBMCs isolated from healthy human individuals 

suggesting a repertoire of T cells that can recognise these citrullinated epitopes 

(Figure 1.14e) [77]. Lastly, CD4 T cell proliferation responses were similar in ovarian 

cancer patients compared to healthy individuals and these proliferating cells 

expressed a cytotoxic phenotype measured by levels of IFNɔ, Granzyme B and co-

stimulatory molecule CD134 (OX40) [220]. In summary, this data shows citrullinated 

peptides are presented by tumour cells through autophagy and MHC-II. They are 

recognised by CD4 T cells in both tumour bearing mice, promoting survival, and in 

humans, expressing cytotoxic molecules. 
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Figure 1.14 

 

Figure 1.14 Splenocytes from mice bearing B16F1 tumours constitutively expressing HLA-DR4 

immunised with citrullinated Vimentin peptides, cultured ex vivo with citrullinated or wildtype peptides 

and checked for specific IFNɔ responses with and without MHC class II blocking and CD4 T cell depletion 

(a). Recognition of nutrient-starved tumour cells by splenocytes (mentioned previously) with and without 

autophagy inducer (Rapamycin), autophagy inhibitors (3MA and Bafilomycin) and PAD inhibitor (Cl-

amidine) (b) [1]. Survival of mice bearing B16F1 tumours expressing HLA-DP4 under an inducible-IFNɔ 

promotor, and immunised with MODI1 as single peptides (c) or combined (d). Proliferation of CD4 T cells 

in PBMCs isolated from healthy human individuals after culture with MODI1 peptides for 7 days (e) [77]. 
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1.13 Hypothesis and Aims 

The hypothesis is that cellular stress can induce citrullination of proteins which are 

presented by inflammation induced MHC-II on the surface of tumour cells and are 

therefore good targets for cancer immunotherapy. 

Aims: 

1. To investigate the environmental conditions/stresses that promote citrullination and 

autophagy in tumour cells. 

This will be addressed through the in vitro study of human/mouse tumour cell lines 

that are subject to various cellular stresses and the ex vivo analysis of B16F1 

tumours. The involvement of tumour survival signalling pathways will also be 

assessed in relation to citrullination. 

2. To observe the upregulation of MHC-II by inflammation and the subsequent 

presentation of citrullinated peptides. 

The expression and inducibility of MHC-II on tumour cell lines and tumour tissues will 

be assessed by flow cytometry in human/mouse cell lines treated with or without 

inflammatory cytokines. Upregulation of MHC class II in tumour under these 

conditions will be examined. The expression of MHC class II and related proteins in 

human cancers will be investigated by immunohistochemistry and data analysis of 

The Cancer Genome Atlas program (TCGA). 

3. To assess the CD4 T cell repertoire that recognise siPTMs and identify a 

citrullinated protein specific TCR. 
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Blood will be collected under ethical approval from healthy donors. Peripheral blood 

monocytes (PBMC) will be isolated and labelled with CFSE before incubating with the 

citrullinated peptides. Proliferating CD4 T cells will be sorted as single cells into 96 

well plates and sent for TCR sequencing. The specificity of the TCRs will be confirmed 

by cloning the TCR genes into an expression vector, transducing Jurkats/T cells and 

looking for induced activation and/or cytokine secretion in response to peptide pulsed 

target cells or stressed tumour cells.  
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2 Materials and Methods 

2.1 Cell lines 

The murine melanoma cell line B16F1, ovarian cell lines SKOV-3, OVCAR 3, OVCAR 

8 and OAW42, and the triple negative breast cancer cell line DU4475 were obtained 

from ATCC and cultured in complete media; RPMI medium 1640 (GIBCO/BRL) 

supplemented with 10% FBS. HEK293T cell line was also purchased from ATCC but 

was cultured in DMEM with 4.5g/L glucose (Sigma D6429) supplemented with 10% 

FBS and 2mM L-Glutamine. NIH3T3 purchased from ECACC and transfected to 

express CD40 ligand by Scancell Ltd produced NIH373 CD40L clone 18.2. Cultured 

in DMEM with 4.5g/L glucose (Sigma D6429) supplemented with 10% FBS and 

750µg/mL G418. Jurkat 76 cell line was kindly gifted by Dr Heemskerk, Leiden 

University Medical Center, and cultured in IMDM (Gibco 12440-053) supplemented 

with 10% FBS. Triple negative breast cancer cell lines MDA-MB-231, BT549 and 

MDA-MB-468 were kindly gifted by the Nottingham Breast Cancer Research Group. 

MDA-MB-231 was grown in complete medium. Cell lines BT549 and MDA-MB-468 

were grown in DMEM/F12 (Sigma D6421) supplemented with 10% FBS. The murine 

B16F1 melanoma cell line was transfected with pVitro 2 chimeric HLA-DR401 or 

pVitro2 human HLA-DP4 (both under the expression of the constitutive IFNɔ 

promotor) by Scancell Ltd and cultured in complete media plus 300µg/mL Hygromycin 

B [1, 221]. The B16F1 cell line knocked out for MHC Class II, B16F1 H2Ab1 k/o Cl.A2 

was produced by Scancell Ltd and grown in complete media. LCLs were produced 

from healthy donor CD19+ve PBMCs in house by incubation with B95.8 EBV 

supernatant and culture in complete media. All cell lines cultured at 37°C/5% CO2. 

Cell lines utilized were mycoplasma free and authenticated by STR profiling. 
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2.2 Antibodies 

2.2.1 Cell lines and Tumour staining 

2.2.1.1 Flow cytometry experiments 

Anti-Citrullinated Vimentin (ECV-1) antibody from Eurogentec (Vim 65-76 KLH rabbit 

polyclonal, Immunization program GB17002, antigen code Vim65-76 cit KLH rabbit 

polyclonal-1613489-KLH-MBS) was used in all experiments measuring citrullination. 

Rabbit IgG monoclonal [EPR25A] (Abcam ab178730) used as isotype control for 

ECV-1. Anti-Vimentin APC (RnD IC2105A) used in starvation, cell density, murine 

tumour and Epithelial-to-Mesenchymal (EMT) phenotyping assays. Rabbit mAb 

Vimentin [EPR3776] Alexa Fluor 568 (Abcam ab202504) used for confocal assays. 

Donkey F(abô)2 Anti-Rabbit IgG H&L Alexa Fluor 488 preabsorbed (Abcam 

ab181346) used to detect ECV-1, PAD2, PAD4 and Cytokeratin primary antibodies. 

F(abô)ôô-Goat anti-Rabbit IgG PE (ebioscience 12-4739-81) and Donkey Anti-Rabbit 

IgG H&L Alexa Fluor 647 preadsorbed (Abcam ab150063) also used to detect ECV-

1 in some experiments. Anti-Mo/Rat Ki67 clone SolA15 efluor 450 (eBioscience 48-

5698-82) used to assess proliferation in cell density experiments. PAD enzymes 

detected in murine tumour assays with Anti-PAD2 (Abcam ab50257) and Anti-PAD4 

(Abcam ab50247) antibodies. Cytokeratin expression was tested in murine tumour 

assays using Anti-Cytokeratin 8 [EP1628Y] (Abcam ab53280) monoclonal antibody. 

Immune cells detected in murine tumour assays using Anti-CD45 VioBlue (Miltenyi 

Biotec 130-102-430). For detection of MHC class II, Anti-HLA DR DP DQ [TM] PE-

Vio770 (Miltenyi Biotec 130-104-828) was used. To assess EMT phenotype anti-pan 

reactive cytokeratin clone C11 Alexa fluor 488 (BioLegend 628608) and anti-ms/hu 

CD324 e-cadherin clone DECMA-1 Brilliant violet 421 (BioLegend 147319) used. 
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2.2.1.2 Western Blotting 

For detection of citrullinated vimentin, ECV-1 antibody described in section 2.2.1.1 

used. LC3 antibodies include Anti-LC3 (D3U4C) XP Rabbit mAb Alexa Fluor 647 

(CST 13394) for confocal assays and Anti-LC3 (D3U4C) XP Rabbit mAb (CST 

12741S) for western blotting. Class II transactivation (CIITA) detected using mouse 

Anti-CIITA (Sigma C3367). Secondary antibodies for western blotting techniques 

include IR Dye 800CW Donkey Anti-Rabbit (Licor 926-32213) and IR Dye 680RD 

Donkey Anti-Mouse (Licor 926-68072). For detection of YAP and phosphorylated 

YAP, monoclonal antibodies from Cell Signalling Technologies (CST) used; YAP 

clone D8H1X (CST 14074) and p-YAP Ser127 clone D9W21 (CST 13008). 

2.2.1.3 Confocal 

For detection of citrullinated vimentin, ECV-1 antibody described in section 2.2.1.1 

used. Donkey F(abô)2 Anti-Rabbit IgG H&L Alexa Fluor 488 preabsorbed (Abcam 

ab181346) used as secondary antibody for ECV-1. LC3 and YAP antibodies 

described in section 2.2.1.2 used. Rabbit mAb Vimentin [EPR3776] Alexa Fluor 568 

(Abcam ab202504) used for detection of vimentin in confocal assays.  

2.2.2 PBMC staining 

In cell proliferation assays CD25 depletion from PBMCs was confirmed with anti 

CD25-PE, clone REA570 (Miltenyi Biotec 130-109-075) and anti-CD4 eFluor 450 

clone RPA-T4 (ebiosciences 48-0049-42). Antibodies used to phenotype proliferating 

populations; CD8 VioGreen, clone REA734 (130-110-684), CD134 PEVio770, clone 

REA621 (130-109-603), CD45RA VioGreen, clone REA562 (130-108-786), CD197 

(CCR7) PE-Vio770, clone REA108 (130-099-166), CD127 APC-Vio770, clone 

REA614 (130-109-517) all from Miltenyi Biotec and CD4 eF450, clone RPA-T4 (48-
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0049-42), IFNɔ APCeFluor780, clone 4S.B3 (47-7319-42), Granzyme B PE, clone 

GB11(12-8899-41) from Thermofisher. 

2.2.3 TCR experiments 

TCR expression was checked on transduced cells using anti-TCR Ŭ/ɓ-PE clone IP26 

(eBioscience 12-9986-42) or anti-TCR Ŭ/ɓ-APC clone IP26 (Biolegend 306714). To 

assess expression of specific v  ̡chains the following antibodies were used; TRBV2 

= anti-TCR vɓ22-PE clone IMMU 546 (IM2051), TRBV25-1 = anti-TCR vɓ11-PE clone 

C21 (IM2290), TRBV20-1 = anti-TCR vɓ2-PE clone MPB2D5 (IM2213), TRBV29-1 = 

anti-TCR vɓ4-PE clone WJF24 (IM3602), and TRBV4-3 = anti-TCR vɓ2-PE clone 

ZOE (IM2287). All from Beckman Coulter. TCRs with fully murinised constant region 

were checked with mouse TCR  ̡chain clone H57-597 (Biolegend 109208). Truncated 

CD34 expression was visualised using CD34 FITC clone QBEND/10 (Abcam 

ab78165). Rat CD2 expression was checked with anti-rat CD2 clone OX-34 

(Biolegend 201305). CD4 FITC clone VIT4 (Miltenyi Biotec 130-113-213) was also 

used in TCR expression analysis of transduced T cells. 

T cell activation was measured in antigen presentation assays using CD3 VioBlue 

clone REA613 (130-114-519), CD69 APC clone FN50 (130-113-520). CD19 FITC 

clone REA675 (130-113-645) was used to label LCLs and B cells. All from Miltenyi 

Biotec. Activation levels of APCs was measured using CD80 APC clone 2D10 

(Miltenyi Biotec 130-099-710) and CD86 PE clone IT2.2 (eBioscience 12-0869-41). 

MHC class II expression was checked using HLA DR VioBlue clone AC122 (Miltenyi 

Biotec 130-113-968) or anti-HLA DR DP DQ [TM] PE-Vio770 (Miltenyi Biotec 130-

104-828). CD40L expression on NIH3T3 cell line was assessed regularly using 

CD154 PE clone 24-31 (Thermofisher 12-1548-42). 
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2.2.4 Immunohistochemistry 

Tissue microarrays (TMAs) described in section 2.21 were stained as stated in 

section 2.22. Tissues stained for vimentin clone Vim3B4 (Dako M7020) 1 hour at 

1/150 dilution, citrullinated vimentin, ECV-1 (Eurogentec) overnight at 1/100 dilution, 

PAD2 (Abcam ab16478) 1 hour at 1/150 dilution, PAD4 clone OT14H5 (Abcam 

ab128086) 45 minutes at 1/1000 dilution, MHC-II with anti- HLA-DP, DQ, DR clone 

CDR/43 (Dako M0775) 45 minutes at 1/3000 dilution, and Ambra1 (Prestige 

antibodies HPA038535) overnight at 1/20 dilution. 

2.3 Recombinant Proteins 

For western blotting controls, vimentin recombinant protein (Vim rp) was purchased 

from Novus Biologicals and was reconstituted prior to in vitro deimination assays in 

4mM HCl to give a final concentration of 1mg/mL. Enolase1(alpha) recombinant 

protein (Eno rp) was purchased from Abcam at 1mg/mL in 10% Glycerol, 20mM Tris 

HCl, 1mM Magnesium Sulphate, pH 7.5. Cytokeratin 8 was purchased from Abcam 

and reconstituted in 200ɛL of sterile water to achieve 100ɛg/mL. Nucleophosmin 

(0.02% DTT, 0.32% Tris HCl, 10% Glycerol, 0.88% Sodium chloride), GRP78 BiP 

(0.02% DTT, 0.32% Tris HCl, 20% Glycerol, 0.88% Sodium chloride) and HSP60 

(100% PBS) were all purchased from Abcam in solution. P53 was purchased from 

RnD Systems in 50 mM HEPES pH 7.5, 450 mM NaCl, 10% Glycerol (v/v), 30 µM 

ZnCl2 at 0.28mg/ml. Peptidylarginine deiminases (PAD) were purchased from 

MODIQUEST; PAD2 (MQ16.201-2.5) and PAD4 (MQ16.103-2.5). To induce EMT. 

TGF-ɓ (Peprotech 100-21-10UG) used. 



56 | P a g e  
 

2.4 Peptides 

For mouse immunisation experiments conducted by Pete Symonds and Katherine 

Cook, mice were dosed with 25ɛg of each MODI1 peptide with 5ɛg each of CpG ODN 

1826 (Invivogen) and MPLA (Sigma) in a total volume of 100ɛL PBS. MODI1 peptides 

include; Vimentin 28-49 tri cit (Vim28cit) cit-SYVTTST-cit-TYSLGSAL-cit-PSTS, 

Vimentin 415-433cit (Vim415cit) LPNFSSLNL-cit-ETNLDSLPL and Enolase 214-

260cit (Eno241cit) VIGMDVAASEFF-cit-SGKYDLD. Shorter length MODI1 peptides; 

Vimentin 28-42 cit (Vim28citS) cit-SYVTTST-cit-TYSLGS, Vimentin 418-431 cit 

(Vim418citS) FSSLNL-cit-ETNLDSL and Enolase 241-255 cit (Eno241citS) 

VIGMDVAASEFF-cit-SG. For immune cell proliferation assays, Vim28Cit, Eno241cit 

and Vim415cit were reconstituted in DMF(10%)/water(90%) at 1mg/mL. For peptide 

pulsing in antigen presentation assays MODI1 peptides were reconstituted in 100% 

PBS at 1mg/mL. Vimentin 116-135 Hcit (Vim116Hcit) NYID-hcit-VRFLEQQN-hcit-

ILLAEL used as an irrelevant control where stated. Reconstituted in 100% PBS at 

1mg/mL. MAGE A3 peptide aa243-258 KKLLTQHFVQENYLEY, reconstituted in 

100% PBS at 1mg/mL and used in antigen presentation assays. All peptides 

manufactured by Genescript. 

2.5 Inhibitors 

To block the HIPPO pathway the MST1/2 inhibitor XMU-MP-1 (Sigma SML2233) was 

used at indicated concentrations. To block TGF-ɓ signalling the TGF-ɓ R1 kinase 

inhibitor VI SB431542 (Sigma 616464) was used at indicated concentrations. 

2.6 Stress induction 

To induce stress conditions, target tumour cells were plated at 2x106 cells/well and 

rested overnight before incubating in RPMI medium without FBS (serum starvation), 
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Krebs-Ringer Bicarbonate Buffer (Sigma, K4002) solution (amino acid starvation), 

50ng/mL (100U/mL) recombinant mouse IFNɔ (Thermofisher, PMC4031), 20pg/mL 

IL-1ɓ (Peprotech 211-11B) for 16hrs or 150nM Thapsigargin (Sigma SML1845) for 

up to 3hrs at 37°C. For cell density assays, B16F1 cells were plated at 0.5, 1, 2, 3 

and 5x105 cells/well and incubated for 24hrs before replenishing media with RPMI + 

10% FBS (untreated conditions) or Krebs-Ringer Bicarbonate Buffer (Sigma, K4002) 

solution (amino acid starvation). Cells were treated overnight prior to staining for 

citrullinated vimentin, Ki67, annexin V or lysing for LC3 western blots. To check 

apoptosis levels, after staining for cell surface citrullinated vimentin, cells were 

resuspended in 50µL annexin V binding buffer (10mM HEPES, 140mM NaCl, 2.5mM 

CaCl2 pH 7.4) and 2.5µl of Annexin V Alexa fluor 350 (Thermofisher A23202) for 30 

minutes at 4°C before diluting with 150µL annexin V binding buffer and running on 

flow cytometer 

2.7 MHC class II expression in tumour cell lines 

To test the upregulation of MHC class II on TNBC and Ovarian cell lines, cells were 

plated at 2x106 cells/well and rested overnight before incubating in corresponding 

media supplemented with recombinant human IFNɔ (Thermofisher, PHC4031). Used 

at indicated concentrations up to 1000U/mL. Cells cultured for 16 hours before 

harvesting for flow cytometry staining. 

2.8 Flow Cytometry 

For intracellular staining, cells were fixed and permeabilised using the eBioscience 

Fixation and Permeabilization buffer set (88-8824-00) as per manufacturerôs 

instructions. Cells were then stained with primary antibodies for 1 hour at 4°C followed 

by secondary antibodies for 30 minutes at 4°C. For cell surface staining, cells were 
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incubated with primary and secondary antibodies as described above without fixation 

and permeabilization. All samples stored in Fixation buffer (eBioscience) until 

acquisition on MACS Quant 10 flow cytometer (Miltenyi). Data analysed using MACs 

Quantify software version 2.13.1. All samples were excluded for dead cells and 

doublets. Isotype controls or unstained samples were used as negatives to apply 

gates. 

2.9 In vitro Deimination (Citrullination) 

To citrullinated proteins in vitro, recombinant proteins were diluted in a deimination 

buffer consisting of 0.1M Tris HCl pH 7.5 (Fisher, BP1756), 0.1M DTT (Sigma, 43816) 

and 50mM EDTA (Invitrogen, 15575-038). Samples were incubated with PAD 

enzymes for 2 hours at 37°C before storing at -80°C overnight or until use. 

2.10 Western Blotting 

Cell lysates were prepared in RIPA buffer (Merck Millipore 20-188) containing 

protease inhibitor cocktail (Roche 05892791001) and benzonase (Merck Millipore 

70664). Proteins were reduced by addition of sample reducing agent (Invitrogen 

B0009) and heated to 100°C for 8 minutes before separation in 4-12% Bolt Bis-Tris 

Gels (Invitrogen NW04125BOX) followed by transfer onto PVDF membranes. The 

membrane was blocked with 5% BSA before probing with primary antibodies 

overnight at 4°C. Eurogentec anti-citrullinated vimentin (ECV-1) was used at 

0.5µg/ml. In some conditions ECV-1 was blocked prior to western blotting detection 

(done by Mohammed Gijon), with the antigen peptide (immunogen Vim65-76cit) or 

depletion peptide (wildtype Vim65-76) at 5:1 peptide to antibody ratio for 4hrs at room 

temperature whilst rolling. LC3 antibody diluted 1:1000, CIITA antibody diluted 

1:1000, YAP antibody diluted 1:1000 and p-YAP dilution 1:1000. Proteins were 

visualised using fluorescent secondary antibodies against mouse (ɓ-actin) or rabbit 
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(target protein) and the Licor detection system. Quantification was performed using 

Image Studio Software and the intensity of respective bands was normalized against 

the ɓ-actin loading controls. For detection of citrullinated residues in protein samples, 

the Anti-Citrulline (Modified) Detection Kit (Merck Millipore 17-347B) was used 

according to manufacturerôs protocol. Briefly, proteins were separated in Bis-Tris gels 

and transferred on to PDVF membranes as described above, before incubating 

overnight at 37°C in acid solution. 

2.11 Microarray 

Microarray sets with the identifier numbers 001731_03 and 001731_04 from 

PEPperCHIP® coated with Poly(ethylene glycol)-based graft copolymer, thickness of 

13.5 nm with three amino acid linkers (ß-alanine, aspartic acid, ß-alanine), and 

contains 337 cyclic citrullinated peptides from the Immune Epitope Database 

(including the corresponding arginine variants). This included 579 different 10 aa - 17 

aa peptides printed in duplicate (1,158 peptide spots each array copy) including 

citrullinated (Z) Vimentin 65-76: SSAVZLZSSVPG and control SSAVRLRSSVPG 

peptides (corresponding to ECV-1). HA tags (YPYDVPDYAG, 22 spots), Polio tags 

(KEVPALTAVETGAT, 20 spots) and c-Myc tags (EQKLISEEDL, 20 spots) were used 

as control peptides. Peptide cyclization was done via N- to C-terminal thioether 

formation. 

Manufacturerôs protocol was followed. Briefly, the peptide microarray was incubated 

for 15 minutes in standard buffer (PBS, 0.05% Tween20, pH 7.4) before blocking for 

30 minutes with standard buffer + 1% BSA and then incubating with secondary 

antibody IRDye® 800CW Goat anti-Rabbit IgG (H + L) (Licor 926-32213) at 1:5000 

in staining buffer (PBS, 0.05% Tween20, 10% blocking buffer) for 45 minutes at room 

temperature in the dark to ascertain background signal to be excluded from analysis. 
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Array chip was submerged into dipping buffer twice and air dried before scanning 

using the Licor SA scanner. Images were exported as 16-bit grayscale (TIFF) file. 

After pre-staining with secondary antibody, the incubation tray was re-assembled and 

equilibrated in staining buffer for 15 minutes before incubating with ECV-1 antibody 

at 1:1000 in staining buffer overnight at 2 to 8 °C. The following day, the microarray 

was washed in standard buffer 3 times for 1 minute each and secondary antibody 

added at 1:5000 for 45 minutes at room temperature in the dark. The microarray was 

washed 3 times for 1 minute in standard buffer before submersion in dipping buffer 

and scanning as previously described.  After staining with primary antibody, the 

incubation tray was re-assembled and stained with the anti-HA control antibody 

(PEPperCHIP®) at 1:2000 diluted in staining buffer for 45 minutes as described 

above. Note all incubations were done at room temperature on an orbital shaker at 

140rpm. Data analysed by Mohammed Gijon (Scancell Ltd) using PepSlide® 

Analyzer. Medians calculated for duplicate peptide samples and corrected for 

background. Any samples with a standard deviation >40% were not considered true 

signal. 

2.12 Confocal Microscopy 

B16F1 cells were plated complete media on 0.22ɛm glass coverslips in 6-well plates 

and rested overnight to adhere. The following morning (or after treatment) cells were 

fixed in 1% Paraformaldehyde (PFA) for 20 min at room temperature. PFA was gently 

washed away with PBS twice. Cells permeabilised in 0.1% Triton-X100 for 5 minutes 

at room temperature and then washed with PBS twice before blocking in 1%BSA/PBS 

for 20 minutes at room temperature. Primary antibodies were diluted in DAPI solution 

(Thermofisher) and 100 L˃ dropped on to coverslip to form meniscus. Final 

concentration of DAPI was used at 2ɛg/mL and incubated overnight at 4°C in the 

dark. Slides were washed in PBS three times before secondary antibody incubation 
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for 30 minutes at 4°C in the dark. For ECV-1 stained samples, ECV-1 was incubated 

alone followed by addition of the secondary antibody and thorough washing before 

dual staining with LC3 due to species reactivity of the antibodies. To mount slides, 

cells were washed in PBS twice, one drop of Fluorsave Reagent (Calbiochem 

345789) placed on slide and coverslip placed on top using tweezers. Edges were 

sealed and slides stored at 4°C until imaging with Nikon Ti-E/A1 inverted confocal 

microscope and images were captured using NIS-Elements Advanced Research 

software. Images were taken at 60X magnification and saved as TIFF files. 

2.13 Murine Melanoma Tumours 

2.13.1 Staining 

Tumours were excised from female HHDII/DP4 mice challenged with 1-4x105 B16F1 

HHDII inducible DP4 between 15-60 days post tumour implant. Where indicated, mice 

were immunised on either day 15 or day 21 post tumour implant with 25ɛg of each 

MODI 1 peptide; Vimentin28-49cit, Vimentin 415-433cit and Enolase241-260cit, plus 

5ɛg CpG and 5ɛg MPLA. Briefly, tumours were disaggregated with scissors and 

tweezers in complete medium followed by washing and a live cell count, before 

incubating with antibodies for flow cytometry staining as described in section 2.2.1 

and 2.8. 

2.13.2 Preparation of Murine Tumour Lysates and Mass Spectrometry 

Tumours excised from female HHDII/DP4 mice challenged with 1-4x105 B16F1 HHDII 

inducible DP4 and stored at -80°C until lysis preparation. For lysis, tumours were 

dipped into liquid nitrogen for ~5 seconds and then powdered using a pre-chillied (-

80°C) Biopulveriser. Powdered tumour was reconstituted in lysis buffer (4M 

Gua*HCL, 100mM TEAB pH 8.5) and sonicated for 10 seconds 4 times. Cell free 
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supernatants were sent to Proteome Sciences for liquid chromatography tandem 

mass spectrometry analysis of citrullinated peptide levels. Samples processed using 

TMTcalibratorTM strategy and all analysis of peptide quantities done by Proteome 

Sciences. 

2.14 Epithelial-to-Mesenchymal Transition (EMT) experiments 

To identify the EMT phenotype of the B16F1 cell line, cells were plated at low, medium 

and high densities (0.5, 2 and 5x105 cells/well respectively) and cultured at 37°C/5% 

CO2 for up to 72 hours. Cells were then harvested for staining for vimentin, cytokeratin 

and e-cadherin expression as described in section 2.8 with antibodies described in 

section 2.2.1. To induce EMT, recombinant TGF-  ̡added at stated concentrations for 

up to 72 hours prior to harvesting for phenotype staining. To block EMT, TGF-  ̡

inhibitor described in section 2.5 incubated with cells for 48 hours prior to staining. 

2.15 Isolation of Peripheral Blood Mononuclear Cells (PBMCs) and Cell 

Proliferation Assays 

PBMCs were isolated by standard methods (SOP 30) from healthy individuals. 

Proliferation assays for selection of TCRs performed by Ian Daniels (Scancell Ltd). 

Briefly, 50mls of peripheral blood was taken into blood collection tubes containing 

Lithium Heparin as an anticoagulant (102 IU, BD vacutainer, 367885). Whole blood 

was diluted 1:1 with room temperature complete media; RPMI supplemented with 

20mM HEPES (Sigma H0887), 2mM L-glutamine (Sigma G7513), and Pen/Strep 

(Sigma P433, final concentration: 0.1mg/ml streptomycin and 100 units/ml penicillin). 

Diluted blood was layered over room temperature Histopaque 1077 (Sigma 10771) 

and centrifuged for density gradient separation of components. The diluted plasma 

(top layer) was retained whist the PBMC band was carefully removed and the cells 
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washed twice in room temperature PBS (Sigma D8537). Cells were counted and 

accessed for viability with trypan blue.  

CD25-ve cells were ñnegativelyò selected using CD25 labelled microbeads (Miltenyi 

Biotec, 130-092-983) on an LS column (Miltenyi Biotech, 130-042-401) according to 

the manufacturerôs instructions. CD25 depletion was performed as rapidly as possible 

with all reagents maintained at 4°C. Cells resuspended in sterile filtered MACS buffer 

(PBS supplemented with 1% FBS and 2mM EDTA) for depletion process. The total 

number of viable cells available after CD25 depletion determined. 

CD25 depleted PBMCs were immediately washed in CFSE loading buffer (PBS 

supplemented with 5% FBS) and re-suspended in loading buffer to a final 

concentration of 1x107cells/mL in 3mL of loading buffer. Cells were transferred to a 

clean 50mL tube. The tube was carefully angled to >45° and pre-prepared CFSE 

ñmaster mixò (5mM CFSE in DMSO diluted to 50ÕM in warm PBS) was added to the 

un-wetted side of the tube at 110µL per 1ml of cells (final [CFSE] 5µM). The tube was 

capped tightly and inverted to mix the CFSE and cells rapidly. Cells were left in the 

dark at room temperature for 5 minutes to permit dye loading. Unincorporated dye 

was removed by washing twice, once in a 10%v/v excess of CFSE loading buffer and 

again in completed media supplemented with 10%v/v autologous serum. Washed 

PBMCs were resuspended at a concentration of 2-3x106/mL in complete media 

supplemented with 10% autologous plasma. Loaded cells were protected from light 

at all times. Peptides were added to 1ml of complete media supplemented with 10% 

autologous serum to give final concentrations of 10µg/mL of citrullinated peptide (or 

vehicle). 1mL of PBMCs were added to each well of 24 well plates to give a final 

concentration of 1x106 PBMCs/mL. After gentle mixing plates were incubated at 37oC 

in 5% CO2 for 10 days before phenotyping proliferating populations with antibodies 

described in section 2.2.2. 
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2.16 RNA Sequencing Analysis 

CD4+ve populations were sorted into non-proliferating and proliferating populations 

using the MoFlow cell sorter (Beckman Coulter) by Ian Daniels (Scancell), and sent 

to iRepertoire Ltd for next generation sequencing of T cell receptor (TCR) 

expressions. Samples subjected to amplicon-rescued multiplex (ARM) PCR 

technology. Data was analysed by Rachael Metheringham (Scancell Ltd) for 

identification of TCR sequences. Bulk sequencing data analysed using iRweb online 

software (iRepertoire) to determine the frequency of TCR alpha and beta chains. 

Single cell sequencing dad analysed using iPair Software (iRepertoire) to determine 

pairing of TCR alpha and beta chains in a sample. 

2.17 Lentivirus Construct Design 

Lentiviral transfer plasmid encoding MAGE A3 TCR was purchased from Creative 

Biolabs. The TCR nucleotide sequence is under control of the mammalian Eukaryotic 

promotor EF1 alpha, followed by the alpha variable region (TRAV), alpha constant 

region (TRAC), a P2A cleavage site, the beta variable region (TRBV), beta constant 

region (TRBC), a T2A cleavage site and a puromycin resistance gene (Figure 2.1). 
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Figure 2.1 

 

Figure 2.1 Structure of MAGE A3 TCR containing lentiviral plasmid. 

In house cloning performed by Rachael Metheringham (Scancell Ltd) to replace 

MAGE A3 TCR gene with desired TCR sequences. This was done for 1st, 2nd and 3rd 

generation constructs. The 4th generation constructs were design by Rachael 

Metheringham (Scancell Ltd) and produced by Genewiz. 

2.18 Lentivirus Production 

The HEK293T cell line was used as a packaging cell line.  

2.18.1 Original method 

Cells were seeded at 1.45x107 cells in 1X T175 flask and adhered overnight at 37oC 

in 5% CO2. On Day 0, cells were 80% confluent before transfecting with total 60µg 

DNA at 3:1:1:1 ratios; 30µg Lentiviral plasmid (produced in house) and 10µg of the 
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three helper plasmids (LentiArtTM Virus packaging kit, 3rd generation) using 

Lipofectamine 3000 (Invitrogen) in packaging media (OPTI-MEM + 5% FBS + 1mM 

Sodium Pyruvate). Plasmids and Lipofectamine reagents were pre-incubated for 10 

minutes to form complexes before added to cells. Cells were cultured for 6 hours at 

37oC in 5% CO2 and supernatants replenished with fresh packaging media. 

Supernatants were collected after 48 hours and fresh packaging media applied. 

Supernatants were collected again at 72 hours. When collected, cell debris was 

removed by centrifugation. Viral supernatants were stored at 4°C for up to 72 hours 

before concentrating with Lenti-X concentrator (Takara) according to manufactures 

protocol. Viral supernatants were resuspended in 1-2mL T cell medium (described in 

section 2.19) and p24 capsid protein amount measured using Lenti-X GoStix Plus 

and Lenti-X GoStix Application (Takara) according to manufactures protocol. 

2.18.2 Adapted method 

Cells were seeded and adhered overnight at 37oC in 5% CO2. On Day 0 cells were 

50% confluent before transfecting with a total of 30µg DNA at 3:1:1:1; 15µg Lentiviral 

plasmid (produced in house) and 5µg of the three helper plasmids (LentiArtTM Virus 

packaging kit, 3rd generation) using Turbofect (Thermofisher). Cells were cultured for 

48 hours before supernatants were collected and cell debris were removed by 

centrifugation. Virus particles were concentrated by centrifugation at 10000g for 16 

hours at 4°C. Viral pellets were resuspended in 5mL T cell medium (described in 

section 2.19) and stored at -80°C until use in transductions. 

2.19 Lentiviral Transduction 

Jurkat transductions: Jurkat 76 cells were resuspended at 1x105 cells/mL. Polybrene 

was added to 1mL of cells at 8µg/mL. Lentivirus particles were added at multiplicity 

of infection (MOI) of 10. Cells were centrifuged at 800g for 45 minutes at 32°C to 
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enhance contact between cells and viral particles. Supernatant was discarded and 

cells cultured at 1x105 cells/mL at 37oC/5% CO2. After 2 days in culture, cells were 

washed and resuspended in media supplemented with 0.25µg/mL Puromycin. 

Antibiotics were removed from culture media when cells were used in antigen 

presentation assays. 

Peripheral Blood Mononuclear Cell (PBMC) transductions: PBMCs were isolated 

from 50-100ml of healthy donor blood on Day -1 using methods described in section 

2.15. CD14+ve cells were removed using CD14 microbeads (Miltenyi Biotec 130-050-

201) and LS columns (Miltenyi Biotec 130-042-401) according to manufacturerôs 

protocol. Peripheral blood lymphocytes (PBLs) were cultured in T cell medium; RPMI 

supplemented with 10% autologous plasma, 1% L-Glutamine (Sigma G7513) and 2% 

HEPES (Sigma H0887). Cells were also cultured with 100U/mL IL-2 (Peprotech 200-

02) and CD3/CD28 Dynabeads (Gibco 11131D) added to cells at 75µl per 1x106 cells 

(equivalent of 3 beads per cell) in 1mL media in 24 well plate, at 37oC/5% CO2. On 

Day 0, lentivirus particles were added to cells at MOI 10 (or as specified) if produced 

using original transfection method or 1mL of virus produced from adapted method 

followed by incubation at 37oC/5% CO2. Without disturbing cells 1mL of supernatant 

was removed from wells and fresh T cell media plus 50U/mL IL-2 replenished on Days 

3, 5 and 7. Additionally on Day 5, CD3/CD28 dynabeads were removed using a 

Dynamagnet. TCR expression was checked on Day 7 using antibodies described in 

section 2.2.3 and method in 2.8. Cells were used in antigen presentation assays on 

Day 11. Dr Ruhul Choudhury (Scancell Ltd) aided in the T cell transductions of 

Eno241cit and Vim415cit lentiviral constructs. 
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2.20 Generation of Monocyte Derived Dendritic Cells 

PBMCs were isolated from 50-100mL healthy donor bloods as described in section 

2.13. CD14+ve cells were positively selected using CD14 microbeads (Miltenyi Biotec 

130-050-201) and LS columns (Miltenyi Biotec 130-042-401) according to 

manufacturerôs protocol. CD14+ve cells were resuspended at 0.5x106 cells/mL in DC 

medium; RPMI supplemented with 10% autologous plasma, 1% L-Glutamine (Sigma 

G7513) and 2% HEPES (Sigma H0887), 1000U/mL GM-CSF (Peprotech 300-03) and 

400U/mL IL-4 (Immunotools 11340047). Cells were incubated at 37oC/5% CO2. On 

Day 3/4 of culture, cells were fed with 50% of total media volume without removing 

any supernatant. Monocyte derived dendritic cells (DCs) were used for antigen 

presentation assays on Day 5/6. 

2.21 B cell activation and expansion 

NIH3T3 CD40L clone 18.2 (referred to as NIH3T3) was used as feeder cell line to 

activate B cells. Briefly, NIH3T3 cells resuspended at 0.5x106 cells/mL in antibiotic 

free media, at 2mL per well in a 6 well plate. Mitomycin C (Sigma M4287) was added 

at final concentration of 10µg/mL for 1 hour at 37oC/5% CO2. Supernatant was 

removed and cells washed 6 times with PBS (Sigma D8537) before resuspending at 

0.1x106 cells/mL in antibiotic free media, at 2mL per in a 6 well plate followed by 

incubation at 37oC/5% CO2 overnight before adding B cells. 

PBMCs were isolated from 50-100mL healthy donor bloods as described in section 

2.13. CD19+ve cells were positively selected using CD19 microbeads (Miltenyi Biotec 

130-050-301) and LS columns and LS columns (Miltenyi Biotec 130-042-401) 

according to manufacturerôs protocol. Cells resuspended at 1.25x105 cells/mL in B 

cell medium; IMDM supplemented with 10% heat inactivated human AB serum 

(Sigma H5667), % L-Glutamine (Sigma G7513) and 1% HEPES (Sigma H0887), 
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5µg/mL Insulin (Thermofisher 12585-014), 50µg/ml Transferrin (Sigma 

16052202001), 100U/mL IL-4 (Immunotools 1134048), 50ng/mL IL-2 (Peprotech 200-

02), 10ng/mL IL-21 (Peprotech 200-21) and 10ng/mL BAFF (Peprotech 310-13). A 

total of 4mL of cells were plated on top of Mitomycin C treated NIH3T3 CD40L clone 

18.2 in a 6 well plate. B cells cultured with treated NIH3T3 CD40L cells were checked 

regularly for blasting and expansion by assessing expression of activation markers 

described in section 2.2.3. B cell medium was renewed and cells split into new wells 

every 3-4 days at density of 1x106 cells/well. After 14 days of culture cells were frozen 

for storage in liquid nitrogen. 

2.22 Antigen Presentation Assay 

2.22.1 CD69 marker expression 

Dendritic cells, LCLs, B cells and B16F1 cells were plated at 5x104 cells/100µL in 

Jurkat 76/T cell medium in U-bottom 96 well plate (conditions plated in triplicate). 

Cells were rested for 30 minutes before adding 10µg/mL of desired peptides and 

incubating for a further 2 hours at 37oC/5% CO2. Jurkat 76/T cells were plated on top 

at 5x104 cells/mL and incubated overnight at 37oC/5% CO2. The following morning, 

100µL of supernatant was collected for ELISA analysis and stored at -20°C until use. 

Cells from triplicate wells were combined and stained for cell surface expression of 

CD3, CD4, CD19, CD69 and TCR. For dendritic cells used as APCs, after the addition 

of peptides and prior to incubated with Jurkats/T cells, DCs were matured with 

20µg/mL Poly I:C (Invitrogen tlrl-pic) for 24 hours at 37oC/5% CO2. 

2.22.2 IFNɔ secretion 

Prior to assay set up, PVDF ELISpot plates (Millipore MSIPS4610) were coated with 

capture antibody 1-D1K from IFN  ɹELISpot kit (Mabtech 3420-2A) and incubated at 
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4°C for minimum of 24 hours. Plates were washed 4 times with PBS (Sigma D8537) 

and blocked in 200µL T cell medium for 1 hour at room temperature. Activated B cells 

were harvest from culture wells and plated at 2.5x104 cells per well. Peptides were 

added to a final concentration of 10µg/mL. PHA (Sigma L8754) was added at final 

concentration of 10µg/mL for positive control. T cells were added to wells at 2.5x104 

cells/100µL to have an Effector to Target ratio of 1:1. Plates were incubated overnight 

at 37°C/5% CO2 before ELISpot development. Dr Ruhul Choudhury (Scancell Ltd) 

aided in experiments testing the Eno241cit and Vim415cit TCRs. 

2.23 ELISpot 

Antibody coating and blocking of ELISpot plates and culture was set up as described 

in section 2.22. For detection, cells were discarded and plates washed twice (total 8 

washes) with automated plated washer using 300µL PBS + 0.05% Tween 20. Anti-

human IFNɔ Biotinylated detection antibody (mAb 7-B6-1, 1mg/mL) was diluted 1 in 

1000 and 50µl added per well. Plates were incubated for 2 hours at room temperature. 

Plates were washed twice as done previously and Streptavidin Alkaline Phosphatase 

diluted 1 in 1000 was added at 50µL per well. Plates were incubated for a further 1 

hour at room temperature. Plates were washed twice as done previously followed by 

one wash manually in 200µL PBS. For detection, substrate solution was prepared as 

follows; for 3 plates 14.4ml water + 600µl development buffer + 150µl Reagent A + 

150µl Reagent B (Bio-Rad 170-6432) and 50µl added per well. Plates were 

developed in dark for ~5 mins. To stop the reaction, the development solution was 

discarded into the sink and plates were washed thoroughly with tap water. The plastic 

underdrain from the plates was also removed and rinsed with tap water. Plates were 

dried overnight at room temperature and wrapped in tissue (to protect from light) until 

analysed on C.T.L ELISpot analyser. 
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2.24 ELISA 

Maxisorp Nunc-Immuno plate (Thermofisher 439454) coated with 2µg/mL IL-2 

capture antibody (MABTECH MT2A91/2C95) overnight at 4°C. The following morning 

plates were washed twice with 200µL PBS and blocked with 200µL 0.1% BSA in PBS 

+ 0.05% Tween 20, for 1 hour at room temperature. Antigen presentation assay 

supernatants were diluted 1:1 and 1:2 before adding 100µL to the plate and 

incubating for 2 hours at room temperature. Cytokine was detected using 0.25µg/mL 

monoclonal detection antibody (MABTECH MT8G10) followed by Streptavidin HRPO 

(Life technologies SA1007) according to the manufacturerôs instructions. The assay 

was developed with TMB substrate (BioRad BUF062C) and reaction stopped with 2N 

H2SO4 before absorbance was measured at 450nm. The concentration of cytokine in 

samples was calculated from human IL-2 standard curve. 

2.25 Tissue 

All tissue microarrays except ovarian, lung and breast were purchased from AMS Bio. 

2.25.1 Head and Neck 

The HN802b microarray consists of multiple head and neck tumours alongside some 

normal tissues, containing 61 cases squamous cell carcinoma, 7 adenoid cystic 

carcinoma, 1 each of adenocarcinoma and mucoepidermoid carcinoma, plus 10 

normal tissues, a single core represents each case. This array was used for staining 

of Vimentin, Enolase, Citrullinated vimentin, PAD2, PAD4 and MHC-II. 

Ambra1 staining was carried out on HN802c, the new version of the array replacing 

HN802b. This is also a multiple head and neck tumour with normal tissue microarray, 

containing 61 cases squamous cell carcinoma, 7 adenoid cystic carcinoma, 1 each 
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of adenocarcinoma and mucoepidermoid carcinoma, 4 larynx tissue, 3 tongue tissue, 

1 each of salivary gland tissue, submandibular gland tissue and sublingual gland 

tissue with a single core per case. 

2.25.2 Sarcoma 

SO809a, Sarcoma tissue array of soft tissue (adipose, fibrous tissue, smooth muscle 

and skeletal muscle), including tumour modes and metastasis staging (TNM), clinical 

stage and pathology grade, 80 cases/80 cores, replaced by SO809b. This contained 

20 cases of liposarcoma, 20 fibrosarcoma, 20 leiomyosarcoma, plus 20 

rhabdomyosarcoma with a single core per case. This array was used for staining of 

Vimentin, Enolase, Citrullinated vimentin, PAD2, PAD4 and Ambra1. 

The new version of the array, SO809b replacing SO809 was used for staining of 

MHC-II. Soft tissue sarcoma as control, including TNM, clinical stage and pathology 

grade, 80 cases/80 cores, containing 20 cases of liposarcoma, 20 fibrosarcoma, 20 

leiomyosarcoma, plus 20 rhabdomyosarcoma with a single core per case. 

2.25.3 Osteosarcoma 

OS804b, Osteosarcoma tissue microarray, containing 40 cases of osteosarcoma with 

duplicate cores per case, including TNM and clinical stage. This was replaced by 

OS804c. OS804c is an Osteosarcoma tissue microarray, containing 40 cases of 

osteosarcoma with duplicate cores per case, including TNM and clinical stage. Also 

replaced by OS804d. OS804d is an Osteosarcoma tissue microarray, containing 40 

cases of osteosarcoma with duplicate cores per case, including TNM and clinical 

stage. Also replacing OS804c. Vimentin and citrullinated vimentin staining was 

carried out on OS804b. PAD2, PAD4 and P62 carried out on OS804b. MHC-II 

staining carried out on OS804c and Ambra1 on OS804d. 
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2.25.4 Renal 

The BC07014a microarray consists of multiple kidney tumours, and a few normal 

tissues, containing 63 cases of kidney clear cell carcinoma, 6 invasive urothelial 

carcinomas, plus 3 adjacent normal kidney tissue with single core per case. This array 

was used for staining for all the markers. 

2.25.5 Ovarian 

A total of 360 patients were entered into this study and consisted of patients 

undergoing a laparotomy for primary ovarian cancer between 1984 and 1997 was 

conducted with approval from the Derby Royal Hospital Ethics Committee and the 

Nottingham Research Ethics Committee (0205/495). Information on cancer size, 

stage, presence or absence of residual disease after surgery, histological type and 

grade, age at diagnosis, and type of adjuvant treatment was collected for all patients. 

2.25.6 Lung 

The study cohort was comprised of 220 patients subjected to therapeutic resection of 

histologically identified primary NSCLC (non-small cell lung carcinoma) between the 

1st of January 1996 and 31st of July 2006 at the City Hospital, Nottingham, UK and 

was conducted under the ethical approval of the Biobank (study number 

ACP000030). All patients treated in the given time period were included in the study, 

except in the cases where the biological material was unavailable and from 3 patients 

who received neo-adjuvant therapy. 

2.25.7 Breast 

Nottingham breast cancer primary series 1998-2006 consist of data from 264 cases 

of patients presenting with ER-ve, early-stage, primary operable, invasive breast 
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cancer at Nottingham City Hospital between 1998 and 2006. This work obtained 

ethics approval by the North West ï Greater Manchester Central Research Ethics 

Committee under the title; Nottingham Health Science Biobank (NHSB), reference 

number 15/NW/0685. Patientsô clinical history and cancer characteristics including 

tumour type, histological grade, tumour size, lymph node status and Nottingham 

Prognostic Index were obtained from the Nottingham Breast Pathology Research 

group (Professor Emad A. Rakha and Professor Ian O Ellis, University of Nottingham, 

UoN).  

2.26 Immunohistochemistry 

Immunohistochemistry (IHC) was performed by Mohammed Gijon (Scancell Ltd) for 

all markers and tissues except vimentin staining on the breast cancer cohort which 

was stained and scored by Tarek Abdel-Fatah from UoN/NHS. Protein expression 

was determined by H scoring of arrays, which was double blind and performed by 

Mohammed Gijon (Scancell Ltd) and a qualified pathologist. Tissue microarrays 

(TMAs) stated in section 2.25 were stained using the NovolinkÊ Polymer Detection 

System (Leica, RE7150K) following the manufacturers protocol. Briefly, tissue 

sections were heated to 60°C for 10 minutes and dewaxed in xylene before 

rehydration (Leica Autostainer XL, Leica Biosystems). Antigen retrieval was 

performed in Citrate buffer pH 6.0 by heating in microwave for 20 minutes. 

Endogenous peroxidase activity was neutralised with peroxidase block solution and 

non-specific binding of primary antibodies was attenuated with protein block solution. 

Tissues were stained with primary antibodies described in section 2.2.4. and were 

diluted in Novacastra IHC diluent (Leica RE7133). Marker staining was visualised with 

NovolinkÊ DAB Polymer (Leica RE7230-K) and tumours counterstained with 

haematoxylin.  
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2.27 Statistical Analysis 

Comparative analysis of percentage positive events for starvation, cell density and 

vimentin vs cytokeratin B16F1 tumour staining was performed by applying two-tailed 

paired t test. Two-tailed paired t test also used to assess significance for YAP and p-

YAP expression, phenotyping of murine melanoma tumours and for all TCR 

experiments that assess activation levels and TCR expression. Welchôs t test was 

performed for analysis of percentage positive events in murine melanoma tumours. 

One-way ANOVA linear trend analysis was used to identify significance in cell density 

experiments and multiple comparisons analysis for YAP and p-YAP expression in 

inhibitor assays. Unpaired t test was performed to analyse significance in ELISA. 

GraphPad Prism Software was used for statistical analysis of all experiments except 

TMA and TCGA data. Survival curves and cross tabulations for breast cohort was 

performed by two BSc students (University of Nottingham). Chi-square log rank test 

was used to determine significance of survival in TMA cohorts using SPSS v27 and 

for TCGA data (calculated on UCSC Xena platform). Pearsonôs correlation was used 

for TCGA data significance (calculated on UCSC Xena platform). P < 0.05 values 

were considered statistically significant and error bars shown in figures represent 

median with range. 
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3 Stress induced Citrullination 

3.1 Introduction and Aims 

3.1.1 Vimentin 

Vimentin is a type III intermediate filament protein (53kDa) expressed by many cells 

but found at higher levels in mesenchymal cells. As a major cytoskeletal protein, its 

main role is to maintain cell stability, polarity and structure but is also involved in 

adhesion and migration in peripheral blood mononuclear cells (PBMCs), fibroblasts 

and various cancer cells, aiding interactions of endothelial cells with blood vessels 

[222-224]. Migration of tumour cells involves a process referred to as Epithelial-to-

Mesenchymal (EMT) transition and will be discussed in more detail in section 3.1.2. 

Elevated vimentin levels were negatively correlated with patient survival in a range of 

cancers including myeloid leukaemia, colorectal, gastric, non-small cell lung [225-

228]. Although vimentin expression was not associated with overall survival and found 

in <50% of triple negative breast cancer patients (TNBC), it correlated with 

proliferation marker Ki67 [229]. As discussed in Chapter 1, citrullinated vimentin can 

be a target for immune recognition, but is also a target for O-glycosylation and 

methylation facilitating its role in cell migration [230, 231]. Vimentin methylation was 

associated with poor prognosis in breast cancer patients [231]. Together, these 

findings highlight vimentin as an important therapeutic target for cancer 

immunotherapy. 

3.1.2 Epithelial - to - Mesenchymal Transition (EMT) 

Epithelial to mesenchymal transition (EMT) is a reversible process where epithelial 

cells remodel their cytoskeleton and disrupt cell-cell adhesion converting into a more 
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aggressive, metastatic mesenchymal phenotype [224]. Epithelial cells can be 

characterised by their expression of cytokeratin, E-cadherin and occludin, whereas 

mesenchymal cells express higher levels of vimentin, N-cadherin, fibronectin and 

integrin Ŭvɓ6. Genes known to regulate EMT include Snail, Zeb and TWIST, which 

are used in combination with phenotypic protein expression to determine the EMT 

status of tumour cells in a range of cancers [232]. Most often cells will display a mixed 

epithelial/mesenchymal phenotype (partial EMT) which allows them to retain their 

adhesion and enhance their migration properties, forming clusters of circulating 

tumour cells (CTCs). These CTCs invade and colonize other organs by re-

epithelialization of the cells through mesenchymal-to-epithelial transition (MET), 

forming secondary tumours [233]. Transforming to an intermediate EMT phenotype 

is also important in wound healing, where cells along the wound edge undergo partial 

EMT to extend and migrate whilst maintaining cell-to-cell contact, to close the gap 

[234]. In addition, lack of cell-to-cell contact results in a more mesenchymal 

phenotype in the presence of TGF-ɓ. MCF7 (breast cancer) cells have an epithelial 

phenotype whereas SW480 (colorectal cancer) cells display partial EMT, however 

TGF-ɓ induced higher vimentin, but not E-Cadherin, levels in both cell lines when at 

30% confluency compared to when at 100% confluency [235]. TGF-ɓ mediates EMT 

through many pathways including Smad, ErK/MAPK and Pi3K/Akt most of which 

result in downregulation of E-Cadherin and upregulation of N-Cadherin and vimentin 

contributing to cytoskeletal re-organisation and migration [233]. Targeting this 

mechanism is of high interest, especially as it is thought to be involved in aiding 

immune evasion and resistance to immunotherapies. For example, expression of 

checkpoint ligand PD-L1 was significantly correlated with vimentin expression, and 

negatively correlated with tumour-infiltrating lymphocytes (TILs) in pancreatic cancer 

suggesting another method by which mesenchymal cells avoid immune regulation 

[236]. 
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3.1.3 Aims 

Our previous studies have shown that citrullinated vimentin is a good target for 

cytotoxic CD4 T cells. This implies that vimentin is citrullinated within viable cells and 

then processed and presented on MHC-II for recognition by CD4 T cells. As 

citrullination is mediated by PAD enzymes which are only activated by high levels of 

calcium, it is unclear how and where this can occur. In this chapter we sought to 

understand the cellular stresses that induced citrullination within viable cells.  
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3.2 Results 

3.2.1 Characterisation of anti-citrullinated vimentin anti-serum  

To study the stimulation of citrullination under varying conditions of cellular stress, an 

antiserum was raised against citrullinated vimentin peptide 65-76 (ECV-1). This 

sequence is a known B cell epitope in Rheumatoid Arthritis patients [237, 238]. Any 

antibodies recognising the non-citrullinated arginine containing peptide were removed 

by affinity purification and then citrullinated specific antibodies were affinity purified 

against the citrullinated peptide. To determine the specificity of this antiserum, 

recombinant vimentin protein was citrullinated with both PAD2 and PAD4 enzymes in 

vitro and analysed for ECV-1 binding via western blotting. In some cases, ECV-1 was 

incubated prior to use with the antigen peptide (immunogen sequence Vim 65-76cit) 

or depletion peptide (wildtype sequence Vim65-76). There was a strong signal for 

citrullinated vimentin and a weak detection of vimentin wildtype protein in samples 

treated with both PAD2 and PAD4 (Figure 3.1). Blocking with the antigen peptide, but 

not the depletion peptide, resulted in a substantial decrease in signal in both PAD 

treated samples, indicating ECV-1 has a greater specificity for citrullinated vimentin. 

In addition, ECV-1 did not show any cross reactivity with several other PAD2 and 

PAD4 treated proteins (Figure 3.2a). Citrullination of these proteins was confirmed 

using the anti-modified citrulline detection kit which identifies any citrulline in the 

sample irrespective of the protein. All proteins were successfully deiminated with 

either PAD2 or PAD4 except p53 (Figure 3.2b). The intermediate filament proteins, 

vimentin and cytokeratin showed the strongest citrullination. High molecular weight 

bands between 70-100kDa represent auto-citrullinated PAD2 as determined using an 

anti-PAD antibody (Appendix 1). There was no citrulline detected in the untreated 

recombinant proteins. A strong signal was detected for PAD2 treated recombinant 

vimentin, and PAD2 and PAD4 treated cytokeratin protein but not nucleophosmin, 
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GRP78 BiP, HSP60, or (Figure 3.2b). The majority of non-deiminated recombinant 

protein controls were also negative with the ECV-1 antibody. However, there was a 

faint detection for wild type vimentin and enolase. The signal in these two lanes was 

considerably lower than found with citrullinated vimentin. The specificity of ECV-1 for 

citrullinated vimentin was later confirmed via microarray analysis of binding to over 

500 citrullinated and non-citrullinated peptides (Peptide list Appendix 2; Figure 3.3). 

Data analysed by Mohammed Gijon (Scancell Ltd) using PepSlide® Analyzer. The 

immunogen peptide Vim65-76cit, showed the strongest binding signal closely 

followed by 4 vimentin peptides that shared all or part of the immunogen peptide 

sequence (Figure 3.3b). Weak positive signals were identified for two additional 

peptides corresponding to Human BiP and Human Fibrinogen alpha chain. 
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Figure 3.1 

 

Figure 3.1 Western blot analysis showing binding of ECV-1 to vimentin recombinant protein or vimentin 

in vitro deiminated with PAD2/PAD4, with or without blocking with the antigen peptide (immunogen 

sequence) or the depletion peptide (wildtype sequence) (a). Quantified vimentin signal (b). 
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Figure 3.2 

 

Figure 3.2. Western blot analysis showing the binding of the 0.5 g˃/ml ECV-1 antibody (a) or total 

citrullination using the modified citrulline detection kit (b) against recombinant proteins Vimentin, 

Enolase, Nucleophosmin, GRP78 BiP, HSP60, Cytokeratin and p53 before and after in vitro citrullination 

with PAD2 and PAD4 enzymes. 
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Figure 3.3 

 

Figure 3.3 Microarray analysis of ECV-1 specificity. Secondary antibody only control (a(i)) showed some 

non-specific signal (blue arrows) which was excluded from the analysis. Signals outlined with red dashed 

border correspond to anti-HA control (a(ii)). Binding signal for all positive peptide sequences and the 

corresponding protein antigen. Amino acid residues highlighted in red are shared with the immunogen 

peptide for ECV-1; Vim65-76cit (b). Note: Peptide sequence with a standard deviation >40% were 

excluded from analysis. 
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3.2.2 Upregulation of Citrullination by Starvation 

As discussed in Chapter 1, nutrient starvation is known to regulate autophagy in cells 

and CD4 T cell responses to citrullinated peptides were blocked in the presence of 

an autophagy inhibitor. Due to the low cross-reactivity of ECV-1 with other citrullinated 

proteins, this antibody was used to detect citrullinated vimentin in other assays. To 

assess if starvation induced citrullination, B16F1 mouse melanoma cells were subject 

to overnight incubation with RPMI medium only (serum deficient, SS) or Krebs-Ringer 

buffer solution (serum and amino acid deficient, AS). Figure 3.4 gives an example of 

the levels of protein expression and the gating used for flow cytometry analysis of 

samples stained for vimentin and citrullinated vimentin. All samples were excluded 

for dead cells and doublets prior to analysis and all gates were applied according to 

the ECV-1 isotype control (Figure 3.4a). Isotype control samples were stained with 

rabbit IgG monoclonal and secondary antibody only, no isotype equivalent was used 

for vimentin. Therefore, vimentin expression was based on an unstained control for 

the APC channel. Quadrant gating allows the detection of cells in the upper right 

quadrant as double positive for both vimentin and citrullinated vimentin (stated as 

double positive citrullinated vimentin from now on). These cells were considered true 

positives for citrullinated vimentin. Events located in the upper left and lower right 

quadrants represent vimentin only or ECV-1 positive cells only respectively. The 

percentage of double positive citrullinated vimentin events were elevated in both AS 

and SS conditions compared to the untreated control, increasing from 5% to 31% and 

23% respectively in the representative data shown (Figure 3.4b). However, 

expression levels were low suggesting citrullination may not occur within the 

cytoplasm. There was also a slight increase in ECV-1 single positive events (lower 

right quadrant) after serum and amino acid starvation compared to untreated controls; 

increased from 0.2% to 2.6% and 8.7% respectively (Figure 3.4b and c). This may 
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indicate the low levels of cross reactivity of the ECV-1 antibody with other citrullinated 

proteins. 

Figure 3.4 

 

Figure 3.4 Intracellular citrullinated vimentin expression in B16F1 after serum (SS) or serum and amino 

acid starvation (AS). All gates applied according to the isotype control after dead cell and doublet 

exclusion (a). Example of a dual stained sample (b) showing the percentage of vimentin (APC) only 

positive events (upper left quadrant) and double positive citrullinated vimentin (PE) events (upper right 

quadrant). Percentage positive events of each quadrant shown (c). 
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Multiple repeats of this experiment were performed and the majority showed an 

increase in percentage of citrullinated vimentin in B16F1 cells after overnight AS 

treatment which was statistically significant (P=0.0398 Figure 3.5a). However, no 

significant increases were observed in median fluorescence intensity (MFI) for these 

samples (P=0.5223 Figure 3.5b). Although higher percentages of citrullinated 

vimentin were found with SS treatment this was not significant (P=0.2165 Figure 

3.5c). Again, no significant change in MFI was observed with SS (P=0.9003 Figure 

3.5d). 

Figure 3.5 

 

Figure 3.5 B16F1 cells either untreated or treated overnight with amino acid starvation or serum 

starvation. Collated percentage double positive citrullinated vimentin events (a and c) and median 

fluorescence intensities (MFI) (b and d) compared between untreated controls and amino acid starved 

samples (a and b) or serum starved samples (c and d). Data represents at least 7 independent 

experiments; AS N=9 and SS N=7. Paired t test analysis ns = P Ó 0.05,* = P < 0.05. 
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3.2.3 Prolonged Stress results in Cellular Apoptosis 

High calcium levels are required for activation of PAD enzymes. The 

sarco/endoplasmic reticulum Ca2+-ATPase inhibitor Thapsigargin (TG) has been 

shown to increase intracellular calcium levels and induce accumulation of 

autophagosomes [239, 240], so it was utilised to observed increases in citrullinated 

vimentin levels. It was hypothesised that dual stimulation with TG and nutrient 

starvation would further induce expression of citrullinated vimentin. B16F1 cells were 

incubated with 150nM TG for 3 hours prior to overnight incubation in either complete 

media (untreated) or RPMI only (serum starvation) or Krebs-Ringer buffer solution 

(amino acid starvation). TG concentration based on a preliminary titration experiment 

(data not shown) and what is described in literature [240]. Cells were harvested and 

stained for vimentin and citrullinated vimentin using ECV-1. Untreated cultures were 

43% positive for citrullinated vimentin and were greatly increased (80%) with TG 

incubation (Figure 3.6a(ii)). Interestingly, dual stimulation with serum starvation 

resulted in less citrullinated vimentin (60%) than TG alone and amino acid starvation 

did not further elevate levels. This experiment was only performed once due to toxicity 

observed. 
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Figure 3.6 

 

Figure 3.6 Intracellular citrullinated vimentin expression in B16F1 after 3hr Thapsigargin with or without 

overnight serum/amino acid starvation. Forward scatter vs side scatter and cell count per ml for each 

sample (a(i)). Quadrant gating (a(ii)) and corresponding percentage positive events (b) shown. N=1. 

Due to the high increase in intracellular citrullinated vimentin levels, and reduction in 

cell number indicating toxicity (Figure 3.6a(i)), with TG and amino acid starvation 

treatment, cultures were assessed for apoptosis as it is a known trigger of citrullination 

in non-viable cells. Roughly, 10% of cells were positive for annexin V with TG 

treatment alone compared to 6% in untreated conditions. Therefore, the elevated 

intracellular citrullinated vimentin levels (Figure 3.6a) with TG treatment were not just 

due to apoptosis. However, amino acid starvation alone elevated annexin V 

expression to 39% compared to untreated conditions. This was further enhanced by 

the combination of TG and AS up to 49% (Figure 3.7a) suggesting increased 

citrullinated vimentin levels could be due to starvation induced apoptosis resulting in 

membrane disruption rather than upregulated autophagy in viable cells. Combination 
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TG and AS treatment slightly increases apoptosis compared to AS alone as it is an 

additional stress factor but is not the main cause of toxicity. To support this, the 

percentage of cell surface citrullinated vimentin and annexin V double positive events 

increased from 3% in untreated samples to 5%, 11% and 12% with TG, AS and 

combined TG + AS treatment (Figure 3.7a). Reducing the dose of TG resulted in 

slightly less toxicity but there was no difference in citrullinated vimentin expression 

compared to untreated controls (data not shown). Reducing the time of exposure of 

150nM TG to 1hr only reduced toxicity to levels seen with amino acid starvation only; 

49% annexin V expression with 3 hours dual treatment down to 38% with 1 hour dual 

treatment (Figure 3.7b). Again, increases in double positive cell surface citrullinated 

vimentin and annexin V events were observed at 1 hour (14%) and 3 hour (12%) 

timepoints compared to untreated cells (3%) (Figure 3.7b). This data highlights amino 

acid starvation as the main cause of apoptosis, not TG treatment. 
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Figure 3.7 

 

Figure 3.7 Cell surface staining of Annexin V and citrullinated vimentin in B16F1 after treatment with 

150nM Thapsigargin and amino acid starvation. Cells were either untreated, amino acid starved 

overnight, treated with Thapsigargin or a combination of Thapsigargin and amino acid starvation applied. 

Thapsigargin added for final 3 hours of incubation before staining. N=1 (a). Cells were either untreated 

or treated with a combination of overnight amino acid starvation and Thapsigargin for 1 or 3 hours. N=1 

(b).  
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3.2.4 Increased Citrullination, Autophagy and Proliferation in Low Density Cells 

To assess whether cell-to-cell contact was important for citrullination in viable cells, 

B16F1 cells were plated at various densities; 0.5, 1, 2, 3 or 5x105 cells/well. Cells were 

cultured overnight under normal growth conditions before staining for intracellular 

vimentin (APC) and citrullinated vimentin (FITC) expression using ECV-1. At time of 

harvest cultures at 0.5, 1, 2, 3 or 5x105 cells/well had reached 10%, 20%, 50%, 70% 

and 90% confluency respectively, when visualised by brightfield microscopy (Figure 

3.8e). All cell densities were >70% positive for vimentin with a slight decrease with 

increasing densities (Figure 3.8). An increase in citrullinated vimentin expression was 

observed with decreasing cell density with percentage positive events increasing from 

27% at 5x105 cells/well to 68% at 0.5x105 cells/well (Figure 3.8a and b). Cell density 

experiments were repeated 3 times and the increase in double positive citrullinated 

vimentin events with decreasing cell density was statistically significant (Figure 3.8c 

PÒ0.0001). From a total of 11 experiments, the percentage of double positive 

citrullinated vimentin was significantly greater in low density (0.5x105 cells/well) 

conditions compared to high density (5x105 cells/well) (Figure 3.8d PÒ0.0001), 

suggesting that cell contact or arrest of cell growth inhibits citrullination. 

  



92 | P a g e  
 

Figure 3.8 

 

Figure 3.8. Intracellular citrullinated vimentin expression in B16F1 plated at cell densities 0.5, 1, 2, 3 and 

5x105 cells/well. Quadrant gating (a) with corresponding percentage positive events (b) showing levels of 

vimentin and citrullinated vimentin. Data representative of 3 experiments. Collated percentages of double 

positive citrullinated vimentin events at all cell densities (c). Error bars represent median with range N=3. 

One-way ANOVA linear trend analysis **** = P Ò 0.0001. Collated double positive citrullinated vimentin 

events in low (0.5x105 cells/well) vs high (5x105 cells/well) cell density cultures. N=11. Paired t test analysis 

**** = P Ò 0.0001 (d). Images of each cell density (10X magnification) (e). 
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High levels of calcium can occur in viable cells within double membrane organelles. 

This can occur within the nuclei and citrullination is a common post-translational 

modification controlling transcription. Ireland et al (2011) have also shown that 

citrullination can occur in B cells and that this is elevated if the BCR is activated [204]. 

Our hypothesis was that this could be the mechanism of citrullination within cancer 

cells. To determine if there is an association between cell density and autophagy, the 

microtubule-associated protein light chain 3 (LC3) was used to detect levels of 

autophagy in B16F1. LC3-I (cytoplasmic) and LC3-II (phagosome associated) can be 

distinguished in western blotting techniques by two distinct bands at 14kDa and 

16kDa, respectively. Low cell density samples 1 and 2 showed weak signals for both 

LC3-I and LC3-II (Figure 3.9b). Normalisation against -̡actin shows the level of LC3-

I increased as density increased to density 3 and then remained constant at high 

density from 3 to 6. In contrast, LC3-II normalised against -̡actin, showed that the 

signal decreased with increasing cell density 3 to cell density 6 (Figure 3.9c). This 

suggests a decrease in autophagy with increasing density. Expression of citrullinated 

vimentin protein within these lysates was assessed in parallel, however no signal was 

detected in the cell density lysates despite a strong band with the positive control, in 

vitro deiminated vimentin (Figure 3.9a). This is consistent with the low expression of 

citrullinated vimentin as measured by indirect immunofluorescence. Also if vimentin 

is citrullinated prior to degradation, or citrullinated and degraded within 

autophagosomes this would make it difficult to detect as a whole protein. 
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Figure 3.9 

 

Figure 3.9 B16F1 cultured at various cell densities were tested for citrullinated vimentin (a) and LC3 (b) 

expression. ECV-1 used at 0.5µg/mL and LC3 antibody used at 1:100 according to manufactures 

instructions. 0.5µg of Vimentin recombinant protein and PAD2 invitro deiminated vimentin used as 

negative and positive control for citrullinated vimentin blot. HeLa control and HeLa + Chloroquine (CST 

#11972) used as negative and positive controls respectively for LC3 blot. Cell density 1 corresponds to 

the lowest density plating (0.54x105 cells/T25), doubling in cell number to cell density 6 (21.60x105 

cells/T25). LC3 signal was normalised against -̡actin loading controls (c). Bright-field images taken of 

each cell density (d). N=1.  
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Confocal analysis of LC3 staining in low and high cell density conditions supported 

these findings. More LC3 puncta, corresponding to LC3-II bound phagosomes, were 

observed in low density conditions compared to high density conditions (Figure 

3.10a). Initial staining with ECV-1 showed a similar punctate staining pattern (Figure 

3.10b), suggesting that vimentin was citrullinated and degraded within 

autophagosomes. However, not all repeated experiments showed clear punctate 

staining, suggesting not all variables were being controlled. B16F1 at low and high 

density were dual stained for LC3 and ECV-1 to assess whether they co-localise. 

Stronger, dispersed cytoplasmic staining for both LC3 and ECV-1 were observed with 

some areas with rounded punctate staining, highlighted by white arrows (Figure 

3.11a). The staining intensity for both LC3 and ECV-1 was greater in low density 

cultures compared to high density cultures despite the reduced size of puncta (Figure 

3.11a). However no co-localisation of LC3 and citrullinated vimentin was seen (Figure 

3.11b), perhaps reflecting that the antiserum did not recognise the degraded 

citrullinated vimentin 
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Figure 3.10 

 

Figure 3.10 Confocal microscopy images (60X lens) of low, 0.5x105 cells/well and high, 5x105 cells/well 

density plated cells single stained for either LC3 at 1:50 dilution (a) or ECV-1 at 1:500 dilution (b). 

Maximum intensity profiles combining all Z stacks shown. White arrows indicate areas of LC3 puncta 

corresponding to LC3-II associated phagosomes or positive citrullinated vimentin staining. Nuclei stained 

with DAPI. N=1. 
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Figure 3.11 

 

Figure 3.11 Confocal microscopy images (60X lens) of low, 0.5x105 cells/well and high, 5x105 cells/well 

density plated cells dual stained for LC3 at 1:50 dilution and ECV-1 at 1:500 dilution. Maximum intensity 

profiles combining all Z stacks shown. White arrows indicate areas of LC3 puncta corresponding to LC3-

II associated phagosomes or positive citrullinated vimentin staining (a). More detailed view of one cell at 

low density (b). Nuclei stained with DAPI. N=1. 
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To determine true autophagy staining and to increase the potential of visualising co-

localisation of LC3 and ECV-1, the lysosomal acidification inhibitor Chloroquine (CQ) 

was used to block degradation and allow accumulation of phagosomes in cell density 

experiments. Prior to confocal analysis, B16F1 cells were treated with CQ for 0, 1, 4 

and 20 hours at 37°C and lysates prepared for western blotting. After 20 hours CQ 

treatment, the low density plated cells were rounded and unhealthy with many non-

adherent cells (Figure 3.12c). Normalised LC3-II signal was greater at low density 

compared to high density in all CQ treatment conditions. In addition, the level of LC3-

II increased in low density samples with longer CQ treatment time. Taken together, 

the data indicates that cells plated at low density underwent more autophagy 

compared to cells plated at high density and this effect can be observed to a greater 

extent with the use of CQ (Figure 3.12a and b).  
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Figure 3.12 

 

Figure 3.12 B16F1 cultured at low (0.5x105 cells/well) and high (5x105 cells/well) densities were tested for 

LC3 expression after 50 M˃ Chloroquine (CQ) treatment for 0, 1, 4 or 20 hours. Antibody used at 1:1000 

according to manufactures instructions (a). LC3 signal was normalised against -̡actin loading controls 

(b). Brightfield images (10X) for low and high density cultures after 20 hours CQ treatment. Non-adherent 

cells highlighted by red arrow (c). N=1.  
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It was hypothesised that actively growing cells may have a requirement for high 

energy levels which were inducing autophagy and stress induced citrullination. To 

investigated this, B16F1 cells were plated at densities 0.5, 1, 2, 3 or 5x105 cells/well 

and stained for nuclear expression of proliferation marker Ki67 in combination with 

citrullinated vimentin. More than 85% of cells were positive for Ki67, of which 55% of 

cells were also positive for citrullinated vimentin (Figure 3.13a and b). A decrease in 

Ki67 and citrullinated vimentin double positive events as well as Ki67 median 

fluorescence intensity, was observed with increasing cell density, indicating that there 

is a correlation between proliferation and citrullination. These experiments were 

conducted three times, and both were statistically significant, P=0.0024 and 

P=0.0006, respectively (Figure 3.13c and d). 

Cells plated at various densities were also grown in serum and amino acid starvation 

(AS) media to test whether nutrient deprivation can further induce citrullinated 

vimentin expression in these cultures. Quadrant gating analysis shows an increase in 

double positive citrullinated vimentin events (upper right quadrants) with decreasing 

cell density in both untreated and AS conditions (Figure 3.14a-c). However, these 

percentages were consistently lower in AS cultures compared to untreated controls 

(Figure 3.14d) therefore the addition of nutrient deprivation did not have an additive 

effect on citrullinated vimentin expression. Ki67 levels were also assessed; all 

densities in both untreated and AS conditions were greater than 85% positive for Ki67, 

however, as seen previously, Ki67 MFI decreased with increasing densities (Figure 

3.14e). Interestingly, the MFI of AS cell densities was consistently lower than 

untreated conditions suggesting AS inhibited cell proliferation and therefore resulted 

in less citrullinated vimentin expression (Figure 3.14f). This experiment was 

performed once and must be repeated to confirm the effect of AS on Ki67 expression. 
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Figure 3.13 

 

Figure 3.13 Intracellular Ki67 and citrullinated vimentin expression in B16F1 plated at cell densities 0.5, 

1, 2, 3 and 5x105 cells/well. Quadrant gating showing cells double positive for Ki67 and citrullinated 

vimentin (a). Percentage positive events of each quadrant; Ki67 only (upper left), Citrullinated vimentin 

only (lower right) and double positive (upper right). Data representative of 3 experiments (b). Collated 

data for percentage Ki67 and citrullinated vimentin double positive events (c) Collated median 

fluorescence intensities for Ki67 staining (d). Error bars represent median with range N=3. One-way 

ANOVA linear trend analysis ** = P <0.01, *** = P<0.001. 
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Figure 3.14 

 

Figure 3.14. Intracellular citrullinated vimentin, vimentin and Ki67 expression in B16F1 plated at cell 

densities 0.5, 1, 2, 3 and 5x105 cells/well cultured in complete media (untreated) or Krebs-Ringer Buffer 

solution (serum and amino acid depleted media; stated as amino acid starved). Quadrant gating of 

untreated (a) and amino acid starved (b) conditions, showing cells double positive for vimentin and 

citrullinated vimentin. Percentage positive events of each quadrant; Vimentin only (upper left), 

Citrullinated vimentin only (lower right) and double positive citrullinated vimentin (upper right) (c). 

Percentage of double positive citrullinated vimentin events at each density (d). Data representative of 2 

experiments N=2. Ki67 expression of untreated and amino acid starved conditions. Histogram overlay 

line colours represent the following densities; Grey =  0.5x105, Black = 1x105, Blue = 2x105, Green = 3x105 
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and Red = 5x105 cells/well (e). Ki67 Median fluorescence intensities (MFI) of citrullinated vimentin positive 

events in untreated and amino acid starved conditions(f). N=1.  
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3.2.5 Involvement of the HIPPO pathway in citrullinated protein expression 

There are many signalling pathways implicated in cellular stress and survival. One 

heavily studied pathway involved in regulating proliferation and apoptosis is the 

HIPPO pathway, whose two major downstream effectors YAP and TAZ are commonly 

used to determine the signalling activity in cells [241, 242]. This pathway is switched 

on during cell-to-cell contact and YAP/TAZ is phosphorylated blocking its 

translocation to the nucleus and therefore inhibiting transcription of genes promoting 

proliferation. When cell-to-cell contact is absent, the pathway is switched off, allowing 

YAP/TAZ to translocate to the nucleus and bind to a family of transcription factors 

known as TEAD, triggering proliferative genes [241, 242]. Pavel et al (2018) showed 

that autophagy could be inhibited when the HIPPO pathway was switched on [243]. 

The relationship between the HIPPO signalling pathway and citrullination was 

investigated in B16F1 cultures grown at low and high density. Confocal staining of 

YAP in these density cultures found co-localisation of YAP (Alexa fluor 488 ï green) 

with the Nucleus (DAPI ï blue) in low density conditions suggesting the HIPPO 

pathway was active in these conditions (Figure 3.15). At high density, YAP staining 

was more cytoplasmic with some cells showing a distinct absence of signal in the 

nucleus (Figure 3.15). Protein expression of YAP and phospho-YAP (p-YAP) were 

also examined in low and high density B16F1 cultures by western blotting. Bands at 

65kDa observed for both YAP and p-YAP (Figure 3.15a). The signal intensities of 

YAP and p-YAP were normalised against ɓ-actin in 4-5 experiments. There was no 

significant difference in either YAP or p-YAP protein in both low and high densities, 

YAP P=0.4947 and p-YAP P=0.8030 (Figure 3.16b). 
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Figure 3.15 

 

Figure 3.15. Confocal microscopy images (60X lens) of low, 0.5x105 cells/well and high, 5x105 

cells/well density plated cells dual stained for YAP at 1:100 dilution. Maximum intensity profiles 

combining all Z stacks shown. Nuclei stained with DAPI. N=1. 
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Figure 3.16 

 

Figure 3.16. B16F1 cells plated at low and high density overnight before lysis to measure protein 

expression of YAP and p-YAP via western blotting (a). Experiments collated and target proteins 

normalised against ɓ-actin expression. Paired t test analysis, ns = PÓ0.05, N>4 (b). All error bars show 

median with range. 
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To block HIPPO signalling and switch the pathway off, the inhibitor XMU-MP-1 was 

utilised. This is a reversible ATP-competitive inhibitor of upstream kinase MST1 and 

MST2, which blocks its phosphorylation and subsequently the phosphorylation of 

downstream molecules such as YAP/TAZ, allowing the active form to translocate to 

the nucleus and bind to TEAD [244, 245]. B16F1 cells grown at low and high density 

overnight were treated with XMU-MP-1 at 0, 1, 3 and 10µM. Both YAP and p-YAP 

signals were faint in cells harvested after 15 minutes of XMU-MP-1 exposure with 

slightly stronger band detection in high density cultures, with increasing 

concentrations showing no effect in both densities (Figure 3.17a). High density plated 

cells treated with 0, 3 and 10µM XMU-MP-1 for 6 hours showed no significant 

difference between concentrations for YAP expression (P=0.8289 and P=0.3006 for 

3µM and 10µM compared to untreated) and p-YAP expression (P=0.1785 and 

P=0.3104 for 3µM and 10µM compared to untreated) (Figure 3.17b). Although higher 

levels of LC3-II were seen at low density compared to high density, expression levels 

were not altered with 6 hours XMU-MP-1 treatment (Figure 3.17c(i)). Normalisation 

against ɓ-actin showed similar low levels of LC3-II with 3µM XMU-MP-1 which was 

slightly elevated with 10µM XMU-MP-1, however the median expression was still less 

than the untreated control (Figure 3.17c(ii)). 
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Figure 3.17 

 

Figure 3.17. Expression of YAP and phospho-YAP in low and high density plated B16F1 treated with 

MST-1/2 inhibitor, XMU-MP-1, for 15mins at 0, 1 3 and 10µM. N=1 (a(i) and (ii)). Expression of YAP and 

p-YAP in high density plated B16F1 incubated with XMP-MP-1 at 0, 3 and 10µM for 6 hours. N=3 One-

way ANOVA multiple comparisons analysis, ns = PÓ0.05 (b). LC3 expression of low and high density 

(c(i)) and only high density (c(ii)) plated B16F1 treated with 0, 3 and 10µM XMU-MP-1 for 6 hours. NÒ2 

(c(i)). Target proteins normalised against ɓ-actin.  
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High density plated cells (cultured and adhered overnight) were also treated with 0, 3 

and 10µM XMU-MP-1 for 1, 3, 6 and 24 hours prior to western blotting analysis of 

YAP and p-YAP and staining for citrullinated vimentin with ECV-1. YAP expression 

levels remained constant in untreated conditions over the 24 hour time course but 

there was an increase in p-YAP at 24 hours (Figure 3.18d). There was also a slight 

increase in both YAP and p-YAP with 3µM but not 10µM XMU-MP-1 after 1 hour of 

treatment. This was reduced at 3 and 6 hours for both YAP and p-YAP (Figure 3.18d). 

After 24 hours of incubation, p-YAP levels were slightly elevated with 3µM XMU-MP-

1 treatment in comparison to levels seen at 3 and 6 hours however this was still lower 

than untreated conditions (Figure 3.18d(ii)). Citrullinated vimentin expression ranged 

from 40-80% in all treatment conditions with 6 hours XMU-MP-1 incubation and did 

not show any difference with concentration (Figure 3.18a).  After 24 hours, 

citrullinated vimentin expression was depleted to 20% in untreated cells. Cells treated 

with XMU-MP-1 remained constant at ~60% citrullinated vimentin expression for both 

doses compared to at 6 hours but much greater than untreated conditions; ~60% for 

both 3µM and 10µM (Figure 3.18b). Some toxicity was observed in cultures treated 

with 10µM but not 3µM XMU-MP-1 for 24 hours as shown by the diminished number 

of events in flow cytometry scatter plots (Figure 3.18c). Apoptosis levels using 

annexin V staining should be tested in these conditions for confirmation of toxicity. 

This data suggests culturing high density cells for prolonged time periods can induce 

p-YAP in B16F1 cells and levels can be reduced by inhibiting MST-1/2. Citrullinated 

vimentin expression is also reduced in high density cells cultured for extended periods 

but levels can be increased by blocking the HIPPO pathway. This data is from 

preliminary experiments and needs to be repeated to confirm the effects of the HIPPO 

pathway on citrullination in tumour cells. 
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Figure 3.18 

 

Figure 3.18. Citrullinated vimentin expression in high density plated B16F1 treated with 0, 3 and 10µM 

XMP-MP-1 for 6 hours. N=2 (a). Expression of citrullinated vimentin by flow cytometry (b) and YAP and 

phospho-YAP by western blotting (d(i)) in high density plated B16F1 treated with 0, 3 and 10µM XMU-

MP-1 for 1, 3, 6 and 24 hours. Target proteins normalised against ɓ-actin. N=1 (d(ii)). Forward scatter 

vs side scatter dot plots of B16F1 either untreated or treated with 3µM and 10µM XMU-MP-1 for 24 

hours (c).  
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3.2.6 Citrullination in Murine Melanoma Tumours 

Immunisation with MODI1 peptides; Vimentin28-49Tri Cit28,36,45 (Vim28cit), 

Vimentin415-433Cit424 (Vim415cit) and Enolase241-260Cit253 (Eno241cit), has 

shown potent induction of CD4 T cells which mediate regression of tumours [1, 2, 77, 

220]. This response is dependent upon MHC class II expression within the tumours 

which is required for presentation of these citrullinated peptides [1]. To assess if a 

difference in citrullinated vimentin could be detected within MODI1 immunised 

groups, B16F1 tumours were extracted from a total of 30 tumour bearing mice, 

disaggregated and stained for CD45 (VioBlue) before intracellular staining for 

Vimentin (APC), Citrullinated Vimentin (FITC), PAD2 (FITC) and PAD4 (FITC). 

Growth curves show tumour expansion from day 17 onwards in both unimmunised 

and immunised groups (Figure 3.19). Tumour bearing mice were immunised on either 

day 15 or day 21 with most tumours showing complete regression. In some cases 

tumours from immunised mice displayed regression until days 30-40 before re-growth 

(Figure 3.19). Immunisations and tumour excisions were performed by Peter 

Symonds and Dr Katherine Cook (Scancell Ltd). 

Figure 3.19 
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Figure 3.19. Growth curves of unimmunised (a) and MODI1 peptide immunised (b) B16F1 tumours from 

tumour bearing mice. Unimmunised N=19. Immunised N=11. Coloured lines (Blue, Red, Green and 

Purple) indicate matched studies. 

Example of gating strategy shown in Figure 3.21a. As immune cells also express 

citrullinated vimentin (Figure 3.21) all CD45 positive cells (and doublets) were 

excluded prior to analysis of vimentin, citrullinated vimentin, PAD2 and PAD4. 

Quadrant gating confirmed the presence of cells double positive for citrullinated 

vimentin. Mice were either unimmunised or immunised with MODI 1 peptides. 

Immunised tumours were sub-divided into three groups based on their growth status 

at time of harvest; immunised but non-regressing, immunised and regressed but grew 

back and immunised and regressed (Figure 3.20b). 

Citrullinated vimentin expression was seen in all tumour samples, ranging between 

2-34% positive with differential staining in both unimmunised and immunised groups, 

suggesting many more would need to be analysed to make definite conclusions. 

There was no significant difference in the percentage of double positive citrullinated 

vimentin events between unimmunised and immunised tumours, P=0.8656 (Figure 

3.20b(i)). The citrullinated vimentin MFI of immunised samples was lower than those 

of the unimmunised group indicating a reduced expression of citrullinated vimentin 

per cell, however this was not significant, P=0.0635 (Figure 3.21c). 

CD45 was used as a general infiltrating immune cell marker. As immune cells have 

previously been shown to express citrullinated vimentin (Figure 3.21), samples were 

eliminated of any CD45 positive events. In the majority of tumours, CD45 expression 

was low with the highest percentage reaching 25% and with no significant difference 

between unimmunised and immunised samples, P=0.7670 (Figure 3.20b(ii)). 
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As PAD enzymes catalyse the citrullination of proteins, expression levels of PAD2 

and PAD4 in tumours were also assessed. No distinct population of PAD positive 

cells were identified, instead cells differentially expressed these enzymes (Figure 

3.20a). Both PAD enzymes were found at 5-40% of all tumours with no significant 

difference between unimmunised and immunised groups, PAD2 P=0.8820 and PAD4 

P=0.2200 (Figure 3.20b(iii) and b(iv)). 

Figure 3.20 
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Figure 3.20. Murine melanoma tumours stained for CD45 (VioBlue), Vimentin (APC) and Citrullinated 

Vimentin (FITC). PAD2, PAD4 and Cytokeratin expressions also checked. Doublets and immune cells 

(CD45 positive) were excluded prior to vimentin, citrullinated vimentin, PAD2 and PAD4 analysis. 

Example of low (a(i)) and high (a(ii)) citrullinated vimentin and PAD expressing tumour. Percentage 

positive events for double positive citrullinated vimentin (i), CD45 (ii), PAD2 (iii) and PAD4 (iv) compared 

for unimmunised (black circle) and samples immunised with MODI1 peptides (b). Immunised sample 

divided into 3 groups; non-regressing (black square), regressed but grew back (blue square) and 

harvested during regression (orange square). Median fluorescence intensity (MFI) of double positive 

citrullinated vimentin in unimmunised and immunised groups (c). Data shown as median with range. 

NÓ9. Welchôs t test analysis for PAD2 and PAD4 staining ns = P > 0.05. Mann-Whitney test for 

citrullinated vimentin and CD45 staining ns P> 0.05. 

Figure 3.21 
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Figure 3.21 Murine melanoma tumours stained for CD45 (VioBlue), Vimentin (APC) and Citrullinated 

Vimentin (FITC). Doublets were excluded prior to selection of CD45 positive immune cells and 

subsequent gating for vimentin and citrullinated vimentin. 

To confirm the presence of the ECV-1 citrullinated epitope, Vim65-76cit SSAV-Cit-L-

Cit-SSVPG, in B16F1 tumours, 5 tumour samples (A1, A2, A4, A7 and A8) from 

unimmunised tumour bearing mice were pulverised and prepared as cell-free lysates 

and sent to Proteome Sciences for analysis of citrullinated peptide sequences via 

mass spectrometry. Tumours excised from mice by Peter Symonds (Scancell Ltd). 

Abundance of peptide sequences containing any part of the ECV-1 epitope are shown 

in Table 3.1 with amino acids corresponding to the immunogen peptide highlighted in 

green. No peptides containing the full immunogen peptide were found in any of the 

tumours but a total of 18 peptides containing partial sequences were identified. Of 

these, only one sequence was citrullinated (termed deiminated in table) and 

contained the immunogen peptide amino acids 65-71 plus an additional citrullinated 

residue at position 64, SSSPGGAYVT-cit-SSAV-cit-L-cit. The abundance of this 

sequence was greatest in tumours A7 and A8, 0.164 and 0.157 (3s.f) respectively, 

compared to tumours A1 0.0844 (3s.f), A2 -0.688 (3s.f) and A4 -0.541 (3s.f). The 

remaining 17 sequences identified were either not deiminated, SSAVRLR, or 

contained parts of the immunogen peptide without an arginine. The latter was found 

for 12 out of 17 un-deiminated sequences (Table 3.1). The abundance of un-

deiminated arginine containing sequences were greater in most tumours. For 

example the direct wildtype equivalent for the citrullinated sequence found, 

SSPGGAYVTRSSAVRLR, was more abundant in tumours A1 0.195 (3s.f), A4 0.291 

(3s.f), A7 0.289 (3s.f). This suggests that Vim65-76 is not preferentially citrullinated 

in B16F1 tumours and may explain the low levels of citrullinated vimentin staining with 

ECV-1. 
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Table 3.1 

 

Table 3.1 Abundance of peptide sequences identified by mass spectrometry in B16F1 tumours (A1, A2, 

A4, A7 and A8) from unimmunised tumour bearing mice which include the epitope for anti-citrullinated 

vimentin antibody ECV-1; SSAV-cit-L-cit-SSVPG or its non-deiminated equivalent. Matched amino acids 

highlighted in green. TMTcalibratorTM strategy by Proteome Sciences. 
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3.2.7 Involvement of EMT in citrullinated protein expression 

Epithelial-to-mesenchymal transition (EMT) is involved in the progression and 

metastasis of many tumours and there is some evidence that lack of cell-to-cell 

contact can induce this aggressive phenotype [224, 235]. As B16F1 is a mouse 

melanoma cell line that can potentially undergo an EMT-like process. One of the 

characteristics of this process includes the change in the cells main cytoskeletal 

filament protein from cytokeratin, normally associated with a less invasive/aggressive 

state, to vimentin, a more metastatic state. Tumours from unimmunised tumour 

bearing mice were compared for their vimentin and cytokeratin expression. 

Interestingly, the proportion of cells expressing greater levels cytokeratin compared 

to vimentin  was significantly higher (P=0.0025)  in all unimmunised tumours, showing 

the B16F1 tumours mostly consisted of cells with an epithelial phenotype (Figure 

3.22a). This was not found in immunised samples (P=0.3960), suggesting 

immunisation caused phenotypic changes in the tumour cells (Figure 3.22b). 

However, a small percentage of cells in the unimmunised tumour were also co-

expressed vimentin and cytokeratin showing partial EMT (Figure 3.22c and d). In 

addition, some immunised tumours displayed greater vimentin expression compared 

to cytokeratin (Figure 3.22b) showing a pronounce switch to a mesenchymal/invasive 

phenotype.  
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Figure 3.22 

 

Figure 3.22. Vimentin vs Cytokeratin expression in B16F1 tumours from unimmunised (a) and MODI1 

peptide immunised (b) tumour bearing mice. Unimmunised N=6. Immunised N=6. Paired t test analysis 

** = P Ò0.01. ns = P>0.05. Example of histogram and quadrant gating for vimentin and cytokeratin in 

unimmunised and immunised tumours (c) showing percentage positive events for each quadrant (d). 

Upper left = Vimentin only. Lower right = Cytokeratin only. Upper right = Double positive for Vimentin 

and Cytokeratin. Data representative of 6 unimmunised and 6 immunised tumours. 
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Researchers analysing 43 ovarian cell lines were able to determine the EMT 

phenotype of each cell line depending just on the expression of vimentin, cytokeratin 

and e-cadherin [246]. Firstly, cells positive or negative for e-cadherin were labelled 

as epithelial or mesenchymal respectively. If the e-cadherin positive cells were 

positive for cytokeratin but negative for vimentin they were considered as Epithelial. 

But if they were positive for both vimentin and cytokeratin they were thought to show 

an Intermediate Epithelial phenotype. On the other side of the spectrum, if e-cadherin 

negative cells were positive for both vimentin and cytokeratin they were classified as 

Intermediate Mesenchymal. Finally on the furthest end, Mesenchymal cells were only 

positive for vimentin [246]. This spectrum was used to assess the EMT phenotype of 

B16F1 before investigating the relationship between EMT and citrullination. As cell 

density has shown to effect citrullination levels, the EMT phenotype was first checked 

within these cultures. B16F1 was plated at low (0.5x105cells/well), medium 

(2x105cells/well) or high density (5x105cells/well) in 6 well plates for 24 and 48 hours 

before staining for vimentin, cytokeratin and e-cadherin. All three markers were 

expressed at high levels (>80%) in all densities at 24 hours however there was a 

slight increase in cytokeratin and e-cadherin levels from 85% at low density to 95% 

at medium and high densities (Figure 3.23a). Vimentin expression remained constant 

at >95% throughout all densities at both 24 and 48 hour timepoints. However, 

cytokeratin and e-cadherin levels were reduced at 48 hours; from 85% to 80% in low 

density cultures, and from 95% to 60-80% in medium and high density cultures. 

Cytokeratin levels fluctuated but in general were lower in medium and high density 

cultures at 48 hours compared to at 24 hours. Increasing density reduced the 

expression of e-cadherin from 80-60% at 48 hours but this density dependent effect 

was not observed at 24 hours (Figure 3.23a). B16F1 cells cultured at medium density 

for up to 72 hours showed cytokeratin expression was further reduced to ~70% 

however vimentin expression remained constant (Figure 3.23b).  
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Figure 3.23 

 

Figure 3.23. Expression of EMT markers Vimentin, Cytokeratin and E-cadherin in B16F1 cell line 

plated at increasing densities for 24 and 48 hours (a) and only at 2x105 cells/well for 24-72 hours (b). 

NÓ2.  
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Studies have shown TGFɓ can induce EMT in vitro [235], and so was used to induce 

EMT in B16F1 and check its effect on citrullinated vimentin expression. TGFɓ was 

incubated with medium density plated B16F1 at 0, 1 5 and 20ng/ml for 24, 48 and 72 

hours before staining for vimentin, cytokeratin and e-cadherin. Although a decrease 

in cytokeratin and e-cadherin expression was found at 48 and 72 hours, there was no 

change in EMT marker expression at any TGFɓ dose for any timepoint (Figure 3.24a). 

Higher doses of TGFɓ were tested ranging from 0-500ng/ml and expression of EMT 

markers plus citrullinated vimentin using ECV-1 were assessed after 48 hours 

exposure. Cells were almost 100% positive for vimentin, approximately 80% and 40% 

positive for e-cadherin and cytokeratin respectively. However, there was no change 

in EMT marker or citrullinated vimentin expression with increasing TGFɓ 

concentration; citrullinated vimentin ranged between 40-60% (Figure 3.24b(i)). 

It was hypothesised that B16F1 secrete and regulate TGFɓ and so the effect of 

external TGFɓ would be masked. Therefore, the same cell conditions were incubated 

with the TGFɓ Type 1 Receptor (R1) Kinase inhibitor SB431542 at 0, 1, 3, 10 and 

30µM for 48 hours to block EMT, inducing the opposing mechanism Mesenchymal-

to-Epithelial (MET) transition, and to test its effect on citrullinated vimentin expression. 

The percentage of citrullinated vimentin positive events fluctuated between 50-80% 

however there was no correlation with TGFɓ inhibitor dose. Untreated conditions 

showed ~100%, 80% and 45% expression of vimentin, e-cadherin and cytokeratin 

respectively. TGFɓ inhibitor titration did not affect vimentin and cytokeratin levels 

however an increase in e-cadherin expression from 80% at 3µM to 100% at 10µM 

and 30µM was observed (Figure 3.24b(ii)). This experiment was performed once and 

needs to be repeat to confirm the effects of inhibiting TGFɓ. 
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Figure 3.24 

 

Figure 3.24. Induction of EMT with TGFɓ treatment. B16F1 cells either untreated or treated with 1, 5 or 

20 ng/ml TGFɓ for 24, 48 and 72 hours before staining for EMT markers vimentin, cytokeratin and e-

cadherin. N=2 (a). EMT marker and citrullinated vimentin expression of B16F1 cells treated with 5-

500ng/ml TGFɓ (b(i)) or 1-30µM TGF-ɓ kinase inhibitor SB431542 (b(ii)) for 48 hours. N=1. 
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3.2.8 Citrullination and Autophagy in human cancers 

A panel of human cancer tissue microarrays (TMAs) including head and neck, 

sarcoma, osteosarcoma, renal, ovarian, lung and breast (ER negative) were stained 

for citrullinated vimentin expression using ECV-1, and other citrullination markers 

such as PAD2 and PAD4, and autophagy marker such as Ambra1. TMAs were also 

stained for vimentin to compare levels of citrullination on this protein in human 

tumours. H scoring was used to evaluate expression as negative (0), low (1-100), 

medium (101-200) or high (201-300). TMA staining and scoring was performed by 

Mohammed Gijon (Scancell Ltd). The percentage of positive cases were calculated 

from the number of TMAs scored as low, medium or high within an array data set. 

Examples of staining intensities for citrullinated vimentin in ovarian cancer shown in 

Figure 3.25b and for remaining markers in ovarian cancer in the Appendix 3. The total 

number of cases in each cancer array ranged from 67-321 (Table 3.2, 3.3, 3.4, 3.5 

and 3.6). All cancers were greater than 50% positive for citrullinated vimentin except 

for Renal cancer which only showed 35.8% of positive cases. For some cancers 

expression was very high; sarcoma 80%, osteosarcoma 86%, breast 94%, lung 97% 

and ovarian 97%. Head and neck cancer was moderately positive displaying 58% of 

citrullinated vimentin positive cases (Table 3.2). 

The distribution of citrullinated vimentin expression varied between the different 

cancers. Cases with high expression (>200) were only seen in sarcoma, ovarian and 

breast cancers. The median citrullinated vimentin expression ranged between 50-100 

for most cancers except head and neck and renal which had medians of 20 and 0 

respectively (Figure 3.25a). Therefore, citrullinated vimentin expression was low (or 

negative for renal) for the majority of cases within these cancers. Ovarian, breast, 

lung, osteosarcoma and sarcoma cancers with the highest percentage of positive 

cases displayed mostly low (55-80%) to moderate (20-40%) citrullinated vimentin 
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expression with only <10% of ovarian, breast and sarcoma cases with high 

expression (Figure 3.26a). Head and neck and renal cancers were mostly negative 

(~40% and 60% respectively) with some low (~30%) and moderate (~20% and 5% 

respectively) expression (Figure 3.26a). Citrullinated vimentin staining was 

cytoplasmic in all cancers with some nuclear staining observed; nuclear localisation 

seen in strongly stained example (Figure 3.25b). 

Figure 3.25 
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Figure 3.25. Distribution of H score values for Citrullinated Vimentin in head and neck, sarcoma, 

osteosarcoma, renal, ovarian, lung and breast (ER negative) cancers (a). Red bar represents the 

median. Citrullinated vimentin staining intensities showing examples of negative, low, moderate and high 

expression in ovarian TMA (b). 

Table 3.2 

 

Table 3.2 Percentage of citrullinated vimentin positive cases in a range of cancers based on H score 

percentages. TMAs scored as low, moderate or high considered as ópositiveô. 

In contrast, vimentin expression was mostly negative in breast and lung cancers, only 

showing 15% and 40% of positive cases, despite the high levels of citrullinated 

vimentin. Renal cancer was also mostly negative for vimentin (~75%) however this 

correlated with citrullinated vimentin levels (Figure 3.26a and Table 3.3). Alternatively, 

sarcoma and osteosarcoma were almost 95% positive for vimentin and up to 60% of 

these cases displayed high expression. Approximately 65-67% of head and neck and 

ovarian cancers were vimentin positive, with mostly low and less moderate and high 

expression (Figure 3.26a and Table 3.3). 

PAD enzymes are essential for citrullination of proteins and the different types vary 

slightly in function and location. The two mainly studied enzymes PAD2 and PAD4 

were assessed in the panel of human TMAs depending on their cellular location; 
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cytoplasmic PAD2 and nuclear PAD4. All cancers were greater than 49% positive for 

cytoplasmic PAD2 displaying mostly low (40-60%) to moderate (10-40%) and some 

high (2-10%) (Figure 3.26c and Table 3.4). In contrast, nuclear PAD4 was found 

at >94% in all cancers assessed with the majority of cases expressing high levels 

(70-95%) of the enzyme (Figure 3.26d and Table 3.5). 

Lastly, expression of the autophagy regulator Ambra1 was measured. This protein 

was found in >50% of cases in all cancers with breast, lung and ovarian cancers 97-

98% positive (Table 3.6). Of the positive cases, expression levels were similar 

throughout the groups with greater low (40-60%) expression and less moderate (10-

30%) to high (2-15%) expression. No cases with high Ambra1 expression were seen 

in head and neck cancers (Figure 3.26e). 

Table 3.3 

 

Table 3.3 Percentage of vimentin positive cases in a range of cancers based on H score percentages. 

TMAs scored as low, moderate or high considered as ópositiveô. 
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Table 3.4 

 

Table 3.4 Percentage of cytoplasmic PAD2 positive cases in a range of cancers based on H score 

percentages. TMAs scored as low, moderate or high considered as ópositiveô. 

Table 3.5 

 

Table 3.5 Percentage of nuclear PAD4 positive cases in a range of cancers based on H score 

percentages. TMAs scored as low, moderate or high considered as ópositiveô. 
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Table 3.6 

 

Table 3.6 Percentage of Ambra positive cases in a range of cancers based on H score percentages. 

TMAs scored as low, moderate or high considered as ópositiveô. 
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Figure 3.26 
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Figure 3.26. Protein expression of citrullinated vimentin (a), vimentin (b), cytoplasmic PAD2 (c), nuclear 

PAD4 (d) and Ambra (e) in a panel of human cancers; Head and Neck, Sarcoma, Osteosarcoma, Renal, 

Ovarian, Lung, ER negative Breast. 

Clinical data was available for ovarian, lung and breast TMA cohorts so expression 

of citrullinated vimentin, PAD2 and Ambra1 (latter two not done for breast cancer) 

were assessed as prognostic factors. Low citrullinated vimentin expression correlated 

with better survival in ovarian and breast cancers however this was not significant, 

P=0.164 and P=0.393 respectively (Figure 3.27a and c). Alternatively, high 

expression of citrullinated vimentin in lung cancer resulted in significantly greater 

survival than cases with low expression, P=0.016 (Figure 3.27b). PAD2 expression 

in these cancers also varied. Negative cases displayed significantly better survival for 

up to 19 years in ovarian cancer (P=0.020) but PAD2 positive expression correlated 

with higher survival rates over 16 years in lung cancer (Figure 3.28a and c), however 

the latter was not significant (Figure 3.28c). Expression levels of citrullinated vimentin 

and PAD2 in relation to survival were similar in these cancers; low/negative 

expression of both markers correlated with greater survival probability in ovarian 

cancer, whereas survival was higher in lung cancer patients with high/positive 

expression. 

There was no significant difference in survival between Ambra1 positive and negative 

individuals with ovarian cancer (P=0.662), however those with Ambra1 outlived those 

in the negative group (Figure 3.29b). The prognostic effect of Ambra1 was more 

pronounced in the lung cohort. Positive expression was significantly correlated with 

better survival, P=0.009 (Figure 3.28d). 
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Figure 3.27 

 

Figure 3.27. Kaplan-meier survival curves for ovarian (a), lung (b) and breast (c) cancer data sets based 

on citrullinated vimentin expression. Chi-square log rank test significance PÒ0.05. 
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Figure 3.28 

 

Figure 3.28. Kaplan meier survival curves for ovarian (a and b) and lung (c and d) cancer data sets 

based on PAD2 (a and c) and Ambra1 (b and d) expression. Chi-square log rank test significance 

PÒ0.05. 

  
















































































































































































































































































































































