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Abstrac t  

Anwar Saad Al Sanusi Salem 

Title: The role of CCR7 axis in facilitating chemoresistance, radioresistance and 

induction of cell proliferation in cancer 

Keywords:  Chemokine; CCR7; CCL19; CCL21; Cancer; Metastasis; Therapy; 

Chemoresistance; Proliferation; Radioresistance. 

Chemokines are a family of chemotactic cytokines that play a multifaceted role in 

human biology. Chemokine receptor CCR7, activated by its ligands CCL19 & 

CCL21, is known to play a significant role in cancer metastasis. In view of the wider 

roles that chemokines play in the biology of the cell, we hypothesised that CCR7 

could influence cancer progression through other mechanisms in particular 

increased proliferation and/or increased chemo- and radioresistance, and whether 

these effects may have a physiological/clinical relevance. Interestingly, CXCR4 

involvement in cancer recurrence, metastasis and proliferation is already well 

established. Thus, it was used as a point of reference to compare whether CCR7 

axis effect on cancer proliferation and chemoresistance is similar to that observed 

in CXCR4 axis.  

It is proven that hypoxia is a driving factor in increased CCR7 expression. This 

study shows that CCR7 expression is upregulated as a response to a number of 

other stress factors, in particular that caused by different chemotherapeutic 

treatments. In addition, we showed that CCL21, one of the two endogenous 

ligands for CCR7 is similarly produced under these conditions 

We used several techniques to establish the expression and functionality of CCR7 

and CXCR4 in different cancer cell lines. We then showed that activation of the 

CCR7 axis by physiologically relevant concentrations of CCL21 induces cancer 

cell proliferation and chemo- and radio-resistance. Furthermore, these effects are 

abrogated by small molecule antagonists (ICT13069), neutralizing monoclonal 

antibody, or CCR7 knockdown.  
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Our findings support the hypothesis that antagonising CCR7 receptor will not only 

inhibit cancer metastasis, as it is well-illustrated in the literature, but it would also 

lead to alternative therapeutic approaches as well as potential clinical endpoints. 
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1.1 Cancer  

Cancer is the second leading cause of death worldwide accounting for 

approximately 9.6 million mortalities in 2018 1. It is also a growing problem with 

18.1 million new cases diagnosed worldwide in 2018 compared to 14.1 million 

new cases in 2012 1. In the UK, 163,444 cancer-related deaths were recorded in 

2016 2. 

Cancer is a generic name for a group of diseases that can occur in any part of 

the body1. The main defining characteristic of cancer is the uncontrolled growth 

of cells beyond their normal boundaries that spread to adjacent organs or other 

parts of the body. Cancer can be triggered by various genetic factors, resulting in 

a loss of balance between cell proliferation and cell death 3. 

Under this broad definition, more than 200 cancer types 4, and even more 

subtypes have been described. This is why cancer is considered one of the most 

complex of human diseases. However, despite such diversity, most types of 

cancer share a number of characteristics, referred to as �µ�W�K�H���+�D�O�O�P�D�U�N�V���R�I���&�D�Q�F�H�U�¶ 

(Figure 1) 3.  

 
Figure 1. The six established hallmarks of cancer. These characteristics or hallmarks are 

shared by most cancer types 3. 
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After five decades of research on cancer, a rich body of knowledge has been 

generated which has helped to understand the molecular mechanisms that drive 

cancer progression. This knowledge, to some extent, was summarised in a 

seminal review in 2000 by Douglas Hanahan and Robert Weinberg as the 

�³�K�D�O�O�P�D�U�N�V�� �R�I�� �F�D�Q�F�H�U�´���� �7�K�H�V�H�� �K�D�O�O�P�D�U�N�V�� �D�U�H�� �W�K�H�� �V�L�[�� �F�R�P�P�R�Q�� �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�� �R�U��

traits which are acquired by different cancers at different time points that drive the 

expansion of the disease. These characteristics are 1) Limitless replicative 

potential, 2) Insensitivity to anti-growth signals, 3) Self-reliance in growth signals, 

4) Evading cell death, 5) Angiogenesis, 6) Invasion and metastasis 3.  

Later in 2011, other common traits were added to the list by Hanahan and 

Weinberg. These include two new hallmarks, evading immune destruction, and 

adjusting the metabolic processes to deliver sufficient energy to support the 

limitless growth; and two enabling characteristics of genomic instability and high 

rate of mutations, and the presence of an inflammatory response that supports 

and promotes tumour progression (Figure 2) 5.  

 
Figure 2. Emerging characteristics and enabling hallmarks of cancer. Several studies suggest 

that at least two hallmarks are involved in the progression of cancers. Firstly, the capability to 

reprogram cellular metabolism to cope with limitless proliferation. Secondly, evading 

immunological destruction by various cells of the immune system 5. 

The understanding of the molecular mechanisms that drive cancer progression 

has also led to the discovery of chemotherapeutics, which in turn has resulted in 
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the improvement of survival rates for several types of cancers. However, the 

emergence of chemoresistance 6, either acquired or intrinsic, is a major challenge 

in many cancer types and a key reason behind the continued low survival rate of 

several cancers 7. Thus, discovering the possible causes and underlying 

mechanisms that contribute to chemoresistance is fundamental to developing 

novel therapeutic approaches that address cancer relapse and cancer treatment 

in general.  

�0�D�Q�\�� �S�U�R�F�H�V�V�H�V�� �D�Q�G�� �S�D�W�K�Z�D�\�V�� �D�U�H�� �U�H�V�S�R�Q�V�L�E�O�H�� �I�R�U�� �F�D�Q�F�H�U�� �F�H�O�O�V�¶�� �D�F�T�X�L�U�H�G��

chemoresistance, including tumour suppressor genes (TSGs) that upon their 

upregulation or downregulation can promote the initiation and progression of 

cancer. Recently, evidence pointed out the role of tumour suppressor genes  in 

developing chemoresistance of cancers 8. For instance, p53 is a very well-known 

tumour suppressor protein that gets lost in the early stages of cancers aiding 

tumour establishment 9. p53 regulates apoptosis by up-regulating p53 up-

regulated modulator of apoptosis (Bax, Bid and Noxa). Therefore, loss of p53 

may cause drug resistance due to down-regulation of these genes 8. Additionally, 

multidrug efflux pumps 10, DNA repairing 11, mitochondrial alteration processes 

12, cancer cell acquiring stemness 13, and epithelial-mesenchymal transition 14 are 

also proposed to be mechanisms of gaining resistance in cancer. In particular, a 

number of reports have suggested that chemokines could be involved in drug 

resistance 15-20.  

A key reason behind the high mortality rate of cancer is the high proliferation rate 

of cancer cells, which promotes the aggressiveness of the tumour. Several 

mechanisms and factors could be behind the ability of cancer cells for sustained 

proliferation and avoidance of apoptosis. Due to the wide roles of chemokines in 

cancer progression which has been established over the last two decades, it is 

anticipated that chemokines play an aiding role in cancer proliferation. Yet, very 

few studies have linked chemokines to inducing proliferation and promoting 

survival. In the next section, a brief introduction to chemokines and their 



  

5 

subfamilies, focusing on the CCR7 axis and its role in normal and pathological 

conditions; specifically in cancer, and the therapeutic potential of targeting CCR7 

as a novel anticancer therapy will be reviewed. 

1.2. Chemokines  

Chemokines are a family of 48 low molecular weight chemoattractant cytokines 

that play a multifaceted role in the biology of the cell 21-25. Chemokines exert their 

cellular function through binding to cell surface chemokine receptors which belong 

to the highly druggable class A G-protein coupled receptor (GPCR) family. 

�&�K�H�P�R�N�L�Q�H�V�¶���S�U�L�Q�F�L�S�D�O���U�R�O�H���L�V���L�Q���R�U�F�K�H�V�W�U�D�W�L�Q�J���W�K�H���L�Q�I�O�D�P�P�D�W�R�U�\���D�Q�G���E�R�W�K���Ddaptive 

and innate immunological responses. In particular, chemokine axes control 

migration and function of various leukocytes including eosinophils, neutrophils, 

and basophils as well as T and B lymphocytes 26. More recently, chemokines and 

their receptors have been shown to be involved in a wider range of physiological 

processes for example directing sperm movement towards the ovum 27 as well as  

in pathophysiological processes such as asthma 28, rheumatoid arthritis 29, 

atherosclerosis 30, and viral infection 31-34. Many chemokine axes are shown to 

have a multifaceted involvement in cancer 35-41 as we will see shortly.  

1.2.1.  Classification and nomenclature of chemokines and their Receptors:  

The earliest nomenclature of chemokines relied on the cellular expression and 

function of the proteins involved. For example, macrophage inflammatory protein 

1-�.�� �R�U�� �0�,�3-���.�� �L�V�� �D�� �F�K�H�P�R�N�L�Q�H�� �U�H�O�H�D�V�H�G�� �E�\�� �P�D�F�U�R�S�K�D�J�H�V�� ���R�U�� �P�R�Q�R�F�\�W�H�V���� �L�Q��

response to IL-������ �R�U�� �E�D�F�W�H�U�L�D�O�� �H�Q�G�R�W�R�[�L�Q�V���� �+�R�Z�H�Y�H�U���� �W�K�L�V�� �Q�R�P�H�Q�F�O�D�W�X�U�H�� �V�R�R�Q��

proved to be very confusing as the same chemokine can have multiple origin and 

functions and thus was named differently by different labs. In 2000 Zlotnik and 

Yoshie proposed a novel classification and nomenclature system based on 

chemokines structural features. The classification has since been adopted by the 

World Health Organisation (WHO) and the International Union of Immunological 

Societies (IUIS) 22,42. 
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Chemokines share a common secondary super-structural motif comprising of 

three antiparallel ß-�V�K�H�H�W�V���I�R�O�O�R�Z�H�G���E�\���D�Q���.���K�H�O�L�[���L�Q���W�K�H���&���W�H�U�P�L�Q�X�V�����7�K�L�V���V�R-called 

�³�*�U�H�H�N�� �N�H�\�´�� �P�R�W�L�I�� �L�V�� �K�H�O�G�� �W�R�J�H�W�K�H�U�� �E�\�� �R�Q�H�� �R�U�� �W�Z�R�� �F�\�V�W�H�L�Q�H�� �E�U�L�G�J�H�V�� �E�H�W�Z�H�H�Q��

residues at the N terminus at the beginning of the second ß sheet and the end of 

the third ß sheet (Figure 3) 22.  

 
Figure 3. Chemokine ligand categorisation 22. 

According to Zlotnik�¶�V system, chemokines are organised into four main groups 

based on the space between the disulfide bridges that hold the peptide chains 

together (Figure 3)���� �7�K�H�V�H�� �I�R�X�U�� �J�U�R�X�S�V�� �D�U�H�� �Q�D�P�H�G�� �D�V�� �&�;�&�/�� �V�X�E�I�D�P�L�O�\�� ���.-

subfamily) in which the two cysteines (C) residues are separated by a non-

�F�R�Q�V�H�U�Y�H�G�� �D�P�L�Q�R�� �D�F�L�G�� ���;������ �&�&�/�� �V�X�E�I�D�P�L�O�\�� ����-subfamily) with no other residues 

�E�H�W�Z�H�H�Q�� �W�K�H�� �W�Z�R�� �F�\�V�W�H�L�Q�H�V���� �7�K�H���;�&�/�� �V�X�E�I�D�P�L�O�\�� ����-subfamily) is the chemokine 

�J�U�R�X�S�� �W�K�D�W�� �K�D�V�� �R�Q�O�\�� �R�Q�H�� �G�L�V�X�O�S�K�L�G�H�� �E�U�L�G�J�H���� �Z�K�L�O�H�� �W�K�H�� �&�;���&�/�� �V�X�E�I�D�P�L�O�\�� ���/-

subfamily) is the chemokine protein family that has three residues between the 

two cysteine residues 22,43. The CX3CL is also characterised by its ability to insert 

into the cell membrane because of the C-terminal that is linked to a long mucin-

like stalk, thus becoming effectively immobilised on the surface of cells and 

�³�L�Q�V�R�O�X�E�O�H�´�����,�Q���D�G�G�L�W�L�R�Q, �W�R���V�X�I�I�L�[���/�����Z�K�L�F�K���G�H�Q�R�W�H�V���³�O�L�J�D�Q�G�´�������G�L�I�I�H�U�H�Q�W���F�K�H�P�R�N�L�Q�H��



  

7 

proteins are numbered from 1-28. For instance, CCL1, CCL2, CCL3, CCL4, to 

CCL28 are different chemokine ligands that activate different chemokine 

receptors as listed in  

Table  1 22,42,44.  

Similarly, the chemokines receptors are classified accordingly to the subfamily of 

�F�K�H�P�R�N�L�Q�H���O�L�J�D�Q�G���V�����W�K�H�\���E�L�Q�G���Z�L�W�K���D�Q�G���E�H�D�U���D�Q���µ�5�¶���V�X�I�I�L�[���W�R���G�H�V�L�J�Q�D�W�H���W�K�D�W���W�K�H�\��

are receptors, followed by a number. For example, CCR1, CCR2, CCR3 to 

CCR10 are chemokine receptors whose �O�L�J�D�Q�G�V���E�H�O�R�Q�J���W�R���W�K�H���&�&���R�U����-subfamily 

22. Generally speaking, CCL ligands bind only to CCR receptors and CXCL 

ligands bind only to CXCR receptors. 

The chemokine receptors belong to the seven transmembrane (7TM) helical G-

protein coupled receptor (GPCR) superfamily comprising of an extracellular N-

terminus, seven transmembrane helical domains, and a cytoplasmic C-terminus 

that non-covalently binds to a G-protein complex. This part is responsible for 

several cell signalling pathways, which include cell polarisation and cytoskeletal 

rearrangement, once the receptors undergo activation, leading to cell 

mobilisation 45. In addition to 19 CXCR, CCR, CX3CR, and XCR receptors, there 

are also four atypical chemokine receptors (AKCR1-4) that are capable of binding 

to chemokines but are not involved in any signalling.  

As mentioned before, chemokines can also be categorised according to their 

biological roles. However, this classification does not correspond with the 

nomenclature based on the structural features or peptide sequence. For instance, 

homeostatic chemokines, which are expressed normally and are responsible for 

tissue maintenance, recruitment, and maturation of pro-inflammatory cells, 

include members from CCL, CXCL, XCL and CX3CL sub-families. CCR2 and 

CCR4 and their ligand CCL2 are categorised as inflammatory chemokines, 

whose expression is induced or elevated during inflammatory responses. Often, 

however, chemokines can belong to both categories. For example, CCL20 which 

is the ligand for CCR6 is both a homeostatic and an inflammatory chemokine 22,46. 
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Table 1.  Chemokine receptors and their chemokine ligands 22,42,44. 

Receptors  Primary ligands  

CCR1 CCL2, CCL3, CCL4, CCL5, CCL7, CCL13, CCL14, CCL15, CCL16, CCL23  

CCR2 CCL2, CCL7, CCL8, CCL11, CCL13, CCL16  

CCR3 CCL2, CCL5, CCL4, CCL7, CCL8, CCL11, CCL13, CCL16, CCL24, CCL26, CCL28  

CCR4 CCL17, CCL22 

CCR5 CCL2, CCL3, CCL4, CCL5, CCL8,  CCL11, CCL14, CCL16  

CCR6 CCL20 

CCR7 CCL19, CCL21 

CCR8 CCL1, CCL8, CCL16,  CCL18 

CCR9 CCL25 

CCR10 CCL27, CCL28 

CXCR1 CXCL1, CXCL6, CXCL7, CXCL8  

CXCR2 CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, CXCL8 

CXCR3-A CXCL9, CXCL10, CXCL11  

CXCR3-B CXCL4, CXCL9, CXCL10, CXCL11  

CXCR4 CXCL12 

CXCR5 CXCL13 

CXCR6 CXCL16 

CX3CR1 CX3CL1 

XCR1 XCL1, XCL2 

ACKR1 > 20 inflammatory chemokines belonging to the CC and CXC families  

ACKR2 Agonists for CCR1 and CCR5 

ACKR3 CXCL12, CXC11 

ACKR4 CCL19, CCL21, CCL25, CXCL13  

1.3. C-C chemokine receptor type 7  (CCR7) 

The CCR7 chemokine axis, comprising chemokine ligand 21 (CCL21) and 

chemokine ligand 19 (CCL19) acting on chemokine receptor 7 (CCR7), plays two 

particularly important, but opposing roles in cancer. In his seminal report in 

200147, Zlotnik suggested that the CCR7 axis has a key role in promoting 
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metastasis via the lymphatic system. It has been postulated that cancer cells can 

upregulate CCR7 expression and hijack its normal functions, enabling them to 

migrate along the gradient of CCL19 and CCL21 towards the lymph nodes and 

colonise them as the first step towards metastasis. In support of this hypothesis, 

CCR7 upregulation and correlation to lymph node (LN) metastasis are 

demonstrated in several cancers including pancreatic 48, breast 49,50, oesophageal 

51, head and neck 52, prostate 53,54, and colorectal 55 cancers. Moreover, the 

chemotactic effect of CCR7 also has been found to be involved in the migration 

of leukaemic cells to the CNS 56. This suggests that strategies that prevent 

activation of the CCR7 axis, for example through small-molecule antagonism of 

the receptor, may hinder tumour metastasis. 

On the other hand, this axis is also involved in the modulation of the immune 

response to a growing tumour. A number of cells that are important for the 

initiation, maintenance, and resolution of inflammation, including dendritic cells 

(DCs), CD4+ T helper cells, regulatory T cells (Tregs), B Cells and central memory 

T cells (TCM), express CCR7 and are trafficked through interaction with CCL19 

and CCL21. Due to the key role that the CCR7 axis plays in antigen presentation 

and activation of T cell-mediated response, it has been proposed that intra-

tumoral introduction of CCL19 and CCL21, can assist in immunotherapy of 

cancers by potentiating immune response to tumours, as will be discussed below. 

1.3.1. Role of CCR7 axis in inflammation and immunity  

The CCR7 axis is significantly involved in orchestrating immune responses 57. In 

particular, this axis has an important role in facilitating the encounter between 

antigen-presenting dendritic cells and antigen-responsive naïve lymphocytes. 

The chemokines CCL19 and CCL21 are produced in the primary and secondary 

lymphoid organs (SLO) such as lymph nodes (LN). In the primary lymphoid 

organs, such as the thymus, they function mostly to move CCR7 expressing 

thymocytes between different tissue compartments as they differentiate and 

undergo clonal selection. In this context, the CCR7 axis plays a significant role 
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in negative selection for self-reacting thymocytes 58. Within the lymph nodes, 

CCL21 is released by high endothelial venules (HEV) which attract circulating 

lymphocytes in the blood into the LN, although this appears more relevant to T 

cells than B cells 59. There is also evidence that CCL19 increases the life span 

of T cells within the LN 60. Once inside the LN, CCL19 and CCL21 (which are 

continually released by fibroblastic reticular cells) 60,61 enable 

compartmentalisation of naïve lymphocyte and antigen-presenting dendritic 

cells, so that they can meet. Dendritic cells (DCs) are a major class of the 

professional antigen-presenting cell families. DCs patrol externally exposed 

parts of the human body including mucous membrane in the respiratory and 

urogenital organs 62. Once they encounter a foreign body, DCs mature in a 

process that includes upregulation of various cellular components, including 

major histocompatibility complex II (required for antigen presentation), co-

stimulatory molecules such as CD80, CD86, and CCR7 63,64. The increased 

CCR7 expression enables DCs to sense CCL19/CCL21 concentration gradient, 

to migrate towards draining lymphatic vessels and ultimately towards lymph 

nodes 65,66. Once DCs are inside the LN, the ligands further direct and distribute 

them to the T-cell zone, where they can meet and activate T cells by presenting 

their cell surface antigens to them. Finally, the re-entry of the now active T cells 

back into blood circulation is accompanied by a reduction of their CCR7 

expression 67,68. Interestingly, it has also been suggested that activation of CCR7 

by CCL19 leads to contemporaneous increase in sphingosine 1-phosphate 

receptor-1 (S1P1) on activated T cells 68 allowing them to migrate against the 

gradient of S1P out of the efferent LN vessels.  

CCR7, in conjunction with other chemokine receptors, can also be involved in 

the resolution of the inflammatory response 69,70. Both naturally occurring, 

thymocyte-derived regulatory T cells (Tregs) as well as induced Tregs from effector 

cells at the site of inflammation express CCR7, and their migration to the SLO, 

and correct positioning within the SLO is controlled by this axis. This means that 
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CCR7 plays an important role in preventing the over-production of effector T 

cells and preventing autoimmune diseases, as well as in the resolution of 

inflammation. To our knowledge, the role of the CCR7 axis in Tregs subsets has 

not been exploited therapeutically; however, CCR7 expression in Tregs does 

have diagnostic value. For example, expression of CCR7 in Tregs isolated from 

patients was indicative of better outcome in colon 71, oral squamous cell 

carcinomas 72. Finally, the reservoir of central memory T cells (TCM) which shuttle 

between the spleen and LN also expresses CCR7. Although this migration is 

thought not to be controlled entirely by the CCR7 axis 73, this suggests a role for 

CCR7 in long term immunity. 

1.3.2. Role  of CCR7 in cancer immunotherapy  

Inflammation has a complex role in tumorigenesis and tumour growth. There is 

evidence that inflammation supports the transformation to malignancy 5,74,75. 

Furthermore, inflammation is also an essential feature of the tumour 

microenvironment and one of the key elements that contribute to multiple 

hallmark capabilities of cancer 3,5. Many DCs recognise the cancer-associated 

antigens on tumour cells and mount an inflammatory/immune response to the 

tumour 76. Generally speaking, this inflammatory/immune response can 

significantly limit tumour expansion, by flooding the tumour with immune cells that 

can destroy tumour cells. However, many of the proteins which are released 

during the inflammatory response can �D�O�V�R���E�H���D�G�Y�D�Q�W�D�J�H�R�X�V���W�R���D���W�X�P�R�X�U�¶�V���J�U�R�Z�W�K��

and dissemination. This dichotomy can be further complicated due to the fact that 

the inflammatory response is a multistep process involving initiation, propagation 

and resolution, and the interactions between the tumour cell with its environment 

can be different at each of these steps. Furthermore, as tumours can be quite 

heterogeneous, the impact of inflammation within the same tumour could vary 

from one domain to another. In other words, there may be temporal and spatial 

factors within a tumour that may affect its response to inflammation, or indeed 

response to treatment strategies that target inflammation. Another complicating 
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factor is that cellular changes accompanying the malignant transformation of a 

cell may not necessarily generate highly immunogenic markers, leading to only a 

muted inflammatory response. Nevertheless, whilst it is important to bear these 

subtleties in mind, either targeting or exploiting inflammation and/or immune 

response as a therapeutic strategy, remains a desirable approach to cancer 

treatment. 

Because of the central role that the CCR7-ligand(s) interaction plays in the 

inflammatory/immune response, a number of strategies have been developed 

to exploit this axis for therapeutic approaches in treating cancer 77-79. These fall 

into a number of broad categories outlined as follows:  

1) Intertumoral administration of CCL19 or CCL21. 

2) Cell transfection  

3) Patient derived transfected cells. 

4) Vaccination. 

5) Dendritic cells maturation boost. 

1.3.2.1. Int ratumorally  introduction or administration of CCL19/CCL21  

The first of these categories is to use CCL19 and CCL21 to boost the immune 

response to tumour cells. The main obstacle for the clinical efficacy of 

immunotherapy is that homing of effector cells into the tumour 

microenvironment is retarded 80. It has been hypothesised that an increase in 

the concentration of CCL19 or CCL21 should potentiate the �E�R�G�\�¶�V�� �L�P�P�X�Q�H��

response to tumours by increasing the trafficking of DCs and cytotoxic T cells. 

A number of different protocols can be used to achieve an increased intra-

tumoral CCL19/21 concentration, ranging from direct delivery of the chemokine 

protein(s) to the tumour, to the introduction of chemokine expressing cells into 

the tumour milieu. For instance, direct intra-tumoral injection of CCL19 in a mice 

lung model resulted in an increased influx of DCs as well as CD4+ and CD8+ T 

cells into the tumour, increased pro-inflammatory IFN-�������&�;�&�/�������&�;�&�/���������*�0-

CSF, and IL-12; reduced levels of the immunosuppressive molecules 
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�S�U�R�V�W�D�J�O�D�Q�G�L�Q���(�������3�*�(�������D�Q�G���7�*�)�������X�O�W�L�P�D�W�H�O�\��leading to a significant reduction 

in tumour volume 81,82. A similar observation was reported in a mouse colorectal 

model 83. In an orthotopic mouse model of breast cancer, intra-tumoral 

administration of CCL21 increased infiltration by T cells, natural killer (NK) cells 

and DCs into the tumour, slowing the growth of tumours, and prolonging the 

survival of tumour-bearing mice 84,85.  

Obviously, systemic administration of CCL19 or CCL21 as a therapeutic strategy 

can lead to significant complications and toxicities. To make this a clinically 

applicable therapeutic protocol, a bespoke drug delivery system is required. 

Recently, intra-tumoral injection of a CCL21 containing hydrogel has shown 

increased DC recruitment in a mouse model 86,87. In spite of their potential 88, this 

approach does not seem to have been taken any further. A vault nanoparticle 

that encapsulates CCL21 and selectively releases it in the tumour, was 

developed with promising in vitro and in vivo results 89.  

1.3.2.2. Cell transfection  

Another means by which to achieve elevated levels of CCL19 or CCL21 within 

the tumour is to introduce transfected or transduced cells that can express and 

excrete the proteins. A major drawback of such an approach is that it would be 

difficult to calibrate the amount of CCL19 or CCL21, and in fact, overproduction 

of the proteins at the tumour site may be disadvantageous. Nevertheless, this 

has been demonstrated to be effective both in vitro and in vivo. Human mammary 

MCF-7 cells transfected with CCL21 enhance a host of DC functions, such as 

migration, antigen uptake and presentation; as well as increasing apoptosis 

resistance of DCs in vitro 90. LIGHT is a costimulatory molecule of the TNF family 

present on the surface of immature DC that binds to receptors on T cells and 

enhances their proliferation and induction of cytotoxic T lymphocytes. Murine C26 

colon carcinoma cells transfected to express CCL21 and LIGHT have a 

significantly increased anti-tumour activity than those cells that express either of 

them alone 91. Murine B16-BL6 melanoma cells and murine OV-HM ovarian cells 
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transfected to express murine CCL19 grow slower as tumours, compared to non-

CCL19 expressing control, after transplantation in mice 92,93. In a mouse lung 

metastasis model, tail vein injection of endothelial progenitor cells transduced to 

express CCL19 decreased the number of lung metastases and prolonged 

survival 94. Systemic introduction of Salmonella typhimurium, genetically 

engineered to produce CCL21, led to the corresponding changes in levels of 

cytokines and inhibited tumour growth in a mouse model of murine breast cancer 

95. This anaerobic bacteria can accumulate within tumours, thus providing a 

means for the selective accumulation of CCL21 within the tumour in spite of its 

systemic delivery. 

Alternatively, the transfection to express CCL19 or CCL21 can be carried out in 

vivo. Intra-tumoral injection of RGD fiber-mutant adenoviral vector (AdRGD), 

encoding for the murine chemokines CCL19 and CCL21 into murine B16-BL6 

melanoma tumours in mice, resulted in increased infiltration of T cells and 

reduced tumour growth 96. In this context, liposomal delivery of the adenovirus 

vector is shown to increase the efficiency of transfection of CCL19 97. A folate-

modified nanoparticle system for in vivo delivery of the CCL19 gene showed 

significant cancer growth repression in a colon cancer model 98,99 and 

furthermore, intra-tumoral injection of a combined CCL21 and IL15 adenovirus 

significantly inhibited tumour growth in a mouse colon carcinoma model 100.  

1.3.2.3. Patient -derived transfected cells (autologous transplantation)  

A related approach is the use of the CCR7 axis to enhance the trafficking of 

autologous or allogeneic transplanted leukocytes or DCs. In this approach, 

immune cells, originating from the patient or a donor, are genetically modified in 

vitro, for example by transfection to express CCR7 or CCL19 or CCL21, prior to 

administration back to the patient. For instance, co-expression of CCL19 in CAR 

T cells 101 improved their efficacy to shrink pre-established solid tumours and 

prolonged mouse survival in mice. The use of trogocytosis to transiently express 

CCR7 ex-vivo on human NK cells increased their homing to lymph nodes in vitro 
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102 and overexpression of CCR7 on NK-92 cells improved their migratory aptitude 

and resulted in larger tumour shrinkage when they were injected in a mouse 

model of human colon 103. It has been shown that DCs transfected in vitro to 

express CCR7 show a greater migratory ability towards the draining lymph nodes 

and more effective anti-tumour properties in melanoma 104 and lung cancer 

models 105-107. Similarly, embryonic stem cell-derived DCs, transfected in vitro to 

�H�[�S�U�H�V�V���D�Q���D�Q�W�L�J�H�Q���D�V���Z�H�O�O���D�V���&�&�/�������D�Q�G���O�R�D�G�H�G���Z�L�W�K���.-galactosylceramide, an 

antigen-specific for invariant NK T cells 108, were able to mobilise both 

conventional and NK T cells and showed an increased anti-tumour effect 109. The 

clinical potential of this approach was assessed in a phase II study in patients 

with advanced non-small-cell lung carcinoma (NSCLC) 110. Intra-tumoral 

administration of autologous DC transduced with an adenoviral (Ad) vector to 

express CCL21, resulted in enhanced tumour CD8+ T-cell infiltration as well as 

increased tumour PD-L1 expression 111. Interestingly, combining an anti-mouse 

PD-1 antibody with the CCL21-DC vaccine resulted in very significantly improved 

in vivo results in a murine lung model 112. 

1.3.2.4. Vaccination  

Vaccination with irradiated tumour cells transduced to express granulocyte-

macrophage colony-stimulating factor (GM-CSF) and CD40-ligand (CD40L) is a 

well-established protocol which has been shown to significantly increase 

mobilisation of DC trafficking within the tumour, therefore enhancing the immune 

response to tumours 113. The recruitment and trafficking of DCs could be further 

enhanced through the involvement of the CCR7 axis. In an NSCLC mouse model, 

delayed tumour growth was observed in animals given GM.CD40L vaccine plus 

CCL21, compared with vaccine alone. However, in a follow up clinical 

investigation with a relatively small cohort of lung cancer patients, no statistically 

significant difference in patient outcome was observed between the group given 

GM.CD40L alone with those given GM.CD40L plus CCL21 114. 
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It is worth noting that in the majority of these experimental investigations, 

monocyte-derived dendritic cells (mDCs) are used. This overcomes the problem 

of collecting sufficient DCs from the patient, but of course, it is critical to ensure 

ex-vivo mDCs are phenotypically similar to natural DCs. Monocytes differentiate 

to DCs within the tumour microenvironment in vivo, and a number of 

methodologies are developed to affect that differentiation in vitro 115-123.  

Before moving on from this approach, it is worth mentioning the recent report of 

�D�Q�� �³�D�U�W�L�I�L�F�L�D�O�´�� �D�Q�W�L�J�H�Q-presenting entity, a non-cellular microparticle packed with 

immunomodulatory proteins, including CCL21, that makes these capable of 

activating naïve T cells and eliciting an immune response. The efficacy of these 

non-cell antigen presenters has recently been demonstrated in a mouse model 

of melanoma 124 which opens up many new and interesting potential advances in 

cancer immunotherapy. 

Increases in the intra-tumoral concentration of CCL19 or CCL21 can also be used 

in conjunction with other treatment approaches (immunotherapeutic and non-

immunotherapeutic) to enhance their efficacy. One of the reasons for the lack of 

efficacy of immunotherapeutics is that many tumour cells are only weakly 

immunogenic. This could be addressed by introducing DNA vaccines that encode 

more immunogenic cell surface antigens 125. In effect, this approach encourages 

the body to mount a more vigorous immune response to tumours than it would 

otherwise have. The use of DNA vaccines is a particularly attractive approach for 

mobilisation of leukocytes, such as NK and cytotoxic T cells, to the tumour, which 

can augment protective antitumor immunity. When used in conjunction with 

CCL21, such DNA vaccination is shown to be more efficacious in human 

melanoma mouse model 126,127. Alternatively, co-injection of both CCL19 and 

cytosine-phosphothioate-guanine oligodeoxynucleotide (CpG-ODN), a relatively 

potent immunogenic molecule, into the tumour site shows greater tumour 

shrinkage than either of them alone 128. A similar strategy is used for augmenting 

immune response against weak immunogens such as tyrosinase-related protein-
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2 (TRP2) in melanoma 129. Telomerase reverse transcriptase (TERT) is a well-

known tumour associated antigen although it has been difficult to consistently 

induce antigen-specific immunity when using TERT vaccines. Vaccination using 

TERT after inoculation with CCL21 cDNA however resulted in higher TERT-

specific cell-mediated immunity, and reduced tumour growth in mouse melanoma 

model 130 and breast cancer models 131. 

More elaborate vaccination strategies are also reported. For instance, in the 

example above, the use of adenoviral infection for both CCL21, as well as IL-5 

alongside a TERT vaccine, resulted in enhanced antitumor activity 132. Similarly, 

the addition of CCL21 to immune checkpoint blockade, has been shown to elicit 

an even more significant increase cytotoxic T lymphocyte production, proliferation 

and infiltration, and reduce tumour growth after vaccination with an HPV-16 

antigen133. It is however worth noting that chemokine and cytokines may not 

necessarily work in tandem with each other. In a melanoma mouse model, the 

antitumor effect from an intra-tumoral injection of DNA encoding for IL-12-and 

tumour-associated antigen hgp100 was actually diminished upon injection of 

CCL21-encoding DNA or indeed CCL21 protein 134. 

Intra-tumoral delivery of the genetic material can be quite inefficient and although 

a liposomal delivery system can increase this efficiency 97, other delivery systems 

have been investigated. An alternative means for delivery of the genes is the 

topical application or subcutaneous injection; for example, by jet injection or 

biolistically (gene gun). Because APCs, including DCs patrol subdermal layers of 

skin, this is considered an efficient means of initiating immune responses in 

vaccination. As a cell surface protein of the tyrosine kinase receptor family, 

Her2/neu is significantly immunogenic, and therefore, in vivo transfection with the 

Her2/neu gene (ERBB2) can potentiate the immune response to the tumours. 

The co-delivery of both CCL19 and CCL21 with Her2/neu genes has shown 

promising results in a murine breast cancer model 135-137. 
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Finally, the CCR7 axis can also be used to augment the efficacy of other 

therapies. For example, the fusion of CCL19 or CCL21 to antibodies can 

augment their anti-tumour function by enhancing the immune response to 

tumours 138. An example of this is the fusion of the 18mer N-terminus peptides 

of CCL21 into a bispecific antibody which simultaneously binds CD3 on T cells 

and an antigen on ovarian tumour cells. Bispecific antibodies enhance the 

cytotoxicity of T cells through proximity effects, and it was shown that the 

chemotactic bispecific antibody was more effective in vitro 139. Fusion of 

CCL21 to a PD-L1-blocking single-domain antibody fragment (VHH), shows 

improved recruitment of effector cells in vitro 140. We previously described how 

the combination of CCL21-dendritic cell tumour antigen vaccine with a murine 

PD-L1 inhibitor significantly decreased or even eradicated established 

tumours in a mouse model of lung cancer 111,112,141. Furthermore, injection of 

CCL19-expressing mesenchymal stem cells has also been shown to promote 

infiltration of immune cells to the tumour microenvironment and enhance the 

therapeutic efficacy of an anti-PD-L1 antibody 142. Rituximab is an effective 

agent for antibody-derived cell cytotoxicity (ADCC) against B-Cell 

malignancies 143���� �7�U�D�Q�V�I�H�F�W�L�R�Q�� �R�I�� �1�.�� �F�H�O�O�V�� �W�R�� �R�Y�H�U�H�[�S�U�H�V�V�� �&�'������ ���)�F���5�,�,�,������

which mediates ADCC and CCL19 which enhances trafficking of NK cells is 

reported to increase the efficacy of rituximab in vitro 144. Currently, a phase I 

study of checkpoint inhibitor, pembrolizumab in adjunct with intra-tumoral 

administration of CCL21 gene-modified DCs is underway, but no results are 

as yet available as the trial is expected to finish in 2024 145,146. A property of 

CCL21 which is rarely exploited in cancer therapy is that in addition to its role 

in immune response, it is anti-angiogenic 147. A report showed that vaccination 

to express CCL21, used in tandem with an inhibitor of survivin (a member of 

the Inhibitor of Apoptosis family of proteins), reduced tumour growth in a 

mouse non-small cell lung carcinoma (NSCLC) model 148. 
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1.3.2.5. Dendritic cells maturation boost  

Low concentration of many cytotoxic therapeutics, for example, 

cyclophosphamide 149 and doxorubicin 150 appear to enhance the maturation 

of DCs. Indeed, paclitaxel appears to improve the efficacy of immunotherapy 

when using adenovirus encoding for murine CCL21, in both B16-F10 

melanoma and 4T1 breast carcinoma mouse models 151. Although the exact 

reason for it is unclear, the effect is limited to co-administration of only a low 

dose of paclitaxel and immunotherapy enhancement is not observed at a 

higher paclitaxel dose.  

From the evidence presented in this section, it is clear that the CCR7 axis has 

the potential to augment the efficacy of several different immunotherapeutic 

approaches to cancer. Immunotherapeutic agents are clearly highly desirable 

as a valuable addition to the available armoury for fighting cancer, but the 

development of efficacious immunotherapies remains very challenging, 

especially for solid cancers. In particular, the choice of tumour associated 

antigen is critical to both selectivity and efficacy of treatment. Through the use 

of CCR7 chemokine axes, it has been shown that weakly immunogenic 

responses can be amplified in some preclinical models. Therefore, targeting 

the CCR7 axis has the potential to significantly improve the efficacy of 

immunotherapies in the clinic. It is however too early to judge the clinical 

potential of exploiting CCR7 in immunotherapy, due to limited information from 

clinical investigations. There are a number of ongoing trials and hopefully, the 

potential of targeting CCR7 axis in immunotherapy becomes clearer in due 

course. A number of these trials which are due to report over the next few 

years involve CAR-T cells modified to express IL-7 and CCL19 for easier 

tumour penetration 101 and targeting various antigens (NCT03198546, 

NCT04381741, NCT03932565, NCT03198546, NCT03546361). A phase 1 

trial of autologous DCs transduced with an adenoviral (Ad) vector to express 

CCL21, 111 is now followed by a study of the same with intravenous injection of 
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PD-1 mAB targeting pembrolizumab (NCT03546361) which is due to report at 

the end of 2023. Of course, we have already mentioned a phase1/2 trial with 

GM.CD40L vaccine plus CCL21.114 On the other hand, there is still much to 

learn about the role of the CCR7 axis in immunotherapy. For instance, we do 

know that tumour microenvironment, and how it changes during disease 

progression, can profoundly influence the outcome of immunotherapies. Yet 

we know very little about how flooding the tumour with CCL19 and CCL21 can 

influence this microenvironment. Nevertheless, it is an area that will 

undoubtedly develop over the next few years.  

Concurrent to these studies, it has also become clear that the CCR7 axis can 

contribute to tumour dissemination in quite a different capacity. 

1.3.3. Role  of CCR7 in tumour growth and metastasis  

Metastasis, the irreversible process by which tumours migrate from their 

primary site to other organs, remains a significant challenge in cancer therapy. 

Although it is difficult to accurately estimate the impact of metastasis on cancer 

treatment, it has been suggested that as many as 9 out of 10 cancer-related 

deaths follow on from metastasis 152-154. Metastasis is a complex and multistep 

process 155, and it is only recently that we are beginning to understand some 

of the changes in cellular pathways and molecular signatures that are 

associated with it. An intriguing feature of metastasis is that it is not random, 

but is in fact quite organ-specific 156. For example, metastatic target organs in 

breast cancer are often the brain, bones, liver, and lungs. Zlotnik was the first 

to demonstrate that for breast cancer this pattern coincides with the expression 

of CXCL12 in breast tumour cells overexpressing CXCR4 157. Therefore, it has 

been postulated that the migration of tumour cells during the metastatic 

process is controlled in a significant proportion by chemokine axes. Zlotnik also 

suggested that the CCR7 axis may promote metastasis to the lymph nodes, 

since CCL19 and CCL21 are abundant in the lymphatics for breast cancers 

that also express CCR7 158-160. Since then, it has been demonstrated that a 
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wider number of chemokine axes are involved in the metastatic behaviour of 

many different types of cancer. We also now know that chemokines in general 

(and the CCR7 axis in particular) play a wider and multifaceted role in tumour 

expansion in addition to migration, promoting angiogenesis 161,162, 

lymphangiogenesis 163, endothelial-mesenchymal transition 164-171 and other 

critical processes.. 

In normal physiology, the expression of CCR7 is mostly associated with 

immune cells in primary and secondary lymphoid organs; for instance, thymus, 

bone marrow, spleen and lymph nodes 172. However, several studies have 

reported the elevated expression of CCR7 in a variety of cancers at both mRNA 

and protein levels (Table 2). 

High expression of CCR7 has been shown to correlate with LN metastasis in 

breast 173,174, endometrial 175, cervical 176, oesophageal 51,177,178, thyroid 179,180, 

pancreatic 48,181,182, lung 183-185, tonsillar 186, and many other cancers (Table 2). 
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1.3.3.1. The expression of CCR7 in cancer  

Table 2. Expression of CCR7 in various cancers. FCM= flow cytometry, qRT-PCR= quantitative real-time reverse transcriptase-polymerase chain reaction, IHC= 

immunohistochemistry, WB= western blot, (n)= Patients number, SNP= Single nucleotide polymorphism, PBMC= peripheral blood mononuclear cell. 

Cancer type Metastatic site  Methods  Expression Reference 

Non-small cell lung cancers (NSCLC) 
Lymph Node Metastasis (n = 71) qRT-PCR/IHC 63.3% 185 

Lymph Node Metastasis  FCM 65% 183 

Gastric carcinoma Lymph Node Metastasis (n = 64) IHC  66 % 187 

Breast cancer Skin Metastasis & Lymph Node Metastases (n = 142) IHC  67% 188 

Cervical cancer Lymph Node Metastasis & Vaginal Invasion (n = 174) IHC  59 % 176 

Oral & Oesophageal squamous cell carcinoma 
Lymphoid Tissue Metastasis (n = 85) qRT-PCR/ 

WB/ IHC  
65.9% 49 

Lymph Node Metastasis (n =96) IHC  93.8% 51 

Pancreatic cancer Lymph Node Metastasis (n= 89) IHC  32.6% 181 

Hepatocellular cancer Intrahepatic & Lymphatic Metastasis (n = 39) IHC/WB  100% 189 

Oral & oropharyngeal squamous cell carcinomas Lymph Node Metastasis (n=54) IHC  60% 190 

Colorectal carcinoma Lymphoid Tissue Metastasis (n = 99) IHC  72% 191 

Papillary thyroid carcinomas  Lymphoid Tissue Metastasis (n = 65) IHC/ qRT-
PCR 

High -intensity 
staining  

179 

Uveal melanoma Liver Metastasis (n = 19) IHC/ SNP 76% 192 

B-cell chronic lymphocytic leuk aemia Lymph Nodes (n = 45) FCM High  193 

Urinary bladder cancer  Lymph Node Metastasis (n = 62) IHC  Significantly high  194 

Urothelial carcinomas Lymph Node Metastasis (n = 57) 

 

 

 

IHC  82.5># 195 
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Furthermore, the expression of CCR7 along with other chemokines was 

associated with post-treatment relapse in breast cancer patients 188. In oral 

squamous cell carcinoma (OSCC), expression of CCR7 correlates with LN 

metastasis 49, but interestingly, no such correlation was found with intra-

tumoral CCL21 and CCL19 196, which could suggest an imperative for tumour 

migration towards the LNs. While CCR7 upregulation is well-correlated to many 

marks of solid tumours, such as hypoxia and lymphangiogenesis (see below), 

the origin of the CCR7 ligands within the tumour, either from immune cells or 

neoplastic cells, remains unclear. In gastric cancers, three studies found a 

correlation between CCR7 expression with LN metastasis 187,197,198, but 

another found no correlation 199. Similarly in colon cancer, one study found a 

correlation between CXCR4 and not CCR7 with LN metastasis 200 but another 

investigation did find a correlation, particularly with expression at the invading 

front of the tumour 191. Elevated expression of CCR7 is generally indicative of 

poor prognosis in cancers 48,49,53,55,56,173,185,186,201,202, however, we should note 

that in lung cancers, CCR7 expression is reported to correlate with better 

prognosis 203.  

It is therefore clear that the weight of evidence suggests CCR7 expression 

contributes to cancer progression, however, there are discrepancies. Further 

investigation to resolve these discrepancies is warranted, but one obvious 

explanation could be that the CCR7 expression may depend on the stage of 

tumour progression, the specific characteristics of a tumour, or indeed, the type 

of tumour. 

The correlation between the tumour stage and CCR7 or its ligand�V�¶ expression 

has been established in a few studies 204-206, in those, the overall conclusion 

points towards an increasing expression at higher stages on cancer. This 

valuable insight could be a crucial factor to determine which form of 

intervention (activation or blocking) of CCR7 axis is beneficial to hinder tumour 

metastasis or progression (see later ). 
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There is a cross-talk between the CCR7 axis and several cellular pathways. 

This means that the activation of CCR7 can initiate a number of different 

cellular responses. We now also know that CCR7 expression is regulated 

through many triggers. For instance, hypoxic stress, through hypoxia-inducible 

factor HIF-1�.�����K�D�V���E�H�H�Q���V�K�R�Z�Q���W�R���E�H���D���S�R�W�H�Q�W�L�D�O���S�U�R�P�R�W�R�U���R�I���&�&�5�����H�[�S�U�H�V�V�L�R�Q��

in oral & oropharyngeal 204, lung (also through HIF-���.����207, and breast cancers 

208,209. Other potential regulators of CCR7 expression in cancer are the 

immunomodulatory molecules in the tumour microenvironment such as NF-���%��

210-212, Tumour Necrosis Factor (TNF) 213, and COX-2 214. Treatment of 

melanoma cell lines in vitro with trichostatin A and 5-aza-2-deoxycytidine has 

been reported to increase CCR7 (and CXCR4) expression at epigenetic level 

215. Trichostatin A also increased CCR7 expression in hepatocellular cancer 

cells 216. MicroRNA let-7a which is already identified as a regulator of tumour 

expansion is reported to downregulate CCR7 expression 217. The CCR7 axis 

is closely associated with lymphangiogenesis and the relationship between 

VEGF and CCR7 axes will be discussed shortly, but we should note here that 

endothelin-A acting on the endothelin receptor is reported to increase 

expression of CCR7 208. Despite all this, there is a need to expand our 

understanding of the factors that can trigger increased expression of CCR7 

even further. The evidence so far, portrays CCR7 as a key enabler in promoting 

tumour cell migration/invasion and lymph node metastasis through a number 

of mechanisms. It would obviously be helpful to expand our knowledge of how 

widespread that is. However, it would also be helpful to gain a better 

understanding if the tumour cell expression of CCR7 is influenced through 

treatment modalities, as this will impact on whether this axis also plays a role 

in resistance and recurrence. We will next look at how manipulation of CCR7 

expression can influence tumour growth and dissemination. 
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1.3.3.2. Validation of CCR7 as a target in cancer metastasis  

It has been shown in a number of different in vitro and in vivo preclinical cancer 

models that an increase in CCR7 expression through genetic manipulation 

leads to increased tumour growth and metastasis; conversely, knockdown or 

knock out of CCR7 expression reduces tumour growth and metastasis. The 

effect of CCR7 overexpression on tumour size and metastasis has been 

investigated in vivo in models for pancreatic 48, breast 218, and melanoma 

models 219. Transfection of CCR7 into a pancreatic ductal adenocarcinoma cell 

�O�L�Q�H�� �3�7�����3���� �L�Q�F�U�H�D�V�H�G�� �W�K�H�� �F�H�O�O�� �O�L�Q�H�¶�V�� �P�L�J�U�D�W�Rry aptitude in vitro. When 

transplanted in an orthotopic nude mouse model, these cells gave rise to larger 

tumours, a higher frequency of lymph vessel invasion and increased lymph-

node metastases, compared to that observed in mock-transfected cells 48. 

Similarly, orthotopic implantation of mouse mammary tumour cells (PyVmT) 

transfected to express CCR7 resulted in increased metastasis to the lymph 

nodes. In comparison, the wild type control counterpart exhibited a complete 

inability to migrate to the lymph nodes, instead migrating to the lungs. Also, in 

the same study, CCR7 transfection resulted in a significant increase in tumour 

growth of PyVmT, MCF7, and MCF10A cell lines both in vitro and in vivo, when 

compared with the corresponding wild type, controls 218. In a mouse model, 

B16 murine melanoma cells transfected to express CCR7 gave rise to 

significantly more LN metastasis compared to control, although the size of the 

primary tumours remained unaffected 219. 

�.�Q�R�F�N�G�R�Z�Q�� �R�I�� �&�&�5���� �L�Q�� �F�R�O�R�U�H�F�W�D�O�� �F�D�Q�F�H�U�� �F�H�O�O�� �O�L�Q�H�� �6�:�������� �U�H�G�X�F�H�G�� �W�K�H�� �F�H�O�O�V�¶��

proliferative and invasive aptitude in vitro and decreased LN metastasis in a 

mouse model in vivo 220. Similarly, knockdown of CCR7 in MDA-MB-231 and 

4T1, human and murine triple-negative breast cancer cell lines respectively, 

decreased their proliferation, migration and invasion in vitro and reduced the 

distant metastasis of 4T1 cells in an orthotopic model 221. Knockdown of CCR7 

in human prostate cell line PC-3 decreased growth, invasion, migration, and 
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production of MMP-2 and MMP-9 in vitro and reduced tumour size and tumour 

angiogenesis in vivo 222. 

CCR7 deletion (CCR7-/-) is non-lethal in mice. CCR7-deficient mice show a 

lack of efficiency in initiating fast primary B and T cell responses, a failure too 

in early production of any specific IgG isotype antibodies as a response to the 

T-dependent antigen, disturbed lymph node cellular composition, and impaired 

homing of immune cells. 59,223,224. However, CCR7-deleted mice had the ability 

to develop an augmented immune response to various stimuli, including skin 

contact hypersensitivity (CHS) reactions. In addition, these mice can catch up 

with producing IgG antibodies to a similar level compared with the wild-type 

mice, after immunisation with a T cell-dependent antigen. CCR7-deficient mice 

B cells were found to be partially capable to migrate to the splenic white pulp 

as well as to the lymph nodes 59,224. This could be attributed to the fact that the 

CCR7 axis is not the only chemokine regulator for the mobilisation of 

lymphocytes. Thus CCR7 knockout could result in other chemokine receptors 

such as CCR9 225, CXCR2 226, and CXCR3 227 adopting this role. Interestingly, 

a recent study found that CCR7 facilitates DCs and Treg communication, which 

is essential for antigen-dependent Treg cell expansion and suppressive 

function. In this context, CCR7 appears to be more of an immunity regulator 

than an inductor. Based on this observation, antagonizing CCR7 in breaking 

Treg cell-mediated immunosuppression was proposed as a therapeutic 

strategy, whereas the utility of targeting CCR7 in diseases with immune 

pathogenesis was questioned 224. Similarly, plt (paucity of lymph node T cell) 

mice which lack CCL21-Ser and CCL19 demonstrate a delayed but ultimately 

enhanced T cell response 228. 

This would support the hypothesis that antagonizing CCR7 in CCR7+ cancers 

would inhibit migration and progression, with the minimum off-target effects on 

the immune system. Supporting this argument is the fact that CCR7 mAbs 

therapy has already shown significant anti-tumour efficacy against chronic 
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lymphocytic leukaemia, delaying tumour metastasis and growth rate 229,230. 

CCR7 deficient mice do not appear to have been studied as cancer models.  

In comparison with knock-in/down studies, there are fewer studies investigating 

the selective inhibition of CCR7 in tumour models. Nevertheless, the use of a 

monoclonal CCR7 inhibitory antibody has been shown to delay the tumour 

appearance, and in the case of pre-established tumours, to reduce the volume 

in a mouse model of human mantle cell lymphoma 230. 

Before leaving the discussions on the significance of CCR7 expression in 

cancer, we note that Novartis is currently conducting a phase 1 clinical trial on 

non-�+�R�G�J�N�L�Q�¶�V lymphoma and chronic lymphocytic leukaemia patients 

(NCT04240704, due to report in mid-2023) with JBH492. JBH492 is a 

derivative of a cytotoxic agent, maytansine conjugated to a CCR7-binding 

antibody 231. Antibody-drug conjugates or ADCs allow targeted delivery of a 

drug by covalently conjugating it to antibodies that specifically bind proteins 

overexpressed on tumour cells. Thus, they can improve the therapeutic index 

of the drug. It would be interesting to see if a CCR7-binding antibody could 

sufficiently discern CCR7 expressing cancer cells from CCR7 expressing 

normal cells to avoid potential toxicity. 

1.3.3.3. CCR7/CCL19/CCL21 as a prognostic biomarker in cancer  

Since CCR7 and its ligands CCL19/CCL21 are significantly involved in the 

progression of different types of tumours, a number of studies have 

investigated the diagnostic value of CCR7 and/or its ligands as a biomarker, or 

�D���S�U�H�G�L�F�W�R�U���I�R�U���S�D�W�L�H�Q�W�V�¶���V�X�U�Y�L�Y�D�O�����$�V���G�H�V�F�U�L�E�H�G���D�E�R�Y�H�����D�E�H�U�U�D�Q�W���H�[�S�U�H�V�V�L�R�Q���R�I��

CCR7 is observed in several cancers and this expression often correlates with 

poor prognosis. A meta-analysis of published literature up to January 2018 has 

shown that higher expression of CCR7 correlates with poorer overall survival 

(OS) and progression-free survival (PFS), although it did not show any 

correlation with disease-free survival (DFS), and recurrence-free survival 

(RFS) 232. This is of course not surprising since CCR7 expression correlates 
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with LN metastasis which in itself is an indicator of poor prognosis. However, 

the role of CCR7 as a prognostic tool may go beyond that. For example, in 

uveal melanoma CCR7 expression in patient samples was identified as an 

independent predictive factor for poor survival, independently of lymphatic 

dissemination 192. Other researches have shown that the expression of CCR7 

correlates with lymphatic dissemination in HNSCCs 52 urinary bladder 194, and 

pancreatic cancers 181, was associated with the poor response to tyrosine 

kinase inhibitors treatment in metastatic renal cell carcinoma 233, and 

resistance to cetuximab in colon cancer 234. This is an interesting observation 

since a recent study has suggested that tyrosine kinase inhibitors may actually 

reduce the expression of CCR7 in different cancers, for example NSCLC 235. 

CCR7 expression, which is highly elevated in urothelial carcinomas 195,236, was 

found to be a very good predictor of lymph node metastasis either on its own 

or in combination with pre-surgery CT (computed tomography) scan 237. 

Another comprehensive study conducted a thorough meta-analysis of the 

literature from 1966 to 2015, highlighting that high CCR7 expression in gastric 

cancer is expected to be a negative prognostic factor and indicator for poor 

patient survival 238. Interestingly in lung cancer, although higher CCR7 

expression is reported to correlate with LN metastasis and poorer survival in 

one study 239, we should note that in another report CCR7 expression 

correlated to improved postoperative prognosis in lung cancer patients 203. 

The prognostic value of CCR7 may be improved if used in conjunction with 

other biomarkers. For instance, in oesophageal cancer, patients with positive 

expression of CCR7 and/or VEGF-C were found to have a higher recurrence 

rate than patients without expression of either CCR7 and VEGF-C 240. In breast 

cancer, patients exhibiting high CXCR4, CCR7, and EGFR expression 

experienced a shorter survival compared with those with low expressions 173; 

and co-expression of CXCR4 and CCR7 predicts axillary lymph node 

metastasis 174. In ovarian cancer, co-expression of CXCR4 and CCR7 is 
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indicative of poorer prognosis 176, whilst in lung cancer patients, co-expression 

of CCR7 and CXCR3 is indicative of lymph node metastatic spread 183. In 

gastric cancers, co-expression of VEGF-C and VEGF-D along with CCR7 can 

predict the lymphatic spread of gastric cancer 198. 

CCR7 ligands (CCL19/CCL21) have also been explored as potential 

biomarkers for screening and survival. In breast cancer, for example, a 

correlation between CCL19/CCL21 mRNA expression and triple-negative 

receptors, such as PR, ER and Her-2, was recognised and subsequently 

established as a predictor of poor therapeutic response and outcome 241. 

Recently, along with CCR7, CCL21 high expression was indicated as an 

effective diagnostic marker in gallbladder squamous cell adenosquamous 

carcinoma and adenocarcinomas 242. Advanced cervical cancers are 

associated with higher expression of CCL19 243. Interestingly, low expression 

levels of intra-tumoral CCL21 were associated with shorter patient overall 

survival (OS) and progression-free survival (PFS) in metastatic renal cell 

carcinoma post-treatment with tyrosine kinase inhibitors 244. This is in contrast 

with another report in the same cancer, in which both OS and PFS are 

associated with higher CCR7 expression 233. Of course, the lower intra-tumoral 

CCL21 could be associated with the increased immune tolerance of advanced 

cancers. 

In summary, CCR7 may have a value as a diagnostic or screening biomarker, 

especially if used in tandem with other biomarkers, although we need to gain a 

much better understanding of the factors that can influence its levels of 

expression. CCR7 ligands, CCL19, and CCL21 can potentially be detected in 

the blood which is advantageous for any biomarker. However, since they can 

be produced by various other cellular sources and their expression can be 

affected by immunopathological conditions, as well as the status of the immune 

response in tumour microenvironment, they have less potential as a diagnostic 

tool. 
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1.3.4. Wider participation of the CCR7 axis in tumour expansion  

Whilst the key role of CCR7 in tumours is in control of migration to the lymph 

nodes, there is emerging evidence that this axis can play a much wider role in 

tumour growth and dissemination. CCR7 belongs to the GPCR family and it is 

already known that activation of GPCRs can stimulate a number of intracellular 

signalling pathways. Indeed, binding of CCL19 or CCL21 to CCR7 has been 

shown to result in activation of intracellular signalling pathways in tumour cells 

including PI3/akt 245-247, MAPK/ERK 194,248-251, and Jak/STAT 252,253 pathways 

(Figure 4). Through modulation of these intracellular pathways, the CCR7 axis 

can exert a multifaceted influence on the biology of the cell and in particular 

have an influence in metastasis that goes beyond directing the migration. 

Activation of CCR7 is known to upregulate MMP9 166,254, whilst contributing to 

endothelial mesenchymal transition by downregulating of E-cadherin and up-

regulating of N-cadherin and vimentin levels 247,255. 

In addition, there appears to be cross-talk between the CCR7 axis and a 

number of other key proteins, such as VEGF, and signalling cascades such as 

twist 169, NOTCH 256, and WNT 184. This means that the CCR7 axis can directly 

or indirectly influence many cellular responses other than migration and 

therefore can contribute to the hallmarks of the disease in different ways. 

One of these additional key roles that CCR7 axis plays appears to be in 

lymphangiogenesis, the process by which new lymphatic vessels are generated 

from within and the surrounding the tumour tissue. Lymphangiogenesis is 

primarily initiated through vascular-endothelial growth factors c and d (VEGF-C, 

VEGF-D). In breast cancer, the CCR7 axis has been shown to promote tumour 

growth and metastasis via the upregulation of vascular endothelial growth factor 

VEGF-C 163. The pathways that regulate this effect were investigated in vitro by 

an experiment in which CCR7 activation by CCL21 significantly induced 

lymphatic tube formation via ERK1-2 and akt/PKB phosphorylation 163. 
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Figure 4. Cellular pathways activated by CCR7 axis. Following the binding of CCL19 or CCL21 

to CCR7, conformational changes in the receptor lead to detachment and separation of G �. and 

G��/G�� subunits of the G-protein complex. Both the G�. and G��/G�� subunits can bind and activate 

a host of intracellular proteins hence propagating signalling cascades. The exposed C-

terminus of CCR7 is phosphorylated by GRK leading to the �U�H�F�U�X�L�W�P�H�Q�W���R�I����-arrestin 257. 

Breast cancer cell line MCF-7 transfected to express CCL21 and subcutaneously 

implanted into nude mice showed a significant increase in the recruitment of 

lymphatic endothelial cells compared with the mock-transfected control 163. 

Conversely, CCR7 knockdown in MDA-MB-231 cells resulted in a decrease in 

the recruitment of lymphatic endothelial cells when compared with the control  

group 163. Furthermore, CCR7 silencing suppressed the expression of VEGF-C, 

establishing the correlation between CCR7 axis and the VEGF-C production, and 

indicating that CCR7 is a potential regulator for VEGF expression 163. In lung 

cancers too, CCR7 has been shown to promote the production of VEGF-D 239, 

and downregulation of CCR7 was shown to reduce the production of VEGF-C 

and VEGF-D 184. This relationship appears to be synergistic. In both breast 

cancer 163, and NSCLC 258 downregulation of VEGF-C indirectly reduced the 
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efficacy of CCR7 (and CXCR4) signalling through modulating akt/PKB, MAPK, 

and ERK pathways.  

Furthermore, CCR7 involvement in breast cancer extends to other hallmarks of 

cancer such as evading apoptosis. A recent study revealed that as well as 

enhancing migration via the induction of epithelial-mesenchymal transition (EMT) 

and proliferation, CCR7 activation by CCL19 also suppressed apoptosis in MCF�æ

7 and MDA�æMB�æ231 cells by inducing akt/PKB phosphorylation. CCR7 

knockdown led to abrogation of the CCL19�æinduced cell proliferation, and 

disruption in cell cycle 247. Interestingly, CD133+ pancreatic cancer stem-like cells, 

which highly express CCR7, also express NF-���%��259. CCR7 activation results in 

increasing ERK phosphorylation that is a known upstream regulator of NF-���%��249, 

which is a central regulator of EMT in several cancers 260,261. Thus, it has been 

hypothesised that CCR7 activation leads to promoting  EMT through this 

pathway, and thus facilitates tumour cell dissemination and enhances their 

migratory capacity, invasiveness, and metastasis and survival 262.  

In NSCLC, CCR7 activation by either cognate ligands CCL19 and CCL21 

promotes tumour survival and growth. In addition to inducing lymphomagenesis 

and VEGF-D up-regulation 239. CCR7 activation increases cell proliferation, 

specifically by increasing the cell number in the G2/M phase of the cell cycle, 

through enhancing the phosphorylation of extracellular signal-regulated kinase 

(p-ERK) and cyclin A and B1 263. Similarly, in pancreatic cancer, CCR7�æ

transfection of PT45P1 cells significantly boosted tumour growth, and their ability 

to metastasize to the lymph node was significantly enhanced when implanted 

orthotopically in comparison to the mocked transfected group 48.  

In a different study, similar levels of VEGF expression was found between normal 

pancreatic tissues and PDAC cells; suggesting that the CCR7 axis only plays a 

part in lymphangiogenesis 264. Indeed, up-regulation of CCL21 in the tumour 

lymphatic vessels along with the high expression of CCR7 by PDAC cells was 

indicated to be the mechanism by which lymphatic invasion was facilitated.  
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In support of a role in cancer for CCR7 which goes beyond modulating tumour 

metastasis, CCR7 knockdown/out studies in vivo have been shown to retard 

primary tumour growth in prostate cancer 222, osteosarcoma 265, colon cancer 266, 

tongue carcinoma 267, and other cancers. It is therefore clear that CCR7 silencing 

has the potential to significantly hinder growth as well as metastasis of tumours. 

1.3.5. Intervention in CCR7 axis as a therapeutic strategy  

It is clear from the evidence presented already that the CCR7 axis is critically 

involved in various aspects of cancer development. Developing molecular tools 

which allow us to interrogate this axis is important for further evaluation of the 

role of this axis in disease progression and may be of clinical value for therapeutic 

intervention against cancer.  

1.3.5.1. Molecular basis of the interaction between CCR7 with CCL19 and 

CCL21 

CCR7 belongs to the class A membrane-bound cell surface G protein-coupled 

receptor family (GPCR) 268 and consists of 353 amino acids. The crystal structure 

for CCR7 containing allosterically bound antagonists has been reported 269 

(Figure 5). Like all other class A GPCRs, CCR7 �F�R�Q�V�L�V�W�V�� �R�I�� �V�H�Y�H�Q�� �.-helices 

traversing the cell surface lipid bilayer, which are joined by three extracellular 

loops and three intracellular loops, in addition to an extracellular N-terminus and 

an intracellular C-terminus (Figure 5). The receptor is initiated by the binding of 

ligands to the transmembrane domain of the receptor. This binding results in the 

dissociation of heterotrimeric G proteins from the intracellular domain of the 

receptor which can then initiate a range of intracellular signalling cascades 

leading to cellular change and physiological effects. These pathways are 

discussed elsewhere (see Figure 4).  

CCL19 and CCL21 are the only two chemokine ligands that bind and activate 

CCR7, although both ligands also bind the atypical chemokine receptor ACKR4 

270. Binding of CCL19/21 to ACKR4 does not produce an intracellular signal so 
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ACKR4 is generally considered to be a scavenger receptor which may control the 

concentration of chemokines in the immediate vicinity of the cell-cell 271-274. 

 

Figure 5. The predicted structure (determined by crystallography) of CCR7 (extracted from PDB 

6QZH) with allosteric inhibitor Cmp2105 269. The inserted sialidase NanA portion of the structure, 

replacing the 3rd intracellular loop, is removed for clarity. 

For both CCL19 and CCL21 proteins, the structure is comprised of, starting from 

the N-terminus, three antiparallel ß-�V�K�H�H�W�V���I�R�O�O�R�Z�H�G���E�\���D�Q���.���K�H�O�L�[���E�H�I�R�U�H���H�Q�G�L�Q�J��

in the C terminus. The secondary structure is held together by two cysteine 

bridges between residues near N terminus with those approximately at the 

beginning of the second ß sheet and the end of the third ß sheet (between Cys8 

and Cys34 and between Cys9 and Cys50). CCL21 consists of 111 amino acids 

(12 kDa) (Figure 6A), whereas CCL19 has 77 residues (8.8 kDa) (Figure 6B). 

The longer CCL21 contains lysine rich, glycosaminoglycan (GAG) binding 

domains at its C terminus, suggesting this chemokine is likely to bind endothelial 

cell surface glycoproteins 275-278. The structural differences between the two 

chemokines CCL19 and CCL21 reflect different physiological roles between 

them. This difference is partly attributed to different tissue distribution between 
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the two. For instance, both CCL19 and CCL21 are secreted by the lumen of high 

endothelial venules, the stromal cells of the draining lymph node and the spleen, 

but only CCL21 is secreted from the endothelium of afferent lymphatic vessels 

(note that whilst that is true in mouse, the release of CCL21 in human high 

endothelial venule has been questioned) 279. Since APCs and lymphocytes 

migrate against the chemokine concentration gradient, this is believed to be a 

means of controlling the concentration gradient of CCL21 in the entrance to the 

secondary lymphoid organs. Furthermore, the ability of CCL21 to bind cell surface 

glycoproteins means it is more slowly cleared through interstitial flow 280-282. The 

difference between CCL19 and CCL21 can also be attributed to functional 

selectivity, more commonly known as biased signalling in CCR7 receptor 283-286. 

This is a common feature in chemokine systems 45 where different intracellular 

signaling pathways, or events, resulting from activation of the same receptor (for 

example CCR7) by different agonist ligands (for example CCL19 and CCL21).  

Interestingly in mice, there are two genes encoding for slightly different CCL21 

proteins: CCL21a (also known as CCL21-Ser as it has a serine residue at position 

65) and CCL21b (also known as CCL21-Leu as it has a leucine residue at position 

65) 287,288. In mice, whilst CCL21a is expressed in both secondary lymphoid 

organs and lymphatics, the CCL21-b is expressed only in the lymphatic 

endothelium of peripheral tissues. So, plt mice do not express CCL19 or CCL21-

a but do express CCL21b at reduced levels in the lymphatic endothelium. 

The exact differences between activation of CCR7 receptors by the two different 

ligands, CCL19, and CCL21 are only partially known. A key difference is that 

CCL21 activation appears to recruit only GRK6 (G protein-coupled receptor 

kinase-6) whereas CCL19 tends to recruit both GRK3 and GRK6. G protein-

coupled receptor kinases play a key role in ending the signalling through GPCR 

(desensitisation) by phosphorylating the serine and threonine residues in the 

intracellular C-�G�R�P�D�L�Q�� �R�I�� �W�K�H�� �U�H�F�H�S�W�R�U���� �D�Q�G�� �E�\�� �U�H�F�U�X�L�W�L�Q�J�� ��-arrestin-2. Although 

�D�F�W�L�Y�D�W�L�R�Q�� �R�I�� �&�&�5���� �Z�L�W�K�� �E�R�W�K�� �O�L�J�D�Q�G�V�� �O�H�D�G�V�� �W�R�� �E�L�Q�G�L�Q�J�� �R�I�� ��-arrestin-2 and 
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activation of the so-called arrestin G protein-independent ERK pathway, only 

binding by CCL19 leads to the formation of clathrin pits, endocytic vesicles, and 

internalisation of CCR7 via endocytosis 289. In addition whilst the majority of 

biased signalling in GPCRs can be attributed to activation of different G-protein 

subunits 290���� �W�K�L�V�� �G�R�H�V�Q�¶�W�� �D�S�S�H�D�U�� �W�R�� �E�H�� �W�K�H�� �F�D�V�H�� �I�R�U�� �&�&�5������ �%�R�W�K�� �&�&�/������ �D�Q�G��

CCL21 appear to transmit signaling through G�.�L or G12 subunits. Instead, the 

biased signaling is associated with differences in the interaction between CCL19 

or CCL21 with the 2nd extracellular loop of the CCR7 291. 

 
Figure 6. The solution structure (determined by NMR spectroscopy) of full-length chemokine 

CCL21 (PDB 2NL4) 292, (A); and chemokine CCL19 (PDB 2MP1) 293 (B). 

It has been postulated that chemokines, including CCL19 and CCL21, bind to 

their receptors via a two-step process 294-296. In the first step, chemokines (CCL19 

and CCL21 in this particular case) interact with the extracellular loops and N-

terminus of their cognate chemokine receptor (CCR7 in this case). This 

interaction results in conformational changes within the receptor, which in the 

second step enables the N-terminus of the chemokine to be delivered inside the 

�U�H�F�H�S�W�R�U�¶�V�� �E�L�Q�G�L�Q�J�� �S�R�F�N�H�W�� ��Figure 5). Finally, this binding of the chemokine N-

terminus within the receptor causes further conformational changes which result 

in dissociation of the G-protein and transmission of the signal within the 

cytoplasm. For CCL19 and CCL21 these are the seven residues in the N-
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terminus preceding the first cysteine bridge (at Cys8) which are respectively the 

Gly1-Asp7 and Ser1-Asp7. There are a number of studies that support this 

hypothesis. For example, it has been previously shown that sequential N-

truncation of CCL21 reduces the efficacy of both chemotaxis and calcium 

mobilisation for CCL21 297. N-truncated CCL19 is shown to bind but not activate 

CCR7 and hence acts as an antagonist of the receptor 297,298. Furthermore, a 

chimeric protein in which the N-terminal sequence of CCL19 is replaced by the 

N-terminal sequence of CCL21 effectively functions as CCL21 299. In addition, a 

computational study has concluded that Gly1, Thr2, Asp4, Asp7 and Thr13 of 

CCL19 interact and form hydrogen bonds with Arg201, Val129, Lys130 (which is 

predicted to form a salt bridge with Asp4 and Asp7) and Glu215 in CCR7. Finally, 

we have demonstrated that Ser1-Asp7, the pre cysteine bridge N terminal 

peptides of CCL21 and Gly1-Asp7 the pre cysteine bridge N terminal peptides of 

CCL19 are weak agonists of CCR7 300. 

1.3.5.2. Small mol ecule antagonism of CCR7  

As described previously, N-truncated CCL19 is a weak inhibitor of CCR7 and it 

presumably works by binding to the extracellularly exposed portion of CCR7 

preventing the binding of CCL19 and CCL21. To date, few small-molecule CCR7 

antagonists are reported. Cosalane is the most potent of three moderately active 

inhibitors of CCR7 reported from a high throughput screen (IC50 = 0.2 µM against 

CCL19 and 2.7 µM against CCL21 in a ��-arrestin assay) 301. A previous in silico 

study also reported a number of small molecules with potential CCR7 inhibitory 

activity, although the compounds were not tested 302. ICT13069 has been 

reported by our own research group as a CCR7 antagonist with apparent 

selectivity over CXCR4 303. Cmp2105, the bound ligand in the x-ray crystal 

structure of CCR7 recently reported in the literature 269, and navarixin (currently 

in several clinical trials) 304-307 are also pharmacological allosteric antagonists of 

the receptor. Cmp2105 is a member of the 1,2,5-thiadizole 1,1-dioxide family of 

GPCR antagonists 308 previously reported to be a dual antagonist of 
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CXCR1/CXCR2. Navarixin is a member of the cyclobutene-1,2-dione family of 

CXCR1/CXCR2 dual inhibitors. Interestingly, both molecules dock in the 

intracellular part of the receptor cavity. CCR7 is closest in homology to CCR2 and 

CCR9, both of which are also reported with allosteric antagonists bound in the 

intracellular part of the receptor cavity, strongly suggesting that this is a binding 

pocket for this group of chemokine receptors 309. 

1.4. Conclusion: What next in CCR7 research?  

As discussed above, there are still a number of unanswered questions that need 

to be addressed before we can fully understand the therapeutic potential of the 

CCL19/CCL21/CCR7 axis. The first key question arises from the dichotomy 

between the roles of CCR7 in boosting the immune response to the tumour and 

in promoting LN migration and metastasis. Whilst the latter requires potentiation 

of CCR7 signalling within the tumour, the former requires its inhibition as the 

therapeutic approach. On the face of it, this implies an ambiguity as to whether 

agonists or antagonists of CCR7 are most desirable for therapeutic intervention 

in cancer. Strategies based on preventing LN colonisation and metastasis 

through CCR7 antagonism may inadvertently help the progression of cancer via 

dampening the immune response to it, and strategies based on boosting CCR7 

expression or introduction of CCL19/21 into the tumour milieu may inadvertently 

promote metastasis. 

The first thing to note is that most existing experimental animal models are not 

suitable for deconvoluting the two therapeutic potential roles. The majority of in 

vivo experiments that study the effect of CCR7 inhibition on metastasis are 

performed in immunodeficient mice. Therefore, assessing the full impact of CCR7 

inhibition on the immune response to the tumour cannot be ascertained. Similarly, 

animal models set up for studying the immune response to tumours are not 

usually amenable to assessing metastatic potential. 

Secondly, we know that tumour microenvironment undergoes significant changes 

as tumours progress. This implies that whether the most efficient means of 
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stopping the spread of the tumour is inhibition or potentiation of CCR7 axis, this 

may very much depend on the characteristics of the tumour and its 

microenvironment at the time of intervention. This, in turn, suggests that in order 

to understand the therapeutic potential of CCR7 axis, we need to gain a better 

understanding of the immunological changes that occur within the tumour 

microenvironment, and of the specific triggers for CCR7 mediated metastasis as 

tumours grow. 

The second key question is whether, in view of the overlap that exist between 

different immune response axes, is selective targeting of CCR7 on its own is 

going to translate to a significant clinical outcome? We know that as they grow, 

tumours gain the ability to evade immune surveillance or dampen the immune 

response through a multitude of mechanisms 310-313. Other factors, such as 

cytokines released by various infiltrated leukocytes, the tissue surrounding the 

tumour, or as a result of developing hypoxic/necrotic regions, can promote not 

only immune resistance but also angiogenesis, proliferation, and metastasis 

314,315. A major consideration here is whether potentiation of CCR7 signalling can 

cope with this immune modulation and also if potentiation of CCR7 signalling can 

undesirably initiate resolution of the inflammatory response as was suggested in 

the case of pancreatic cancer 224. Similarly, inhibition of CCR7 alone may not 

sufficiently slow down or delay metastatic dissemination of tumours, as there may 

be compensatory pathways to counteract it. Along with CCR7, CXCR4 and 

CXCR3 axes also control migration to the LNs and have been shown in their own 

rights to be clinically relevant 316-318. Indeed, CCR7 deficient (CCR7-/-) mice show 

a significantly weaker and delayed immune response, but not entirely lose it 

59,223,224. The observations that co-expression of CCR7 with CXCR3 183 and 

CXCR4 174,176,179 exacerbates poorer prognosis may suggest dual or triple 

targeting of these chemotactic axes might be more beneficial than targeting one 

alone. On the other hand, the significant dampening of the immune response 

which this will cause may make that strategy prone to significant adverse side 
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effects, and the compensatory role of other axes to maintain a residual immune 

response may be clinical. There is of course a corollary to such dual targeting 

strategies. CXCR4 antagonism has been extensively studied both in preclinical 

and clinical settings in cancer 319, but CXCR4 small molecule antagonists are yet 

to demonstrate significant clinical efficacy. Dual CCR7/CXCR4 antagonist may 

be beneficial over CXCR4 selective antagonists in this respect. 

Another key question is around developing CCR7 antagonists as antimetastatic 

agents. Despite the fact that metastasis is the main cause of cancer morbidity 

and mortality 153, there are limited therapeutic options in the clinic to specifically 

treat metastasis. 155,320,321. Indeed, the majority of the treatments applied to 

metastatic cancer, still target hallmarks of primary disease, rather than the 

metastatic process. One of the most interesting developments in recent years 

has been the reports showing  that the CCR7 axis may contribute to other 

hallmarks of cancer, beyond metastasis. This suggests two potential avenues for 

exploiting CCR7 axis as a therapeutic target. The first is that CCR7 antagonists 

can be used as dual-targeting drugs, for example preventing both tumour growth 

and metastasis as clinical endpoints. The other is the CCR7 antagonists can be 

used as adjuvants to current established therapies. Recent reports that CCR7 

contributes to resistance to cetuximab 234, and reduces cytotoxicity in colon 

cancer cell lines in vitro 15 are just two examples that highlight this feature of the 

CCR7 axis. 

1.5. Aims & objectives  

As highlighted above, CCR7 axis has a multifaceted role in the biology of the cell. 

This axis has attracted a great deal of attention as a therapeutic target in cancer, 

especially for its involvement in tumour cell migration and metastasis. 

Upregulation of CCR7 expression in different tumours, and the effect of this 

upregulation on supporting cancer invasiveness and metastasis is now well 

established in the literature.  
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However, many other aspects of the roles of CCR7 axis in cancer remain unclear. 

One of these roles is the involvement of CCR7 in tumour cell longevity, and 

whether the activation of CCR7 chemokine receptor could have a role in providing 

protection to cancer cells against chemotherapeutic agents or radiation - what is 

clinically known as chemo- or radioresistance. In normal physiology, the role of 

CCR7 axis in the longevity of lymphocytes is well established. Activation of CCR7 

receptor on T-cells results in increased proliferation and delayed apoptosis 322. 

This implies that the tumour cells gaining the expression of CCR7 may also gain 

the ability to increase proliferation and/or resist apoptosis. 

Four recent reports suggested that activation of CCR7 in cancer cells leads to 

induction of stemness 15,255,256,323. Interestingly, three recent reports have 

suggested that activation of CCR7 in cancer cells leads to increased proliferation 

180,324,325, which on the face of it contradicts a potential contribution to CCR7 to 

cancer cells acquiring a resistant, stem-like phenotype. This dichotomy may 

mirror conflicting evidence that CCR7 activation can both increase and decrease 

T cell proliferation 322,326.   

On the other hand, the involvement of CXCR4 axis in cancer growth (in addition 

to its role in metastasis) is well established 327. Thus, the CXCR4 axis can be 

used as a point of reference to compare whether CCR7 axis has a comparably 

similar effect on cancer proliferation and chemoresistance. 

The clinical significance of a role for CCR7 axis in therapy resistance is 

particularly important. Based on the role of CCR7 in cancer which we described 

in this chapter, we have already suggested that antagonism of CCR7 receptor 

could lead to the discovery of novel therapeutic approaches to address tumour 

metastasis. If our hypothesis is correct, then the antagonism of the CCR7 axis 

can arrest cancer progression not only by having a significant effect on 

metastasis but also by reducing proliferation and/or decreasing chemoresistance 

and radioresistance in CCR7 expressing cancers. This may have significant 
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implications for endpoints to determine efficacy of such agents in clinical trials. 

Consequently, the aims of this research project are:  

�¾ To examine factors  influencing CCR7 expression (apart from hypoxia which 

has already been shown by our research group 328) and the release of chemokine 

ligands for CCR7, CCL19 and CCL21 in vitro and in vivo.  

�¾ To investigate the protein expression of CCR7 and CXCR4 in several cell lines, 

including HCT116, HT29 (both colorectal), MDA-MB-231 (breast), OSC-19 

(tongue), PC-3, and DU145 (both prostate) in order to choose the best model(s) 

to investigate the involvement of CCR7 and CXR4 axes in chemoresistance and 

proliferation in vitro, and potentially later in vivo. 

�¾ To evaluate the functional role of CCR7 following exposure to CCL21, and 

particularly whether this activation leads to induction of proliferation. In some cell 

lines, the functionality of CXCR4 upon activation by CXCL12 will also be 

evaluated for comparison and as a positive control. 

�¾ To examine the effect of CCR7 and CXCR4 activation by their ligand 

CCL21/CCL19 and CXCL12 in protecting cancer cells against different 

chemotherapeutic agents, such as doxorubicin (DOX), 5-fluorouracil (5FU), 

docetaxel (DOC), and cisplatin, as well as radiotherapy. In some cell lines, the 

role of CXCR4 upon activation by CXCL12 will also evaluated for comparison and 

as a positive control. 

�¾ To confirm the involvement of CCR7 axis via a knockdown study.  

�¾ To investigate the possible mechanisms behind the increased proliferation and 

protection against chemotherapies and radiotherapies provided by activation of 

CCR7. 
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 Chapter 2: Role of CCR7 in proliferation and resistance  
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2.1. Introduction  

As discussed in chapter 1, the binding of chemokines to their cognate chemokine 

receptors initiates or potentiates intracellular signalling cascades, which promote 

significant changes within the tumour cell, including promoting migration and 

increasing proliferation rate 329.  

In particular, chemokine receptors CCR7, activated by its ligands CCL19 & 

CCL21, and CXCR4, activated by CXCL12, are already known to play a 

significant role in cancer metastasis 330. CCR7 and CXCR4 aberrant upregulation 

and co-expression is reported in different cancers such as cervical cancer and 

gastric cancer and many others 176,197. This co-expression was also correlated to 

poorer cancer prognosis, as it will be discussed in detail later in chapter 3 .  

CCR7 indeed has a wider role in cancer beyond controlling cancer metastasis as 

was discussed in detail in Section 1.3 . The roles that CCR7 could have in other 

cancer hallmarks (apart from activation of invasion and metastasis) remain 

unclear and require further studies. For instance, in recent years it has been 

established that CCR7 expression increases as a response to the stressful 

condition such as hypoxia 207,328, suggesting it may be associated with cellular 

response to stress. Additionally, while CCR7 axis has been always connected to 

regulating T cell homing and differentiation 224,331,332, it was also found recently to 

be strongly involved in regulating T cells proliferation and cell cycle 333. It would 

therefore be reasonable to hypothesise that these novel roles can be extended 

to CCR7 expressing cancers.  

Furthermore, recent reports found that CCR7 contributes to resistance to 

cetuximab 234 and that CCR7 reduces cytotoxicity in colon cancer cell lines in vitro 

15  Thus, the questions that arise in the highlight of the wider aspects of CCR7 

axis are:  

1- Excluding hypoxia, what other factors modulate the expression of CCR7 

in cancer? 
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2- If CCR7 expression increases in different stressful conditions, does a 

corresponding increase in CCR7 ligands expression follow in tumours? 

3- What is the role of CCR7 axis in proliferation and resistance? If so, what 

would be the appropriate control to investigate such an effect? 

4- If CCR7 axis are involved in theapy-resistance, what are the mechanisms 

behind such an effect? 

5- Considering the already established role of CXCR4 in resistance, and 

that CCR7 and CXCR4 co-operate in metastasis, do CCR7 and CXCR4 also 

work in tandem to promote resistance? 

In this chapter, we aim to address the above questions in the same order. 
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2.2. Factors influencing the expression of CCR7 in tumours  

�$�Q���H�D�U�O�L�H�U���L�Q�Y�H�V�W�L�J�D�W�L�R�Q���L�Q���R�X�U���J�U�R�X�S���E�\���'�U�����+�D�Q�H�H�Q���%�D�V�K�H�H�U 328���K�D�G���U�H�Y�H�D�O�H�G���W�K�D�W��

�D�I�W�H�U�� �L�Q�F�X�E�D�W�L�R�Q�� �X�Q�G�H�U�� �K�\�S�R�[�L�D�� �I�R�U�� �����K�U�V���� �&�&�5���� �S�U�R�W�H�L�Q�� �H�[�S�U�H�V�V�L�R�Q�� ���I�O�R�Z��

�F�\�W�R�P�H�W�U�\�����L�Q�F�U�H�D�V�H�G���F�R�P�S�D�U�H�G���W�R���Q�R�U�P�R�[�L�D���L�Q���D���S�D�Q�H�O���R�I���K�H�D�G���D�Q�G���Q�H�F�N���F�D�Q�F�H�U��

�F�H�O�O���O�L�Q�H�V �2�6�&�����������)�D�'�X�����'�H�W�U�R�L�W�������������$�����������D�Q�G���6�&�&������Figure 7�� 

 

Figure 7. Relative CCR7 fold expression from flow cytometry for cell lines cultured under hypoxia 

compared with normoxia cells. Relative CCR7 fold expression from flow cytometry data using 

mean fluorescence intensity of three independent experiments after being normalized to its 

isotype control. CCR7 expression was found to be significantly upregulated under hypoxia in all 

cell lines apart from SCC-4. Error bars represent SD of 3 independent experiments. *P < 0.05 

and **P < 0.01 for cells cultured under hypoxia compared with normoxia cells. (Results obtained 

by Dr Haneen Basheer). 

Furthermore, we showed that in mouse xenograft tumour tissue of A-253 cells, 

expression of hypoxia marker HIF-1�. and CCR7 coincided (Figure 8), and finally 

that in clinical tumour tissue from head and neck cancer patients, expression of 

HIF-1�. and CCR7 correlated 328. 
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Figure 8. CCR7 expression corresponds to hypoxia in A-253 xenograft model in sequential 

sections. CCR7 expression (C) was found to be high, and predominant in the highly expressed 

HIF-���.�� �V�W�D�L�Q�L�Q�J�� �U�H�J�L�R�Q�V��(B). (A) KI-67 staining, (D) Hematoxylin/eosin staining (H&E). Scale 

�E�D�U�×� �×�������×�—�P��328.  

Therefore, it is clear that hypoxic stress is a driving factor in increased CCR7 

expression within tumours. Hypoxic domains within tumours are common since 

vascularisation cannot keep pace with the rapid growth of the tumour. So, there 

are domains within tumour where the supply of nutrients and oxygen via blood is 

scarce. This suggests CCR7 expression might be a response to hypoxic stress 

in order to give the tumour cell a survival advantage.  

�:�H�� �Z�D�Q�W�H�G�� �W�R�� �H�[�S�O�R�U�H�� �L�I�� �R�W�K�H�U�� �³�V�W�U�H�V�V�� �I�D�F�W�R�U�V�´�� �F�D�Q�� �D�O�V�R�� �L�Q�F�U�H�D�V�H CCR7 

expression. So we set out to investigate whether over-confluency, serum 

starvation, and treatment with chemotherapeutic agents, would also modulate the 

expression of CCR7 in different cell lines.  

�,�˜��  

�����Z�ó 

�,�/�&�r�í�r 

�<�/�r�ò�ó 
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2.2.1. Effect of confluence on the membranous express ion of CCR7 in PC -

3 cells  

Cell-cell contact has a major effect on cells�¶ behaviour, leading to alteration in cell 

cycle checkpoints, apoptosis, as well as replicative and pro-proliferative signalling 

cascades 334. Generally speaking, cell-cell contact inhibits cell proliferation, 

arresting cell growth. This can be observed when cells come in contact with each 

other while growing as an over-confluent monolayer in vitro. This inhibition is 

mainly mediated by membrane proteins and their role in regulating levels of p27 

cyclin-dependent kinase inhibitor, which is reported to be downregulated in 

cancers 335,336.  

We set out to explore if the expression of cell surface CCR7 is also modulated 

through cell-cell contact. This is relevant in two contexts. Firstly, if the expression 

of CCR7 depends on confluency, we need to ensure that cells with similar 

confluency are used in experimental models so that the results can be 

comparable. Secondly, the difference in the expression level of CCR7 is 

something that would need to be considered in 3D (spheroid) models.  

Flow cytometry was used to evaluate the effect of confluency on the membranous 

expression of CCR7 and CXCR4 in PC-3 cell line. We included CXCR4 in this 

study to ensure the effect was general and not restricted just to CCR7. The results 

indicate that high confluency (nearly 100 %) decreased the expression of CCR7 

by nearly a third (Figure 9), compared to the 70% confluency. Similarly, high 

confluency resulted in the reduction of CXCR4 expression from almost 3-fold 

compared to isotype control in 70 % confluent cells, to 1.2-fold in nearly 100 % 

confluent cells. The fold difference was calculated after normalisation to the 

correspondent isotype (Figure 9) (see appendix I ).  

This downregulation in the expression of the membranous protein can be 

attributed to the higher rate of degradation of such proteins in cells growing at 

high cell density compared to the low cell density, which is determined by the 

lysosomal content. Also, �W�K�H�� �S�U�R�W�H�L�Q�� �W�X�U�Q�R�Y�H�U�� �D�Q�G�� �F�H�O�O�V�¶�� �U�H�F�\�F�O�L�Q�J�� �F�D�S�D�F�L�W�\��
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decreases in highly confluent cells compared to the low confluent cells 337-340. Our 

findings are in agreement with similar results reported for the effect of confluency 

on other surface receptor proteins, such as tyrosine-protein kinase Met (c-Met) 

338 and receptor tyrosine kinase 2 (erb-b2) 337.  

  

Figure 9. Confluency effect on chemokine membranous expression (CCR7 & CXCR4) in PC-3 

cells. Confluency decreases the expression of membranous chemokines (CCR7 &CXCR4). 

Membranous CCR7 expression in PC-3 cells decreases from approximately 3-fold in 60-70% 

confluent cells to 1.7-fold in 80-90% confluent cells. Cells confluency negatively affects the 

expression of membranous CXCR4. CXCR4 expression of 80-90% confluent PC-3 cells was 1.4-

fold, whereas 2.8-fold was seen in 60-70% confluent cells. Error bars represent SD of 3 

independent experiments. **P < 0.01 compared with approximately 100% confluent cells. 

2.2.2. Effect of serum starvation on CCR7 expression  

The stress effect that serum starvation could impose in CCR7 expression was 

tested in PC-3, MDA-MB-231, OSC-19 and DU-145 cells (appendix II ). Cells 

were grown as described in 5.5.3 and then the media was changed to 0% FBS 

for 24 hrs prior to analysis. CCR7 membranous expression of CCR7 was found 

to be significantly upregulated in all cell lines but particularly in PC-3 cell line. A 

similar effect was reported for other chemokines such as CXCR3 341, but to our 

knowledge has never been reported for CCR7 (Figure 10). This result was also 

a key element that provides an insight to design the subsequent experiments to 
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test the roles of CCR7 axis in promoting proliferation and resistance. This  result 

suggests that serum starvation can result in an increased CCR7 expression and 

therefore higher response to its ligands. 

 

Figure 10. Effect of serum starvation on CCR7 expression. Flow cytometry analysis of CCR7 

expression using mean fluorescence intensity CCR7 conjugated antibody of three independent 

experiments and normalized to its isotype control. CCR7 expression was upregulated under 

serum starvation significantly in all cell lines. Error bars represent SD. *P < 0.05 and **P < 0.01 

compared with control. 

2.2.3. Effect of treatment with different chemotherapeutic on CCR7 

expression  

After the evaluation of membranous expression of CCR7 under serum starvation 

and confluency using flow cytometry, we moved to investigate the effect of drug 

treatment on CCR7 expression. This would provide an insight into what happens 

when cells are treated with different chemotherapeutics together with CCL21 

(see Section 2.5. and 2.6. ), and whether it would result in any change to cells' 

sensitivity to drugs. 

Four cell lines, PC-3, MDA-MB-231, OSC-19, and DU145, were tested against 

drugs docetaxel and doxorubicin at their corresponding IC25 concentration 

(section 5.5.5.). Cells were treated with drugs for 24 hrs before analysis of CCR7 

expression. PC-3 cells (Figure 11, Appendix III -A,  Appendix V A-B for IC25) 
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were treated at concentrations 25 nM and 0.1 nM of doxorubicin and docetaxel 

respectively, while OSC-19 cells (Figure 11, Appendix III -B, Appendix V H-I for 

IC25) were treated at concentrations of 50 nM and 1 nM respectively. Similarly, 

MDA-MB-231 (Figure 11, Appendix III -C, Appendix V E-F for IC25) and DU-145 

(Figure 11, Appendix III -D for IC25) cells were treated with docetaxel and 

doxorubicin at concentration of 5 nM and 25 nM for MDA-MB-231, and 2.5 nM 

and 50 nM for DU-145. 

 

Figure 11. Effect of drugs treatment on CCR7 membranous expression. Flow cytometry analysis 

of membranous expression of CCR7 after treatment with doxorubicin and docetaxel in PC-3, 

OSC-19, MDA-MB-231, and DU-145. CCR7 expression was upregulated after exposure to drugs 

for 24 hrs in all cell lines apart from DU-145. Error bars represent SD of three independent 

experiments *P < 0.05 and **P < 0.01 compared with control. 

CCR7 was found to be upregulated in PC-3, OSC-19 and MDA-MB-231 following 

treatment with different chemotherapeutic agents. However in DU-145, whose 

expression of CCR7 is low anyway, the expression was not altered in a statically 

significant manner. 

2.3. Evidence and f actors influencing the production of CCL 21 in tumours  

The presence or elevation of CCR7 receptor expression in in vitro models or in 

vivo, does not per se imply a role for the CCR7 axis in cancer, as the activation 
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of the receptor still needs to take place. The CCR7 is selectively activated by its 

two ligands, CCL19 and CCL21. Therefore upregulation in the production of 

CCL19 and/or CCL21, or at least their presence within the tumour 

microenvironment is a requirement for activation of the CCR7. There is 

uncertainty surrounding both the source and levels of CCL19 and CCL21 in 

tumours and whether levels of these ligands increase or decrease in tumours 

compared to corresponding normal tissue 342-345. There are multiple reasons for 

this.  

Firstly, there are very few examples in the literature of IHC staining of tissues for 

CCL19 and CCL21 346-348. For example, one study on adult T-cell leukemia found 

that CCR7 expression was in the cell membrane of tumour cells, and CCL21 

staining was seen on the extracellular matrix without investigating the origin of 

CCL21 349. As another example for CCL19 expression in cervical cancer, a study 

showed that CCL19 was higher in cervical cancer cells compared with that of 

corresponding adjacent noncancerous tissues, and the study proposed that 

CCL19 was generated by tumour cells 243. The rarity of CCL19 and CCL21 

staining studies could be because both proteins are soluble and are likely to be 

washed off the tissues during the processing before IHC staining. CCL21 is more 

likely to remain in tissue as its C terminus contains an amino glycan-binding 

domain which could anchor it to cell surface glycoproteins.  

Secondly, it is nearly impossible to determine the source of CCR7 ligands in 

tumour tissues in patient samples. CCR7 ligands can be delivered to the tumour 

by different methods. CCL19/CCL21 could be released by tumour infiltrating 

lymphocytes during the immune response to tumour, or produced by tumour cells 

themselves. Regardless of the source, the presence of CCL19 and CCL21 within 

the tumour environment results in the activation of CCR7 prosurvival signaling 

and tumour progression 350,351. 

So far, we have shown that CCR7 expression is upregulated under stress caused 

by hypoxia, serum starvation, or drug treatment in at least three different cell lines 
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(PC-3, MDA-MB-231, and OSC-19) which we had chosen as a model system. 

Thus, we thought to investigate how various stress factors can influence the 

production of CCL21 in vitro, similarly to the effect reported for CCR7 expression. 

Unfortunately, due to time constraints, it was not possible to carry out the same 

determination for CCL19.  

2.3.1. CCL21 is produced from cells as a response to stress caused by 

scratch assay  

�7�K�H�� �H�D�U�O�L�H�V�W�� �H�Y�D�O�X�D�W�L�R�Q�� �R�I�� �&�&�/������ �S�U�R�G�X�F�W�L�R�Q�� �E�\�� �W�X�P�R�X�U�� �F�H�O�O�V�� �X�Q�G�H�U�� �V�W�U�H�V�V�� �W�R�R�N��

�S�O�D�F�H���E�\���'�U���+�D�Q�H�H�Q���%�D�V�K�H�U�����6�K�H���H�V�W�D�E�O�L�V�K�H�G���W�K�H���U�H�O�H�D�V�H���R�I���&�&�/�������D�I�W�H�U���H�[�S�R�V�L�Q�J��

�2�6�&�������� �W�R�� �P�H�F�K�D�Q�L�F�D�O�� �V�W�U�H�V�V�� �L�Q�L�W�L�D�W�H�G�� �E�\�� �F�U�H�D�W�L�Q�J�� �P�X�O�W�L�S�O�H�� �V�F�U�D�W�F�K�H�V�� �R�Q�� �D��

�P�R�Q�R�O�D�\�H�U�� �R�I�� �2�6�&�������� �F�H�O�O�V���� �%�U�L�H�I�O�\���� �V�F�U�D�W�F�K�H�V�� �Z�H�U�H�� �P�D�G�H�� �D�Q�G�� �F�H�O�O�V�� �Z�H�U�H��

�L�Q�F�X�E�D�W�H�G���L�Q�������� ���)�%�6���W�R���K�H�D�O�����7�K�H���V�X�S�H�U�Q�D�W�D�Q�W���Z�D�V���F�R�O�O�H�F�W�H�G���D�W���������D�Q�G���������K�U�V��

�D�I�W�H�U���F�U�H�D�W�L�Q�J���V�F�U�D�W�F�K�H�V�����D�Q�G���&�&�/�������O�H�Y�H�O���Z�D�V���G�H�W�H�U�P�L�Q�H�G���X�V�L�Q�J���D���&�&�/�������(�O�L�V�D��

�G�H�W�H�F�W�L�R�Q�� �N�L�W�� ���7�K�H�U�P�R���V�F�L�H�Q�W�L�I�L�F�� �(�+�&�&�/���������� �7�K�H��data showed that CCL21 

concertation was elevated at 18 and 24 hrs compared to the control groups (no 

scratches) (Figure 12).  

 
Figure 12. CCL21 evaluation after scratch induced stress in OSC-19 cells. OSC-19 was 

scratched and left to heal for 24hrs. The supernatant was collected at 18 and 24 hrs for scratched 

cells and the control group cells (control), and CCL21 level was detected by ELISA. Error bars 

represent SD of 3 independent experiments. *P < 0.05 and **P < 0.01 compared with control. 

(Results obtained by Dr Haneen Basheer) 
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2.3.2. CCL21 pr oduction is elevated in 3D cultures of PC-3 and OSC-19 cells 

compared to 2D cultures  

It is well established that three-dimensional multicellular spheroid models more 

accurately represent conditions experienced by cancer cells within the tumour 

and are therefore superior in vitro models in pharmacology 352,353. For example, 

when cells are grown as 3D spheroids, they encounter different types of stress, 

including oxygen and nutrient deprivation in the core in comparison to the 

periphery. Our group has previously shown that OSC-19 cells increase their 

expression of CCR7 in the hypoxic core of larger spheroids 328. We hypothesised 

that if similar stress factors can contribute to the production of CCL19 and CCL21, 

then the relatively small proteins can diffuse out of the spheroids and into the 

culture medium. Detecting CCL21 in 3D in vitro cell culture could prove this 

hypothesis, and by extension that both factors (upregulation of the ligand and 

receptor) are present and may contribute to the activation of CCR7 in tumour 

progression and immunotolerance 350,354. 

We measured the levels of CCL21 in the supernatant of PC-3 and OSC-19 cells 

when grown as both monolayers and as spheroids using a CCL21 ELISA 

detection kit ���7�K�H�U�P�R���V�F�L�H�Q�W�L�I�L�F�� �(�+�&�&�/������. We also recovered the cells at the 

end of experiments, broke them up (in the case of spheroids), lysed the cells and 

analysed the cell lysate for CCL21. This was done for two reasons. Firstly, as 

mentioned before CCL21 C terminus has a Glycosaminoglycan (GAG) binding 

domain and can non-covalently attach to glycoproteins on the surface of cells 

meaning that not all CCL21 molecules can diffuse out of the spheroid. Secondly, 

there could be a delay in the production of CCL21 inside the cell and its release 

meaning that substantial quantities of CCL21 may be within the cytoplasm rather 

than excreted from the cell. 

As described in Section 5. 9.2, the same cell number was grown as monolayer 

and spheroids for 7 days before collecting the supernatant and lyse the cell 

content to analyse by ELISA. Spheroids were grown in ultra-low adherent plates 
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that ensure all cells are aggregated into the spheroid. The experiment assumes 

the rate of proliferation is approximately similar in monolayers and spheroids. 

Figure 13 A-C shows that PC-3 and OSC-19 cells forms spheroids at cell number 

2000, 5000, and 10000 cells/ well. While PC-3 spheroids maintained their shape 

for 7 days, OSC-19 appears to be spreading after 7 days incubation at 10% FBS 

media. The same observation was previously reported in our group by Dr Haneen 

Basheer.  

The ELISA results in Figure 13 B show that PC-3 cells do not release CCL21 

when grown as a monolayer. In contrast, when grown as spheroids, significant 

levels of CCL21 were detected in both supernatant and spheroid extracts. 

Similarly, CCL21 was only detected in OSC-19 cell content when grown as 

spheroids and the supernatant of 10000 cells/well spheroid; it was not significant 

in either monolayer supernatant and cell content, or 2000 or 5000 cells/well 

supernatant Figure 13 D. This can be attributed to the fact that OSC-19 2000 or 

5000 cells/well spheroids are spreading and under less stress compared to 10000 

cell/well spheroids. 

 

 

(A) 
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Figure 13. �&�&�/������ �S�U�R�G�X�F�W�L�R�Q�� �L�Q�� ���'�� �D�Q�G�� ���'�� �F�H�O�O�V�¶�� �V�X�S�H�U�Q�D�W�D�Q�W�� �D�Q�G��inside spheroid. (A) PC-3 

spheroids 2000, 5000, and 10000 cells/ well growth from day 1 to day 7. Scale bar represents 

���������P���D�W�� �����[�� �R�E�M�H�F�W�L�Y�H���O�H�Q�V (B) CCL21 level in PC-���� �P�R�Q�R�O�D�\�H�U�V�¶���D�Q�G���V�S�K�H�U�R�L�G�V�¶���V�X�S�H�U�Q�D�W�D�Q�W��

and cell content. CCL21 level was detected in all spheroids supernatant and cell content and not 

monolayer. (C) OSC-19 spheroids 2000, 5000, and 10000 cells/ well growth from day 1 to day7. 

Scale bar represents 100 ���P���D�W������ x objective lens. (D) CCL21 level in OSC-�������P�R�Q�R�O�D�\�H�U�V�¶���D�Q�G��

�V�S�K�H�U�R�L�G�V�¶���V�X�S�H�U�Q�D�W�D�Q�W���D�Q�G���F�H�O�O���F�R�Q�W�H�Qt. CCL21 level was detected in all spheroids cell content, 

and only in 10000 cells/well supernatant and not monolayer. (B-D) Data expressed as optical 

density450nm. Error bars represent SD from 3 independent experiments. ***P < 0.001, **P < 

0.01, and *P < 0.05 for cells compared with control media alone.  

2.3.2.1. PC-3 and OSC-19 spheroids growth in 7 days using CCK8  

Following the results from the previous section, we noticed that CCL21 production 

does not correlate linearly with the cell number seeded. Thus, we thought of 

investigating PC-3 and OSC-19 growth as spheroids. As described in section 

2.3.5.4., PC-3 and OSC-19 cells were seeded in different cell numbers and 

centrifuged to initiate the spheroid formation. The spheroids' growth was 

measured using CCK-8 on day 1 and day 7. CCK8 is a cell colorimetric detection 

reagent that allows very accurate quantitative detection of viable cells. It is a 

highly water-soluble tetrazolium salt that gets reduced by dehydrogenase 

enzyme in live cells to give orange formazan dye that is water-soluble in the cell 

(D) 
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culture media. This means less error introduced by removing the media, and 

maybe crystals, re-dissolving crystals such as in MTT assay. Additionally, CCK8 

has been proven to be relatively non-toxic if incubated with cells up to 48 hrs (see 

section 2.5.5.1.). The results (Figure 14C) show that both PC-3 and OSC-19 

�V�S�K�H�U�R�L�G�V�� �G�R�Q�¶�W�� �J�U�R�Z��linearly. Although OSC-19 cells initially form compact 

spheroids with a smooth surface (Figure 14 A), later they appear to disperse and 

disentangle. This could be an indication of spheroid degradation or that cells in 

the spheroid periphery are trying to escape the stressful environment within the 

spheroids. 

 

 

(A) 

(B) 
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Figure 14. PC-3 and OSC-19 spheroids growth for 7 days, and PC-3 and OSC-19 spheroids 

viability using CCK-8 kit. PC-3 and OSC-19 spheroids were cultured for 7 days. (A-B) PC-3 and 

OSC-19 spheroids representative pictures over 7 days respectively. The scale bar = 100 µm at 

10x objective lens. (C) The measurement of PC-3 and OSC-19 spheroids viability using CCK-8 

kit on day 1 and day 7 respectively. Error bars represent SD of 3 independent experiments. 

Large size spheroids appear to reach a plateau before starting to disperse, while 

the small size spheroids continue to grow before they also start to spread. PC-3 

cells, on the other hand (Figure 14 B), form fragile spheroids compared to OSC-

19, which remain intact for 7 days with less smooth surface and irregular shape. 

Yet, similar to OSC-19 spheroids, the large size spheroids also stop increasing 

in diameter and reach a plateau while the smaller size reaches the plateau later. 

This observation not only explains the findings in the previous section regarding 

CCL21 production but also concurs with the finding previously reported in our 

group by Dr Haneen Basher about OSC-19 and SCC-4 spheroids growth in a 

non-linear manner. OSC-19 and SCC-4 spheroids with different cell seeding 

concentrations grow at different rates and reach a plateau phase at different 

points. Generally, low cell number spheroids tend to continue growing for longer 

before reaching a plateau, whereas high cell number spheroids get into a plateau 

phase early. 

(C) 
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2.3.3. CCL21 is produced in the supernatant after exposure to docetaxel in 

PC-3, OSC-19 and MDA -MB-231cells  

Our findings in section 2.2.2  showed that CCR7 expression is upregulated upon 

exposure to the chemotherapeutic reagent. We postulate that the same stress 

caused by drug treatment could also induce or trigger CCL21 production, forming 

�D�Q���D�X�W�R�F�U�L�Q�H���V�\�V�W�H�P���D�L�G�L�Q�J���W�X�P�R�X�U�V�¶��progression. 

As mentioned in Section 5. 9.1., cells were exposed for 24 hrs to docetaxel before 

collecting the supernatant and determining the level of CCL21 in the supernatant. 

 
Figure 15. �&�&�/�������H�Y�D�O�X�D�W�L�R�Q���L�Q���F�H�O�O�¶�V���V�X�S�H�U�Q�D�W�D�Q�W���D�I�W�H�U���G�R�F�H�W�D�[�H�O���W�U�H�D�W�P�H�Q�W in different cancers. 

CCL21 is released after exposure to docetaxel in all tested cells. Data presented using mean 

fluorescence intensity. Error bars represent SD from 3 independent experiments. *P < 0.05 for 

treated cells compared with untreated. 

Interestingly, the level of CCL21 was increased significantly after treating the cells 

with IC25 of docetaxel. These findings, with the results of increasing the 

expression of CCR7 after treatment with either docetaxel or doxorubicin, support 

the hypothesis that cancer cells upregulate CCR7 axis as a supportive 

mechanism to escape apoptosis and support their proliferation and progression.  

Although the previous observations make a prima facie case for the role of CCR7 

axis in resistance, further investigation is needed to confirm a relationship which 

will be discussed shortly. 
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2.3.4. CCR7 and CCL21 are detected in tumours  xenografts  

Cancer cells encounter different conditions when grown in vivo compared to 

culture in vitro. These conditions include hypoxia, nutrient deprivation, cell-cell 

interaction, and growth in a confined space. Of course, in vivo xenografted 

tumours offer a closer correlation to the real-life tumours in humans than those 

grown as a monolayer. Hence, the expression of genes and proteins in cell lines 

growing as a monolayer in vitro does not necessarily mean the same expression 

level will be observed in vivo. 

Therefore, we decided to look for the expression of CCR7 and its ligands CCL21 

in xenografts. The paraffin-embedded xenografts were stained using IHC as 

described in Section 5.8.  Staining for CCR7 and CCL21 proteins was examined 

in PC-3, OSC-19 and MDA-MB-231 tumour xenotransplants grown in 

immunodeficient mice. CCR7 was identified in the cytoplasm and cell membrane 

of all the tested cell lines (Figure 16 A, B, and C ) at different intensities. CCR7 

membranous and cytoplasmic expression was the highest in prostate cancer cell 

line PC-3, and breast cancer cell line MDA-MB-231, both the intensity and the 

spread of staining (brown colour) was the highest in these cell lines. This was 

followed by tongue cancer cell line OSC-19 where the observed staining was 

less. These results correlate with the finding of flow cytometry and IF results 

described later in Section s 2.4.1. and 2.4.2. On the other hand, CCL21 

expression was more localised in the intercellular space and stromal cells in all 

the tested cell lines. The highest expression was reported for OSC-19 sections, 

followed by PC-3 and MDA-MB-231. This further supports the hypothesis that 

CCL21 could be produced by cancer cells causing an autocrine activation of 

CCR7, increasing tumour growth and progression, which was also proposed in 

the literature350,354. This observation further highlights the difficulties to identify 

the source of CCR7 ligands in vivo (see Section 2.3. ). The negative controls, 

when no primary antibody was added, showed no brown staining confirming the 

specificity of the secondary antibody (Figure 16 A1, B1, and C1).  
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(A) PC-3 CCR7 CCL21 
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(B) OSC-19 CCR7 CCL21 
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(A1) PC-3 (-ve) CCR7 (-ve) CCL21 
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(C1) MDA-MB-231 (-ve) CCR7 (-ve) CCL21 

10X 

  
20X 

  
40X 

  
Figure 16. Immunohistochemical staining of CCR7 and CCL21 in tumour xenografts. 

The xenografts (PC-3 (A), OSC-19 (B), MDA-MB-231 (C)) were stained to evaluate CCR7 and 

CCL21 expression. The brown colour indicates positive staining of the targets. The negative 

controls, where no primary antibody is added are PC-3 (A1), OSC-19 (B1), MDA-MB-231 (C1) to 

confirm the specificity of the secondary antibody. �7�K�H���V�F�D�O�H���E�D�U��� �������������P���D�W������ x objective lens. 

2.4. Expression and functionality of CCR7 in cell lines  

In order to evaluate the effect of CCL21 treatment on PC-3, HCT116, MDA-MB-

231, OSC-19, and DU-145 cell lines, some preliminary investigations were 

required. Firstly, a growth curve was performed to determine the conditions for 

the log growth phase of each cell line and the appropriate cell number to use in 

the next assays (see Appendix IV ).  

Additionally, CCR7 expression needs to be established in the tested cells; thus, 

we performed immunofluorescence (IF) to give us an idea of in which cell line the 

expression is expected, providing a qualitative selective visual mean of detecting 

CCR7 for the cells within the visual field under the microscope. To confirm and 
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validate these IF results, we quantified the membranous expression of CCR7 

using flow cytometry, in this experiment cells were fixed but not permeabilised, 

so only the expression on the cell surface is detected.  

Finally, the functionality of CCR7 receptor is the last parameter to be established 

in the tested cells. CCR7 as a GPCR, binding of ligands to functional GPC 

receptors results in a cytoplasmic increase in calcium concentration that can be 

measured using a Ca2+ sensitive fluorescence dye, which can be used as a 

screening method of receptor activation. Therefore, we used a calcium flux assay 

to look for CCR7 functionality through binding to CCL21 in the tested cell lines 

before moving to the proliferation and resistance experiments. 

2.4.1. Qualitative method for CCR7 expression using immunofluorescence 

labelling  

CCR7 expression was assessed by immunofluorescence labelling in 6 cell lines 

(PC-3, HCT116, MDA-MB-231, OSC-19, DU-145 and HT29). The reason for 

choosing these cell lines to be investigated was based on the expression profile 

of several cell lines collected in our group over the last decade, combined with 

literature evidence 328,355,356. The cellular localisation of both proteins, cytoplasmic 

or membranous, was examined by processing the cells with or without 0.5% 

Triton X-100, which permeabilises the cell membrane to facilitate the entry of the 

antibody into the cytoplasm. CCR7 expression was found to be both membranous 

and cytoplasmic in all the stained cell lines (Figure 17 A). The intensity of the 

staining varied between cell lines, as well as between cytoplasmic and 

membranous staining; however, this was not included in the decision of choosing 

the right model for future assays. Instead, we decided to move to quantification 

of membranous expression using flow cytometry before selecting any model. The 

specificity of secondary antibodies in binding to primary antibodies was tested by 

including negative control (-ve) in which only the secondary antibody was added 

to the coverslip, which showed no fluorescence, therefore confirming that 
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labelling is selective and due to binding of the secondary antibody to anti-CCR7 

(Figure 17 B) primary antibodies. 
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Figure 17. Immunofluorescence labelling for CCR7 subcellular localization. (A) 

Immunofluorescence shows the expression of CCR7 with and without using triton-x. CCR7 

expression was detected in all cell lines at both locations membranous and cytoplasmic. (B)  

Immunofluorescence of negative control shows no CCR7 labelling, indicating that the labelling is 

�V�H�O�H�F�W�L�Y�H���D�Q�G���G�X�H���W�R���E�L�Q�G�L�Q�J���R�I���W�K�H���V�H�F�R�Q�G�D�U�\���D�Q�W�L�E�R�G�\���W�R���S�U�L�P�D�U�\���D�Q�W�L���&�&�5�������6�F�D�O�H���E�D�U��� ���������P�� 

2.4.2. Flow cytometry for quantitative expre ssion of CCR7 in PC -3, HCT116, 

MDA-MB-231, OSC-19 and DU-145 

 

Figure 18. CCR7 membranous protein expression by flow cytometry. CCR7 is expressed in all 

cell lines. Flow cytometry analysis using mean fluorescence intensity. was normalized to the 

isotype. Error bars represent SD of three independent experiments. 

The membranous expression of CCR7 in PC-3, HCT116, MDA-MB-231, OSC-19 

and DU-145 cell lines was detected and quantified using flow cytometry 

(Appendix VI ). CCR7 expression was seen in all cell lines at different levels, 

which was presented as relative folds difference (Figure 18); however, CCR7 
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expression level was higher in HCT116, with an approximately 4-fold increase 

compared to isotype; followed by PC-3 and MDA-MB-231 that showed almost 3-

fold mean fluorescence intensity increase compared to the isotype control. The 

lowest CCR7 membranous expression was recorded for both OSC-19 and DU-

145. 

2.4.3. CCR7 functionality as a response to CCL21 on PC-3, HCT116, MDA-

MB-231, OSC-19 and DU-145 cell lines  

Calcium flux response to CCL21 was used to determine the functionality of CCR7 

in PC-3, HCT116, MDA-MB-231, OSC-19 and DU-145 cells. Normally, Ca2+ 

release is an early event in the chemokine receptor activation process, which 

precedes several cellular activities including cell migration. Cells were labelled 

with Fluo-4 NW (Invitrogen) before adding CCL21 (10nM-100nM), or assay buffer 

as control. The analysis shows the mobilisation of calcium in response to CCL21 

(10 nM -100 nM) (Figure 19 A), in PC-3 cells, indicating that CCR7 is functional 

and well coupled in PC-3 cells as they responded to their corresponded ligands. 

For HCT116 cells (Figure 19 B), the result shows that CCR7 was functional in 

response to CCL21 at the two concentrations; however, the fluorescence 

detected was relatively weak in comparison to the response with PC-3 cells at 

the same concentrations. Furthermore, the response of OSC-19 (Figure 19 C), 

MDA-MB-231 (Figure 19 D), and DU-145 (Figure 19 E) to CCL21 at 10 nM was 

relatively weak, whereas the relative fluorescence change for CCL21 100 nM was 

similar or more than the one for PC-3. This result indicates that CCR7 receptors 

are functional in these cell lines and responding to treatment with its ligand 

CCL21; however, the response to CCL21 10 nM was comparatively weak. 
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Figure 19. A representative curve of kinetic calcium mobilisation in PC-3 (A), HCT116 (B), OSC-

19 (C), MDA-MB-231 (D), and DU-145 (E) cells as a response to CCR7 activation by CCL21. 

Calcium flux was measured after adding CCL21 (on well concentration 10 nM and 100 nM). The 

increase in fluorescence change was detected at 485 nm emission �± 538 nm excitation. Relative 

fluorescence intensity was normalised from each time point to the zero point of adding ligands. 

The background fluorescence by buffer was then subtracted from the average of each 

concentration. 

2.4.4. CCL21 activates CCR7 and induces a chemotactic response   

�$�Q���,�E�L�G�L���P�L�F�U�R���V�O�L�G�H�������±slide) was used to investigate the movement and migratory 

properties of PC-3 and HCT116 cells. Although we anticipate that CCL21 gradient 

will not last for more than a few hours; the migration process was recorded for 12 

hours using JuLI Stage real-time cell history recorder. The data demonstrates 

that CCL21 (100 nM) significantly directs PC-3 cell migration (Figure 20 A) 

compared with HCT116 cells (Figure 20 B) after 12 hrs. Although we were unable 

to include another chamber as an internal control in which only serum-free media 

(E) 

(D) 
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without ligand is present instead of the ligand, we believe that it agrees with the 

previous results from the agarose spot assay previously reported by Dr Mohaned 

Ahmed in our group 303. 

 

 
Figure 20. PC-3 and HCT116 cells migration towards CCL21 gradient over 12 hrs using Ibidi 

micro slide. PC-3 cells migrate towards CCL21 gradient over 12 hrs. Using Ibidi micro slide, cells 

with CCL21 (100 nM) were loaded in chamber one (left-hand side chamber). Cells with serum-

free media were placed on the other chamber (right-hand side chamber). The migration of PC-3 

cells (A), and HCT116 (B) was recorded over 12 hrs by JuLI Stage real-time cell history recorder. 

2.5. Role of CCL21 in cell proliferation  

2.5.1. Role of CCL21 in cell proliferation using MTT assay  

Having shown that both HCT116 and PC-3 cell lines express CCR7 and that the 

receptor is functionally active, we set out to explore if activation of CCR7 receptor 

can affect cell proliferation in these cell lines. To monitor the effect of CCL21 on 

HCT116 and PC-3 cells we initially utilised the MTT assay (Figure 21). CCL21 

(A) 

(B) 
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treatment was administered twice, first in the flask and the second upon seeding 

on the 96 well plates after 4 days. 

CCL21 concentration (10 nM) was chosen based on the physiological 

concentration of the ligand in the serum 357 Also, for reasons of economy 10 nM 

concentration was chosen, since the responses obtained for 10 and 100 nM were 

approximately the same (see section 2. 5.5.2.)  

The averaged results indicate that CCL21 had an effect on proliferation rate, 

approximately 10 % in HCT116 (Figure 21 A) and 20% in PC-3 (Figure 21 B) 

increase of proliferation, compared to control. However, these effects were not 

statistically significant due to the large standard deviation between the repeats.  

 
Figure 21. CCL21 effect on HCT116 and PC-3 cells proliferation using MTT. (A) Effect of CCL21 

on HCT116 cell proliferation. (B) Effect of CCL21 on PC-3 cell proliferation. Error bars represent 

standard deviation. 

2.5.2. CCL21 role in cell proliferation using CyQuant assay  

To reduce the large error bars observed in the MTT assay, we decided to make 

two changes. Firstly, we set out to investigate whether CCL21 treatment pre 

seeding in the plate (referred to as pre-treatment phase) and the on-well 

treatment (referred to as post-treatment phase) are equally important. After 

binding of ligand to CCR7, the receptor-chemokine complex is internalised and 

digested and eventually more CCR7 is synthesised and transferred to the cell 

surface. So, it is reasonable to assume CCL21 does not remain in the cell 
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medium for long. Therefore, CCL21 was renewed every other day by adding fresh 

CCL21 to afford a final concentration of 10 nM (see Section 5.3.4.2. ). 

Additionally, we also aimed to examine the effectiveness of this technique in 

measuring cells viability. 

We decided to use CyQuant in place of MTT to assess cell numbers. The 

CyQuant assay kit allows the quantification of cells by determining the cellular 

DNA content via a DNA sensitive fluorescence dye. The sensitivity of the 

CyQuant kit was initially evaluated using HCT116 cell line. The results showed 

good levels of detection, even with as low cell numbers as 100 per well (Figure 

22 A), with a linear response and an R2 value of 0.986. However, the assay 

protocol, as is the case for MTT, still requires the removal of the cell supernatant. 

This may contribute to the large variance in the results, as we believe that the 

treatment with the chemokine receptor ligands promotes cells motility and 

detachment. The effects of CCL21 on HCT116 and PC-3 cells are represented 

by the fluorescence intensity of the dye (Figure 22 B, C). The results confirmed 

that CCL21 affected the proliferation rate, increasing it by 10-15 % in comparison 

to control. However, this effect was again not statistically significant due to the 

size of the standard deviation. 
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Figure 22. The effect of CCL21 on HCT116 and PC-3 cells proliferation using CyQuant assay kit. 

(A) Quantification of HCT116 cells using CyQuant assay kit. The cells were seeded at different 

cell densities, then cells were incubated with CyQuant reagent for 30 mins at 37oC. The 

fluorescence was measured at 485 nm excitation and emission at 530 nm. (B) and (C) HCT116 

and PC-3 cells were treated daily with 10 nM of CCL21 for 4 days, before seeding them on 96 

well plates, and the treatment with CCL21 was continued on-well (CCL21 10 nM) for 3 days. The 

fluorescence intensity was measured using CyQuant reagent. (B) CCL21 did not induce an 

increase in the proliferation of HCT116 cells. (C) CCL21 did not induce a statistically significant 

increase in the proliferation of PC-3 cells. The error bars represent SD. 

2.5.3. CCL21 role in cell proliferation using cell counting (trypan blue 

exclusion) assay  

CCL21 role in proliferation was further investigated by directly counting the 

number of live cells present. We observed that CCL21 significantly enhanced the 

proliferation rate of HCT116 cells treated with a daily dose of 10 nM for 4 days 

compared to the control (no ligand added). The live cells were counted after 

treatment with trypan blue. Trypan blue is a dye that can penetrate only the dead 

�F�H�O�O�V�¶���P�H�P�E�U�D�Q�H�����P�D�N�L�Q�J���W�K�H�P���D�Spear as blue under a light microscope, and thus 

allowing them to be excluded from manual counting. Here, we found that the 

number of cells in the treated wells was approximately double the number in the 

control wells (Figure 23). The results were further confirmed using ImageJ 

Software by which representative pictures of each well were analysed (treated - 

0

20

40

60

80

100

120

140

160

180

200

no pre/ no post no pre/post pre/ no post pre/post

F
lu

or
es

ce
nc

e 
in

te
ns

ity

PC-3 cell line(C) 



  

80 

control), which showed approximately the same ratio. We do note that cell 

counting, whether manual or by ImageJ 358 analysis, could not be considered 

wholly conclusive, since the pictures were only representative fields of each well 

and did not cover the entire well. Nevertheless, the results clearly show that 

treatment with CCL21 caused an increase in cell proliferation which is statistically 

significant. 
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Figure 23. The effect of CCL21 on HCT116 cells proliferation using manual cell counting with 

trypan blue CCL21 induces the proliferation rate of HCT116 cells. (A) The effect of CCL21 on 

HCT116 cells proliferation was quantified using manual cell counting with trypan blue. (B) 

Representative pictures for each well in the 6 well plate was analysed using ImageJ Software. 

(C) The effect of CCL21 on HCT116 cells proliferation in which the manual count results were 

further confirmed by ImageJ Software analysis. The error bars represent SD. *P < 0.05 for treated 

cells compared with untreated. 

2.5.4. CCL21 role in cell proliferation using colony formation assay  

CCL21 role in proliferation was also examined using the colony formation assay. 

Although CCL21 enhanced the proliferation rate of HCT116 and PC-3 cells, the 

majority of increased proliferation was not statistically significant. The colonies 

were counted by staining with crystal violet after fixing with methanol and acetic 

acid fixing mixture (Figure 24 and Figure 25). The results were also confirmed 

using ImageJ Software 358 by which pictures of each well were analysed (treated 

�± control), which indicated approximately similar results as the manual counting 

method.  
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Figure 24. The effect of CCL21 on HCT116 cells proliferation using colony assay. CCL21 slightly 

induces proliferation in HCT116 cells. (A) A representative picture of the plate where HCT116 

colonies were grown with and without CCL21 (10 nM) for 8 days at different cell densities (200, 

500, and 1000 cell/ well). The pictures were taken using Juli stage cell imaging system. (B) The 

effect of CCL21 on HCT116 cells proliferation was quantified using manual colony counting. (C) 

The effect of CCL21 on HCT116 cells proliferation was analysed by ImageJ software. The error 

bars represent SD�����7�K�H���U�H�V�X�O�W�V���Z�H�U�H���Q�R�W���V�W�D�W�L�V�W�L�F�D�O�O�\���V�L�J�Q�L�I�L�F�D�Q�W���3���•������������ 
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Figure 25. The effect of CCL21 on PC-3 cells proliferation using colony assay. CCL21 slightly 

induces proliferation in PC-3 cells. (A) A representative picture of the plate where PC-3 colonies 

were grown with and without CCL21 (10 nM) for 8 days at different cell densities (200, 500 and 

1000 cell/ well). The pictures were taken using Juli stage cell imaging system. (B) The effect of 

CCL21 on PC-3 cells proliferation was quantified using manual colony counting. (C) The effect of 

CCL21 on PC-3 cells proliferation was analysed by ImageJ software. The error bars represent 

SD�����7�K�H���U�H�V�X�O�W�V���Z�H�U�H���Q�R�W���V�W�D�W�L�V�W�L�F�D�O�O�\���V�L�J�Q�L�I�L�F�D�Q�W���3���•������������* P value (0.019). 

2.5.5. CCL21 role in cell proliferation using CCK8  

2.5.5.1. CCK8 toxicity and sensitivity validation  

To avoid the issues with cell supernatant removal, we searched for a reagent that 

would allow us to quantify viable cells without the need for that step. CCK8, 

although more expensive, it offers great advantages over other cell viability 

colorimetric reagents, as it forms a water-soluble tetrazolium salt that enables 
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measuring the cell viability without removing the media, it also has been reported 

to have relatively low toxicity compared with other tetrazolium salts. Nevertheless, 

we tested the toxicity of CCK8 on the cells prior to using the reagent in our assays. 

We evaluated this using PC-3 cells, and the results indicate (Figure 26) that 

CCK8 is not-toxic and gives accurate results up to 48 hrs from after addition of 

the reagent. As shown below, the readings at days 0, 1 and 2 were comparable, 

regardless of when the reagent was added (Figure 26 A). 

 

 
Figure 26. Cell counting kit-8 (CCK8) non-toxicity validation. (A) An illustrative diagram of the 

reading time of CCK8 on different days. (B) PC-3 cells were seeded at cell density 5x103 cells 

�S�H�U���P�O���������������O���Z�H�O�O�������7�K�H���F�H�O�O�V���Z�H�U�H���G�L�Y�L�G�H�G���L�Q�W�R�������J�U�R�X�S�V�����G�D�\���������G�D�\�������D�Q�G���G�D�\�������J�U�R�X�S�V�������7�K�H��

viability of the first group (day zero) was measured after seeding by adding 20 µl of CCK-8 and 

incubated for 4 hrs before measuring at 450 nm. The viability of the second group (day1) was 

measured similar to the first group, in addition to retaking the reading of day 0. On day two, the 

viability was measured for group 2 similar to day 0 and day1 in addition to retaking the reading 

for days 0 and 1. Bar graph represents average and error bars represent standard deviation. 
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PC-3 cells were also used to validate the sensitivity of the CCK8 reagent. Cells 

were seeded at different cell densities (1x103, 5x103, 1x104, 5x104, 1x105 and 

5x105 cells/ml, 100 µl/ well) and incubated for 4 hrs; 10 µl of CCK-8 reagent was 

added to each well and incubated for 4 hrs before taking the readings at 450nm. 

The line fit (Figure 27) was plotted using the average and the error bars (standard 

deviation). The results showed that CCK8 was sensitive and accurate to detect 

from 100 cell/well to 50000 cell/well, providing a perfect tool to be used in our 

proliferation and cell viability assays.  

 
Figure 27. The detection sensitivity standard curve of CCK8 in PC-3 cells. 

2.5.5.2. Optimal CCL21 concentration for measuring induction of cell 

proliferation  

In order to evaluate the best concentration of CCL21 to be used in our 

experiments, PC-3 cells were treated with different concentrations of CCL21 and 

the effect on proliferation was measured using CCK8. CCL21 increased the 

proliferation rate of PC-3 cells at concentrations of 1, 3, 10 and 30 nM. Although 

1 nM of CCL21 showed significant induction on cells proliferation, 10 nM or 30 

nM appeared to give the maximum effect. Thus, for reasons of economy, we 

decided that 10 nM will be used for future assays, which also represents the 
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clinically relevant concentration 357. Additionally, Daichi Kobayashi et,al found 

�W�K�D�W�� �����×�Q�0�� �R�I�� �&�&�5���� �O�L�J�D�Q�G�V�� �R�U�� �J�U�H�D�W�H�U�� �Z�H�U�H�� �Q�H�H�G�H�G to trigger efficient T cell 

migration in vitro, whereas CCR7 ligand plasma concentrations in vivo was 3-10 

nM for CCL19 and 10-50 nM for CCL21 357. 

 

Figure 28. Effect of CCL21 on PC-3 cell proliferation using CCK8 kit. The assay was quantified 

using CCK8 proliferation assay. CCL21 at different concentrations (1, 3, 10, 30 nM) induce PC-3 

cells proliferation. Error bars represent standard deviation. **P < 0.01 for treated cells compared 

with untreated. 

2.5.5.3. CCL21 and CCL19  effect on cell proliferation on PC -3, OSC-19, MDA-

MB-231 and DU-145 cells  using CCK8 assay  

Figure 29 A and B show that CCL21 (10 nM) has a significant induction effect on 

increasing OSC-19 and MDA-MB-���������F�H�O�O�V�¶���S�U�R�O�L�I�H�U�D�W�L�R�Q���Z�L�W�K��a 1.5-fold difference 

compared to the untreated cells, while no effect was reported for DU-145 cells. 

This result is consistent with the data obtained from receptor functionality assay 

(see Secti on 2.4.3.), which shows that CCR7 receptors in DU-145 have a modest 

response to the activation by CCL21 compared to other cell lines.  

For PC-3 cells, Figure 29  D demonstrates that CCL21 significantly increases the 

proliferation of PC-3 cells with an approximately 1.7 fold difference compared to 

the control group. Furthermore, this effect was abrogated with CCR7 neutralizing 
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mAb, and a small molecule antagonist (ICT13069) 303, both at nontoxic 

concentrations. This confirms the involvement of CCR7 in the reported effect as 

it was also shown on PC-3 CCR7 knockdown cells (see Section 2.6.6.3.). 
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Figure 29. CCL21 effect on PC-3, OSC-19, MDA-MB-231 and DU-145 cells proliferation using 

CCK-8 kit. CCL21 treatment significant induce proliferation in MDA-MB-231 (A), OSC-19 (B) and 

PC-3 (D) cells and not DU-145 (C). (D) The effect of CCL21 treatment on PC-3 cells was reversed 

using neutralising antibody or small molecules at non-toxic concentrations. (E) The effect of 

CCL19 treatment on PC-3 cells. Error bars represent SD from 3 independent experiments. ***P 

< 0.001, **P < 0.01, and *P < 0.05 for cells compared with control. 

CCL19 has been identified in the literature to be a potent inducer of T-cell 

proliferation 82, in addition to being an inducer for cancer cell invasion and 

migration 247. However, CCL19 was also proposed to have potent antitumour 
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properties reducing tumour burden by acting as a potential immune stimulator 

against cancer cells (see Chapter1 ). 

We examined if treatment of CCL19 at a physiologically relevant concentration 

357 (10 nM) would induce prostate cancer proliferation. CCL19 treatment, like 

CCL21 treatment, resulted in increasing PC-3 cells proliferation compared to the 

untreated group (Figure 29  E); however, the effect of CCL19 was much lower 

than that obtained for CCL21. The reason behind this remains unknown and 

requires further investigation.  

2.6. CCR7 activation by CCL21 influence the effectiveness of 

chemotherapeutic agents  

First, the cytotoxicity of the tested compounds was determined for each cell line 

to obtain the drug concentrations for chemoresistance assays (Appendix V ). The 

protection that CCR7/CCL21 axis could provide against chemotherapeutics was 

examined in different cell lines using different techniques and reagents to find the 

best suitable method. CCR7 role to enhance chemoresistance, once activated by 

CCL21, was investigated on HCT116 and PC-3 cell lines using MTT assay, 

HCT116 cells using cell counting assay, and PC-3, OSC-19, MDA-MB-231 and 

DU-145 cells using CCK8 kit.  

2.6.1. CCR7 role in doxorubicin chemoresistance in HCT116 cells using 

MTT assay  

Although using CCK8 was later found to be a superior reagent to detect the role 

of CCR7/CCL21 on proliferation, the earlier evaluation of the role of this axis on 

chemoresistance was carried out by MTT reagent. Our results are included in this 

report for completeness and to further emphasise the superiority of CCK8 over 

MTT. Indeed, using MTT, CCL21 did not show any statistically significant 

difference the effectiveness of doxorubicin or 5-fluorouracil in colorectal 

carcinoma cell lines HCT116 (Figure 30). 
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Figure 30. CCL21 influence on doxorubicin & 5-fluorouracil effectiveness in HCT116 cells (MTT 

assay). The cytotoxic effect of doxorubicin and 5-fluorouracil was evaluated at different 

concentrations, ranging from 0.01 �± 20 µM for doxorubicin and 0.5 - 100 µM for 5-fluorouracil 

using MTT assay in the present and absence of CCL21 (10 nM). CCL21 shows no effect on the 

effectiveness of (A) doxorubicin and (B) 5-fluorouracil. The error bars represent SD. 

2.6.2. CCR7 role in doxorubicin chemoresistance on HCT116 cells using 

counting assay  

Cell exclusion assay was also used to investigate whether CCR7 has a role in 

facilitating chemoresistance in HCT116 cells. The results in Figure 31 show that 

CCL21 has a mild effect providing protection of HCT116 cells against 

doxorubicin. However, the difference between the treated group with CCL21 

(orange bar ), and control (without CCL21) (green bar ) was not statistically 

significant. Interestingly, CCL21 increases the proliferation rate of HCT116 cells 

(blue bar ) compared to the control (green bar ), which agrees with the previous 
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results from the proliferation experiment. Furthermore, the treated group with 

doxorubicin and CCL21 shows higher survival over the treated group with 

docetaxel alone. Even though the difference was not statistically significant, this 

gives a hint that CCL21 treatment could also be involved in protecting cells 

against cell death triggered by docetaxel treatment. 

 

Figure 31. CCL21 influence on doxorubicin effectiveness on HCT116 cells using cell counting 

assay. Cells were treated with doxorubicin at 1x10-7 M with and without CCL21 10 nM. 

Doxorubicin-induced toxicity was slightly modulated by the presence of CCL21 (10 nM) for 4 days 

compared with doxorubicin treatment alone; however, the changes were not statistically 

significant. Error bars represent standard deviation. 

2.5.3 CCR7 role in doxorubicin chemoresistance on PC -3 cells using CCK-

8 kit  

The effect of CCL21/CCR7 on the chemoresistance of PC-3 cells against 

doxorubicin is presented in Figure 32. The data shows that CCR7 activation with 

CCL21 had only a modest chemoprotective effect on PC-3 cells, altering the IC50 

of doxorubicin from approximately 0.05 µM for the control to 0.1 µM for the CCL21 

treated cells (Figure 32 B). Interestingly, the chemoresistance promotion effect 

of CCL21 fails at high concentrations of doxorubicin. These findings encouraged 

us to investigate further and see if CCL21 could provide protection against other 

chemotherapeutics. 
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Figure 32. CCL21 influence on doxorubicin effectiveness on PC-3 cells using CCK-8 kit. PC-3 

cells were treated with and without CCL21 (10 nM) for 96 hrs and then exposed to doxorubicin at 

different concentrations (0.01, 0.05, 0.1, 0.5, 1, 5, 10, and 20 µM) for 96 hrs and measured the 

cell viability by CCK-8. The error bars represent SD of three independent experiments. **P < 0.01, 

and *P < 0.05 for cells compared with control. 

2.6.4 CCR7 role in doxorubicin and docetaxel chemoresistance on PC -3 

cells using CCK8 kit  

Next, we moved to determine whether the chemoprotection effect by CCL21 

against doxorubicin could be seen with other chemotherapeutics such as 

docetaxel. The protective effect of CCL21 against both doxorubicin and docetaxel 

were examined in this experiment. The data was consistent with the results from 

the previous experiments regarding doxorubicin (Figure 32), in which CCL21 

treatment had a significant effect on PC-3 cells�¶ resistance to doxorubicin. 

Similarly, CCR7 activation by CCL21 10 nM showed a significant effect modifying 

the efficacy of docetaxel. CCL21 significantly changed the cytotoxicity at all 

concentrations of docetaxel, ranging from 0.1 nM to 100 µM as shown in (Figure 

33 B). These results, along with the data from the previous experiment, indicate 
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that CCL21 could play a general role in facilitating chemoresistance of PC-3 cells 

against several chemotherapies. 

 

 
Figure 33. CCL21 modifies doxorubicin and docetaxel effectiveness on PC-3 cells (CCK8 kit). 

PC-3 cells were treated with and without CCL21 (10 nM), for 96 hrs and then exposed to 

doxorubicin and docetaxel at the different concentrations for 96 hr and measured the cell viability 

by CCK-8. (A) Doxorubicin cytotoxicity with or without CCL21 10 nM. (B) docetaxel cytotoxicity 

with or without CCL21 10nM. The error bars represent SD of three independent experiments. ***P 

< 0.001, **P < 0.01, and *P < 0.05 for cells compared with control. 
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Next, we moved on to study the effect of CCR7 activation by CCL19 in PC-3 cell 

line on doxorubicin and docetaxel sensitivity and particularly, survival. We 

examined whether CCL19 treatment would have a similar protective effect on 

cancer cells like CCL21 treatment. CCL19 induces chemoresistance on PC-3 

against doxorubicin, shifting the IC50 from approximately 0.1 µM for the control to 

0.5 µM for CCL19 treated group Figure 34 A. This protective effect matches what 

is observed for CCL21. Moreover, CCL19 treatment resulted in moderate 

protection of PC-3 against docetaxel over the control untreated group. Docetaxel 

has an IC50 of circa 1±1 nM on PC-3 cells, which is significantly modified to 10±2 

nM upon treatment with CCL19 Figure 34 B. This, again, concurs with our 

findings for CCL21. It appears, based on our results from CCL21 and the data 

from CCL19, that CCR7 axis is probably involved in the chemoresistance, at least 

against doxorubicin and docetaxel. 

 

(A) 
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Figure 34. CCL19 modifies doxorubicin and docetaxel effectiveness on PC-3 cells (CCK8 kit). 

PC-3 cells were treated with and without CCL19 (10 nM), for 96 hrs and then exposed to 

doxorubicin and docetaxel at the different concentrations for 96 hr and measured the cell viability 

by CCK-8. (A) Doxorubicin cytotoxicity with or without CCL19 10 nM. (B) docetaxel cytotoxicity 

with or without CCL19 10 nM. The error bars represent SD of three independent experiments. 

***P < 0.001, **P < 0.01, and *P < 0.05 for cells compared with control. 

2.6.5 CCR7 role in chemoresistance on OSC-19, MDA-MB-231 and DU-145 

cells  using CCK8 kit  

Following on from the demonstration of CCR7 axis involvement in doxorubicin 

and docetaxel chemoresistance in PC-3 cells, we moved to investigate whether 

this effect could be seen in other cell lines. CCL21 protective effect was tested 

on OSC-19, MDA-MB-231 and DU-145 cells. Interestingly, CCR7 activation by 

CCL21 (10 nM) showed a significant modification of the efficacy of doxorubicin 

and docetaxel on OSC-19 cells, changing the IC50 �I�U�R�P���§������ �—�0���W�R���§�����—�0 (Figure 

35 A), and �I�U�R�P���§�� �Q�0���W�R���§���� nM (Figure 35 B) respectively, but did not affect 

cisplatin cytotoxicity (Figure 35 C). This finding aligns with the results previously 

obtained in our group by Dr Haneen Baheer, when she reported no change in the 

cytotoxicity of cisplatin on OSC-19 after treatment with CCL21 or CCL19. 

Similarly, the cytotoxicity of doxorubicin and docetaxel on MDA-MB-231 was 

modified after CCL21 treatment at 10 nM for 8 days, shifting the IC50 fr�R�P���§����08 

(B) 
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�—�0���W�R���§0.25 µM for doxorubicin (Figure 35 D)�����D�Q�G���I�U�R�P���§���� �Q�0���W�R���§���� nM for 

docetaxel (Figure 35 E), but again failed to protect against cisplatin treatment 

(Figure 35 F).  
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Figure 35. CCL21 modify doxorubicin and docetaxel effectiveness and not cisplatin on OSC-19 

and MDA-MB-231 cells (CCK8 kit). CCL21 modify doxorubicin and docetaxel effectiveness and 

not cisplatin on OSC-19 and MDA-MB-231 cells (CCK8 kit). OSC-19 and MDA-MB-231 cells were 

treated with and without CCL21 (10 nM) for 96 hr and then exposed to doxorubicin (A, D) 

docetaxel (B, D), at different concentrations for 96 hr and measured the cell viability by CCK-8. 

(C, F) Cisplatin cytotoxicity with or without CCL21 10nM on OSC-19 and MDA-MB-231 

respectively.  The error bars represent SD of three independent experiments. ***P < 0.001, **P < 

0.01, and *P < 0.05 for cells compared with control. 

Next, we decided to study the effect of CCR7 activation on modulating the 

effectiveness of chemotherapeutic on DU-145, since this cell line showed a week 
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response of CCR7 activation (Figure 19 E); thus, CCL21 would probably show a 

moderate or no protective effect against chemotherapeutic treatment. A collective 

result of the effect of CCL21 on the effectiveness of doxorubicin, docetaxel, and 

cisplatin on DU-145 cells is illustrated in Figure 36. Unsurprisingly, CCL21 

treatment fails to protect DU-145 cells against the treatment of any tested 

chemotherapeutics (doxorubicin Figure 36 A, docetaxel Figure 36 B, and 

cisplatin Figure 36 C). These results further validated the involvement of CCR7 

in the reported effects above on modulating cancer proliferation and 

chemoresistance in functional CCR7 expressing cell lines.  
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. 

Figure 36. CCL21 treatment does not affect doxorubicin, docetaxel, and cisplatin effectiveness 

on DU-145 cells (CCK8 kit). DU-145 cells were treated with and without CCL21 (10 nM) for 96 hr 

and then exposed to doxorubicin (A), docetaxel (B), and cisplatin (C) at different concentrations 

for 96 hr and measured the cell viability by CCK-8. The error bars represent SD of three 

independent experiments. 

2.6.6. Showing the effect of CCL21 is mediated through CCR 7 

CCL19 and CCL21 only bind to CCR7 and there are no other endogenous ligands 

for this receptor. Nevertheless, we wanted to confirm that the role of CCL19 and 

21 is mediated specifically through its binding and activation of CCR7. To achieve 

this, we chose two different techniques. The first was to use a commercially 

available mAB specifically targeting CCR7 (see later). Secondly, we set out to 

knock down the expression of CCR7 and demonstrate that the effect of addition 

of CCL21 is then abrogated in the CCR7-silenced cell line.  

PC-3 cells were transfected using lipofectamine reagent with two different 

commercially available short inhibitory RNA (siRNA) sequences targeting CCR7 

expression (siRNA(CCR7)1, and siRNA(CCR7)2), as well as a scrambled 

sequence RNA (scRNA) as control. Lipofectamine-only treated cells were also 

analysed as a secondary control. After 48 hrs and 120 hrs, cells were harvested 

and analysed by Western blot (WB) to evaluate total CCR7 protein level and by 

flow cytometry to evaluate membranous expression of CCR7.  

(C) 



  

102 

2.6.6.1 CCR7 Knockdown in PC -3 cells using s iRNA transfection   

Using western blot, we examined the total protein expression in PC-3 wild type 

(WT), PC-3 cells treated with transfection reagent Lipofectamine (48 hrs and 120 

hrs), PC-3 cells transfected with scrambled sequence RNA control (48 hrs and 

120 hrs), and PC-3 cells transfected with two types of CCR7 

siRNA(siRNA(CCR7)1) and siRNA(CCR7)2). The band's density that 

corresponds to the siRNA (CCR7) transfected cells was reduced compared with 

that of the controls (WT, lipofectamine treated, scRNA cells) at both times points 

48 hrs and 120 hrs.  

There was significant degradation of total CCR7 protein level by both siRNA 

CCR7 sequences (1 and 2) after 48 hrs and 120 hrs, in comparison with scRNA 

universal control transfected group and indeed the wild type cells (Figure 37). 

Lipofectamine treatment did not affect CCR7 expression. This knockdown effect 

was maintained for at least 5 days (120 hrs), which would be sufficient to conduct 

the desired assays such as chemoresistance and proliferation assays.  

 

Figure 37. Representative picture of the western bolt of PC-3 knockdown cells The figure shows 

a western blot of CCR7 expression in PC-3 WT (1), PC-3 treated with lipofectamine for 48 hrs (2) 

and 120 hrs (4), scramble (3,5) for 48 and 120 hrs respectively, and CCR7 knockdown (6-9) 

transfected cells. Western blot evaluation of siCCR7 (1 and 2) at 48 hrs and 120 hrs showed a 

decrease in expression in siRNA(CCR7) compared with scRNA. 
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2.6.6.2 Downregulation of membranous CCR7 expression  by s hCCR7 

The effect of siRNA(CCR7)1 transfection on membranous protein expression 

was measured by flow cytometry. Cells were fixed using 4 % paraformaldehyde 

(see Section 5.5.1) that allows fixing cells without affecting cell membrane 

integrity, which means that conjugated CCR7 Ab cannot cross to the cytoplasm 

and binds to the cytoplasmic CCR7. Therefore, only membranous receptors will 

be stained and counted. As illustrated in the previous section, Figure 38 A shows 

that siRNA(CCR7)1 significantly suppressed the membranous protein level in 

comparison to the control scRNA transfected cells, lipofectamine treated, and the 

control WT groups. Like western blot analysis, the membranous CCR7 protein 

expression was evaluated at two-time points 48 hrs and 120 hrs by flow cytometry 

(Figure 38 B). The fold change of the relative mean fluorescence intensity after 

normalization to that of the correspondent isotype of each group was 

approximately 2.3 for the lipofectamine treated group and the control WT and 

siRNA at 48 hrs and 120 hrs, while for the siRNA(CCR7) transfected is 1.2-fold 

at 48 hrs and 120 hrs. This confirms that siRNA(CCR7) significantly knocks down 

the expression of total CCR7 cellular protein and the membranous availability of 

these receptors. 
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Figure 38. Knockdown of CCR7 at the membranous protein level of CCR7.evaluated by flow 

cytometry. The efficiency of the siRNA at the membranous protein level was evaluated by flow 

cytometry at 48 and 120 hrs. (A) CCR7 expression (the red curve) in the control groups (scRNA, 

lipofectamine treated, and WT) was more shifted to the right than correspondent isotype (the 

black curve), indicating expression in these groups; while shCCR7 was shifted to the left of its 

isotype, indicating a decrease in expression. (B) Analysis of flow cytometry data using mean 

fluorescence intensity, each sample was normalized its isotype and represented as fold change. 

Error bars represent SD of represent 3 independent experiments and. 
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2.6.6.3. CCL21 Effect on chemoresistance on PC -3 cells was abrogated with 

neutralizing antibody  and CCR7 knockdown using s hRNA transfection  

It was illustrated above that continuous treatment of PC-3 cells with CCL21 at a 

concentration of 10 nM resulted in significant alteration of doxorubicin cytotoxicity 

(Figure 33 A). This �S�U�R�W�H�F�W�L�Y�H���H�I�I�H�F�W���Z�D�V�� �U�H�Y�H�U�V�H�G�� �E�\�� �X�V�L�Q�J�� �&�&�5���� �Q�H�X�W�U�D�O�L�V�L�Q�J��

�D�Q�W�L�E�R�G�\���D�W���D���Q�R�Q�W�R�[�L�F���F�R�Q�F�H�Q�W�U�D�W�L�R�Q����Figure 39���$)�����R�U���L�Q�G�H�H�G���Z�K�H�Q���&�&�5�����Z�D�V��

�V�L�O�H�Q�F�H�G���X�V�L�Q�J���V�K�&�&�5������Figure 39���%)�����&�&�5���� �Q�H�X�W�U�D�O�L�V�L�Q�J���P�$�E���E�L�Q�G�V���W�R���&�&�5����

�U�H�F�H�S�W�R�U���Z�L�W�K�� �K�L�J�K�� �D�I�I�L�Q�L�W�\���� �S�U�H�Y�H�Q�W�L�Q�J�� �D�F�W�L�Y�D�W�L�R�Q�� �R�I�� �W�K�H�� �U�H�F�H�S�W�R�U�V�� �E�\�� �L�W�V�� �O�L�J�D�Q�G�V����

�D�Q�G�� �W�K�H�U�H�I�R�U�H�� �E�O�R�F�N�V�� �W�K�H�� �G�R�Z�Q�V�W�U�H�D�P�� �V�L�J�Q�D�O�O�L�Q�J�� �S�D�W�K�Z�D�\�V���� �2�Q�� �W�K�H�� �R�W�K�H�U�� �K�D�Q�G����

�V�K�&�&�5���� �U�H�G�X�F�H�V�� �W�K�H�� �H�[�S�U�H�V�V�L�R�Q�� �R�I�� �&�&�5���� �D�V�� �V�K�R�Z�Q�� �D�E�R�Y�H���� �D�Q�G�� �D�Q�\��

�F�R�U�U�H�V�S�R�Q�G�H�Q�W�� �H�I�I�H�F�W�� �U�H�O�D�W�H�G�� �W�R�� �&�&�5���� �D�F�W�L�Y�D�W�L�R�Q���� �6�L�P�L�O�D�U�O�\���� �W�K�H�� �S�U�R�W�H�F�W�L�Y�H�� �H�I�I�H�F�W��

�W�K�D�W���&�&�/�������W�U�H�D�W�P�H�Q�W���S�U�R�Y�L�G�H�V���D�J�D�L�Q�V�W���G�R�F�H�W�D�[�H�O���Z�D�V���D�O�V�R���D�E�U�R�J�D�W�H�G���Z�L�W�K���H�L�W�K�H�U��

�F�R���W�U�H�D�W�P�H�Q�W�� �R�I�� �&�&�5���� �Q�H�X�W�U�D�O�L�V�L�Q�J�� �P�$�E�� �D�Q�G�� �&�&�/�������R�U�� �V�L�O�H�Q�F�L�Q�J�� �&�&�5�����S�U�L�R�U��

�W�U�H�D�W�P�H�Q�W�� �Z�L�W�K���&�&�/�������I�R�O�O�R�Z�H�G�� �E�\���G�R�F�H�W�D�[�H�O�����7�K�L�V�� �F�R�Q�I�L�U�P�V�� �W�K�H�� �L�Q�Y�R�O�Y�H�P�H�Q�W�� �R�I��

�&�&�5�����L�Q���W�K�H���U�H�S�R�U�W�H�G���S�U�R�W�H�F�W�L�Y�H���H�I�I�H�F�W�� 
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Figure 39. CCR7/ CCL21 axis protective role was reversed by using CCR7 neutralising antibody 

and CCR7 KD in PC-3. (A) Doxorubicin cytotoxicity with or without CCL21 10 nM and neutralising 

mAb. (B) Doxorubicin cytotoxicity in PC-3 WT without CCL21 treatment and CCR7 KD PC-3 with 

CCL21 treatment 10nM. (C) Docetaxel cytotoxicity with or without CCL21 (10 nM) and neutralising 

mAb. (D) Docetaxel cytotoxicity in PC-3 WT without CCL21 treatment and CCR7 KD PC-3 with 

CCL21 treatment 10 nM. The error bars represent SD of three independent experiments.�� 

2.6.7. CCL21 Effect on radioresistance on PC -3 cells was abrogated with 

neutralizing antibody  

So far, we have shown CCR7 expression and functionality in several cell lines, 

including PC-3. We also demonstrated that CCR7 activation resulted in inducing 

proliferation rate in PC-3 cells, as well as protecting PC-3 cells against 

doxorubicin and docetaxel treatments, suggesting that CCR7 can be a major axis 

contributing to tumour progression and indeed chemoresistance.  This protective 

effect was reversed using several methods, neutralising antibody, and CCR7 

knockdown. Therefore, we wondered if CCR7 activation would also protect 

against radiation, considering that radiation triggers cancer cell death via different 

mechanisms than the one caused by chemotherapeutics. It would be interesting 

to investigate the protective effect that CCR7 activation gives to cancer cells that 

can extend to cover other mechanistic cell deaths pathways.  

(D) 
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To investigate the effect of radiation on PC-3 cells survival while CCR7 is 

activated by CCL21, or while CCR7 is being blocked with a small molecule 

ICT13069, CCK-8 cell survival assay was performed as described in Section 

5.3.5.8. Our results showed that exposure of PC-3 cells to 15 Gy of radiation 

followed by incubation for 48 hrs caused a 25-30 % reduction in cell survival 

compared to the non-radiated control Figure 40.  

 

Figure 40. Effect of CCR7 antagonism followed by radiation on PC-3 cell survival. The percentage 

of live cells after radiation of 15Gy without CCL21 treatment was around 70-75 % (orange bar), 

and with CCL21 95 % (light blue bar) compared to the control (red bar). Whereas the percentage 

of live cells treated with CCR7 antagonist ICT13069 and CCL21 after radiation of 15 Gy was 25 

%, and no cell death was reported in the treated group with ICT13069 and CCL21 without 

radiation (pink bar). Values are the mean of 3 independent experiments and error bars are SD. 

*P < 0.05 compared with control group. ***P < 0.001 and *P < 0.05 for cells compared with control. 

Furthermore, CCL21 treatment succeeds in protecting PC-3 cells from radiation in 

comparison to the radiated control, while CCL21 treatment on the nonradiated group 

results in induction of proliferation, as it was reported in the above sections, 

compared to the non-radiated control. Interestingly, the addition of ICT13069 10 µM 

with CCL21 (10 nM) significantly sensitises cells to radiation, causing cell death of 

approximately 80 %, whereas treatment of ICT13069 10 µM along with CCL21 (10 

nM) without radiation resulted in abrogation of the proliferation-inducing effect of 

CCL21 treatment compared to CCL21 treated group. This agrees with our result in 
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Section 2.4.10 , in which CCL21 had a significant effect on inducing proliferation in 

PC-3 cells.  

2.7. Mechanism by which CCR7 activation supports proliferation and 

resistance  

We earlier described evidence from literature that CCR7 axis is involved in cell 

survival and proliferation (Chapter 1 ). Earlier in this chapter, we established the 

involvement of CCR7 in cell proliferation in different cancer cell lines. However, 

the mechanism by which CCR7 induces proliferation remains unclear from these 

studies. Therefore, we set out to understand the mechanisms by which CCR7 

axis is involved in controlling cell proliferation. To investigate the effect of 

proliferation on cells treated with CCL21 and un-treated cells, cell cycle analysis 

was performed using flow cytometry as described in Section 5.5.6.  

2.7.1. Serum starvation effect on cell cycle arrest  

Before investigating the effect of CCL21 treatment on the cell cycle, cells in 

different stages of the cell cycle had to be brought to the same cell cycle phase. 

In other words, cells need to be synchronised. This will not only help to have a 

clear view of the effect of CCL21 on cell cycle, but also cell synchronization can 

help to determine at which point, if any, cells sensitivity to CCL21 treatment is 

heightened. There are several methods to achieve cell synchronisation, including 

double thymidine block, inhibition of cyclin-dependent kinases (CDKs), and 

serum starvation, all of which would induce G1 phase arrest 359,360. Additionally, 

inhibition of microtubule formation and sometimes Inhibition of CDKs can also 

cause G2 phase arrest 359,360, whereas small molecule, 2[[3-(2,3-

dichlorophenoxy)propyl] amino]ethanol, induces S phase arrest 361. G2 and S 

phase arrest are not particularly desirable or popular when it comes to studying 

the effect of drugs on cells replication and proliferation. Having to use a small 

molecule to induce cell synchronisation is considered invasive, especially when 

the possible effects of the synchronising agent can potentiate or dampen down 

the effect of the test compounds. Therefore, we decided to induce cell 
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synchronisation using serum starvation, which would cause G1 arrest.  The 

serum contains growth factors that are important signals for cell division 

especially at G1 phase. Thus, starving cells of serum can prevent them from 

dividing leading to G1 arrest. However, serum starvation for cell synchronisation 

does not work for all cell lines and therefore needed to be tested if it is going to 

induce cell synchronisation in the cell lines under investigation. Our results 

showed that serum starvation for 3 days had a significant effect on inducing G1 

phase arrest in PC-3 cells (Figure 41 A, D),  MDA-MB-231 (Figure 41 B, D), and 

OSC-19 (Figure 41 C, D). All three cell lines showed typical cell cycle phases 

distribution while cultured in 10 % media, whereas serum starvation led to a 

complete shift of the cells in S and G2/M phases to G0/G1 phase resulting in G1 

arrest. This was important information that helped design the next assay to test 

the effect of CCL21 on proliferation.  

 

 

(A) 

(B) 
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Figure 41. Cell cycle analysis through propidium iodide (PI) staining to study the effect of serum 

starvation on the cell cycle. Serum starvation for 3 days was tested in PC-3, MDA-MB-231, and 

OSC-19 cell lines that were evaluated by flow cytometry. Qualitative measurement of cell cycle 

phase in PC-3 cells (A) MDA-MB-231 (B) and OSC-19 (C) show that serum starvation for 3 days 

resulted in G0/G1 phase arrest and cells synchronisation compared with the control. (D) The 

quantitative measurement of cell cycle phases in the serum-starved cells for 3 days and control. 

Results represent 3 independent experiments and error bars represent SD. 

2.7.2. CCL21 treatment effect on synchronized cells following  serum 

starvation  

As mentioned earlier, growing PC-3, MDA-MB-231 and OSC-19 cells under 

serum starvation resulted in G0/G1 arrest and subsequently cell cycle 

synchronisation, providing a perfect baseline to study the effect of CCL21 

treatment on the cell cycle. We have already shown in Section  2.2.2 that serum 

starvation, which mimics the reality of some tumour parts in vivo that is serum 

and oxygen-deprived in the tumour core, induces CCR7 membranous 
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expression. Therefore, we decided to look for the effect of CCL21 treatment on 

serum-starved cells for 3 days (Section 5.5. 5). This was achieved by the 

replacement of serum-free media with 10 % FBS media with CCL21 (10 nM) for 

the treated group and without CCL21 for the control. This allowed the exclusion 

of the effect of serum on cell cycle in comparison with the effect of 10 % FBS and 

CCL21. After G0/G1 arrest caused by serum starvation, our results show that in 

all tested cell lines, replacement of serum-free media with 10% FBS media led to 

the return of the typical cell cycle patterns of cancer cells after only 2 hrs. 

However, in the CCL21 treated group there was a significant accumulation of 

cells in G2/M phase. This effect appeared to be fading away after 24 hrs of 

activation of the cell proliferation by serum with and without CCL21, and the cell 

cycle distribution of cells of the treated group and the control became almost 

identical. Even though CCL21 treatment had a significant effect on inducing 

proliferation in all tested cell lines, CCL21 treatment had a relatively moderate 

effect on MDA-MB-231 cells (Figure 42 B) in comparison to the effect on PC-3 

and OSC-19 cells (Figure 42 A, C), but the reason for this is not known at this 

stage.  

 

 

(A1) 
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Figure 42. Effect of serum starvation for 3 days followed by CCL21 treatment on cell cycle. (A1-

4) Effect of serum starvation followed by CCL21 treatment on PC-3 cell cycle. (B1-4) Effect of 

serum starvation followed by CCL21 treatment on MDA-MB-231 cell cycle. (C1-4) Effect of serum 

starvation followed by CCL21 treatment on OSC-19 cell cycle. Serum starvation for 3 days 

resulted in G0/G1 phase arrest and cells synchronisation compared with the control. CCL21 

treatment (10 nM) significantly induced cells proliferation rate compared to the untreated group 

via causing shifting cells in G0/G1 and S phases to G2/M phase. Results represent 3 independent 

experiments and error bars represent SD. 

These findings align with the proliferation induction effect reported by CCK-8 

assay earlier. To the best of our knowledge, this is the first report to prove that 

CCL21 induces proliferation in prostate cancer via promoting G2/M phase 

progression in cell cycle. However, one study reported that CCL21 promoted 

G2/M phase progression in non-small cell lung cancer cells 263. 
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2.7.3. Apoptosis mRNA profile of PC -3 cells after treatment with docetaxel  

alone  and docetaxel with  CCL21  

At this stage in our investigation, it was clear that treatment with CCL21 increases 

cell proliferation in a number of cell lines and that this process is through 

activation of CCR7. However, it was still unclear if this increase alone can account 

for the shifts in IC50 observed with chemotherapeutics (or indeed radiotherapy). 

We had observed fewer apoptotic cells in trypan blue exclusion assay following 

CCL21 treatment but that is not a convincing piece of evidence to support an anti-

apoptotic role for CCL21. Therefore, we decided to use a commercially available 

mRNA microarray targeted at identifying apoptotic pathways. These 96-well 

plates are pre-configured with the most appropriate TaqMan® Gene Expression 

Assays for a specific biological process, pathway, or disease state. Each plate 

contains predefined assays and endogenous controls dried-down in the wells, 

ready for accurate assessment of an entire gene signature in one simple 

experiment. The panel of assays in the TaqMan® Array 96-well Human Apoptosis 

Plate targets genes from both of the signalling pathways that initiate mammalian 

apoptosis, the death receptor-regulated pathway and the BCL-2 family pathway. 

Genes such as caspases which are involved in the final mechanisms of both cell 

death pathways are also present in the panel.  

The complete mRNA microarray data is presented in Appendix VIII . The data 

were collected as duplicates and only concordant results were used in the 

interpretation. The main conclusion from this data is that the role of CCL21 is 

complex and that activation of CCR7 closes down multiple intrinsic pathways for 

apoptosis in docetaxel treated cells. Unravelling the role of CCL21 is further 

complicated as many pro and antiapoptotic pathways overlap and share some 

proteins. 

However, an interesting piece of information form the data is that treatment of 

cells with CCL21 does promote apoptosis through a very specific extrinsic 

pathway. After treatment with CCL21, there is a 2-fold increase in mRNA for 
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TNFSF10 (tumour necrosis factor superfamily member-10) better known as 

TRAIL as well as for its receptors TNFRSF10A, aka Death receptor 4 (DR4), aka 

TRAIL receptor 1 (TRAILR1); and TNFRSF10B, aka Death receptor 5 (DR5), aka 

TRAIL receptor 2 (TRAILR2). mRNAs for other tumour necrosis factor receptor 

superfamily members were not upregulated in this assay. Interestingly, we found 

no increase in mRNA for FADD (Fas-associated protein with death domain) 

(Figure 43). FADD is an adaptor protein for TRAILR1/2 and its absence could 

either be due to a lag in its expression, or that in spite of increase in 

TRAIL/TRAILR1/TRAILR2, no apoptosis is mediated through this pathway by 

CCL21. Even more intriguing is that treatment with docetaxel causes an increase 

in expression of TRAIL/TRAILR1/TRAILR2 as well as FADD, and the 

downstream genes BID and DIABLO. These gene are all down regulated as a 

result of cotreatment with CCL21 (Figure 43). One explanation for this would be 

that CCL21 is engaged in a negative feedback loop controlling this pathway, 

although the exact details of this are not known as this time. 

 
Figure 43. Effect of CCL21 treatment on TRAIL pathway genes expression. Binding of TRAIL to 

TRAIL receptors TRAILR1 and/or TRAILR2 leads to recruitment of FADD and caspase 8, which 

upon activation it activates caspase 3 and BH3-only protein (BID). The active BID in turn binds 

and activates BAX and BAK, leading to permeabilization of mitochondrial membrane and release 

of mitochondrial proteins cytochrome c and DIABLO. Treatment of PC-3 cells with docetaxel (1 

nM) leads to upregulation of extrinsic apoptotic TRAIL pathway; while cotreatment of docetaxel 

(1 nM) and CCL21 (10 nM) treatment results in down regulation of these genes.  
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Despite the involvement of TRAIL pathway as the only extrinsic apoptotic 

pathway, the main role of activation of CCR7 appears to be primarily in closing 

down of the intrinsic apoptotic pathway (Figure 44)  

 
Figure 44. Effect of CCL21 treatment on multiple intrinsic proapoptotic genes. Treatment of PC-

3 cells with docetaxel (1 nM) leads to upregulation of several intrinsic apoptotic pathways; while 

cotreatment of docetaxel (1 nM) and CCL21 (10 nM) treatment results in overall down regulation 

of those upregulated genes by docetaxel treatment. 

We should note that in fact CCL21 lowers the mRNA of a number of proteins 

associated with apoptosis (Appendix VIII ). Further analysis of this data 

particularly with bioinformatic tools can shed further light on the mechanisms by 

which CCR7 activation can modulate apoptotic pathways within the cell.  
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2.8. Summary  

In this chapter, we started our investigation by establishing the stress factors that 

modulate CCR7 expression. It is proven that at least hypoxia is a driving factor in 

increased CCR7 expression. We found that high confluency decreases the 

expression of CCR7 and CXCR4 in nearly 100 % confluent cells compared to 

nearly 70 % confluent cells. Serum starvation was found to induce CCR7 

membranous expression. Additionally, CCR7 expression was found to be 

upregulated as a response to stress caused by different chemotherapeutic 

treatments. These results also provided an insight into how we should design the 

experiments to test the roles of CCR7 axis in promoting proliferation and 

resistance.  

We next moved to find out how various stress factors can influence the production 

of CCL21 in vitro. We established that �&�&�/���� is �U�H�O�H�D�V�H�G���I�U�R�P���W�X�P�R�X�U���F�H�O�O�V���D�I�W�H�U��

�H�[�S�R�V�X�U�H���W�R���P�H�F�K�D�Q�L�F�D�O���V�W�U�H�V�V�����P�X�O�W�L�S�O�H���V�F�U�D�W�F�K�H�V�������D�Q�G���Z�K�H�Q���F�H�O�O�V���D�U�H���J�U�R�Z�Q���D�V��

�V�S�K�H�U�R�L�G�V���� �S�U�R�E�D�E�O�\�� �G�X�H�� �W�R�� �Q�H�F�U�R�V�L�V���K�\�S�R�[�L�D�� �L�Q�� �W�K�H�� �V�S�K�H�U�R�L�G�� �F�R�U�H����CCL21 was 

also found to be released after treating the cells with chemotherapeutics. These 

findings, combined with the results of increased CCR7 expression after treatment 

with either docetaxel or doxorubicin, support the hypothesis that cancer cells 

upregulate the CCR7 axis as a supportive mechanism to escape apoptosis and 

facilitate their proliferation and progression.  

We then moved on to determine the level and functionality of the receptor 

expression on the various cell lines in order to identify the best model to 

investigate the proliferative and chemoresistance roles of CCR7 in vitro (and in 

the future in vivo). At least two different techniques were used to assess the 

expression of the targets of interest CCR7, and CXCR4 (Next chapter). 

Immunofluorescence labelling (IF) was the first qualitative method to be used. 

The results showed CCR7 expression in all the assessed cell lines in both 

membranous and cytoplasmic compartments. CCR7 is a G-protein-coupled 

receptor (GPCR), which is located on cell surface but is synthesised in the 
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cytoplasm. It undergoes internalisation and recycling after activation. Therefore, 

we would expect to see them in both cell compartments. So, we quantified the 

membranous expression of CCR7 using flow cytometry. In this quantitative 

technique, cells were fixed and stained without permeabilization, hence only the 

expression on the cell surface was measured. The expression of CCR7 was seen 

in all tested cell lines. The expression was higher (relative to its isotype control) 

in HCT116 cells, followed by PC-3 and MDA-MB-231, whereas the lowest CCR7 

membranous expression was seen for both OSC-19 and DU-145. These results 

further confirm the previous results with IF. 

Of course, the presence of chemokine receptors on the cell surface does not 

necessarily mean that a cellular response would be observed following their 

activation by the corresponding chemokine ligands 362,363. Thus, it is important to 

confirm that the targeted receptor CCR7, expressed on the cell surface, is 

�³�I�X�Q�F�W�L�R�Q�D�O�O�\�� �D�F�W�L�Y�H�´���E�H�I�R�U�H���P�R�Y�L�Q�J�� �R�Q�� �W�R�� �W�K�H���F�K�H�P�R�U�H�V�L�V�W�D�Q�F�H���D�Q�G���S�U�R�O�L�I�H�U�D�W�L�R�Q��

experiments. We used a calcium mobilisation assay to detect the functional 

activity of the receptor in the chosen cell lines. CCR7 ligand CCL21was added at 

two concentrations (10 and 100 nM). The analysis shows the transient increase 

in intracellular calcium 2+ ions in response to CCL21 treatment at both 

concentrations for all the tested cell lines; the highest response was reported for 

PC-3 cells, while HCT116 cells showed a relatively weak response. The response 

of OSC-19, MDA-MB-231 and DU-145 to CCL21 at 10 nM (which corresponds to 

the localised physiological concentration of this protein) was also relatively weak 

requiring a 100nM concentration of CCL21, to achieve relative fluorescence 

changes similar to those of PC-3.  

It is a well-established fact that the activation of chemokines receptors induces 

chemotaxis, cell growth migration and invasion354. CCL21/CCR7 axis in cancer 

has been shown to play a significant role in migration in vitro. This property was 

also used to evaluate the functionality of the receptors. Two assays were utilised 

to assess the migration of the tested cell lines as a response to CCL21 and or 
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CXCL12 (See chapter 3 ). Directional migration of PC-3 cells was found in the 

presence of CCL21 and CXCL12 in the agarose spot assay when compared with 

control (PBS). The results showed a preference in cell migration towards CXCL21 

(100 nM) compared with CCL21 (100 nM), which can be attributed to a greater 

abundance of CXCR4 receptors compared to CCR7 in PC-3 cells. We further 

confirmed these findings with another assay 2D-chemotaxis assay (Ibidi 

chemotaxis slide) that came in agreement with the agarose spot assay results 

303. Unlike PC-3, HCT116 cells did not migrate towards CCL21 (100 nM). The 

migratory inability of HCT116, even though CCR7 receptors are presented on the 

cell surface, could be explained by the low expression of certain genes, which 

are highlighted to be necessary for cell migration364.  

We then moved to study the effect of activation of CCR7 on proliferation and 

resistance on this cell line. This was achieved by firstly determining the growth 

rate of the tested cells to choose the right conditions, taking into account the effect 

of confluency on the membranous expression of our target of interest. 

Concurrently, MTT cytotoxicity assay was employed to evaluate the cytotoxicity 

of the tested drugs against the chosen cell lines. Based on the information from 

this assay, the drug concentration to be used in the chemoresistance was 

decided 

Then we investigated the effect of CCL21 treatment on inducing cells 

proliferation. We mainly chose PC-3 cells to investigate the involvement of 

CCR7/CCL21 axis in promoting proliferation and chemoresistance, and later we 

added MDA-MB-231, OSC-19 and DU-145 cells. As is mentioned above, 

HCT116 did not seem like an ideal cell line to test our hypothesis. However, we 

note that Lin-Lin Lu et al., 2016 15 reported that HCT116 cells showed significant 

chemoresistance against doxorubicin and 5-FU when treated with CCL21 (10 

nM) compared with control. Based on these reports and despite our functional 

results, we decided to include HCT116 in our study in addition to PC-3 cells. We 

assessed the role of CCR7 in promoting proliferation in HCT116 and PC-3 cells 
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by MTT, CyQuant, cell counting (with trypan blue exclusion), colony formation 

and CCK8 assays. MTT assay and CyQuant assays results showed that 

treatment with CCL21 at 10 nM concentration has an observable increase in the 

proliferation rate of HCT116 and PC-3 cells. However, with both MTT and 

CyQuant, the results were not statistically significant. We attribute this to the 

observation that treatment with CCL21 results in detachment of cells from the 

bottom of the well, which means some viable cells would have been washed away 

and discarded during the process. 

This problem was overcome by using manual cell counting (trypan blue exclusion 

assay). For HCT116 all cells were collected, including the floating cells. The data 

showed a significant increase in proliferation between the CCL21 treated group 

compared to the control. Interestingly, we observed almost no dead cells, even 

among the floating ones.  

Next, we moved to colony formation assay to evaluate the proliferation 

enhancement effect of CCR7/ CCL21 axis on both targeted cell lines HCT116 

and PC-3 cells. A slight increase in the proliferation rate was seen for both cell 

lines at the three-cell density used (200, 500 and 1000 cells/ well). Although the 

increase in proliferation was not statistically significant for both cell lines, it was 

more pronounced in PC-3 compared with HCT116 cells. The results were further 

supported with the analysis of the representative pictures by ImageJ software, 

which were almost identical to the results obtained from the manual counting. 

So far, we had clearly shown that the CCR7/CCL21 axis has an effect on cell 

proliferation. It was also evident that PC-3 cells were a better choice to test CCR7 

role in proliferation than HCT116 cells.  

We next tried using the CCK8 cell counting reagent to overcome the issue of 

removing detached cells in the supernatant (MTT or CyQuant assay), or the 

washing and fixing steps in colony formation.  



  

124 

Using the CCK8 reagent, we were able to demonstrate that activation of CCR7 

has a promoting effect on the proliferation of PC-3, MDA-MB-231, OSC-19 and 

DU-145 cells.  

PC-3, MDA-MB-231, and OSC-19 cells all showed an increase in proliferation 

rate upon exposure to CCL21 at a concentration of 10 nM over the control, 

whereas DU-145 cells did not. In DU-145, whose expression of CCR7 is low 

anyway, any pro-proliferation effect of CCL21 treatment was not anticipated. To 

confirm that the effects are driven by CCR7 activation, we used a CCR7 

neutralising antibody and/or a small molecule CCR7 antagonist. Indeed, the 

proliferation induced by CCL21 was abrogated in the presence of CCR7 

neutralising antibody and or a CCR7 antagonist. 

Next, we examined the effect of prior activation CCR7 receptors on HCT116 and 

PC-3 cells exposed to different chemotherapeutics. Using MTT cytotoxicity assay 

our results again showed no statistically significant modulation in neither 

doxorubicin nor 5-FU cytotoxicity in the presence of CCL21 compared to the 

control. Cell counting assay results showed that CCL21 has a mild effect 

protecting HCT116 cells against doxorubicin; however, the differences between 

the treated group with CCL21, and control were again not statistically significant.  

However, using CCK8, we found that treatment with CCL21 modifies the 

cytotoxicity of doxorubicin and docetaxel, protecting PC-3 against the apoptosis 

induced by these chemotherapies. A similar CCL21 protective effect was 

observed on OSC-19 and MDA-MB-231, but not DU-145 cells. Although CCL21 

treatment had shown a significant effect modifying the efficacy of doxorubicin and 

docetaxel on OSC-19 cells and MDA-MB-231 cells, it failed to protect against 

cisplatin treatment. 

Our results, so far, have established the association between CCR7/CCL21 axis 

with chemoresistance, which was significant for doxorubicin and docetaxel in 

three different cancer cell lines. To confirm that the effects are driven by CCR7 

activation, we again used a CCR7 neutralising antibody and silencing of CCR7 
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expression in PC-3 cells. Our findings showed that CCL21 protection was 

abrogated when CCR7 is neutralised with inhibitory antibodies, or CCR7 is 

knocked down in PC-3 cells. These results along with the proliferation data, 

validate our findings that CCR7 activation is a key promoter in cancer proliferation 

and chemoresistance.  

The mechanisms behind CCR7 induced proliferation were investigated using cell 

cycle analysis. Cell cycle synchronisation induced by serum starvation followed 

by CCL21 treatment resulted in a significant accumulation of cells in G2/M phase 

for PC-3, MDA-MB-231 and OSC-19 cells. Even though CCL21 treatment had a 

significant effect on inducing proliferation in all three cell lines, CCL21 treatment 

had only a relatively moderate effect on MDA-MB-231.  

Chemotherapy resistance can be mediated either by intrinsic or other acquired 

mechanisms. Typically, chemoresistance leads to tumour relapse and decreased 

overall survival 365. Additionally, acquired resistance could develop as a result of 

inducing genetic and/or epigenetic mutations, or even through other mechanisms 

as a result of continuous exposure to radiotherapy and/or chemotherapy. 

Chemokines and their receptors could play a vital role in chemotherapy 

resistance by blocking pro-apoptotic pathways and/or activating anti-apoptotic 

pathways 366. For example, the increased expression of CXCR4 has been 

associated with higher chemo-resistance in prostate, ovarian, and pancreatic 

cancer that leads to poorer progression and overall a lower survival 164,367,368. In 

recent years, direct and indirect evidence has suggested that chemokine axes, 

particularly CCR7, can contribute to resistance in cancers 15,369. We showed that 

treatment of PC-3 cells with docetaxel at low concentration (IC25 of 1 nM) resulted 

in upregulation of genes involved in several intrinsic and one extrinsic (TRAIL) 

proapoptotic pathways. One the other hand, co-treatment of PC-3 cells with 

docetaxel (1 nM) and physiologically relevant CCL21 (10 nM) resulted in down 

regulation of the proapoptotic intrinsic genes that were upregulated with only 

docetaxel treatment. Furthermore, even though some TRAIL pathway 
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proapoptotic genes, such as TRAIL/TRAILR1/TRAILR2, were mildly upregulated 

following CCL21 treatment, no apoptosis is triggered by CCL21 due to the lack 

of FADD, which is an adaptor protein for TRAILR1/2, and essential for firing up 

the downstream signalling cascade and subsequently apoptosis. Co-treatment of 

docetaxel and CCL21 strongly dampens FADD, and the downstream genes BID, 

and DIABLO compared to treatment with CCL21 alone. One explanation for this 

could be that CCL21 treatment triggers a negative feedback loop controlling this 

pathway. This theory requires further studies to reveal the exact details of this 

effect. 
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Chapter 3: Physiological c ooperation between CCR7 and CXCR4 in cancer  
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3.1. Introduction  

�,�Q�� �Q�R�U�P�D�O�� �S�K�\�V�L�R�O�R�J�\���� �W�K�H�U�H�� �L�V�� �V�L�J�Q�L�I�L�F�D�Q�W�� �³�U�H�G�X�Q�G�D�Q�F�\�´��in immunologic and 

inflammatory responses mediated by chemokine axes. Redundancy in this 

context refers to the observation that leukocytes often express multiple 

chemokine receptors and respond to different chemokines. The exact reason for 

this is not known, although we can speculate an evolutionary advantage in case 

one axis fails; or that in vivo the functions of different chemokine axes are 

moderated by temporal and spatial factors within a heterogenous tumour 

microenvironment.  

Interestingly, in the pathophysiology of cancer, similar co-expression of different 

chemokine receptors and chemokines are extensively reported in the literature 

370-372. 

CCR7 and CXCR4 chemokine receptors are often co-expressed together in 

cancers, including breast, melanoma, pancreatic, and head and neck 324,371,373. 

In addition, the high expression of both receptors together, correlates to poorer 

prognosis than the high expression of either of them alone in breast and 

colorectal cancers 200,374. This co expression  has been suggested as a potential 

prognostic biomarker for survival and as an indicator for the response to 

treatment 174.  

For instance, in breast cancer, 200 breast cancer specimens of primary invasive 

duct breast cancer cases were examined to investigate the relationship between 

the chemokine receptors CXCR4 and CCR7 and their invasiveness and 

metastasis. The results showed that cytoplasmic and/or membranous CCR7 was 

detected in 82 % of tumour cells, while CXCR4 was positive in 77 % of tumour 

cells, and around 70 % of patients with high expression of CXCR4 and CCR7. 

The authors confirmed a link between the expression upregulation with lymph 

node metastasis.  

In the same study 375, Kaplan-Meier survival analysis revealed the crucial 

correlation between the survival rate of patients and the expression of CXCR4, 
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�&�&�5���� �D�Q�G�� �&�&�/�������� �3�D�W�L�H�Q�W�V�¶�� �V�D�P�S�O�H�V�� �W�K�D�W�� �S�U�H�V�H�Q�W�� �K�L�J�K�� �&�;�&�5������ �&�&�5������ �D�Q�G��

EGFR expression have shorter survival, compared with those with low 

expression. The same study also proposed that the expression of chemokine 

receptors (CCR7 and CXCR4) could serve as a marker for poor prognosis in 

breast cancer. 

Furthermore, another study proved that CXCR4 high expression in epithelial 

ovarian cancer (EOC) is significantly associated with cisplatin resistance.  The 

authors proposed that using a CXCR4 inhibitor along with cisplatin could be a 

potential strategy to address the chemoresistance in EOC patients 376. Taking 

this into consideration, a dual antagonist for CXCR4 and CCR7 could have 

significant clinical advantage. Although the dual antagonism approach may not 

be an easy option due to the rising possibility of undesired side effects, an 

effective dual chemokine antagonist has already been developed in other 

diseases, such as CXCR1/CXCR2 antagonist for inflammation in cerebral 

ischemia 377,378.  

In view of these findings, and since CXCR4 involvement in cancer survival, 

metastasis and proliferation is well established, we thought to use it as a baseline 

to compare whether CCR7 axis effect on cancer proliferation and 

chemoresistance (which we showed in previous chapter) is similar to that 

observed in CXCR4 axis. 

In this chapter, we set out to address the following aspects: 

1- To investigate the protein expression of CCR7 and CXCR4 in colorectal and 

prostate cell lines (HCT116, HT29, PC-3) and to choose the best model to 

investigate CCR7 and CXR4 chemoresistance and proliferation involvement in 

vitro and potentially later on in vivo. 

2- To evaluate the functional role of CCR7 and CXCR4 following exposure to 

CCL21 and CXCL12 respectively, and whether this activation leads to 

proliferation induction. 
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3- To examine the effect of CCR7 and CXCR4 activation by their ligands CCL21 

and CXCL12 respectively in protecting cancer cells against different 

chemotherapeutic agents, such as Doxorubicin, 5 fluorouracil, and Docetaxel. 

3.2. Expression of CCR7 and CXCR4  

3.2.1. Qualitative method for CXCR4 expression using immunofluorescence 

labelling  

CCR7 expression was measured as shown in Section 2.4.3.  using IF in several 

cell lines. Next, we moved to assess CXCR4 expression in the same cell lines 

(PC-3, HCT116, MDA-MB-231, OSC-19, DU-145 and HT29). As mentioned 

above, the expression profile of CCR7 and CXCR4 in these cell lines have been 

collected in our group over the last decade, thus we chose these cell lines for our 

investigation. The cellular localisation of both proteins, cytoplasmic or 

membranous, was examined by processing the cells with or without 0.5 % Triton 

X-100, which permeabilises the cell membrane to facilitate the entry of the 

antibody into the cytoplasm. CXCR4 expression in PC-3, HCT116, MDA-MB-231, 

OSC-19 and DU-145 cells was found to be both membranous and cytoplasmic, 

whereas HT29 showed no expression of CXCR4 at all (Figure 45 A). The 

specificity of secondary antibodies in binding to primary antibodies was tested by 

including negative control (-ve) in which only the secondary antibody was added 

to the coverslip, which showed no fluorescence, therefore confirming that 

labelling is selective and due to binding of the secondary antibody to anti CXCR4 

primary antibodies (Figure 45 B).  
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(B) DAPI Alexa488 Overlay 
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Figure 45. Immunofluorescence labelling for CXCR4 subcellular localization. (A) 

Immunofluorescence shows the expression of CXCR4 with and without using triton-x. CXCR4 

expression was detected in all cell lines at both locations membranous and cytoplasmic., while 

CXCR7 expression was not seen in HT-29 cell line. (B)  Immunofluorescence of negative control 

shows no CXCR4 labelling, indicating that the labelling is selective and due to binding of the 

secondary antibody to primary anti CXCR4. Scale bar = 50 ���P 
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3.2.2. Flow cytometry for quantitative expression of CXCR4 

Similar to CCR7 expression, the membranous expression of CXCR4 in PC-3, 

HCT116, MDA-MB-231, OSC-19, and DU-145 cell lines was quantified using flow 

cytometry (Appendix VII,  Figure 46). CXCR4 expression was detected in all 

tested cell lines. CXCR4 expression level was higher in PC-3, with approximately 

5.5-fold increase for PC-3 compared to isotype; than MDA-MB-231 that showed 

almost 4-fold fluorescence intensity increase compared to its isotype control. 

CXCR4 expression level was much lower in OSC-19 cell line (~ 2-fold).  

 
Figure 46. CXCR4 membranous protein expression by flow cytometry analysis. CXCR4 

membranous protein expression. CXCR4 is expressed in all cell lines. Flow cytometry analysis 

using mean fluorescence intensity. CXCR4 fluorescence intensity was normalized to the isotype. 

Error bars represent SD of three independent experiments. 

3.2.3. Real-time PCR for quantitative expression of CCR7 and CXCR4 mRNA 

in HCT116 and PC-3 cell lines  

After investigating CCR7 and CXCR4 proteins expression using 

Immunofluorescence and flow cytometry, CCR7 and CXCR4 mRNA was 

quantified using qPCR in PC-3 and HCT116 cells. The results demonstrated that 

CCR7 mRNA was significantly expressed in both cell lines (Figure 47 A). We 

found that CCR7 mRNA level in HCT116 cell line was almost 10-fold compared 
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with that in PC-3, whereas CXCR4 mRNA was 9-fold more in PC-3 cells 

compared with HCT116 cells (Figure 47 B). These observations agree and 

confirm the results obtained by flow cytometry; indicating greater expression of 

CCR7 in HCT116 than PC-3 cells, but more CXCR4 expression in PC-3 cells 

over HCT116.  

 

Figure 47. CCR7 and CXCR4 mRNA level was evaluated by qPCR. (A) CCR7 gene was found 

in both cell lines (HCT116 and PC-3); however, the level of expression in HCT116 cells was 

almost 10-fold more than in PC-3. (B) CXCR4 gene was also found to be expressed in both cell 

lines (HCT116 and PC-3), and the level of expression in PC-3 cells was almost 9-fold more than 

in HCT116 cells. Error bars represent standard deviation. 

3.3. CXCR4 functionality  

3.3.1. CXCR4 fun ctionality as a response to C XCL12 on PC-3, HCT116, MDA-

MB-231, OSC-19 and DU-145 cell lines  using Ca 2+ Flux  

Calcium flux responses to CXCL12 were used to determine the functionality of 

CXCR4 receptors in PC-3, HCT116, MDA-MB-231, OSC-19 and DU-145 cells. 

Normally, Ca2+ release is an early event in the chemokine receptor activation 

process, including CCR7 and CXCR4 which precedes several downstream 

signalling cascades. Just as for CCR7 activation, cells were labelled with Fluo-4 

NW (Invitrogen) before adding CXCL12 (10nM-100nM), or assay buffer as 

control. The analysis shows the mobilization of calcium in response to CXCL12 

(10 nM-100 nM) (Figure 48) in all tested cells. The strongest response was for 
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PC-3 cells, followed by MDA-MB-231 cells at both concentrations of 10 nM and 

100 nM. The weakest responses to CXCL12 activation were seen, in order, in 

HCT116, OSC-19 and DU-145 cells. This indicates that CXCR4 receptors are 

functional and well coupled in PC-3 and MDA-MB-231 cells, unlike in DU-145 

cells and indeed HCT-116 or OSC-19 cells. 

 

 

 

(A) 

(B) 
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(D) 
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Figure 48. A representative curve of kinetic calcium mobilization in PC-3 (A), HCT116 (B), OSC-

19 (C), MDA-MB-231 (D), and DU-145 (E) cells as a response to CXCR4 activation by CXCL12. 

Calcium flux was measured after adding CXCL12 (on well concentration 10 nM and 100 nM). The 

increase in fluorescence change was detected at 485 nm emission �± 538 nm excitation. Relative 

fluorescence intensity was normalized to each time point to the zero point of adding ligands. The 

background fluorescence by buffer was then subtracted from the average of each concentration. 

3.3.2. CCR7 & CXCR4 functionality as a response to CCL21 & CXCL12 

respectively on HCT116 and PC-3 cell lines using agarose spot assay  

The receptor functionality was also investigated in the context of chemotaxis, by 

detecting the migration of cells towards the gradient of the corresponding ligands, 

(CCL21 to CCR7 and CXCL12 to CXCR4) in PC-3 and HCT116 using agarose 

spot assay. 

Agarose spot assay allows us to place up to four agarose spots on the same 

�J�O�D�V�V���E�D�F�N�H�G�������×�P�P���S�H�W�U�L���G�L�V�K. One spot was the control (PBS) (Figure 49 A), 

and the other spot contains either CCL21 (Figure 49 B) or CXCL12 (Figure 49 

C) at a chosen concentration (100 nM). The migration process was recorded 

using a HoloMonitor M4 instrument for 24hours. The results showed that PC-3 

cells migrated toward CCL21 and CXCL12 spots (Figure 49 B, C), but not PBS 

spot. The results also show that PC-3 cells have approximately twice more 

(E) 
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susceptibility for migration towards CXCL12 than CCL21 (Figure 49 D), which is 

consistent with our expression data.  

 

  
Figure 49. PC-3 cells migrate under agarose spot that contains chemoattractant over 24 hrs, (B) 

CCL21 (100 nM) ligands for CCR7, and (C) CXCL12 (100 nM) ligand for CXCR4, but not under 

agarose spot containing only PBS (A). (D) Relative chemotaxis percentage of PC-3 cells migrated 

under agarose spots after 24 hrs. 

(D) 

(A) 

(B) 

(C) 
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Although HCT116 cells express both chemokine receptors CCR7 and CXCR4, 

�Z�H���R�E�V�H�U�Y�H�G���Q�R���P�L�J�U�D�W�L�R�Q���L�Q���D�Q�\���R�I���W�K�H���D�J�D�U�R�V�H���V�S�R�W�V���F�R�Q�W�D�L�Q�L�Q�J�������×�Q�0���&�&�/������

�R�U���������×�Q�0���&�;�&�/�������� �R�U���3�%�6����Figure 50 shows representative pictures for each 

condition. 

 

Figure 50. HCT116 cells do not migrate under agarose spots that contain chemoattractant. 

Representative pictures of (A) agarose spot containing only PBS, (B) Agarose spot containing 

CCL21 (100 nM) ligands for CCR7, (C) CXCL12 (100 nM) ligand for CXCR4. 

3.4. Compari ng CCL21 and CXCL12 roles in the proliferation of PC -3 cells 

using CCK8 assay  

Based on the results obtained above, we decided to carry out comparative roles 

of CCL21 and CXCR4 using PC-3 cells. We had shown in the last chapter that 

CCL21 significantly increases the proliferation of MDA-MB-231, OSC-19, and 

PC-3 cells.  Here again Figure 51, CCL21 significantly increased the proliferation 

of PC-3 cells with an approximately 2-fold difference compared to the control 

group after 4 days. Additionally, CXCL12 also showed a statistically significant 

effect in enhancing the proliferation of PC-3 compared to the control; albeit less 

than CCL21. In order to investigate whether treating cells with both ligands would 

(A) 

(B) 

(C) 
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have a synergistic proliferative effect, cells were treated with both ligands, CCL21 

and CXCL12. The results indicate that treating with both ligands has a slightly 

less pronounced effect on the proliferation of cells than treating cells with CCL21 

alone, taking into consideration the size of the error bars, we concluded that there 

is no synergism. 

 
Figure 51. CCL21 and CXCL12 induces proliferation in PC-3 cells using CCK8 kit. CCL21 

induces proliferation in PC-3 cells using CCK8 kit. PC-3 cells were treated on T25 flasks with 

CCL21, CXCL12 and both at a concentration of 10 nM twice every 2 days for 4 days (pre-seeding). 

The cells were seeded at a cell density (5x103 cells/ well) and the treatment with the ligands 

continued for another 4 days and the cell viability was measured by CCK8. The error bars 

represent SD. P value represents T-student test of three independent experiments. 

3.5. Effect of activation of CXCR4 on chemo resistance   

After we have confirmed the involvement of CCL21 in protecting CCR7 

expressing cell lines upon exposure to chemotherapeutics and radiation, next we 

moved to determine whether the chemoprotection effect reported by CCL21 

could be seen with other chemokines such as CXCL12 or even if synergy could 

be observed when both ligands are used, although no synergy was observed on 

the cells proliferation rate. Results of the effect of CXCL12 or both CCL21 and 

CXCL12 on the effectiveness of doxorubicin on PC-3 cells is illustrated in (Figure 

52). CXCL12 showed a modest effect modulating the effectiveness of the 
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doxorubicin (Figure 52 A), but the difference was not statistically significant over 

almost all the doxorubicin concentrations range. In the case of the treatment with 

both ligands (Figure 52 B) doxorubicin cytotoxicity was nearly identical to the 

effect reported for CCL21 (Figure 33 A). 

 

 

Figure 52. CXCL12 modifies doxorubicin effectiveness on PC-3 cells CXCL12 modifies 

doxorubicin effectiveness on PC-3 cells. PC-3 cells were treated with and without CXCL12 (10 

nM) or both CXCL12 10 nM and CCL21 10 nM for 96 hrs and then exposed to doxorubicin at 

different concentrations (0.01, 0.05, 0.1, 0.5, and 1 µM) for 96 hr and measured the cell viability 

by CCK-8. (A) Doxorubicin cytotoxicity with or without CXCL12 10 nM. (B) Doxorubicin cytotoxicity 

with or without CCL21 & CXCL12 at 10 nM.  The error bars represent SD. P value represents T-

student test of three independent experiments. 

The results of adding CXCL12 or both CCL21 and CXCL12 on the cytotoxicity of 

docetaxel on PC-3 cells are illustrated in Figure 53. We have seen that CCR7 

(A) 

(B) 
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activation by CCL21 10 nM has a significant effect modifying the efficacy of 

docetaxel, changing its cytotoxicity at all concentrations (Figure 33 B). Similarly, 

PC-3 cells were protected from docetaxel-induced toxicity in the presence of 

CXCL12 (Figure 53 A). However, the effects were less pronounced than those 

seen with CCL21 treatment. Interestingly, treatment with both ligands showed no 

effect inducing chemoresistance against docetaxel, showing similar sensitivity to 

the control or even worse at high concentrations (< 0.5 nM) (Figure 53 B). 

 

 
Figure 53. CXCL12 modify docetaxel effectiveness on PC-3 cells (CCK8 kit). (A) PC-3 cells were 

treated with and without CXCL12 (10 nM) for 96 hr and then exposed to docetaxel at different 

concentrations (0.1 nM, 0.5 nM, 1 nM, 10 nM, 1 µM, and 100 µM) for 96 hr and measured the cell 

viability by CCK-8. (B) Docetaxel cytotoxicity with or without CCL21 & CXCL12 10 nM.  The error 

bars represent SD of three independent experiments. 

(A) 

(B) 
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3.5. Summary  

This chapter examined the expression of CXCR4, to complement the CCR7 

expression data from the previous chapter, in order to identify the best cell line 

model to investigate the proliferative and chemoresistance roles of CXCR4 in 

vitro and compare them to that of CCR7. The expression and functionality of both 

CXCR4 and CCR7 must be present in the model cell lines. At least three different 

techniques were used to assess the expression of CXCR4. 

Immunofluorescence (IF) labelling was the first method used for detecting 

CXCR4 protein expression as we had done earlier for CCR7. The results showed 

that CXCR4 was present in PC-3, HCT116, MDA-MB-231, OSC-19, and DU-145 

cells, at the membranous and cytoplasmic levels, but not in HT29 cells, whereas 

CCR7 expression was seen in all these cell lines. The finding that HT29 cells lack  

CXCR4 expression agrees with previous literature data 379,380. As the IF 

technique offers an easy visual but qualitative means of detecting the targets of 

interest, the membranous expression of CXCR4 was quantified using flow 

cytometry but in only PC-3, HCT116, MDA-MB-231, DU-145 and OSC-19 cell 

lines. In this quantitative technique, the membranous expression of CXR4 was 

seen in all cell lines, the expression was highest in PC-3 cells (~ 6-fold over 

isotype control), and lowest in OSC-19 (2-fold over isotype control).  

Put together with the results from the previous chapter, we showed that HCT116 

and PC-3 express relatively high membranous CCR7 and CXCR4, indicating that 

any of these two cell lines could be a good model to examine their involvement 

in proliferation and chemoresistance. We also used the RT-qPCR technique to 

determine the mRNA expression of CCR7 and CXCR4. The results confirmed the 

expression of CCR7 and CXCR4 in both HCT116 and PC-3 cell lines. CCR7 

mRNA was significantly higher in HCT116 cells, in agreement with the flow 

cytometry results; CXCR4 mRNA quantification agrees with our previous flow 

cytometry findings and both assays indicate that CXCR4 expression is higher in 

PC-3 than HCT116 cells, at mRNA and protein levels. This, again, confirms the 
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suitability of either of these cell lines to test the role of CCR7 and CXCR4 axes in 

cell proliferation and chemoresistance. 

We have seen from the previous chapter that the presence of chemokine 

receptors on the cell surface does not necessarily mean that a cellular response 

would be observed following their activation by the corresponding ligands (CCL21 

or CCL19 for CCR7, and CXCL12 for CXCR4). It is important to confirm that the 

target receptors are functionally active, before moving on to the chemoresistance 

and proliferation experiments. Calcium mobilisation assay was used to detect the 

functional activity of the receptors in the tested cell lines. The results showed the 

maximum response reported was for PC-3 cells, followed by MDA-MB-231 at 

both concentrations 10 nM and 100 nM, and the weakest response to CXCL12 

activation was seen in HCT116, OSC-19 and DU-145.  

PC-3 showed almost the same fluorescence response towards both 

concentrations of CCL21 (10-100 nM), while for activation of CXCR4 by CXCL12 

100 nM showed a higher fluorescence change compared with 10nM. This data 

confirmed the coupling of the receptors in PC-3 cells, and therefore the 

functionality of the receptors. 

It is a well-established fact that the activation of chemokines receptors induces 

chemotaxis, cell growth migration and invasion354. Since CCL19/CCL21/CCR7 

and CXCL12/CXCR4 axes in cancer have been shown to play a significant role 

in migration in vitro, this property was also used to evaluate the functionality of 

the receptors. Using the agarose spot assay, directional migration of PC-3 cells 

was found in the presence of CCL21 and CXCL12, when compared with control 

(PBS). The results showed a preference in cell migration towards CXCL12 (100 

nM) compared with CCL21 (100 nM), which can be attributed to the abundance 

of CXCR4 receptors compared to CCR7 receptors in PC-3 cells. In contrast, we 

observed no migration for HCT116 cells towards CCL21 (100nM) or CXCL12 

(100 nM). In agreement with the agarose spot assay results, a 2D-chemotaxis 

assay (Ibidi chemotaxis slide) further confirmed that HCT116 cells did not migrate 
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towards CCL21(100 nM). Following the functionality assays, we chose PC-3 cells 

to investigate the involvement of CXCR4/CXCL12 axes in promoting proliferation 

and chemoresistance. 

The role of CXCL12 in regulating and facilitating chemoresistance and inducing 

proliferation has been reported in several studies in the literature 18,381,382, thus it 

was used as a positive control in this project. We had shown in the previous 

chapter that CCL21 significantly increases the proliferation of MDA-MB-231, 

OSC-19, and PC-3 cells. CXCL12 also showed a statistically significant effect in 

enhancing the proliferation of PC-3 compared to the control; albeit less than 

CCL21, while a combined treatment of CCL21 and CXCL12 at 10 nM 

concentration showed no synergistic proliferative inducing effect.  

Also in the previous chapter, we found that treatment with CCL21 modifies the 

cytotoxicity of doxorubicin and docetaxel, protecting PC-3, OSC-19, and MDA-

MB-231 cells against the apoptosis induced by these chemotherapies. Here, we 

found that treatment with CXCL12 protected PC-3 cells from docetaxel-induced 

toxicity, whereas CXCL12 treatment does not significantly change the 

effectiveness of doxorubicin. Furthermore, treatment with both CCL21 and 

CXCL12 had a similar protective effect to that observed with CCL21 treatment 

alone, suggesting only a minimal contribution from CXCL12 to chemoresistance. 

We can therefore conclude that the role of CCR7 axis in promoting proliferation 

and inducing chemoresistance is significantly more important than that from the 

CXCR4 axis. 
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4.1 Introduction  

Uncontrolled proliferation is a key feature of cancer cells. Several mechanisms 

and factors have been highlighted in the literature to be responsible for the 

sustained proliferation of cancer. However, very few studies have connected 

chemokines to inducing proliferation. 

Although the number of options for cancer treatments, including surgery, chemo- 

and radiotherapy, immunotherapy, and molecularly targeted therapy has 

increased, still to date, chemotherapy remains the most effective weapon in the 

armoury of treatments for most cancers. 

Although significant improvements have been made in cancer therapy, and 

survival rates for many types of cancers have improved over the last few 

decades, cancer is still a major cause of death around the world. This is to some 

extent attributed to the failure of traditional chemotherapeutics to avoid the 

development of chemoresistance. Thus, revealing the underlying mechanisms of 

chemoresistance is of crucial importance to prevent cancer relapse.  

�0�D�Q�\�� �S�U�R�F�H�V�V�H�V�� �D�Q�G�� �S�D�W�K�Z�D�\�V�� �D�U�H�� �U�H�V�S�R�Q�V�L�E�O�H�� �I�R�U�� �F�D�Q�F�H�U�� �F�H�O�O�V�¶�� �D�F�T�X�L�U�H�G��

chemoresistance, including tumour suppressor genes (TSGs) and oncogenes 

that upon their downregulation or upregulation can promote the initiation and 

progression of cancer. Indeed, several pieces of evidence  have recently pointed 

out the role of tumour suppressor genes in developing chemoresistance of 

cancers 8. For instance, p53 is a very well-known tumour suppressor protein that 

gets lost in the early stages of many cancers, aiding to tumour establishment 9. 

p53 regulates apoptosis by up-regulating modulators of apoptosis (Bax, Bid and 

Noxa). Therefore, loss of p53 may cause drug resistance due to the down-

regulation of these genes 8. Multidrug efflux pumps 10, DNA repair 11, 

mitochondrial alteration 12, cancer cell stemness 13 and modified epithelial-

mesenchymal transition 14 are also proposed to be mechanisms of gaining 

resistance in cancer. Interestingly, and in direct relevance to my research, a 
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number of reports have suggested that chemokines could be involved in drug 

resistance 15-20.  

CXCR4 and CCR7 are two chemokine receptors that have been studied in the 

literature and shown to be highly involved in the metastatic process of some 

cancers. CCR7 and CXCR4 overexpression on cancer cells over normal 

counterparts has been reported in many studies 174-176-183, as is illustrated in 

chapter 1 (Table 2). These two chemokine receptors and their corresponding 

activating ligands represent axes that have been shown to be involved in cancer 

cells survival, adhesion and organ-specific metastasis, and disease progression 

in general. Some studies have indicated that blocking CCR7 & CXCR4 using 

neutralising antibodies or knocking down their cellular expression would result in 

decreased invasion and migration of cancer cells. However, as mentioned earlier, 

very few studies have proposed that the CCR7 and CXCR4 axes could have a 

role in promoting cancer proliferation and developing chemoresistance.  

We have extensively investigated the involvement of CCR7 in migration in 

different cancers. CCR7 participation in inducing invasion in 2D and 3D was also 

established, which was confirmed by knockdown of CCR7. Within our group, we 

have prepared a small molecule that inhibits the activation of CCR7 antagonist 

(ICT13069) and abrogates the migratory effect that results from the activation of 

CCR7.  

The overarching objective of my research was to put all this information in context 

and investigate the involvement of CCR7 and CXCR4 in cancer proliferation and 

chemoresistance, and determine whether antagonising these two axes has 

potential therapeutic implications for reducing chemoresistance and cancer 

progression.  

4.1.1. CCR7 and CXCR4 expression  

CCR7 and CXCR4 expression has been studied to evaluate their potential role in 

the expansion of tumours, particularly in the context of metastasis 383. Cancers 

that express CCR7 expand and migrate towards the lymphatic system, where 
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CCR7 ligands are abundant 157. Similarly, cancer cells that express CXCR4 on 

their surface hijack the CXCR4/CXCL12 axis to migrate towards distant organs 

where CXCL12 ligand is highly expressed, such as bone marrow, lungs, brain, 

and liver 384. CCR7 and CXCR4 chemokines have been recognised to work in 

tandem and are often co-expressed together in cancers 176,200. In particular, the 

high expression of both correlates to a poorer prognosis 374. However, 

chemokines play multifaceted roles in the biology of the cell, recent reports 

indicated a potential role for these two chemokines in facilitating chemoresistance 

15,385.  

As can be seen in chapters 2 and 3 , the expression of CCR7 and CXCR4 was 

detected in most of the examined cell lines at different levels. We aim to obtain 

the best model to investigate the proliferative and chemoresistance roles of CCR7 

and CXCR4 in vitro and later on in vivo; therefore, the expression of CCR7 and 

CXCR4 was examined in a number of cell lines, namely, PC-3 and DU-145 

(human prostate), HCT116 and HT29 (human colorectal), MDA-MB-231 (breast), 

and OSC-19 (tongue). CCR7 and CXCR4 expression profile on these cell lines 

had been previously studied in the literature 247,373,375,386-389, and in our group by 

Dr Haneen Basheer 390. However, I determined in detail their expression prior 

running any experiments, to ensure the validity of all the subsequent 

investigations in my research project. 

Different techniques were used to assess the expression of the targets of interest 

(CCR7 and CXCR4). IF labelling is the first method used for detecting CCR7 and 

CXCR4 proteins expression. This method allows us to visualise a protein and 

determine whether their presence is membranous, cytoplasmic, or both. CCR7 

and CXCR4 are cell surface G-protein-coupled receptors (GPCRs), which are 

synthesised in the cytoplasm and also undergo internalisation and recycling after 

activation. Therefore, we would expect to see them in both cell compartments. 

Thus, the cells were permeabilised after fixing, which allows the antibodies to 

cross the cell membrane into the cytoplasm and interact with any cytoplasmic 



  

152 

CCR7 and CXCR4 proteins. The results demonstrated CCR7 expression in all 

the tested cell lines (PC-3, HCT116, MDA-MB-231, OSC-19, DU-145 and HT29); 

whereas CXCR4 expression was found to be in PC-3, HCT116, MDA-MB-231, 

OSC-19 and DU-145 cells, but not in HT29 cells. CCR7 and CXCR4 expression 

appear to be in both the membrane and the cytoplasm. The IF results gave us an 

indication of which of these cell lines we should use for future in vitro experiments. 

The absence of CXCR4 in HT29 cells agrees with previous literature data 379,380.  

The IF technique offers an easy qualitative visual means of detecting the targets 

of interest; however, we were interested in an accurate measurement. The 

membranous expression of CCR7 and CXCR4 was quantified using flow 

cytometry. In this quantitative technique, cells were fixed and stained without 

permeabilization, hence only the expression on the cell surface was measured. 

The expression of CCR7 was seen in all tested cell lines; expression was highest 

in HCT116 cells, followed by PC-3 and MDA-MB-�������� ���§�� ��-�I�R�O�G���� �§�� ��-fold 

respectively over isotype control), whereas the lowest CCR7 membranous 

expression was reported for OSC-19 and DU-145 cells ���§��������-fold over isotype 

control). These results further confirmed the previous results from IF. The 

opposite is true for CXCR4 expression level, which was significantly higher in PC-

3 cell lines ���§��������-fold) compared to HCT116 cells ���§��3-fold) compared with their 

correspondent isotype control. CXCR4 expression was also detected in MDA-

MB-231 (�§ 4-fold fluorescence intensity increase), whereas the CXCR4 

expression level was significantly low in OSC-19 cell line (�§ 2-fold) after being 

normalised to their correspondent isotype control. These results further confirmed 

the previous results from IF and agree with literature reports that describe the fact 

that CXCR4 is often co-expressed with CCR7 in different cancers 202,324,371.  

The results showed that HCT116 and PC-3 express both CCR7 and CXCR4, 

indicating that any of these two cell lines could be a good model to examine their 

involvement in proliferation and chemoresistance. We also determined the mRNA 

expression of CCR7 and CXCR4 in these cell lines using RT-qPCR. RT-qPCR 
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confirmed the expression of CCR7 and CXCR4 in both HCT116 and PC-3 cell 

lines. CCR7 was significantly higher in HCT116 cells, in agreement with the flow 

cytometry results. However, flow cytometry results only showed slight differences 

between the protein expression of CCR7 in HCT116 (4 fold) and PC-3 (3 fold), 

while qPCR showed a significant difference between the CCR7 mRNA levels in 

the two cell lines. This discrepancy reminds us that the flow cytometry technique 

measured CCR7 protein expression on the cell surface, whereas qPCR assessed 

the entire CCR7 mRNA content in the cells. CXCR4 mRNA quantification agrees 

with our previous flow cytometry findings, both assays indicate that CXCR4 

expression is higher in PC-3 than HCT116 cells, at mRNA and protein levels. It 

is important to remember that ultimately, the experiments will have to move to the 

next level (in vivo) and that the expression could vary in vitro and in vivo, as the 

tumour microenvironment contains tumour cells as well as non-malignant cells 

within a matrix, and the communication between malignant and non-malignant 

cells could result in changes in the expression of various proteins 354. Moreover, 

the stressful conditions that cancer cells face during the progression in vivo, such 

as lack of nutrition and hypoxia within the necrotic core and presence of cytokines 

in the tumour microenvironment could lead to the change in the expression of 

various proteins, especially membranous protein. Therefore, my next step was to 

evaluate the factors that may influence expression of CCR7.  

4.1.1.1. Factors influencing the expression of CCR7 in tumours  

Previous investigations from our group had reported that hypoxia has a significant 

effect on the expression of chemokine receptor CCR7 328. Thus, we hypothesised 

that the membranous expression of CCR7 and CXCR4 could also be altered 

based on the other �³stress�  ́conditions applied to cells. This could include over-

confluency of the cells�¶�� �P�R�Q�R�O�D�\�H�U, serum starvation and treatment with 

chemotherapeutic agents. 

As mentioned earlier, cell-�F�H�O�O�� �F�R�Q�W�D�F�W�� �K�D�V�� �D�� �P�D�M�R�U�� �H�I�I�H�F�W�� �R�Q�� �F�H�O�O�V�¶�� �E�H�K�D�Y�L�R�X�U����

leading to alteration in cell cycle checkpoints, apoptosis, as well as replicative 
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and pro-proliferative signalling cascades 334. It is observed in vitro that when cells 

come in contact with each other cell proliferation is inhibited. This inhibition is 

thought to be mediated by membrane proteins and their role in regulating levels 

of p27 cyclin-dependent kinase inhibitor, which is reported to be downregulated 

in cancers 335,336. This is relevant in two contexts. Firstly, if the expression of 

CCR7 depends on confluency, we need to ensure that cells with similar 

confluency are used in all the experiments, so that the results can be comparable. 

Secondly, the difference in the expression level of CCR7 is something that would 

need to be considered in 3D (spheroid) models.  

Flow cytometry analysis was utilised to investigate the effect of the confluency on 

the membranous expression of CCR7 and CXCR4 receptors. The results 

confirmed that cells�¶ confluency alters the expression of membranous chemokine 

receptors significantly. PC-3 cells appeared to express almost twice as much 

CCR7 and CXCR4 at ~70% confluency as they do at 100% confluency, under 

the same conditions and passage number. Although this observation has not 

been reported in the literature regarding chemokines expression, it has been 

noticed for other proteins. For instance, our findings are in agreement with similar 

results reported for the influence of confluency on other surface receptor proteins, 

such as tyrosine-protein kinase Met (c-Met) 338 and receptor tyrosine kinase 2 

(erb-b2) 337. Culture confluency and seeding time prior to the analysis negatively 

affect the expression level of surface c-MET and erb-b2. In addition, the authors 

proposed337 that the downregulation of surface receptors at high confluency was 

due to the increase in the recycling and degradation rate of the proteins rather 

than modulation in the mRNA level. A similar mechanism could be responsible 

for chemokine receptors CCR7 and CXCR4 but remains unproven. 

The changes in levels of membranous chemokine receptors depending on 

confluency can also be attributed to the stress that confluent cells undergo and 

how they react to it, requiring modulation of certain proteins expression 391.  
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CCR7 expression was found to be upregulated as a response to stress caused 

by different chemotherapeutic treatments. This was established in 3 different 

cancer cell lines, head and neck OSC-19, prostate PC-3, and breast cancer MDA-

MB-231, in which CCR7 was over expressed as a response to treatment with two 

different drugs (docetaxel, and doxorubicin) at their corresponding IC25 

concentration. These drugs have two different mechanisms of action, which 

means that the upregulation of CCR7 is a general response by cells to support 

their survival. In DU-145 cells, whose expression of CCR7 is low anyway, the 

expression was not altered in a statically significant manner. 

4.1.1.2. Production of CCL21 in tumours  

A key element of our hypothesis that CCR7 axis contributes to tumour cell 

proliferation and resistance is that in addition to expression of CCR7, there should 

be its chemokine ligands, CCL19 and CCL21 also present in the tumour 

microenvironment. Indeed, presence of CCR7 in tumour in itself does not prove 

the involvement of this axis in cancer. Therefore, we set out to demonstrate that 

CCL21 is generated in both in vitro experimental models and is present in vivo 

within the tumour microenvironment. 

Of course, chemokines axes are well known for being a key player in cancer-

related inflammation, as described in chapter one. Several chemokines ligands 

have been detected in tumour and stromal cells, such as CCL2 and CCL17, which 

play a major role in the recruitment of leukocytes and eventually tumour 

progression and immune evasion 392. Particularly, intra-tumoral CCL21 has been 

proven to be involved in recruiting Treg cells suppressing the immune response, 

and supporting tumour establishment 393. 

We have discussed the difficulties of confirming the source of CCL19 and CCL21 

in tumours in vivo, and whether levels of these ligands increase or decrease in 

tumours, compared to corresponding normal tissue (see section 2.3.). Hence, 

measuring CCR7 ligands in vitro would provide a valuable alternative to confirm 

the production of such proteins by cancer cells. Former group member Dr. 
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Haneen Basheer, demonstrated that mechanical stress applied to OSC-19 cells 

grown as monolayers, resulted in measurable increases of CCL21, compared 

with no wounded controls. This indicates the significance of CCL21 in the cellular 

stress process similar to that we found in CCR7. Growing cells as 3D spheroids 

in vitro can make them encounter different types of stress, including oxygen and 

nutrient deprivation in the core, in comparison to their periphery, and can offer 

additional support for the 2D results already obtained. Therefore, we decided to 

find out whether cancer cells release CCL21 when grown as spheroids. We 

hypothesised that if similar stress factors can contribute to the production of 

CCL19 and CCL21, then the relatively small proteins can diffuse out of the 

spheroids and into the culture medium. Early investigation in our group by Dr. 

Haneen Basheer has shown that OSC-19 cells increase their expression of CCR7 

in the hypoxic core of large (>200 micron in radius) spheroids. This suggests that 

size of the spheroids and whether they can contain a hypoxic core could be 

relevant to determine the levels of CCL21 in the medium. 

Indeed, we found that prostate cancer cells (PC-3) and tongue cancer cells (OSC-

19) release CCL21 when grown as spheroids. Similar findings were reported for 

head and neck cancer cells, which were found to secrete CCL19 (detected also 

by Elisa 350) after serum starvation. 

Moreover, CCL21 was also found to be released after treatment with 

chemotherapeutics. Again, similar to the CCR7 upregulation by chemotherapies, 

this was confirmed in head and neck OSC-19, prostate PC-3, and breast MDA-

MB-231 cancer cell lines. CCL21 production by cancer cells was only tested when 

cells were exposed to docetaxel due to time pressures. Using an ELISA CCL21 

calibration curve, we determined that the concentrations of CCL21 detected in 

the cell lysate of PC-3 and OSC-19 cells were within a physiological relevant 

range (0.2 - 1 nM). In PC-3 and OSC-19 cells 10000 c/w, 5000 c/w, and 1000 c/w 

spheroids, CCL21 concentrations were approximately 600, 480, and 380.pg/ml 

respectively for PC3, and 400, 250, and 230.pg/ml respectively for OSC-19. 
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Interestingly, the concentration in the supernatant of the same spheroids cell 

number was far lower (less than 100 pg/ml). This can be attributed to the fact that 

CCL21 C terminus has a glycosaminoglycan (GAG) binding domain and can non-

covalently attach to glycoproteins on the surface of cells meaning that not all 

CCL21 molecules can diffuse out of the spheroid. Another possible scenario 

could be a delay in the machinery of production of CCL21 inside the cell and its 

release, meaning that substantial quantities of CCL21 may be within the 

cytoplasm rather than excreted from the cell. Overall, however, our observations 

support the hypothesis that CCL21 could be produced by cancer cells causing an 

autocrine activation of CCR7, increasing tumour growth and progression, 

something which was also proposed in the literature, but not previously proven 

350,354. Finally, we also demonstrated that CCL21 is present within tumours 

derived from these cell lines grown as xenografts in mice..  

These results support the hypothesis that cancer cells upregulate CCR7 axis as 

a supportive mechanism to escape apoptosis and support their proliferation and 

progression.  

4.1.1.3. CCR7 and CXCR4 functionality  

The presence of chemokine receptors on the cell surface does not necessarily 

mean that a cellular response would be observed following their activation by the 

corresponding ligands. There could be a number of reasons why the binding of a 

chemokine ligand to its chemokine receptor may not initiate an intracellular 

signalling cascade. For example, activation of GPCRs could result in weak 

response if the amount of receptor present on a cell is not sufficient to produce a 

detectable response, or due to the lack of one or more intracellular signalling 

domains 362,363. Thus, is important to confirm that the targeted receptors (CCR7 

�D�Q�G�� �&�;�&�5�������� �H�[�S�U�H�V�V�H�G�� �R�Q�� �W�K�H�� �F�H�O�O�� �V�X�U�I�D�F�H���� �D�U�H�� �³�I�X�Q�F�W�L�R�Q�D�O�O�\�� �D�F�W�L�Y�H�´�� �E�H�I�R�U�H��

moving on to the chemoresistance and proliferation experiments. CCR7 and 

CXCR4 are GPCRs. For these type of cell surface proteins, Ca2+ ions act as 
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secondary messengers and play a key role in facilitating cellular signalling, such 

as chemotaxis, following receptor activation 394 (Figure 54) 395. 

Thus, a calcium mobilisation assay was used to detect the functional activity of 

the receptors in all the tested cell lines. The assay principle is the detection of the 

intracellular calcium ions released from the endoplasmic reticulum as a functional 

readout of GPCR activation (Figure 54). The functionality of CCR7 was tested 

using CCL21, and CXCR4 was tested using CXCL12 both ligands at two 

concentrations (10 and 100 nM). The results showed mobilisation of calcium in 

response to CCL21 treatment for all the tested cell lines; The highest response 

was reported for PC-3 cells, while HCT116 cells showed a relatively weak 

response. Furthermore, the response of OSC-19, MDA-MB-231 and DU-145 to 

CCL21 at 10 nM was relatively weak, whereas the relative fluorescence change 

for CCL21 100 nM was similar or more than the one for PC-3. The results are 

presented as a relative fluorescence intensity versus time, with the background 

fluorescence produced by the vehicle (assay buffer) subtracted from the 

fluorescence of the ligand(s). For CXCL12, the results show the mobilization of 

calcium in response to CXCL12 (10 nM-100 nM) in all tested cells. The maximum 

response was reported for PC-3 cells, followed by MDA-MB-231 at both 

concentrations 10 nM and 100 nM, and the weakest response to CXCL12 

activation was seen in HCT116, OSC-19, and DU-145. This indicates that CXCR4 

receptors are functional and well coupled in PC-3 and MDA-MB-231 cells, unlike 

in DU-145 cells and indeed HCT-116 or OSC-19. This data confirmed the 

coupling of the receptors in PC-3 cells, and therefore the functionality of the 

receptors.  

HCT116 cell line showed a very week response compared with PC-3 cells. Unlike 

CCR7 activation by CCL21 at 10nM and 100nM, CXCR4 activation by CXCL12 

was only detectable at 100nM, and even at this concentration, the response was 

relatively weak. This result is in agreement with the results I obtained from flow 
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cytometry, which indicated that CCR7 expression on the cell surface of HCT116 

was higher than CXCR4. 

 

Figure 54. Mechanism of Ca2+ release from endoplasmic reticulum by activated GPCR receptor. 

GPCR activation leads to a conformational change that enables it to activate the trimeric G protein 

that in turn activates the membrane bound enzyme phospholipase C-�������7�K�H���S�K�R�V�S�K�R�O�L�S�D�V�H���D�F�W�V��

on phosphatidylinositol 4,5-bisphosphate (PIP2), cleaving it and producing inositol 1,4,5-

triphosphate (IP3). IP3 deploys to the cytoplasm, in which it reaches the endoplasmic reticulum, 

resulting in the opening of the IP3-gated Ca2+ release channels, causing quick raise in the 

concentration of Ca2+ in the cytoplasm103. The change in calcium ions concentration is detected 

by using of fluorescent dye such as (Fluo4) that fluoresces only in the presence of Ca2+ ions 395. 

The activation of chemokines receptors and its role in inducing chemotaxis, 

migration and invasion is well demonstrated in the literature 354. We chose this 

property also to evaluate the functionality of the receptors. Two assays were 

applied to assess the migration of the tested cell lines (PC-3 and HCT116) as a 

response to CCL21 and or CXCL12. A directional migration of PC-3 cells was 

found in the presence of CCL21 and CXCL12 in the agarose spot assay, when 

compared with control (PBS). The results showed a preference in cell migration 

towards CXCL21 (100 nM) compared with CCL21 (100 nM), which can be 

attributed to the abundance of CXCR4 receptors compared to CCR7 receptors in 

PC-3 cells. Cell migration was recorded for 24hr. We observed no migration for 
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HCT116 cells towards CCL21 or CXCL12 (100nM initial concentration in 

agarose). In agreement with the agarose spot assay results, a 2D-chemtaxis 

assay (Ibidi chemotaxis slide) further confirmed that HCT116 cells did not migrate 

towards CCL21(100nM) or CXCL12 (100nM). The migratory inability of HCT116, 

even though CCR7 and CXCR4 receptors are abundantly presented on the cell 

surface, could be explained by the low expression of certain genes, which are 

highlighted to be necessary for cell migration 364. Our findings regarding HCT116 

cells seem to contradict a publication that indicated the functionality of the CCR7 

chemokine receptors on colorectal cancers, including HCT116 cells 15. However, 

in addition to our own results, other studies have also contradicted the expression 

and the functionality of CCR7 receptors in colorectal cancer cells 396,397. This 

could be attributed to different conditions used and the experimental designs or 

cell variation. 

Following the functionality assays, PC-3 cell line was chosen to be the main cell 

line to investigate the involvement of CCR7/CCL21 and CXCR7/CXCL12 axes in 

promoting proliferation and chemoresistance throughout this project. 

4.1.2. Activation of CCR7 receptors effect in promoting proliferation in 

tumours  and possible mechanism behind  

The involvement of chemokine receptor activation in increasing the proliferation 

rate of cancer cells has been reported in several studies 398,399, however very few 

publications have mentioned any role for CCR7 in enhancing the proliferation of 

cancer cells 263,325,356,400. We should note that based on our results, HCT116 did 

not seem like an ideal cell line to test our hypothesis. However, Lin-Lin Lu et al., 

reported that HCT116 cells showed significant chemoresistance against 

doxorubicin and 5-FU when treated with CCL21 (10 nM) compared with control 

15, we were unable to reproduce their results. Based on that report and despite 

our own expression and functional results, we decided to include HCT116 in our 

study in addition to PC-3 cells. We assessed the role of CCR7 in promoting 

proliferation in HCT116 and PC-3 cells by MTT, CyQuant, cell counting (trypan 
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blue exclusion), colony formation and CCK8 assays. Prior to start testing such 

effects, we determined the log phase of growth for both cell lines, to select the 

optimal cell density, taking into consideration the confluency effect on 

membranous expression.  

MTT assay and CyQuant assays results showed that treatment with CCL21 at 

10nM concentration has a slight increase in the proliferation rate of HCT116 and 

PC-3 cells. The treatment stages were divided into pre and post phase, in which 

cells were treated in T25 flask (pre-treatment phase) or after seeding in 96 well 

plate (post-treatment phase), or both. The results indicate that both treatment 

phases are equally important. However, although the trends are indicative of an 

increase in proliferation, both with MTT or CyQuant, the results were not 

statistically significant due to the size of the variance in our data. We attributed 

this to experimental error derived from cell supernatant removal, increasing the 

possibility of removing live but detached cells in the process. 

The data showed a significant increase in proliferation between the treated group 

compared to the control and almost no dead cells, even among the floating cells. 

The results were further supported with the analysis of the representative pictures 

by ImageJ software, which were almost identical to the results obtained from the 

manual counting. However, one could argue that an element of human error and 

bias are still possible; so we endeavoured to look for another suitable technique 

that would provide a more accurate representation of the effect of CCL21 on cells 

proliferation that we could see under the microscope.   

We moved to a colony formation assay to evaluate the proliferation enhancement 

effect of CCR7/ CCL21 axis on both HCT116 and PC-3 cells. A slight increase in 

the proliferation rate was seen for both cell lines at the three-cell density used 

(200, 500 and 1000 cells/ well). Although the increase in proliferation was 

statistically not significant in the majority of data points for both cell lines, it was 

more pronounced in PC-3 cells compared with HCT116. The reason behind the 

narrow margin of proliferation difference between the treated group and the 



  

162 

control could also be attributed to the fact that activation of chemokine receptors 

induces detachment of cells from the flask and being discarded or washed during 

fixing and staining processes. Our suspicion is supported by a study in which it 

was found that CCR7 regulates cell adhesion and migration via ß1 integrin 401.  

Nevertheless, it was clear that CCR7/CCL21 axis does increase cell proliferation. 

It was also evident that PC-3 cells were a better choice to test CCR7 role in 

proliferation than HCT116 cells.  

We next tried using the CCK8 cell counting reagent to overcome the issue of 

removing mobilised cells in the supernatant (which is in the protocol for both MTT 

or CyQuant assays), or the washing and fixing steps in colony formation. The 

toxicity and sensitivity of CCK8 reagent was tested using PC-3 cells. CCK8 has 

the advantage over MTT or CyQuant, of being highly water soluble, so it can be 

added directly to the cell culture medium. In addition, CCK-8 is sensitive and 

relatively non-toxic. For example, we demonstrated that PC-3 cells can be treated 

with the reagent but would continue grow normally for up to 3 days. Using the 

CCK8 reagent, we were able to demonstrate that activation of CCR7 significantly 

promotes the proliferation of prostate cancer cells in that this effect takes place 

in a dose dependent manner.  

MDA-MB-231 and OSC-19 cells also showed an increase in proliferation rate 

upon exposure to CCL21 at a concentration of 10 nM over the control, whereas 

DU-145 cells did not. In DU-145 whose expression of CCR7 is low anyway, the 

pro-proliferative effect of CCL21 treatment was not anticipated. To confirm that 

the effects are driven by CCR7 activation, we used a CCR7 neutralising antibody, 

and a small molecule and CCR7 antagonist (ICT13069), and the proliferation 

induced by CCL21 was abrogated. This confirms that the effect is driven by CCR7 

activation which further validates our hypothesis. 

We also investigated if such effect is extended to chemokine receptor CXCR4. 

PC-3 cells offer a good model as they express functional CCR7 as well as CXCR4 

receptors. PC-3 cells also showed an increase in proliferation rate upon exposure 



  

163 

to CXCL12 at a concentration 10 nM over the control. This was expected as there 

is a wealth of evidence in the literature involving CXCR4 and cancer cell 

proliferation, although it has not been reported for PC-3 cells. For instance, it was 

reported that pancreatic cancer cells exhibit a significant induction of growth in 

response to CXCL12 treatment (10 nM) 385. 

We also investigated if a synergistic proliferative effect would take place if cells 

were treated with CCL21 and CXCL12. Interestingly, the results indicate that 

treating with both ligands has a less pronounced effect on the proliferation of cells 

than treating cells with each ligand alone. This suggest that synergy is unlikely to 

happen, and that the predominant proliferation driver is CCL21.  

 
Figure 55. Cell cycle phases 402 

The mechanisms behind CCR7 induced proliferation were investigated using cell 

cycle analysis. Normally, proliferative cells�¶ cycle is segregated into four distinct 

phases which can be identified based on the quantity of DNA (Figure 55). The 

cell cycle starts with the first gap phase G1. At this stage, some cells can enter 

the senescence or G0 phase. At G0/G1 phase, the amount of DNA is what 
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normally exist in a cell. DNA synthesis occurs during the S phase, and hence 

amount of DNA doubles during this phase. This is followed by a second gap 

phase, G2, before the mitosis or M phase starts. The chromosomes separation 

happens during the M phase. For immortal cancer cell lines in this study under 

normal growth conditions (Section 5.2 .) cells in G0/G1 accounts for 

approximately 50�±60 % of total cell population, while cells in S phase accounts 

for approximately 15�±20 %, and 30�±35 % in G2/M phase. Before examining the 

effect of CCL21 treatment on cell cycle phase distribution we insured that all 

tested cells are synchronised by growing the cells in serum free media. This shifts 

majority of the cells into G0/G1 phase. Cell cycle synchronisation followed by 

CCL21 treatment of PC-3, MDA-MB-231, and OSC-19 cells resulted in a 

significant accumulation of cells in G2/M phase. This finding indicates that CCL21 

treatment accelerated G2/M phase shift and promote cell proliferation 

subsequently. However, we should note that even though CCL21 treatment had 

a significant effect on inducing proliferation in MDA-MB-231, CCL21 treatment 

had a relatively moderate effect on the cell cycle. These findings align with the 

proliferation induction effect reported by CCK-8 assay earlier. To the best of our 

knowledge, this is the first report to prove that CCL21 induces proliferation of 

prostate cancer cells via promoting G2/M phase shift in the cell cycle. However, 

one study reported that CCL21 promoted G2/M phase progression in non-small 

cell lung cancer cells 263.  

4.1.3. CCR7 activation protects tumour  cell s against traditional 

chemotherapeutics  and radiotherapy  

We next examined the effect of activation CCR7 receptors on HCT116 and PC-

3 cells following the exposure to different chemotherapeutics.  

In parallel to the optimisation of the suitable technique and reagent to evaluate 

CCL21 effect on proliferation, some of the chemoresistance investigation 

experiments were also conducted on HCT116 cells. MTT cytotoxicity assay was 

employed to evaluate the chemoresistance induced by treatment of HCT116 with 
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CCL21 against doxorubicin and 5- fluorouracil. As indicated earlier, the reason 

for choosing these two chemotherapeutic agents was based on a study carried 

out by Lin-Lin Lu et al., 15 which showed a significant induction of 

chemoresistance of HCT116 against these two chemotherapies. However, 

despite several attempts, we were unable to reproduce their results and we 

concluded that no modulation in doxorubicin or 5 fluorouracil cytotoxicity in the 

present of CCL21 compared to the control took place in HCT116 cells under 

those conditions. A cell counting assay showed that CCL21 has a mild effect in 

providing protection for HCT116 cells against doxorubicin; however, the 

differences between the treated group with CCL21, and control were not 

statistically significant.  

Using CCK8, we found that treatment with CCL21 modifies the cytotoxicity of 

doxorubicin and docetaxel, protecting PC-3 against the apoptosis induced by 

these chemotherapies. A similar CCL21 protective effect was observed on OSC-

19 and MDA-MB-231 but not DU-145 cells. CCL21 treatment shows a significant 

effect modifying the efficacy of doxorubicin and docetaxel on OSC-19 cells and 

MDA-MB-231 cells but failed to protect against cisplatin treatment. This result 

disagrees with a previous report in the literature, in which OSCC cells showed 

cisplatin resistance when grown as a subcutaneous xenograft. The study 

proposes that the tumour-associated secreted CCL21 interact with CCR7 of 

OSCC cells and induce the stemness of tumour cells. This hypothesis was 

supported by the observation that xenografts grown from OSCC cells with the 

CCR7 knockdown, did respond to cisplatin treatment 255.  

Combining this information with the results from the proliferation assays further 

confirms the non-suitability of MTT assay to test the CCL21 effect on promoting 

proliferation or chemoresistance.  

Our results so far, have established the association between CCR7/CCL21 axis 

with chemoresistance, which was significant in doxorubicin and docetaxel in three 

different cancers. This effect was abrogated when CCR7 was neutralised with 
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inhibitory antibodies, or a CCR7 knocked down in PC-3 cells confirming that the 

action of CCL21 is mediated through CCR7.  

Furthermore, we have also demonstrated that the protective effect that 

CCL21/CCR7 provides against chemotherapies extends to radiotherapy. 

Radiation triggers cancer cell death via irrecoverable damage to DNA, which is 

different from other chemotherapeutics, but eventually can initiate similar intrinsic 

apoptotic pathways. CCL21 treatment at physiologically relevant concentration 

succeeds in protecting PC-3 cells from radiation in comparison to the radiated 

control. Whilst 15 grays of radiation resulted in cell death of around 25-30%, 

CCL21 treatment (10 nM) prior to radiation decreased cell death to around only 

5%. Importantly, the addition of CCR7 antagonist ICT13069 (10 µM) with CCL21 

(10 nM) significantly sensitises cells to radiation, causing cell death of 

approximately 80 %.   

These results along with the proliferation data support our hypothesis that CCR7 

activation is a key promoter in cancer proliferation and chemo- and radio- 

resistance. 

4.1.4. Compared to CCR7 activation, CXCR4 activation provides only 

moderate protection to tumour  cell s against traditional chemotherapeutics  

The role of CXCL12 in regulating and facilitating chemoresistance has been 

reported in several studies in the literature 18,381,382 whereas mention of the 

CCL21 involvement in chemoresistance remains rare 15. Thus, CXCL12 was 

used as a reference/positive control for chemoresistance in this project. Following 

the functionality assays, we chose PC-3 cells to investigate the involvement of 

CXCR4/CXCL12 axes in promoting proliferation and chemoresistance.  

We found that treatment with CCL21 modifies the cytotoxicity of doxorubicin and 

docetaxel, providing protection to PC-3, OSC-19, and MDA-MB-231 against 

apoptosis induced by these chemotherapies.  

The presence of CCL21 (10 nM) doubles the IC50 of doxorubicin (0.05 µM for the 

control to 0.1 µM for the CCL21 treated PC-3 cells); whereas CXCL12 (10 nM) 
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treatment does not significantly change the effectiveness of doxorubicin in the 

same cell line. Furthermore, treatment with both CCL21 and CXCL12, had similar 

effect that was observed with CCL21 alone. CXCL12 also showed a statistically 

significant effect in enhancing the proliferation of PC-3 compared to the control; 

albeit less than CCL21. A combined treatment of CCL21 and CXCL12 at 10 nM 

concentration showed no synergistic proliferative inducing effect.  

4.1.5. CCL21 treatment decreases proapoptotic genes:  

In recent years, direct and indirect evidence suggested that chemokine axes, 

particularly CCR7 can contribute to resistance in cancers 15,369. CCL21 treatment 

to CCR7 expressing cells prevents apoptosis induced by chemotherapeutics 

such as docetaxel. In our study we treated prostate cancer cells (PC-3 cell line) 

in the present and absence of CCL21 10 nM and investigated the effect of 

docetaxel treatment or cotreatment with CCL21 on several apoptotic genes. 

Docetaxel acts on inhibiting cancer cells proliferation and inducing apoptosis by 

�E�L�Q�G�L�Q�J�� �W�R�� ��-tubulin and disrupting microtubules leading to mitotic catastrophe 

and caspase-dependent apoptosis. These pathways are identified to be both 

extrinsic and intrinsic pathways triggered by docetaxel 403,404.  

We first identified a high CCR7 expression level in PC-3 cell line, and the receptor 

activation was demonstrated using several assays (See Chapter 2 ). To 

determine whether CCR7 activation can influences apoptosis of PC3 cells, we 

activated CCR7 with exogenous CCL21 (10 nM) and apoptosis was induced with 

docetaxel at IC25 concentration (1 nM). mRNA microarray, targeted at identifying 

apoptotic genes was performed using RT-PCR to determine the effect of 

CCL21/CCR7 on upregulation or downregulation of PC-3 cells apoptotic genes. 

These 96-well plates are pre-configured with the most appropriate TaqMan® 

Gene Expression Assays for a specific biological process, pathway, or disease 

state. Each plate contains predefined assays and endogenous controls dried-

down in the wells, ready for accurate assessment of an entire gene signature in 

one simple experiment. The panel of assays in the TaqMan® Array 96-well 
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Human Apoptosis Plate targets genes from both of the signalling pathways that 

initiate mammalian apoptosis, the death receptor-regulated pathway and the 

BCL-2 family pathway. Genes such as caspases which are involved in the final 

mechanisms of both cell death pathways are also present in the panel. 

The complete mRNA microarray data is presented in Appendix VIII , shows a 

general upregulation of several pro apoptosis mRNA genes by docetaxel 

treatment that was dumped down upon activation of CCR7 with CCL21. It is worth 

mentioning that the data was collected as duplicates and only concordant results 

were used to draw the following conclusion. 

The data indicates that CCL21 has complex roles and that activation of CCR7 

closes down multiple intrinsic pathways. Unravelling the role of CCL21 is further 

complicated as many pro and antiapoptotic pathways overlap and share some 

proteins. However, treatment of cells with CCL21 itself upregulates some pro 

apoptotic genes through a very specific extrinsic pathway. CCL21 treatment 

increases mRNA level for TNFSF10 (TRAIL) as well as for its receptors 

TNFRSF10A (TRAILR1), and TNFRSF10B (TRAILR2), while mRNAs for other 

tumour necrosis factor receptor superfamily members were not upregulated. 

Even though TRAIL/TRAILR1/TRAILR2 were upregulated with CCL21 treatment, 

no apoptosis occurs since FADD (Fas-associated protein with death domain) 

expression is not upregulated, which is an adaptor protein for TRAILR1/2, and 

essential to initiates apoptosis via TRAIL pathway. Subsequently, the 

downstream genes BID and DIABLO were also found to be down regulated 

confirming the absence of apoptosis with CCL21. On the contrary, docetaxel 

treatment causes an increase in expression of TRAIL/TRAILR1/TRAILR2 as well 

as FADD, and the downstream genes BID and DIABLO. These gene are all down 

regulated as a result of cotreatment with CCL21. One explanation for this would 

be that CCL21 is engaged in a negative feedback loop controlling this pathway, 

although the exact details of this are not known as this time and required further 

studies.  
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Additionally, unlike TRAIL pathway that was the only extrinsic apoptotic 

modulated by CCL21 treatment, the main role of activation of CCR7 appears to 

be primarily in closing down of the intrinsic apoptotic pathway (See Section 

2.7.3.), as we found that CCL21 lowers the mRNA of a number of genes 

associated with apoptosis. Indeed, further investigation and analysis of this data 

particularly with bioinformatic tools can shed further light on mechanisms by 

which CCR7 activation can modulate apoptotic pathways within the cell. 

 4.2. Conclusion:   

In conclusion, the results presented in this dissertation demonstrated the 

importance of CCR7 axis in cancer cell proliferation and chemo- and 

radioresistance. We have successfully confirmed the expression and the 

functionality of CCR7 and CXCR4 on different cancers cell lines as well as the 

involvement of particularly CCR7 in inducing cell proliferation and 

chemoresistance in vitro. Our study also has shown that CCR7 expression in 

cancer can be upregulated by conditions such as, serum deprivation, and 

chemotherapeutic treatment that resemble those present in tumours in clinical 

settings; while the expression decreases by over confluency in vitro. In parallel, 

we have proven that CCL21 is overexpressed as a response to a variety of 

conditions such as mechanical stress, chemotherapeutic treatment, 

hypoxia/necrosis (by inference) when grown as 3D spheroids that again 

represents similar conditions in a clinical setting. We have also shown that 

activation of CCR7 axis induces cancer proliferation and chemo- and 

radioresistance and these effects are abrogated by small molecule antagonists 

(ICT13069), neutralizing using a commercially available monoclonal antibody, or 

CCR7 knockdown. As such effects are triggered by activation of CCR7, our 

findings so far support the hypothesis that antagonising CCR7 receptor will not 

only inhibit cancer metastasis, but it would also lead to alternative therapeutic 

approaches as well as potential clinical endpoints, tackling progression and 

chemoresistance in cancers.  
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We are still gathering exciting information to support the role of CCR7 in cancer, 

to understand the chemokine biased signalling in the context of cancer 

chemoresistance and proliferation. The eventual development of CCR7 

antagonist co-therapies along with traditional chemotherapeutics may yet offer 

new hope for addressing cancer chemoresistance, collaterally preventing 

metastasis, and subsequently patient survival. 

4.3. Future work:   

�x Following the confirmation of CCR7 and CCL21 expression profile on the 

tested cells and tumour xenografts, it is immediately clear that future work 

must involve CCR7 expression in tumours from patients who have been 

treated with chemotherapeutics or radiation.  

�x Both CCL19 and CCL21 are the ligands of CCR7. So far, time constraints 

have meant that we have only used CCL21, although some preliminary work 

was conducted using CCL19. So further investigations should involve 

testing whether CCL19 has similar effects.  

�x We investigated the intracellular pathways on mRNA level, future 

investigations should also include studying the possible different 

intracellular signalling pathways at a protein level using Western blots.  

�x This study has demonstrated the importance of 3D spheroids as models 

which more closely resemble in vivo tumours. Co-culturing of spheroids with 

stromal cells would be an even better model to evaluate CCR7 involvement 

in resistance before moving to in vivo studies.   

�x Synergistic study with other traditional chemotherapeutic drugs (different 

concentrations) and CCR7 antagonists, such as ICT13069 would be 

another key step to understand whether blocking CCR7 would sensitise 

CCR7 expressing tumours to other chemotherapeutic treatments. 

�x It has been always proposed that CCL21 can either be produced by tumour 

cells or tumour infiltrating leukocytes. To understand the difference between 

CCL21 induced CCR7 activation by paracrine and autocrine loops, a knock-
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in study of CCL21 in vitro can be considered to investigate the effect of 

autocrine activation of CCR7 in highly CCR7 expressing cell line.  

�x Another important area for future work is the fact that throughout our studies 

so far, CCL21 was artificially added to the cell culture in order to investigate 

its effect in activating CCR7 receptors. However, we have already 

established that CCR7 expression dramatically increases under stress in 

vitro. We have also shown that CCL21 is produced by tumour cells in vitro 

under stress as well. Therefore, as part of the upcoming work, we aim to 

investigate if the effect of activation of CCR7, by exogenous CCL21, on 

chemoresistance can be replicated in 3D models where CCL21 is produced 

endogenously  

�x To further test the involvement of CCR7 in tumour chemoresistance and 

proliferation, an in vivo study on tumour xenografts, such as PC-3, to 

determine if the effects obtained in vitro can be translated to an in vivo 

setting.  
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Chapter 5:  Materials and methods   
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5.1. Materials:  

All tissue culture reagents and materials were purchased from Sigma-Aldrich 

unless otherwise specified. Phosphate Buffered Saline (PBS) was obtained from 

Severn Biotech. Cells growth and cytotoxicity effects were determined by (3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) MTT (Alfa Aesar), Cell 

Counting Kit-8 (CCK8) (Dojindo Molecular Technologies), or CyQUANT Cell 

Proliferation Assay Kit (Thermo Fisher Scientific). The ligands for both CCR7 

(CCL21 and CCL19) and CXCR4 (CXCL12) were purchased from PeproTech. 

5.2. Cell lines and culture conditions:  

All cell lines used in this project (HT-29, HCT116, PC-3, OSC-19, MDA-MB-231, 

DU145) were obtained from the European Collection of Cell Cultures (ECACC) 

the UK, American Type Culture Collection (ATCC), or NCI Developmental 

Therapeutics Programme. These cell lines were cultured and maintained at 37° 

C, under a 5% carbon dioxide atmosphere and 100% humidity in complete RPMI 

1640 medium. Complete media was prepared by adding 5 ml (1% v/v) of 2 mM 

glutamine, 5 ml (1% v/v) of 1 mM sodium pyruvate, 50 ml (10% v/v), of fetal 

Bovine Serum (FBS) and if necessary, 5 ml (1% v/v) of penicillin and streptomycin 

(10,000 �X�Q�L�W�V���P�/�� �R�I�� �3�H�Q�L�F�L�O�O�L�Q�� �D�Q�G�� �������������� ���J���P�/�� �R�I�� �6�W�U�H�S�W�R�P�\�F�L�Q���� �W�R�� �������P�O�� �R�I��

incomplete RPMI1640. Complete RPMI 1640 was stored at 4°C and used within 

3-4 weeks after preparation. All the assays were performed using the cell lines at 

passage numbers less than 10 unless otherwise mentioned. 

5.3. Cell culture:  

5.3.1. Passaging cell lines:  

All cell lines used in this project were adherent cells. Regularly, cells were 

�S�D�V�V�D�J�H�G�� �Z�K�H�Q�� �W�K�H�\�� �U�H�D�F�K�H�G�� �”�� ���� % confluency; however, in some assays in 

which the confluency effect on cells behaviour was investigated, cells were 

allowed to exceed those levels of confluency. Generally, after removing the 

media, cells were washed twice with 10 ml PBS before detaching them from the 

flask by adding 2-3 ml of trypsin/EDTA solution (prepared from 0.5 g porcine 
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trypsin and 0.2 g sodium salt of �(�'�7�$���S�H�U���O�L�W�H�U���R�I���+�D�Q�N�V�•���%�D�O�D�Q�F�H�G���6�D�O�W���6�R�O�X�W�L�R�Q��

containing phenol red) and incubating for 5 mins at 37° C. The trypsin was then 

quenched by adding 7-8 ml of complete medium. The cell suspension was then 

transferred to a 20 ml universal tube before being centrifuged for 5 minutes at 

1000 rpm. The supernatant was carefully removed, and the cell pellet was 

resuspended in 10 ml of fresh complete medium. 1 ml of cell suspension was 

transferred to a new T75 flask to which 10 ml of fresh complete media was added 

and kept in the incubator. 

5.3.2. Cells counting:  

The cell density in all assays was determined by manual counting using a 

haemocytometer. Briefly, to each chamber of the haemocytometer, 20 µl of the 

cell suspension (Figure 56) were added. Cells were then counted under the light 

microscope (10 x magnification power). The cells in the five squares of each 

chamber (1 central and 4 corner squares) were counted as shown in Figure 57. 

The cell density was obtained using the following equation:  

Cell density (cells/ ml) = 
�X�m�r�_�j���a�c�j�j�q���a�m�s�l�r�c�b��

�l�s�k�`�c�p���m�d���q�o�s�_�p�c�q
 X �s�r�8 

 
Figure 56. Haemocytometer arrangement. 
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Figure 57. The haemocytometer chamber grid visualised under the microscope. cells were 

counted in each square labelled ���¥���� 

5.3.2.1. Proliferation assay using manual cell counting - trypan blue 
exclusion assay:  

CCL21 effect on the proliferation rate of HCT116 cells was evaluated using 

manual counting. Briefly, 1 ml of cell suspension (1x103 cells/ml) were seeded in 

6 well plates and incubated overnight to attach. On the following day, cells were 

washed twice with PBS before replacing the media with 0% FBS media and 

incubated overnight. Next, cells were treated with CCL21 (10x10-9 M in-well 

concentration) in 10% FBS media. The treatment with CCL21 was repeated for 4 

consecutive days. On the fifth day of the experiment, the cells of each well were 

then trypsinised and transferred to a 20 ml universal tube. Each well was washed 

3 times with medium and transferred to the correspondent tube. The counting 

was performed using a haemocytometer after addition of trypan blue (one part) 

to cell suspension (1 part). Trypan blue which has the ability to penetrate only the 

�G�H�D�G���F�H�O�O�V�¶���G�D�P�D�J�H�G���P�H�P�E�U�D�Q�H�����D�S�S�H�D�Uing blue under a light microscope), while 

live cells appear non-stained. The live-cell density was calculated using the above 

equation multiplied by 2 as the cell suspension was diluted one time by trypan 

blue. 

5.3.2.2. Chemoresistance assay using manual cell counting:  

The role of CCL21 to promote chemoresistance in HCT116 cells was also 

examined using manual counting with trypan blue. The cells were seeded (2x104 

cells/ml) in 12 well TC plates and left overnight to attach. The following day, cells 

were washed twice with PBS before replacing the media with 0% FBS media and 

incubate overnight. Next, cells were treated with CCL21 at concentration 10x109 
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M (in-well concentration) for 4 consecutive days in 10%FBS media. The cells 

were then treated with doxorubicin at a concentration 1x10-7 M and incubated for 

72hrs. The cells in each well were collected separately, and cell counting was 

performed as before using trypan blue. 

5.3.3. MTT assay:  

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) solution was 

prepared by dissolving 100mg of MTT powder in 20 ml of distilled water (5mg/ml). 

The solution was then sterilised by filtering through a 0.2 ���P���I�L�O�W�H�U���W�R���D�I�I�R�U�G���W�K�H��

yellow stock that was stored at dark at 4°C and used within 4-6 weeks. MTT assay 

was utilised to evaluate the growth curve, cytotoxicity of chemotherapeutic 

agents, chemoresistance and the proliferative effect of CCL21 on HCT116 and 

PC-3, and only cytotoxicity of chemotherapeutic agents in MDA-MB-231, OSC-

19, and DU-145 cell lines. The yellow MTT is reduced in viable cells, by 

mitochondrial reductase, to form dark purple formazan crystals (Figure 58). 

These crystals are insoluble in aqueous mixtures such as cell culture media; thus, 

the media is carefully removed, and the formazan crystals are then solubilised by 

adding 150 µl DMSO. The purple colour produced is quantified using a microplate 

reader at wavelength 540 nm (Azure Ao Absorbance Microplate Reader). The 

reduction of MTT to insoluble formazan occurs only in metabolically active viable 

cells; thus, the colour intensity produced by solubilising the crystal proportionally 

correlates to the number of viable cells. 
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Figure 58. The metabolism of MTT solution by mitochondrial reductase to insoluble formazan 

crystals (purple). 

5.3.3.1. Growth curve using MTT:  

Performing a growth curve on the tested cell lines( PC-3, HCT116, MDA-MB-231, 

OSC-19, and DU-145 cell lines) is key to determining the log growth phase of 

cells and what is the best cell density and time should be used to test the 

proliferation, chemoresistance effect of CCL21 treatment on the tested cells. PC-

3, HCT116, MDA-MB-231, OSC-19, and DU-145 cells were seeded in six 96-well 

plates at different cell densities (5x102, 1x103, 2x103, 3x103, 4x103, 5x103, 1x104, 

2x104, 5x104 and 1x105 cells/ml, 200µl/ well) as shown in Figure 59. All plates 

were incubated at 37o C, 5% carbon dioxide and 100% humidity. Day zero plates 

were taken out of the incubator and 20 µl of 5 mg/ ml MTT solution were added 

to each well and incubated for 4 hrs. The plates were then read at wavelength 

540 nm. Each day, the corresponding plates were read for 7 consecutive days. 

The growth curve was drawn up using the average absorbance of each cell 

concentration after subtracting their corresponding blank (background correction) 

absorbance. 
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Figure 59. Growth curve plate arrangement for PC-3, HCT116, MDA-MB-231, OSC-19, and DU-

145 cells using MTT assay. 

5.3.3.2. Cytotoxicity assay using MTT:  

For cytotoxicity and IC50 determination of different drugs, PC3, HCT116, MDA-

MB-231, OSC-19, and DU-145 cells were seeded in 96-well plates at 

concentration of 4x104 cells/ ml (100 µl per well). The cells were left for 24 hrs to 

attach and then treated with different concentrations of doxorubicin, docetaxel, 

cisplatin and 5-fluorouracil (100 µl per well). For PC-3 cells, the tested 

compounds were doxorubicin and docetaxel,100 ���O�� �R�I�� �G�L�I�I�H�U�H�Q�W�� �V�H�U�L�D�O�� �G�L�O�X�W�L�R�Q�V��

were added to the appropriate wells to achieve the desired concentration in wells 

of doxorubicin (10 ���0������ ���0������ ���0���������� ���0������������ ���0�������������� ���0�������G�R�F�H�W�D�[�H�O���������� 

nM, 10 nM, 5 nM, 1 nM, 0.5 nM, 0.1 nM, 0.05 nM, 0.01 nM). HCT116 cells, 

doxorubicin and 5-fluorouracil were tested by adding 100 ���O���S�H�U���Z�H�O�O���W�R���D�F�K�L�H�Y�H��

the desired concentration in wells of doxorubicin (15 ���0���������� ���0���������� ���0������������ 

���0������������ ���0�������������� ���0�� and 5-fluorouracil (20 ���0�������� ���0������ ���0���������� ���0���������� ���0����

0.1 ���0������ �%�R�W�K�� �0�'�$-MB-231 and OSC-19 were tested against cisplatin, 

doxorubicin and docetaxel. Cisplatin in well concentrations for both cell lines are 

(100 ���0�������� ���0�������� ���0�������� ���0������ ���0������ ���0������ ���0���������� ���0�������Z�K�L�O�H���G�R�[�R�U�X�E�L�F�L�Q���L�Q��

well concentrations for both cell lines are (10 ���0������ ���0������ ���0���������� ���0���������� ���0����

0.05 ���0������������ ���0�������������� ���0�������'�R�F�H�W�D�[�H�O���L�Q���Z�H�O�O���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���D�J�D�L�Q�V�W���0�'�$-MB-
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231 are 50 nM, 20 nM, 10 nM, 5 nM, 2 nM, 1 nM, 0.2 nM, 0.1 nM, 0.01 nM, and 

against OSC-19 20 ���0�������� ���0������ ���0, 100 nM, 50 nM, 10 nM, 5 nM, 1 nM, 0.5 

nM. Finally, doxorubicin and docetaxel were tested also in DU-145 cells at on well 

concentration 10 ���0������ ���0������ ���0���������� ���0���������� ���0������������ ���0������������ ���0�������������� ���0, 

and 20 ���0�������� ���0������ ���0, 100 nM, 50 nM, 10 nM, 5 nM, 1 nM, 0.5 nM for both 

drugs respectively. The cells were incubated with the correspondent drugs for 72 

hrs, and the formazan absorbance recorded after adding the MTT solution as 

explained above. The survival percentage was calculated by applying the 

following equations for chemoresistance. 

5.3.3.3. Proliferation and chemoresistance assays using MTT:  

The effect of CCL21 on proliferation, facilitation of chemo-resistance and 

cytotoxicity on PC-3 and HCT116 cells were all determined using the MMT assay. 

For proliferation and chemoresistance determination, PC-3 and HCT116 cells 

were split into two T25 flasks (control, +CCL21) containing 5ml of media. The 

CCL21 flask was treated with CCL21 (5 µl of 2.04x10-5 M), which get diluted by 

the 5ml of media to give a concentration of CCL21 of 10x 10-9 M. After 4 days, 

PC-3 and HCT116 cells were seeded in 96-well plates at cell density 4x104 cells/ 

ml, 100 µl per well. For cytotoxicity determination, HCT116 cells were incubated 

for 24hrs to attach, and they were treated with CCL21 at the same concentration 

10x10-9 M CCL21 along with different concentrations of the tested drugs 

doxorubicin and 5-fluorouracil (20 ���0�������� ���0������ ���0���������� ���0���������� ���0������������ ���0, 

0.01 ���0�� and (100 ���0�������� ���0�������� ���0�������� ���0�������� ���0������ ���0���������� ���0�����U�H�V�S�H�F�W�L�Y�H�O�\. 

The cells were incubated with the drug(s) for 72 hrs as it is shown in the result 

section. At the end of the drug exposure time, 20 µl of MTT solution was added 

to each well (1:10 ratio) and incubated for 4 hrs. The medium was removed and 

150 µl of DMSO were added to dissolve the formazan crystals, and the 

absorbance was then recorded at 540 nm. The control from the chemoresistance 

assay was used to determine the proliferation effect of CCL21.  
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A mean value was calculated from three independent experiments. The internal 

control column of each plate was used for the evaluation of the proliferation rate, 

which was calculated using the following equation: 

Proliferation (%) = (A - B)/C*100 

Where A is the absorbance of treated cells with CCL21, B is the absorbance of 

blank and C is the absorbance of untreated cells.  

While the chemoresistance was calculated using the following equations: 

% Survival for the control = (mean OD control/mean OD c ontrol) *100  

% Survival for the treatment = (mean OD treated/mean OD control) *100  

5.3.4. CyQUANT kit:  

CyQUANT is a cell proliferation kit that provides an accurate and simple 

measurement of cell number based on the DNA content in the sample. The 

readout is fluorescence, and more importantly, does not rely on the metabolic 

status of the cells which make CyQuant kit more sensitive than other 

colourimetric-based assays. However, this reagent fails to distinguish between 

live and dead cells. CyQUANT assay kit was used to examine the proliferative 

induction effect of CCL21 through CCR7/CCL21 axis. The solution was prepared 

on the day of the experiment according to the manufacturer instruction with 

adjustment on the volumes to the particular need in each experiment. 

5.3.4.1. CyQuant kit validation:  

Quantitation of HCT116 was used for calibration and investigating the sensitivity 

of the CyQUANT cell proliferation assay kit. Briefly, a variety of cell densities 

(5x102, 2.5x103, 5x103, 1x104, 1.5x104, 2.5x104, 5x104, 2x104 and 1x105 cells/ml, 

200µl/ well) were seeded in 96 well plates (Figure 60), to investigate whether the 

fluorescence produced is proportional to the cell number. The cells were left for 

4 hrs to attach, and the media was removed and replaced with (100 µl/well) the 

1x of the dye-binding solution, that was prepared according to the manufacturer's 

protocol. After an hour of incubation, the fluorescence intensity was measured by 
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a fluorescent plate reader (Thermo scientific Flouroskan Ascent FL) with 

excitation 485 nm and emission 538 nm. The line fit was produced using the 

average values and the error bars represent standard deviations. 

 

Figure 60. Calibration curve plate arrangement for HCT116 cells using CyQuant kit. 

5.3.4.2. Proliferation assay using CyQuant:  

Briefly, HCT116 and PC-3 cells were split in T25 flasks (2 for each cell line), which 

were separated to control and treated flasks and left overnight to attach. The 

treated flasks were then treated with CCL21 at concentration 10x10-9 M that was 

renewed every other day for 4 consecutive days. The cells were then seeded into 

96 well plates at concentration 4x104 cells/ ml (100 µl per well), and the treatment 

with CCL21 was continued every other day on well at the same concentration for 

4 days. On the eighth day of the experiment, the media was removed carefully 

after centrifuging the plates, and 1x of CyQuant dye-binding solution was added 

(100 µl/well), as recommended by the manufacturer protocol (Figure 61) 405 and 

incubated for 1 hour. Fluorescence intensity was measured with excitation 485 

nm and emission 538 nm wavelengths at 37° C. 
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Figure 61. Quantification of HCT116 & PC-3 cells using CyQuant assay Kit. Fluorescence 

intensity was measured at 485 nm for excitation and 530 nm emission405. 

5.3.5. Cell Counting Kit -8 (CCK-8) assay:   

CCK8 is a viable cell colorimetric detection reagent that allows very accurate 

quantitative detection of viable cells; the reagent can be applied to cell 

proliferation and cytotoxicity assays. CCK-8 is a highly water-soluble tetrazolium 

salt that gets reduced by dehydrogenase enzyme in cells to give orange formazan 

dye that is water-soluble in the tissue culture media, as shown in Figure 62 406. 

As with MTT, the colour intensity produced is directly proportional to the number 

of viable and metabolically active cells. CCK-8 is not toxic to cells and more 

sensitive than all other tetrazolium reagents such as MTT and MTS. CCK-8 was 

used to measure the effect of CCL21 on cell proliferation and chemoresistance. 

 
Figure 62. The conversion mechanism of CCK-8 in viable cells 406. 
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5.3.5.1. CCK-8 reagent validation:  

First, a calibration curve was performed to evaluate the sensitivity and the toxicity 

of the CCK-8 reagent. Two different strategies were used to validate the reagent. 

Firstly, quantitation of PC-3 cells by CCK-8 was carried out using 7 different cell 

densities (1x103, 5x103, 1x104, 5x104, 1x105 and 5x105 cells/ml, 100 µl/ well). 

This was performed to measure if the colour produced is directly proportional to 

the cell numbers. The cells (100 µl) were seeded in 96 well plates and left to 

attach for 4 hrs, then 10 µl of CCK-8 reagent was added to each well. The cells 

were incubated for 4 hrs, followed by reading the intensity of the colour at 450nm. 

The line fit was produced using the averages minus the background, and the error 

bars represent the standard deviations. 

Secondly, CCK-8 validation for toxicity was carried out using PC-3 cells. Cells 

were seeded in 96 well plates at cell density 5x103 cells/ml (200 µl/ well). Cells 

were incubated for 4 hrs before adding 20 µl of CCK8 reagent to only one column 

on the plate, the plate was then incubated for 4 hrs and the reading was taken for 

the first column (day0). On the following day, 20 µl of CCK8 was added to another 

column (day1) and incubated for 4 hrs before taking the reading for both columns 

(day0 and day1). Finally, on day 2, 20 µl of the reagent was added to a third 

column (day2), and the readings were taken for all three columns (day 0, 1, and 

2). This allows monitoring of the cell growth with and without CCK8 to evaluate 

whether CCK8 has any toxicity towards cells. For each reading, the values were 

subtracted from a blank column, where only media (no cells) was added.  

5.3.5.2. Optimal CCL21 concentration for measuring induction of cell 

proliferation : 

The effect of CCL21 on the proliferation rate of PC-3 was determined using CCK8 

assay. PC-3 cells were seeded at a concentration of 2x104 cells/ ml (100 µl/ well). 

Cells were treated with different concentrations of CCL21 (0, 1 nM, 3 nM, 10 nM, 

30 nM) after seeding. The treatment with the ligand was renewed every 2 days 
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for 6 days. The cell proliferation was then measured by adding CCK8 reagent 

(1:10 ratio), incubating for 4 hrs and the reading was recorded at 450nm. 

5.3.5.3. Cell proliferation using CCK -8: 

Investigating the effect of CCL21 on PC-3, MDA-MB-231, OSC-19, and DU-145 

cells, and CCL19 and CXCL12 on only PC-3 to check the effect on the 

proliferation rate was carried out using CCK-8 kit. For CCL21, PC-3, MDA-MB-

231, OSC-19, and DU-145 cells were grown in two T25 (+CCL21, and control). 

The cells in the treated flask (+) were exposed to the CCL21 at concertation 

(10x10-9 M) straight after splitting and the treatment with the ligand was renewed 

every two days at the same concentration for 4 days (pre-treatment phase). The 

cells were then seeded to 96 well plates at cell density (4x104 cells/ ml, 100 µl 

per well) along with the CCL21 at the same concentration (10x10-9 M). The 

treatment with the ligand was continued post-seeding for another 4 days with 

renewal every two days at the same concentration (post-treatment phase). For 

CCL19, the same procedures for CCL21 were followed at a concentration of 10 

nM. Similarly, the effect of CCL21, CXCL12 separately and both on PC-3 cells 

was also conducted as for CCL21, where cells were split into 4 T25 flasks 

(+CCL21, +CXCL12, +CCL21&CXCL12 and control) and the treated groups were 

exposed to (10x10-9 M) of the correspondent ligand(s) or both (each ligand at 

concertation of 10x10-9 M) upon splitting and the treatment with the ligands was 

renewed every two days at the same concentration for 4 days. The post-treatment 

was similar to the CCL21 experiment, and cells proliferation was measured by 

adding (1:10 ratio) of CCK-8 reagent to each well (10 µl). The colour intensity was 

then recorded at 450 nm using the colorimetric plate reader. 

5.3.5.4. PC-3 and OSC-19 spheroids growth using CCK -8: 

PC-3 and OSC-19 cells (2000, 5000, 10000 cells/well) were seeded in 96 ultra-

low-adherent plates in a complete 10 % FBS media (180 µl). A final on-well 

percentage of 20 % methylcellulose was maintained to further enhance the cell 

assembly in the spheroids to ensure spheroid initiation, before being centrifuged 
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for 15 mins at 1500 rpm for spheroid initiation. For the preparation of 

methylcellulose (see Appendix IX ). At least 6 wells were seeded with each cell 

number and incubated for 24 hrs. On day1, 20 µl of CCK-8 reagent was added to 

at least three wells of each cell and pipetted up and down to break down the 

spheroids and incubated 4hrs and the reading was recorded at 450nm. The 

plates were put back in the incubator for 7 days. 100 µl of the well media was 

replaced every 2 days with fresh 100µl of complete media for the remaining wells. 

On day seven, the spheroid's growth was measured by adding 20 µl of CCK-8 

reagent to at least 3 wells of each cell number and pipetted up and down to break 

the spheroids and incubated for 4 hrs. The reading was recorded at 450 nm. 

5.3.5.5. Chemoresistance effect of CCR7 ligand using CCK8:  

The protection effect CCL21 could provide to cancer cells (PC-3, MDA-MB-231, 

OSC-19, and DU-145) against chemotherapy was examined using CCK-8 kit. 

Whereas the effect of CCL19 on chemoresistance was examined on PC-3 cell 

using CCK-8. The pre-treatment phase was similar to the cell proliferation assay, 

whereas the post-treatment phase was different. PC-3, HCT116, MDA-MB-231, 

OSC-19, and DU-145 cells were seeded into a 96 well plate with CCL21 (10x10-

9 M) at the same cell density (4x 104 cells/ ml (100 µl per well)), and CCL19 10 

nM for PC-3 cells. The cells were incubated overnight to attach, followed by the 

treatment with different concentrations of the tested drugs. For PC-3 cells, the 

tested compounds were doxorubicin and docetaxel,100 ���O�� �R�I�� �G�L�I�I�H�U�H�Q�W�� �V�H�U�L�D�O��

dilutions were added to the appropriate wells to achieve the desired concentration 

in wells of doxorubicin (20 ���0, 10 ���0������ ���0������ ���0���������� ���0���������� ���0������������ ���0������������ 

���0�������G�R�F�H�W�D�[�H�O���������� ���0������ ���0�������� nM, 1 nM, 0.5 nM, 0.1 nM). MDA-MB-231 and 

OSC-19 were tested against cisplatin, doxorubicin, and docetaxel at the same 

concentrations. Cisplatin is well concentrations for both cell lines are (100 ���0�������� 

���0���� ���� ���0���� ���� ���0���� �� ���0���� �� ���0���� �� ���0���� ������ ���0������ �Z�K�L�O�H�� �G�R�F�H�W�D�[�H�O�� �L�Q�� �Z�H�O�O��

concentrations are (1000 nM, 500 nM, 100 nM, 50 nM, 10 nM, 5 nM, 1 nM, 0.5 

nM), and doxorubicin concentration are (10 ���0������ ���0������ ���0���������� ���0���������� ���0������������ 



  

186 

���0������������ ���0�������)�L�Q�D�O�O�\�����G�R�[�R�U�X�E�L�F�L�Q���D�Q�G���G�R�F�H�W�D�[�H�O���Z�H�U�H���W�H�V�W�H�G���D�O�V�R���L�Q���'�8-145 cells 

at on well concentration (100 ���0�������� ���0������ ���0������ ���0���������� ���0���������� ���0������������ ���0����

0.01 ���0�����D�Q�G������������ ���0��������0 ���0���������� nM, 50 nM, 10 nM, 5 nM, 1 nM, 0.5 nM,) 

for both drugs respectively. Whereas cisplatin in well concentration against DU-

145 are (100 ���0�������� ���0�������� ���0�������� ���0������ ���0������ ���0������ ���0���������� ���0���������� ���0������The 

cells were incubated with the correspondent drugs for 96 hr. Cell viability was 

then measured by adding a 1:10 ratio of CCK-8 reagent to each well (20 µl), and 

the absorbance was recorded at 450 nm using the colorimetric plate reader. The 

data were analysed using the average after subtracting the media background 

colour, and the error bars represent the standard deviation. 

5.3.5.5. CCR7 antagonism by a small molecule (ICT13069) or neutralizing 

antibody on PC-3 cells to confirm CCL21 Effect on cell p roliferation:  

PC-3 cells were grown in six T25 (control, +CCL21, CCR7 neutralising mAb, 

CCL21 and CCR7 neutralising mAb, ICT13069, and CCL21 and ICT13069). The 

cells in the treated flasks were exposed to either CCL21 at concertation (10x10-9 

M), CCR7 neutralising mAb at concentration 100µg/ml, ICT13069 at 

concentration 10 µM, or a combination of (CCL21 and ICT13069), or (CCL21 and 

neutralising mAb) at the same concentrations. The treatment with correspondent 

legend, small molecule, or neutralising Ab was renewed every two days at the 

same concentration for 4 days. The cells were then seeded to 96 well plates at 

cell density (4x104 cells/ ml, 100 µl per well) along with the correspondent 

treatment at the same concentrations. The treatment was renewal every two days 

at the same concentration for 4 days. Cells proliferation was measured by adding 

(1:10 ratio) of CCK-8 reagent to each well (10 µl) and incubating for 4hrs. The 

colour intensity was then recorded at 450 nm using the colorimetric plate reader. 

5.3.5.6 Dual chemoresistance effect of CCR7 & CXCR4 ligands:  

The protection effect CCL21 and CXCL12 could provide to cancer cells against 

chemotherapy was examined using CCK-8 kit. The pre-treatment phase was 

similar to the cell proliferation assay, whereas the post-treatment phase was 
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different. PC-3 cells were seeded into a 96 well plate with the corresponding 

ligand(s) (10x10-9 M) at the same cell density (5x 103 cells/ ml, 100 µl per well). 

The cells were incubated overnight to attach, followed by the treatment with 

different concentrations of the tested drugs (doxorubicin and docetaxel) along 

with the ligands at the same concentration (100 µl). Cells were incubated with the 

drugs for 72 hrs. Cell viability was then measured by adding a 1:10 ratio of CCK-

8 reagent to each well (10 µl), and the absorbance was recorded at 450 nm using 

the colorimetric plate reader. The data were analysed using the average after 

subtracting the media background colour, and the error bars represent the 

standard deviation. 

5.3.5.7 CCR7 antagonism by neutralizing antibody on PC -3 cells to confirm 

CCL21 effect on chemoresistance:  

Similar to section 5.3.5.5, PC-3 cells underwent the pre-treatment phase when 

cells were grown in two T25 (+CCL21, and control). The cells in the treated flask 

(+) were exposed to the CCL21 at concertation (10x10-9 M) along with CCR7 

neutralising mAb at concentration 100 µg/ml, and the treatment with the ligand 

and the neutralising Ab was renewed every two days at the same concentration 

for 4 days. The cells were then seeded to 96 well plates at cell density (4x104 

cells/ ml (100 µl per well) along with the CCL21 at the same concentration (10x10-

9 M) and CCR7 neutralising mAb at concentration 100 µg/ml. The cells were 

incubated overnight to attach, followed by the treatment with different 

concentrations of doxorubicin and docetaxel,100���O�� �R�I�� �G�L�I�I�H�U�H�Q�W�� �V�H�U�L�D�O�� �G�L�O�X�W�L�R�Q�V��

were added to the appropriate wells to achieve the desired concentration in wells 

of doxorubicin (1 ���0���������� ���0���������� ���0������������ ���0������������ ���0�� or docetaxel (1 ���0�������� 

nM, 1 nM, 0.5 nM, 0.1 nM). The cells were then incubated with the drugs for 96 

hr. Cell viability was then measured by adding a 1:10 ratio of CCK-8 reagent to 

each well (20 µl), and the absorbance was recorded at 450 nm using the 

colorimetric plate reader. The data were analysed using the average after 
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subtracting the media background colour, and the error bars represent the 

standard deviation. 

5.3.5.8. The effect of CCR7 antagonism by a small -molecule ICT13069  on 

PC-3 cells radioresistance:  

PC-3 cells were grown in six T25 (control, radiated control, CCL21 treated, 

Radiated CCL21 treated, CCL21 and ICT13069 treated, and radiated CCL21 and 

ICT13069 treated). The cells in the treated flasks were exposed to either CCL21 

at concertation (10x10-9 M), ICT13069 at concentration 10µM, or a combination 

of (CCL21 and ICT13069), while the control groups only media was added. The 

treatment with correspondent ligand or small molecule was renewed every two 

days at the same concentration for 4 days. The radiated flasks were then exposed 

to x-ray radiation of 15 Grays. All flasks were incubated for 72 hrs, cells survival 

was measured by adding (1:10 ratio) of CCK-8 reagent to each flask (500µl) and 

incubating for 4 hrs. The colour intensity was then recorded at 450 nm using the 

colorimetric plate reader. 

5.3.5.9 CCR7 silencing by shRNA on PC-3 cells to confirm CCL21 Effect on 

chemoresistance:  

PC-3 cells were grown in two T25 (CCR7 KD + CCL21, and control). The cells in 

the CCL21 treated flask (+) were Knockdown for CCR7 as shown below (section 

5.10) 24hrs before being exposed to the CCL21 at concertation (10x10-9 M). 

CCL21 treatment was renewed every two days at the same concentration for 4 

days. The cells were then seeded to 96 well plates at cell density (4x104 cells/ ml 

(100 µl per well) along with the shCCR7 to ensure CCR7 silencing and CCL21 at 

the same concentration (10x10-9 M). The cells were incubated overnight to attach, 

followed by the treatment with different concentrations of doxorubicin and 

docetaxel,100 ���O���R�I���G�L�I�I�H�U�H�Q�W���V�H�U�L�D�O���G�L�O�X�W�L�R�Q�V���Z�H�U�H���D�G�G�H�G���W�R���W�K�H���D�S�S�U�R�S�U�L�D�W�H���Z�H�O�O�V��

to achieve the desired concentration in wells of doxorubicin (1 ���0���������� ���0���������� 

���0������������ ���0������������ ���0�� or docetaxel (1 ���0�������� nM, 1 nM, 0.5 nM, 0.1 nM). The 

cells were then incubated with the drugs for 96 hrs. Cell viability was then 
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measured by adding a 1:10 ratio of CCK-8 reagent to each well (20 µl), and the 

absorbance was recorded at 450 nm using the colorimetric plate reader. The data 

were analysed using the average after subtracting the media background colour, 

and the error bars represent the standard deviation. 

5.3.6. Colony formatio n assay:  

The colonogenic assay is a useful in vitro assay that has widely been used to 

evaluate cell survival and cell proliferation by harnessing the ability of a single 

cancer cell ability to form a colony. The size of the colonies is usually determined 

by the number of cells initially plated and depends on the type of cells and the 

duration of the experiment. Colony formation assay can also be the method of 

choice to measure the effectiveness of cytotoxic agents. 

5.3.6.1. CCL21 effect on cell proliferation using c olonogenic assay:  

Colony formation assay was used to investigate the effect of CCL21 on cells 

proliferation rate. HCT116 and PC-3 cells were used in this assay, and 3 different 

cell concentrations were used (200, 500, 1000 cell/well). The cells were seeded 

in 6 well plates (1ml/well) and divided into two groups (treated & control). The 

plates were incubated overnight to allow cells to attach. The following day, cells 

on the treated plates were treated with CCL21 at a concentration of 10x10-9 M, 

while only media was added to the control group. The treatment with the ligand 

was renewed every 2 days for 8 days. At the end of the experiment, cells were 

fixed with methanol/acetic acid solution (3:1) for 5 minutes. The cells were then 

washed with PBS for 3 mins (twice).  The colonies were then stained with 0.5% 

w/v crystal violet solution for 5 mins. Finally, the stained colonies were washed 

gently under running tap water for 10 mins. Pictures of each well were then taken 

using either NIKON x60 camera or JuLI Stage Real-Time Cell History Recorder.  

Counting and analysis of the colonies were performed either manually or by 

ImageJ software 358. 
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5.3.7. Intracellular calcium mobilisation assay for receptor activation:  

The binding of ligands to its GPCR receptor results in an increase in calcium flux 

in the cytoplasm from the endoplasmic reticulum, which can be measured using 

a Ca2+ sensitive fluorescence dye. We used the assay as an indicator for CCR7 

receptor functionality in different cell lines (PC-3, HCT116, MDA-MB-231, OSC-

19, and DU-145) to determine which cells could provide the reliable model to test 

CCR7 involvement in cancer chemoresistance or inducing proliferation. The 

assay was performed following the manufacturer's instructions for non-adherent 

cells (Fluo-4, Calcium assay kit, Molecular ProbesTM, NW Invitrogen); briefly, cells 

were grown in 10 % FBS medium until reached 70 % confluency before being 

trypsinised normally and wash twice with PBS. Cells were resuspended in assay 

buffer to get a cell density of 200x104 cells/ml. 50 ul of cells suspension were 

seeded in each well with 50 ul of Fluo-4 dye, which was pre-prepared according 

to the manufacturer's instructions, and incubated for 1 h at 37o C, 5% CO2, and 

100% humidity. Using Thermo scientific FluoroskanTM Fluorometer auto-injection, 

20ul of assay buffer, CCL21 (10-100 nM) was added to the corresponding wells 

and the change of the fluorescence intensity was measured kinetically over 2min 

(5-sec intervals) at excitation 485nm and emission 538nm at 37oC. The relative 

fluorescence intensity was calculated by normalising the data to the first data 

point, and the control points values (assay buffer) were subtracted from the 

correspondent data points of ligands. 

5.3.8. 2D Chemotaxis assays for HCT116 and PC -3 cells:  

�$�Q���,�E�L�G�L���P�L�F�U�R���V�O�L�G�H�������±slide) was used in this assay, which is a suitable tool to 

investigate the movement and migratory properties of non-adherent as well as 

�D�G�K�H�U�H�Q�W���F�H�O�O�V�����7�K�H���J�H�R�P�H�W�U�\���R�I���W�K�H���F�K�D�P�E�H�U�V���R�I���L�E�L�G�L�����±slide provides the perfect 

optimised system for analysing chemotaxis by video microscopy (Figure 63 - 

Figure 64). The migration of cells towards chemoattractant gradient (CCL21) is 

the main principle of this assay. Briefly, HCT116 and PC-3 cells were seeded into 

different chambers (HCT116 in chamber 1, PC-3 in chamber 3) with 0% FBS at 
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3x106 �F�H�O�O�V�����P�O���������O���S�H�U���F�K�D�P�E�H�U�����$�O�R�Q�J���Z�L�W�K���W�K�H���F�H�O�O���V�X�V�S�H�Q�V�L�R�Q�����R�Q�H���U�H�V�H�U�Y�R�L�U��

of each chamber (reservoir 2 in Figure 64) was loaded with 100 nM of CCL21 

(15 ���O�������D�Q�G���W�K�H���R�W�K�H�U���U�H�V�H�U�Y�R�L�U���Z�D�V���I�L�O�O�H�G���R�Q�O�\ with 15 ���O���P�H�G�L�D������ ���O���R�I���������)�%�6��

media was placed in the barrier channel between the two reservoirs (channel 1 

in Figure 64). Cells migration was recorded with JuLI Stage real-time cell history 

recorder for 12 hrs.  

 
Figure 63. In vitro migration assay using Ibidi micro slide. Each slide has 3 chambers, in which 

each chamber consists of two reservoirs and a barrier channel between them. 

 
Figure 64. One chamber of ibidi micro slide. 1 is the channel between the two reservoirs. 2 is the 

cell suspension with CCL21, 3 is the cell suspension without CCL21. 

5.3.9. Agaros e spot chemotaxis assays for HCT116 and PC -3 cells:  

The agarose spot producer followed was published by our group 2017 303. The 

�D�J�D�U�R�V�H�� �V�R�O�X�W�L�R�Q�� �Z�D�V�� �S�U�H�S�D�U�H�G�� �E�\�� �G�L�V�V�R�O�Y�L�Q�J�� �������×�P�J�� �R�I�� �O�R�Z�±melting point 

agarose (16520�±050, �7�K�H�U�P�R�)�L�V�K�H�U���6�F�L�H�Q�W�L�I�L�F�Œ) into a 20-ml of PBS, and heated 

and stirred to afford a 0.5 % agarose solution. The solution was allowed to cool 

down to at �����×�ƒ�&, and a solution of CCL21 or CXCL12 (100 nM) was prepared 

�X�V�L�Q�J���W�K�H���D�J�D�U�R�V�H���V�R�O�X�W�L�R�Q���������×���O���R�I���O�L�J�D�Q�G�V���V�W�R�F�N���V�R�O�X�W�L�R�Q���L�Q���3�%�6���D�Q�G�������������O���R�I��

�������������D�J�D�U�R�V�H���V�R�O�X�W�L�R�Q�������Z�K�L�O�H���W�K�H���F�R�Q�W�U�R�O���Z�D�V���S�U�H�S�D�U�H�G���E�\���P�L�[�L�Q�J�������×���O���R�I���3�%�6��

�D�Q�G���������×���O���R�I���������������D�J�D�U�R�V�H���V�R�O�X�W�L�R�Q�����7�K�H���V�R�O�X�W�L�R�Q�V���Z�H�U�H���S�U�H�S�D�U�H�G���D�W�������×�ƒ�&��glass 
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�$���E�D�F�N�H�G�������×�P�P���S�H�W�U�L���G�L�V�K���Z�D�V���P�D�U�N�H�G���D�Q�G���G�L�Y�L�G�H�G���L�Q�W�R���I�R�X�U���T�X�D�G�U�D�Q�W�V���X�V�L�Q�J��a 

marker pen (Figure 65�����I�R�U���H�D�F�K���V�S�R�W�����7�K�H���W�L�S�V���R�I�������������O���S�L�S�H�W�W�H���W�L�S�V���Z�D�V���F�X�W���Z�L�W�K��

scissors to facilitate the �S�O�D�F�H�P�H�Q�W���R�I�����������O���W�K�H���D�J�D�U�R�V�H���G�U�R�S�V���L�Q���H�D�F�K���F�R�U�Q�H�U���R�I��

the plate either with or without chemokines (Figure 65). In each plate, two PBS 

containing spots were placed, along with a spot contain CXCL12 (100 nM) and a 

spot contain CCL21 (100 nM). The plates were allowed to cool down for 5 mins 

�D�W�����×�ƒ�&���W�R���K�H�O�S���W�K�H���V�R�O�L�G�L�I�L�F�D�W�L�R�Q���R�I���W�K�H���V�S�R�W�V���� 

 
Figure 65. A representative scheme of the agarose spots on a �J�O�D�V�V���E�D�F�N�H�G�������×�P�P���S�H�W�U�L���G�L�V�K. 

One spot contains CXCL12 (100 nM), and a spot contain CCL21 (100 nM) and two agarose drops 

containing PBS as control.  

1 ml of PC-3 or HCT116 cell �V�X�V�S�H�Q�V�L�R�Q�����������×�î�×����4 cells/ml in 10 % FBS complete 

�P�H�G�L�D�����Z�H�U�H���F�D�U�H�I�X�O�O�\���D�G�G�H�G���L�Q�W�R���W�K�H���G�L�V�K�H�V���D�Q�G���L�Q�F�X�E�D�W�H�G���D�W�������×�ƒ�&���W�R���D�O�O�R�Z���W�K�H��

cells to attach for 4 hrs. The culture media was then carefully replaced with 0.1% 

�)�%�6�� �P�H�G�L�D�� �D�Q�G�� �L�Q�F�X�E�D�W�H�G�� �D�W�� �����×�ƒ�&�� �R�Q�� �D��HoloMonitor M4 instrument for 24�×hrs 

that takes pictures of the spots continuously. 

Taking into consideration that the migrated cells could be not in the recorded field, 

only the cells that made it under the agarose spot were counted. The migrated 

cells were normalised to the highest migration reported, which was in the 

presence of CXCL12 (100 nM), as the 100 % control. The other two conditions 

were compared with the CXCL12 being the maximum. 

5.4. Immunofluorescence (IF) for CCR7 and CXCR4 labelling:  

Immunofluorescence (IF) is a useful technique that provides information about 

the cellular location of the protein of interest. IF uses antibodies that target a 
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specific protein. These antibodies are connected to a fluorophore, providing a 

visible and amplified signal that helps in locating the targeted protein. The image 

can be observed with a fluorescence microscope. In this project, IF was used for 

CCR7 and CXCR4 detection in PC-3, HCT116, MDA-MB-231, OSC-19, DU-145, 

and HT29 cells. Cells were seeded on coverslips in 6 well plates at a density of 

3 x 105 cells/ml and left for 24 hrs to attach. The following day, cells were washed 

with PBS for 2-3 minutes (twice) before fixing with 4% paraformaldehyde in PBS 

solution for 15 mins at room temperature. Cells were then washed with PBS for 

2-3 mins (twice) and left to air dry. The coverslips could either be used 

immediately or be frozen down at -20° C to be used later. On the day of the 

experiment, coverslips taken out of the freezer were left to warm up at room 

temperature before rehydrating with PBS for 5-10 mins. The coverslips were 

divided into two groups, one group was used to observe membranous CCR7 & 

CXCR4 proteins. The other group was used to detect the corresponding 

cytoplasmic proteins by permeabilising the cells using 0.5 % Triton X-100 for 10 

min at room temperature before antibody treatment. Cells were blocked for all 

non-specific binding using 5% Bovine Serum Albumin (BSA) for 1 hour, followed 

by labelling with the primary antibody for CCR7 (Anti-CCR7 antibody, Abcam, 

ab32527) (1:100) or CXCR4 (Anti-CXCR4 antibody, Abcam ab124824) (1:100) 

overnight at 4° C. The next day, cells were washed with PBS for 3 mins (three 

times) before adding the secondary antibody (Alexa Fluor® 546 Donkey Anti-

Rabbit IgG, life technologies, A10040) for CCR7, and (Alexa Fluor® 488 Goat 

Anti-Rabbit IgG, Abcam, ab150077) for CXCR4, and incubated for an hour in the 

dark at room temperature. The coverslips were washed again with PBS 3 times/2 

min each; finally, a drop of hard-set mounting media containing DAPI 

(Vectashield, Vector laboratories) was placed on microscope slides, and the 

coverslips were placed on top of the mounting medium drop. The slides were left 

to dry in the dark overnight at 4° C, and the images were taken the next day using 

a Leica DM 2000 fluorescence microscope. 



  

194 

5.5. Flow cytometry:  

Flow cytometry is a technique that is widely used to detect and identify and 

quantify different cells or targets within cells. This method is based on labelling 

different markers on the cell surface or within cells, which allows the identification 

and characterization of these cells. This labelling process utilises various 

reagents, including fluorescently conjugated antibodies, viability dyes or DNA 

binding dyes. In the next experiments, flow cytometry was used to evaluate the 

expression of CCR7 and CXCR4 in several cell lines under different conditions, 

and to study the effect of several treatments on cell cycle analysis 407. 

5.5.1. Flow cytometry for quantification of CCR7 and CXCR4 expression  

Flow cytometry technique was also used to investigate the expression of cell 

surface proteins (CCR7 and CXCR4) in WT cells or knockdown or knockout cells. 

A direct labelling procedure was followed in which the primary antibody is already 

conjugated to a fluorophore. In this method, PC-3, HCT116, MDA-MB-231, OSC-

19, and DU-145 cells were used at 70% confluency. The cells were washed twice 

with PBS before being trypsinised and centrifuged. Cells from each condition 

were divided into two Eppendorf (5x105 cells) one for isotype control and the other 

for CCR7 or CXCR4. The cells were then centrifuged, the media was carefully 

removed and cells were resuspended in 500 µl 1% BSA for 3 mins (repeated 

twice). Cells were then spun down and the BSA supernatant was removed, and 

the cells were fixed with 500 µl of 4% paraformaldehyde for 10 min at room 

temperature. After centrifugation, the supernatant was removed, and the cells 

were washed again twice with 1%BSA (3 min each time). At this point, the cell 

pellet can be frozen down at -20° C to be used later or can be used immediately. 

If frozen, on the day of the experiment, the cells were taken out of the -20 oC 

freezer and left at room temperature before rehydrating them by resuspending in 

1% BSA 500 µl for 5 mins. After centrifugation, the supernatant was removed, 

and the cells were stained for CCR7 by adding 20 µl of anti-CCR7 (Alexa Fluor® 

488-congregated antibody, R&D system, FAB197G), and for CXCR4 by adding 
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20 µl of anti-CXCR4 (Alexa Fluor® 488-conjugated antibody, R&D system, 

FAB170G) and incubated for 45mins in the dark at room temperature. The same 

isotype-matched control was used for both antibodies, which is mouse IgG2A 

(Alexa Fluor® 488-conjugated antibody, R&D system, IC003G). The cells were 

finally washed with 1% BSA three times (3 mins each time) followed by spinning 

down and removing the supernatant; finally, the stained cells were resuspended 

in 400 µl of 1% BSA solution to be ready for analysis on the flow cytometer. The 

flow cytometry instruments used were BD Accuri C6 Plus flow cytometer, and 

FACS Calibur Cytometer at Excitation ~492�±495 nm, and Emission 517�±527 nm. 

5.5.2. Flow cytometry for quantification of CCR7 expression in confluent 

cells:  

The confluence effect on the membranous expression of CCR7 and CXCR4 in 

HCT116 and PC-3 cells was investigated using flow cytometry. In this experiment 

HCT116 and PC-3 cells were seeded in two different cell densities (high and low 

cell number) into T25 flasks and incubated until reaching 70% confluency in the 

low cell number flask and 100% confluency in the high cell number flask. The 

cells were processed, fixed, stained, and run as in the previous section. 

5.5.3. Flow cytometry for quantification of CCR7 after serum starvation:  

In using flow cytometry for determining the effect of serum starvation PC-3, MDA-

MB-231, OSC-19, and DU-145 cells were seeded on two T75 with 10 % FBS 

RPMI media. The cells were incubated until reached 60-70 % confluency before 

cells were washed twice with PBS, to remove any left 10% medium, and replaced 

with 0% medium, and incubated for 24 hrs for the tested cells and 10% medium 

for the control. Cells from each group (serum-starved and control) were divided 

into two Eppendorf (5x105 cells) one for isotype control and the other for CCR7. 

The cells were fixed, blocked for non-specific binding, and stained using the same 

antibody for CCR7 and the correspondent isotype following the same direct 

labelling procedures mentioned in the 5.5.1. Section . 
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5.5.4. Flow cytometry for quantification of CCR7 after treatment with 

different chemotherapeutic:  

PC-3, OSC-19, DU-145, and MDA-MB-231 cells were cultured until reach 70 % 

confluency in T75 flasks (3 flasks for each cell line) at 37o C, 5 % CO2 and 100 % 

humidity. Each flask of each cell line was exposed to one concentration of 

different chemotherapeutics (IC25). PC-3 cells were treated with docetaxel and 

doxorubicin at concentrations 0.1 nM and 25 nM respectively. OSC-19 cells were 

also exposed to docetaxel and doxorubicin at concentrations 1 nM and 0.05 uM 

respectively. MDA-MB-231 and DU-145 cells were treated with docetaxel and 

doxorubicin at concentrations 5 nM-0.025 uM for MDA-MB-231 and 2.5 nM-0.05 

uM for DU-145. Cells were then incubated in the same conditions for 24hrs. Cells 

were fixed, blocked, and directly stained following the procedures in Section 

5.5.1. 

5.5.5. Flow cytometry to study the effect of serum starvation on cell cycle:  

Flow cytometry technique was used to understand the effect of serum starvation 

on the cell cycle, and whether serum starvation could result in cell cycle 

synchronisation. PC-3, OSC-19, and MDA-MB-231 cells were seeded into T75 (2 

flasks for each cell line) with 10% FBS medium and incubated overnight at 37o C, 

5 % CO2, and 100 % humidity. The next day, the medium was discarded, and 

cells were washed twice with PBS to remove any remaining medium before 

adding 0% medium for 3 days. The cells were checked every day to see the 

changes in the cells�¶ morphology that could be an indicator of cell stress and non-

proliferative cell behaviour. Cells were washed with PBS, which was collected 

along with the medium, before being trypsinised and combined with the collected 

medium and PBS and centrifuged at 1000 rpm for 5 mins. The pellet was 

collected and washed twice with PBS followed by centrifuging at 1000 rpm for 

5minutes and fixation by adding 2 ml 70% ethanol on ice to each pellet and 

incubating for 2 hours at 4 oC. The cells were bought to the bench-top and left to 

equilibrium at room temperature. The cells were then centrifuged at 100x g for 5 
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mins, and the supernatant was aspirated, and the pellet was washed twice with 

PBS. PBS was removed after centrifugation at 1000 rpm for 5minutes before the 

pellet was incubated with 200 µl solution of 1 x propidium iodide and 1 x RNaseA 

(ab139418) for 20-30 min in the dark at 37o C. The cells were maintained on ice 

in the dark until the analysis by flow cytometry. The samples were run using flow 

cytometry instruments BD Accuri C6 Plus flow cytometer, and FACS Calibur 

Cytometer at Excitation ~566 nm, and Emission ~574 nm. The percentage of 

cells on different phases of the cell cycle was calculated using BD Accuri C6 Plus 

software which was used to generate bar charts. 

5.5.6. Flow cytometry to study the effect of CCL21 treatment on cell cycle:  

Propidium iodide staining with flow cytometry was performed to measure the 

�H�I�I�H�F�W���R�I���&�&�/�������W�U�H�D�W�P�H�Q�W���R�Q���&�&�5�����H�[�S�U�H�V�V�L�Q�J���F�H�O�O���O�L�Q�H�V�¶���F�H�O�O���F�\�F�O�H�����6�L�P�L�O�D�U���W�R���W�K�H��

previous experiment, PC-3, OSC-19, and MDA-MB-231cells were cultured in T75 

flasks (6 Flasks for each cell line) with 10 % FBS medium and incubated overnight 

at 37o C, 5 % CO2, and 100 % humidity. The next day, the medium was discarded, 

and cells were washed twice with PBS to remove any remaining medium before 

adding 0% medium for 3 days. On the following day, cells were exposed to 10% 

FBS medium, without and with 10nM CCL21 for the control group (3 T75 flasks) 

and CCL21 treated group (three T75 flasks) respectively. Cells in two T75 flasks 

(control and treated) were collected, fixed, and stained with 1 x propidium iodide 

and 1 x RNaseA (200 µl) at different time points 2 hrs, 6 hrs, 24 hrs of changing 

the medium or CCL21 treatment before being run following the same protocol in 

Section 5.5.5. 

5.6. Real-time PCR:  

5.6.1. CCR7 gene expression : 

5.6.1.1. RNA extraction and quantification : 

HCT116 and PC-3 cells were grown to 70 % confluency before being trypsinised 

normally and washed twice with PBS and frozen -80 �Û�&�� �X�Q�W�L�O�� �W�K�H�� �G�D�\�� �R�I��the 

experiment. Cells pellets were then taken out of -80 �Û�&���D�Q�G���N�H�S�W���R�Q���L�F�H���I�R�U���W�R�W�D�O��
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�5�1�$�� �L�V�R�O�D�W�L�R�Q�� �X�V�L�Q�J�� �5�1�H�D�V�\�� �0�L�Q�L�� �.�L�W�� ���4�L�D�J�H�Q������ �$�V�� �S�H�U�� �W�K�H�� �P�D�Q�X�I�D�F�W�X�U�H�U�¶�V��

instructions, cells were lysed by adding 350 ���O�� �R�I�� �5�/�7�� �O�\�V�L�V�� �E�X�I�I�H�U�� �I�R�O�O�R�Z�H�G�� �E�\��

adding 350 ���O�� �R�I�� ���� % ethanol and mixed well by up and down pipetting. The 

lysed cells solution was then transferred into a QIAshredder spin column 

(Qiagen), which was placed into a 2 ml collection tube, and centrifuged for 15 s 

at 8,000 rcf. The flow-through was discarded, and 350 ���O�� �R�I�� �5�:���� �E�X�I�I�H�U�� �Z�D�V��

added to the spin column and centrifuged for 15 s at 8,000 rcf. After discarding 

the flow-through, an 80 ���O���R�I���'�1�D�V�H���,���P�L�[�������������O���R�I���'�1�D�V�H���,���V�W�R�F�N���Z�L�W�K�����������O���R�I��

RDD buffer (Qiagen)) was added to the spin column and incubated for 15 min at 

room temperature. Another 350 ���O���R�I���5�:�����Z�D�V���W�K�H�Q���D�G�G�H�G���W�R���W�K�H���5�1�H�D�V�\���V�S�L�Q��

column followed by centrifuge for 15 sec at 8,000 rcf. The flow-through was again 

discarded and 500 ���O���R�I���5�3�(���E�X�I�I�H�U���Z�D�V���D�G�G�H�G���W�R���W�K�H���V�S�L�Q���F�R�O�X�P�Q���D�Q�G���F�H�Q�W�U�L�I�X�J�H��

for 15s at 8,000 rcf. The last step was repeated and centrifuged for 2 min at 8,000 

rcf. The flow-through was discarded and the column was put into fresh 2ml 

collecting tubes followed by centrifuging for 1 min at 8,000 rcf to ensure that no 

ethanol was left. Lastly, 20-40 ���O���R�I�� �5�1�D�V�H-free water were added to elute the 

RNA into a 1.5 ml collection tube by centrifugation for 1-2 min at 8,000 rcf. The 

RNA level was measured by NanoDropTM 100 spectrophotometer. 2000 ng of 

the total RNA to be used to synthesize single-stranded cDNA. Until the day of the 

experiment, total RNA samples were stored at -80 �Û�&�� 

5.6.1.2. Complementary DNA synthesis  

The synthesis of single-stranded cDNA was performed using the high-capacity 

cDNA reverse transcription Kit (Thermo fisher scientific). The kit was stored at -4 

�Û�&��until the day of the experiment at which the kit components were thawed on 

ice to prepare the 2x reverse transcription (RT) master mix as shown in (Table 

3). 2000 �Q�J���R�I���W�R�W�D�O���5�1�$���L�Q�����������O���Q�X�F�O�H�D�V�H-free H2O was mixed by pipetting with 

���������O�����;���5�7���P�D�V�W�H�U���P�L�[���W�R���S�U�R�G�X�F�H���D�����������O���U�H�D�F�W�L�R�Q���S�H�U���(�S�S�H�Q�G�R�U�I�����7�K�H���U�H�D�F�W�L�R�Q��

was performed by loading the Eppendorf into MJ Research PTC-200 Peltier 

thermal cycler and run at the conditions suitable for high-capacity cDNA reverse 
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�W�U�D�Q�V�F�U�L�S�W�L�R�Q���.�L�W�����U�X�Q�Q�L�Q�J���D�W�������Û �&���I�R�U���������P�L�Q�����������Û�&���I�R�U�����������P�L�Q���������Û C for 5 min 

�D�Q�G�������Û�&���I�R�U���L�Q�I�L�Q�L�W�\�������)�L�Q�D�O�O�\�����W�K�H��synthesised cDNA samples were either stored 

�I�R�U���V�K�R�U�W���W�H�U�P�����������K�����D�W�����Û C or long term at -�����Û C. 

Table 3. 2X RT master mix components 

Reverse transcription (RT) master mix 
components Component  

Volume/reaction 
�����O�� 

10 X RT buffer 2 
25 X dNTP Mix 0.8 

10 X RT random primers 2 
MultiScribeTM reverse transcriptase (50 U/ �� l) 1 

RNase inhibitor (20 U/ ���O�� 1 
Rnase-free H2O 3.2 

Total volume 10 

5.6.1.3 Real-time PCR : 

Real-time polymerase chain reaction (RT-PCR) was performed using pre-

designed primers of 20 �;���7�D�T�0�D�Q�Š���S�U�R�E�H���Z�L�W�K���D�Q���$�S�S�O�L�H�G���%�L�R�V�\�V�W�H�P�V�Œ���&�&�5����

���)�$�0�Œ���0�*�%�� �S�U�R�E�H���� ���7�K�H�U�P�R�� �)�L�V�K�H�U�� �6�F�L�H�Q�W�L�I�L�F�� ���� �+�V�����������������B�P������ �R�U�� ���� X 

TaqMan® �S�U�R�E�H�� �Z�L�W�K�� �D�Q�� �$�S�S�O�L�H�G�� �%�L�R�V�\�V�W�H�P�V�Œ�� �&�;�&�5���� ���)�$�0�Œ���0�*�%�� �S�U�R�E�H����

(Thermo Fisher Scientific / Hs00976734_m1), and 20 x TaqMan® probe with an 

�$�S�S�O�L�H�G�� �%�L�R�V�\�V�W�H�P�V�Œ�� �+�X�P�D�Q�� �*�$�3�'�� ���*�$�3�'�+���� �(�Q�G�R�J�H�Q�R�X�V�� �&�R�Q�W�U�R�O��

���)�$�0�Œ���0�*�%���S�U�R�E�H�����Q�R�Q-primer limited). For each sample,12.5 ���O���R�I��2 x Taqman 

Universal PCR Master Mix (Thermo Fischer scientific) with 1.25 ���O CCR7 or 

GAPDH primer were mixed and added to QRT-PCR 96-well plate (MicroAmpTM) 

in triplicate for each gene of interest. 11.25 ���O���R�I���������Q�J���F�'�1�$���Z�D�V���D�G�G�H�G���W�R���W�K�H��

PCR mix to afford a 25 ���O���U�H�D�F�W�L�R�Q�����$�V��a negative control, water only was included 

as in triplicate for both the housekeeping gene and the gene of interest. The 

reaction was then run on 7500 RT-PCR System (Applied Biosystem). The PCR 

reaction conditions start with pre-denaturation at 50° C for 2 min, followed by 95° 

C for 10 min, and then 45 cycles of denaturation at 95° C for 15 s and 

annealing/extension at 60° C for 1 min. 

5.6.1.4. Data analysis   

The fluorescence produced during the amplification of the genes by qPCR is 

measured. The intensity of the fluorescence produced from cycle 3 to cycle 15 is 
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considered not significant as it is referred to as a baseline. As the cycle goes the 

fluorescence intensity increases above the baseline at a point called Ct. The 

software in 7500 RT-PCR System analyses qPCR results in a comparative 

�T�X�D�Q�W�L�I�L�F�D�W�L�R�Q�� �P�D�Q�Q�H�U���� �Z�K�L�F�K�� �L�V�� �U�H�I�H�U�U�H�G�� �W�R�� �D�V�� �û�û�&�W���� �+�R�Z�H�Y�H�U���� �W�K�H�� �F�D�O�F�X�O�D�W�L�R�Q��

could also be done manually as follows: 

�û�&�W� ��(Ct of CCR7 sample) �± (Ct of GAPDH sample)  

�1���%�����7�K�H���K�L�J�K�H�U���W�K�H���û�&�W���W�K�H���O�R�Z�H�U���W�K�H���H�[�S�U�H�V�V�L�R�Q���R�I���&�&�5�� 

�û�û�&�W��� �����û�&�W���R�I���&�&�5�����V�D�P�S�O�H�����± ���û�&�W���R�I CCR7 control sample)  

�1���%�����û�û�&�W���L�V���X�V�H�G���W�R���F�D�O�F�X�O�D�W�H���W�K�H���I�R�O�G���F�K�D�Q�J�H�����5�4������ 

 RQ = 2- �û�û�&�W  

5.6.2. Human apoptosis array : 

Thermo Fisher scientific 96�;�Z�H�O�O�� �6�W�D�Q�G�D�U�G�� �7�D�T�0�D�Q�Œ�� �$�U�U�D�\�� �+�X�P�D�Q�� �$�S�R�S�W�R�V�L�V��

was used to investigate the effect of CCL21 in protecting cells against apoptosis 

induced by Docetaxel. In this apoptosis array, each well contains a single 

TaqMan® Assay for one 20 µl reaction of the predefined wide range of genes, 

including endogenous controls that are dried down in wells. The array 

experiments PC-3 cells were grown in four T75 flasks under optimal conditions 

(37° C, 5 % carbon dioxide and 100 % humidity incomplete 10 % FBS RPMI 1640 

medium). The cells were incubated for 2-3 days until reach 60-70 % confluency. 

Each flask was exposed to the following treatment: 

�x 10 % medium (control group) 

�x CCL21 (10 nM) 

�x Docetaxel 1 nM 

�x Docetaxel 1 nm + CCL21 (10 nM).  

All cell groups were incubated for 24 hrs before being washed with PBS, which 

was collected along with the medium followed by trypsinisation and combined 

with the collected medium and PBS and centrifuged at 1000 rpm for 5 minutes. 

The pellet was collected and washed twice with PBS and frozen at -�����Û�&���X�Q�W�L�O���W�K�H��

day of the experiment. RNA isolation was performed flowing the protocol 
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mentioned in Section  5.6.1.1. Similarly, the synthesis of single-stranded cDNA 

was conducted following the protocol in Section 5.6.1.2. 

The RT-PCR was performed using the manufacturer recommendation. Briefly, 

cDNA (50 ng) was combined with Master Mix as shown in the following Table 4. 

Table 4. Gene Expression Apoptosis Array reaction mixture: 
RT-PCR Rection Components  1 Well  96 Well  

cDNA sample (50 ng) + nuclease-free water 10 µL 1,080 µL 

TaqMan Master Mix (2 X) 10 µL 1,080 µL 

Total volume 20 µL 2,160 µL 

The reaction mixture was added into the appropriate microcentrifuge tube and 

vortex briefly. 20µL of the reaction mixture was added to each well, which is 

preloaded with dried primers for a wide range of apoptosis-involved genes, as 

shown in Table 5. The plate was sealed and centrifuged briefly to collect the 

content at the bottom of the wells, and the PCR reaction was carried out starting 

with pre-denaturation at 50 °C for 2 min, followed by 95 °C for 10 min, and then 

45 cycles of denaturation at 95 °C for 15 s and annealing/extension at 60° C for 

1 min. 

Table 5. TaqMan Gene Expression Apoptosis Array (96�;well plate layout with Gene Symbols): 

 

5.7. Western blot : 

Western blot was used to compare the expression of CCR7 in different cell lines 

and confirm the knockdown of CCR7 in PC-3 cell line.  
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5.7.1. Protein extraction : 

In the case of measuring the expression of CCR7 in different cell lines, cells were 

cultured as described in Section 5.2.; while for the knockdown studies, PC-3 cells 

culturing condition is described below (Section 5.10.). Afterward, cells were 

trypsinised normally, centrifuged, and the pellets were collected. Pellets were 

washed twice with PBS to ensure there is no supernatant or medium is left. The 

pellets were stored at -80º C until the day of the protein extraction. On the 

extraction day, the pellets were brought out from the freezer and left on the bench 

for 10 min to defrost before removing any remaining PBS. The pellets were 

suspended in 150 ���O�� �R�I�� �5�,�3�$�� �E�X�I�I�H�U�� ���7�K�H�U�P�R�)�L�V�K�H�U�� �6�F�L�H�Q�W�L�I�L�F�Œ�� �������������� �Z�L�W�K��

protease inhibitor cocktail 1 (Catalogue number: P2850) and protease inhibitor 

cocktail 2 (Catalogue number: P5726) and mixed well by pipetting up and down 

and kept on ice for 20 min with vortexing every 5 mins. Cells were sonicated for 

10 sec three times with 30 sec differences between each cycle. The cell lysate 

was then centrifuged for 25 mins at 13,200 rcf at 4 �ÛC. Next, the supernatant was 

transferred to a new Eppendorf and avoid any un-lysed cells or debris. Samples 

can be used straight in the next step or stored at -80 �ÛC until the day of the 

experiment. 

5.7.2. Measure the total protein concertation : 

Bradford assay was used to determine the total protein concentration for the 

tested samples. A calibration curve using BSA was performed ranging from 0 

mg/m to 2 mg/ml. This was achieved by dissolving 2 mg of BSA into 1 ml of water, 

followed by a serial dilution to get the following concentrations of BSA as follows: 

Table 6. BSA stock solutions composition for blotting a calibration curve: 

BSA (mg/ml)  0 0.2 0.4 0.6 0.8 1 2 

BSA (Volume in µl)  0 5 10 15 20 25 50 

Distilled water 
(Volume in µl)  

50 45 40 35 30 25 0 

To each standard concentration, 1000 ���O���R�I���%�U�D�G�I�R�U�G���U�H�D�J�H�Q�W was added, while 

the samples were diluted 10x; for example, 4 µl of the sample in 36 µl of water, 
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before similarly adding1000 ���O�� �R�I�� �%�U�D�G�I�R�U�G�� �U�H�D�J�H�Q�W���� �%�R�W�K�� �W�K�H�� �V�W�D�Q�Gard curve 

samples, and the tested samples are incubated at room temperature for 10-15 

minutes. 1ml of either the standard curve samples, or the tested samples was 

transferred into correspondent pre-labelled spectrometer Cuvettes. The cuvettes 

were read at 595 nm using a multiscan Spectrum spectrophotometer 

(ThermoScientific) at 595 nm. Using the results, a standard calibration curve was 

plotted (Figure 66), in which the y-axis represents the concentration of the BSA 

while the X-axis represents the absorbance for the correspondent BSA 

concentration. Using the calibration line equation, the protein concentration of the 

unknown samples was calculated taking into account the 10 x dilution factor. 

 

 
Figure 66. BSA Standard calibration curve. 

5.7.3. Polyacrylamide gel preparation : 

The samples were primarily run in polyacrylamide gel. The gel was prepared 

using Wet/Tank Blotting Systems, in which the space integrated glass plates was 

washed with ethanol and water before being assembled into the apparatus. The 

resolving gel was prepared by mixing the following composition in the exact order: 
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Table 7. Resolving gel components: 

Gel components Volumes (ml) to prpare 
15 ml gel 

H2O 4.9 
30 % acrylamide mix 6.0 
1.5 M Tris (pH 8.8) 3.8 
10 % SDS 0.15 
10 % ammonium persulfate 0.15 
TEMED 0.006 

The mixture was vortexed well and quickly pipetted between the glasses in the 

casting stand, and 1-3 ml of isopropanol was added on the top of the resolving 

gel to remove any bubbles and help to equalise the surface on top. The gel was 

then left to sit at room temperature (15-25 min). The isopropanol was removed, 

and the gel was washed with distilled water to get rid of any isopropanol left. The 

remaining water was then removed by using absorbent paper and the stacking 

gel was added. The stacking gel is prepared from the following components 

added in the exact order as below: 

Table 8. Stacking gel components: 

Gel components Volumes (ml) to prpare 6 ml gel  
H2O 4.1 

30 % acrylamide mix 1.0 
1.0 M Tris (pH 8.8) 0.75 

10 % SDS 0.06 
10 % ammonium persulfate 0.06 

TEMED 0.006 

The comb was then placed quickly before the gel solidify, but carefully to avoid 

introducing any bubbles into the chambers, and left to sit at room temperature 

(15-25 min). Finally, the comb was removed carefully without disturbing the wells 

and the gel was either used straight away or stored in a humid environment at 4 

°C until used. 

5.7.4. Gel electrophoresis : 

On the day of the experiment, the lysate was brought out of -80 °C and thawed 

on ice, and vortexed. �$�Q���H�T�X�D�O���D�P�R�X�Q�W���R�I���S�U�R�W�H�L�Q���������J�� �I�U�R�P���H�D�F�K���V�D�P�S�O�H���Z�D�V��

mixed with 7 ���O�� �R�I�� �O�R�D�G�L�Q�J�� �E�X�I�I�H�U�� ��S3401 Sigma-Aldrich). The protein was 

denatured by incubating at 95° C for 5 min. Meanwhile, the glass plates were 
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assembled in the clamping frame of the electrode assembly before being placed 

into the electrophoresis tank and the tank was filled with 1x running buffer (100 

ml of 10x running buffer and 900 ml distillate H2O), whereas 10x running buffer 

consist of 15 g Tris base, 72 g Glycine and 5 g SDS (GE Healthcare) in 500 ml 

deionised water. Next, 25 ���O���R�I���H�D�F�K���V�D�P�S�O�H���P�L�[�H�G���Z�L�W�K���W�K�H���O�R�D�G�L�Q�J���E�X�I�I�H�U���Z�H�U�H��

loaded to each well, and 10 ���O���R�I���S�U�R�W�H�L�Q���O�D�G�G�H�U�����)�H�U�P�H�Q�W�D�V���3�D�J�H�5�X�O�H�U�Œ���3�O�X�V����

Thermo Scientific) to the side well. The gel box apparatus was then assembled 

with the power supply and the gel was run at 80 volts until the samples passes 

the stacking gel, followed by increasing the voltage to 120 volts and running until 

the dye passes the bottom of the plate (60-90 min). 

5.7.5. Protein transfer to nitrocellulose membrane : 

The separated protein on the gel was now ready to be transferred to a 

nitrocellulose membrane to be stained after. The nitrocellulose membrane was 

immersed in distilled water for 1-2 min, followed by soaking in transfer buffer for 

10-20 min with the blotting papers and the sponges. The transfer cassette was 

also soaked in the 1 x transfer buffer (made from a 10 x transfer buffer (30 g Tris 

base and 144 g Glycine in 1 L deionised water). On the black side of the cassette, 

a sponge, a blotting paper, the gel, the nitrocellulose membrane, another blotting 

paper, and another sponge were placed in this order. The cassette was then 

assembled, and any bubbles were removed before being transferred into the 

apparatus which contains 1 x transfer buffer. The transfer process was run at 300 

mA for 1.5 h while the apparatus was surrounded by ice. 

5.7.6. proteins immunodetection : 

The nitrocellulose membrane was then transferred to an incubation box, where it 

was blocked for non-specific binding with 5 ���� �P�L�O�N�� �P�D�G�H�� �L�Q�� �3�%�6�� �I�R�U�� ���×�K�R�X�U�� �D�W��

room temperature with shaking. The blocking solution was replaced with 5 ml of 

unconjugated primary anti CCR7 (Anti-CCR7 antibody, Abcam, ab32527) 1:1000 

���O���L�Q���E�O�R�F�N�L�Q�J���V�R�O�X�W�L�R�Q���D�Q�G���L�Q�F�X�E�D�W�H�G���R�Y�H�U�Q�L�J�K�W���D�W���� °C with shacking. Parallelly, 

another membrane was blocked and incubated for anti-��-actin (Anti-beta Actin 
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�D�Q�W�L�E�R�G�\�����D�E�����������������������������O���L�Q���E�O�R�F�N�L�Q�J���V�R�O�X�W�L�R�Q���D�Q�G���L�Q�F�X�E�D�W�H�G���R�Y�H�U�Q�L�J�K�W���D�W�����ƒ�&��

with shacking. The membranes were washed with PBS TWEEN 20 (PBST) three 

times (5 min each) before incubating with the correspondent secondary for CCR7 

and ��-actin polyclonal goat anti-rabbit immunoglobulins/ HRP (P044801-1) 

(1:5000 µl in blocking solution) for 1�×hour at RT. Lastly, the membranes were 

washed three times with PBST (5 min each) before developing for detection. The 

�E�D�Q�G�V�� �Z�H�U�H�� �G�H�Y�H�O�R�S�H�G�� �X�V�L�Q�J�� �3�L�H�U�F�H�Œ�� �(�&�/�� �:�H�V�W�H�U�Q�� �%�O�R�W�W�L�Q�J�� �6�X�E�V�W�U�D�W�H��

(ThermoFisher Scientific 32109) (mixing 1ml of Detection Reagent 1, and 1ml of 

Detection Reagent 2) straight before was added on the membranes. The bands 

were then visualised using Bio RAD ChemiDoc XRS+ System and processed 

using Bio RAD Image Lab 6.0.1 software. 

5.8. Immunohistochemistry  (IHC) detection of CCR7  and CCL21  in 

xenografts : 

The paraffin embedded xenografts were prepared and obtained by the staff at 

institute of cancer therapeutics (ICT) at the university of Bradford. Briefly, the 

correspondent cell lines were injected subcutaneously and grown into Balb-c 

nude mice aged 6 to 12 weeks (Harlan, UK). Mice were sacrificed at the end of 

the study when the tumour size reached 150 mm3. Tumours were extracted and 

immersed in 10% formalin for 24 h and processed for paraffin embedding. 

First, the slides were coated before putting the xenografts sections. The slides 

were immersed in acetone for 2 mins before draining the acetone excess and 

incubated for 2 mins in 2% 3-aminopropyltriethoxysilane (APES). The slides were 

then washed twice with running water and left to dry at room temperature 

overnight. 

Next, the paraffin-embedded xenografts were sectioned using Leica RM 2135 

�P�L�F�U�R�W�R�P�H�����������P���W�K�L�F�N��. The sections were left over the hot plate (37 °C) to dry 

overnight. The dried sections were immunostained for CCR7 and CCL21. First, 

the sections were deparaffinised and dehydrated by immersing them into xylene 

for 10 mins twice, followed by immersing in 50:50 xylene/ethanol for 5 mins. The 



  

207 

slides were then immersed in 100% ethanol twice for 10 mins each, followed by 

90% ethanol for 2 mins, and 70% ethanol for another 2 mins. Finally, the slides 

were immersed in distilled water for 5 mins. The endogenous peroxidases were 

blocked with 3% aqueous hydrogen peroxide for 30 min. Next, antigen retrieval 

of the sections was conducted in the microwave by boiling the sections in 10 mM 

of citrate buffer (pH 6.0) for 15 mins at intermediate power. The slides were 

allowed to cool down on the bench at room temperature for half an hour and 

washed with PBS after for 10 mins. After, nonspecific binding was blocked with 

normal goat serum (1:20 dilution with PBS; vectastain® ABC kit) for an hour. The 

excess serum was then removed, and the sections were coated with CCR7 

primary antibody (rabbit monoclonal IgG; Abcam) (1:1000 dilution with PBS) or 

CCL21 primary antibody (rabbit polyclonal to CCL21; Abcam) (1:100 dilution with 

PBS), and incubated at room temperature for 1 hr or overnight at 4 °C. The 

primary antibody was washed off with PBS for 10 mins. The slides were then 

dried off and the sections were coated with biotinylated secondary antibody (IgG 

anti rabbit, vectastain® ABC kit) (1:200 dilution with PBS) for 1 hr. While the 

secondary antibody was incubating, ABC reagent (vectastain® ABC kit) was 

prepared by adding 1 drop of reagent avidin (reagent A) and 1 drop of biotinylated 

peroxidase (reagent B) in 5 ml of PBS to afford solution C. The excess of the 

secondary Ab was removed, and the sections were washed off with PBS for 10 

mins. The sections were dried and ABC solution was added and incubated for 30 

mins. Meanwhile, the DAB solution was prepared by adding 1 drop of buffer stock 

solution, 2 drops of DAB (3,3'-diaminobenzidine) and 1 drop of H2O2 into 2.5 ml 

of distilled water. The slides were washed with PBS for 10 mins, and the colour was 

developed using DAB detection kit (Vector laboratories). The incubation with DAB 

was for 1-2 mins, and the excess of DAB was disposed of into bleach. The staining 

was counterstained with �+�D�U�U�L�V�¶���K�H�P�D�W�R�[�\�O�Ln for 20 secs. Hematoxylin staining was 

washed well under tap water followed by immersion into �6�F�R�W�W�¶�V���W�D�S���Z�D�W�H�U���I�R�U�������P�L�Q����

The sections were finally dehydrated and washed in 70 % ethanol, 90 % ethanol, 
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100 % for 2 mins each. The dehydration and cleaning were continued by immersing 

the slides in 50% xylene/ ethanol, and xylene II for 2 min each. Slides were finally 

immersed in clean xylene for 5 min, and mounted using a mixture of distyrene, 

tricresyl phosphate, and xylene (DPX) to preserve stains and covered with 

coverslips. 

5.9. Enzyme -linked immunosorbent assay (ELISA) : 

Enzyme-linked immunosorbent assay (ELISA) is a sensitive effective technique 

to detect and quantify substances relay on the high specificity and affinity of 

antigen-antibody interaction. ELISA was utilised to detect CCL21 in cell culture 

supernatant produced by PC-3 and OSC-19 cell lines when exposed to different 

stress conditions, either chemotherapeutic agents, radiation, or starvation. 

CCL21 Human ELISA 96 well plate kit was purchased from (Thermo-scientific 

EHCCL21), in which the bottom of the wells is coated with CCL21 antibodies that 

bind to the antigen in the supernatant or cell content. This binding can be detected 

either by the addition of labelled antibodies that binds to the primary antibody or 

a sandwich method where an antibody is added that recognise the antigen only 

when it is bound to the primary antibody. In this kit, Biotin conjugated antibodies 

have been added that bind to CCL21-CCL21 antibody complex that is then 

detected by binding to Streptavidin-HRP, which in turn get visualised with 

Tetramethylbenzidine (TMB) substrate. 

5.9.1. CCL21 detection after treatment with different chemotherapeutic 

agents:  

PC-3, OSC-19, MDA-MB-231 cells were seeded into two T75 flasks (control and 

treated) and left to reach 60-70 % confluency. The media was replaced with fresh 

media containing docetaxel 0.1 nM for PC-3 treated flask, 1nM for OSC-19 

treated flask, and 5 nM and 2.5 nM for a treated group of MDA-MB-231 and DU-

145 respectively, and just media for the control. Cells were left exposed to the 

drug for 24 hrs before collecting the media; from which 100 ���O���Z�D�V���D�G�G�H�G���W�R���H�D�F�K��

well of the CCL21 Elisa detecting plate. At the same time, following the 



  

209 

manufacturer's instruction, CCL21 calibration curve was performed by preparing 

50 ng/ml stock in 1x assay diluent B. This stock was used to prepare serial 

dilutions of CCL21 (0 pg/ml, 32.76 pg/ml, 81.92 pg/ml, 204.8 pg/ml, 512 pg/ml, 

1280 pg/ml, 3200 pg/ml, 8000 pg/ml). Similar to the tested samples, 100 ���O�� �R�I��

CCL21 standard was added to each well in triplicate. The plate was sealed and 

incubated for 2.5 hrs at rt with shaking. The samples were then discarded, and 

the wells were washed 3 times with 1 x washing buffer, ensuring the removal of 

all remaining washing buffer by inverting the plate over a clean paper tissue after 

the last wash. A 100 ���O���R�I���� x biotinylated antibody was added to each well and 

incubate at rt for 1 hr with gentle shaking. Next, the solutions were discarded, and 

the washing was repeated as described above. Following this, 100 ���O�� �R�I��

streptavidin-HRP was added to each well and incubated for 1 hr at rt with shaking. 

The liquid was removed, and the washing step was repeated as in the last two 

steps. A 100 ���O���R�I���7�0�%���V�X�E�V�W�U�D�W�H���Z�D�V���D�G�G�H�G���W�R���H�D�F�K���Z�H�O�O���I�R�U������ min in the dark 

at rt and shaking before adding 50 ���O���R�I���V�W�R�S�S�L�Q�J���V�R�O�X�W�L�R�Q���D�Q�G���W�K�H���D�E�V�R�U�E�D�Q�F�H���R�I��

the plate was read at 450 nm. The standard calibration curve of CCL21 was plot 

as shown in Figure 67, and the slop equation created on the graph was used to 

measure the concentration of CCL21 in the supernatant. 
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Figure 67. CCL21 Standard calibration curve 

5.9.2. CCL21 detection in 2D and 3D : 

CCL21 level was determined in monolayer and spheroids of OSC-19 and PC-3 

cells, in both cell content and supernatant. 2000, 5000, and 10000 cells/well were 

seeded in a normal 96 well plate. In parallel, the same cell number was seeded 

into 96 ultra-low-adherent plates in 10 % FBS media and 20 % of methylcellulose 

and centrifuged for 15 mins at 1500 rpm for spheroid initiation. Both the 

monolayer and the spheroids were incubated for 7 days before collecting the 

supernatant from at least three wells of each cell number either the monolayer or 

the spheroids. In the monolayer, the cells were washed with PBS in the well and 

lysed by adding 100 ���O�� �5�,�3�$�� �E�X�I�I�H�U���� �)�R�U�� �V�S�K�H�U�R�L�G�V���� �W�K�H�\�� �Z�H�U�H�� �F�R�O�O�H�F�W�H�G��

separately, and each spheroid was lysed using 100 ���O���R�I���5�,�3�$���E�X�I�I�H�U�����E�R�W�K���W�K�H��

lysed cells from the monolayer and the spheroids were analysed as described in 

the previous section. 

5.10. CCR7 knockdown using shRNA transfection method in PC-3 cells:  

The siRNA for CCR7#1 (VB900037-3757ere), CCR7#2 (VB900037-3763sxc) 

and scrambled shRNA (VB010000-0009mxc) were designed and validated by 
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Vector builder. The siRNA CCR7-targeting of scrambled RNA sequences are as 

follow: 

siRNA CCR7#1: 

CGTGTTGACCTATATCTATTTCTCGAGAAATAGATATAGGTCAACACG 

siRNA CCR7#2: 

GCTGGTCGTGTTGACCTATATCTCGAGATATAGGTCAACACGACCAGC 

Scramble RNA: 

CCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCGACTTAACCTTAGG 

Both siRNA CCR7 (1 and 2) and scRNA were dissolved in TE buffer (10 mM Tris-

HCl buffer; 1 mM EDTA; pH 8.0) to produce 10 ���0��solutions of siCCR7 and 

scRNA. The stock solutions were aliquoted into several Eppendorf and stored at 

-�����Û�&���X�Q�W�L�O���W�K�H���G�D�\���R�I���W�U�D�Q�V�I�H�F�W�L�R�Q�� 

Early passaged PC-3 cells (from P1 to P5) were seeded at a density of 4 × 105 

cells per T75 flask in 10 ml complete RPMI medium, or 8.0 x 104 cells/well in 6 

well plates in 1 ml complete RPMI medium in each well. Cells were incubated at 

�����Û C and 5 % CO2 for 24 hr. 

On the transfection day, cells were checked under the microscope to make sure 

that they are evenly distributed. and are 60-70 % confluent. The transfection 

reagent lipofectamine (Thermo Fisher scientific 11668019) was homogenised by 

pipetting up and down. Next, to each ml of Opti-MEM medium, 3.1 ���� �R�I��

lipofectamine was added; and pipetted up and down very well and incubated at 

R.T for 10 min. 1 µl or 10 µl of siRNA(CCR7) or scRNA were added to 999 ���O���R�U��

9990 ���O�� �R�I�� �S�U�H-prepared Opti-MEM reduced serum medium with lipofectamine. 

The transfection solutions were mixed well by gently shaking, and pipetting up 

and down before being left at room temperature for 30 min. In the meantime, the 

medium of the cells was removed from the flask or wells to be transfected and 

washed twice with Opti-MEM to ensure the removal of any 10 % FBS RPMI. Cells 

were transfected by adding 10 ml or 1 ml of the transfection Opti-MEM solution 
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added to T75 flask or 6 wells plate, respectively. Finally, cells were incubated at 

the normal condition for 24 hrs or 120 hrs, before being collected for CCR7 

protein expression using WB (Section 5.7 .) and flow cytometry (Section 5.5.). 

5.11. Statistical data analysis  

A student t-test using two-tailed was used to assess the significance of results by 

comparing the mean of three independent experiments (± standard deviation) 

unless otherwise stated. P values were calculated to determine statistical 

significance of the results. *P < 0.05, **P < 0.01, and ***P < 0.001. 
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Appendix  

Appendix I:  Effect of confluence on membranous expression of CCR7 in 

PC-3 cells  

 

 

Appendix II:  Effect of serum starvation on CCR7 expression  
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Appendix III:  Effect of treatment with different chemotherapeutic on CCR7 

expression  

 

 

 

(A) 

(B) 

(C) 

(D) 

(C) 



  

243 

 

 

Appendix IV:  Growth curves of PC -3, HCT116, MDA-MB-231, OSC-19, and 

DU-145: 
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Growth curve of PC-3 (A), HCT116 (B), MDA-MB-231 (C), OSC-19 (D), and DU-145 (E), cell lines 

determined by MTT assay. Seven 96 well plates were seeded with 9 different densities of cells 

(for each cell line) and incubated at 37oC. Every day, including day zero, one plate was taken out 

of the incubator and analysed by MTT. The error bars represent standard deviation. 
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Appendix V: Cytotoxicity of doxorubicin and docetaxel in PC -3, MDA-MB-

231, OSC-19, and DU-145, cisplatin in OSC -19 and MDA -MB-231, and 

doxorubicin and 5 fluorouracil in HCT116  
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Dose response curves of PC-3 (A) doxorubicin and (B) docetaxel, of HCT-116 (C) doxorubicin 

and (D) 5 Fluorouracil, of MDA-MB-231 (E) doxorubicin (F) docetaxel and (G)Cisplatin, of OSC-

19 (H) doxorubicin, (I) docetaxel, (J) cisplatin, of DU-145 (K) doxorubicin, (L) Docetaxel. Cells 

were exposed for 72 hours to different concentrations of the tested drugs to determine cell viability 

as measured by MTT assay. Error bars represent S.D of average calculated from 3 independent 

experiments. 
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Appendix VI: Flow cytometry for quantitative expression of CCR7 in PC -3, 

HCT116, MDA-MB-231, OSC-19, and DU-145 
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Appendix VII: Flow cytometry for quantitative expression of CXCR4 in PC -

3, HCT116, MDA-MB-231, OSC-19, and DU-145 
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Appendix VI II Influence of CCL21 on Apoptotic Pathways  
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Appendix IX: Western blot solutions  

1) 1.5M Tris -HCL: The solution was prepared by adding 36.6 g Tris to 200 ml of 
distilled H2O and the pH was adjust with HCL to pH 8.8. 
2) 10% (w/v) ammonium persulfate (APS):  the solution was prepared by adding 
100 g of APS to 1 ml of distilled H2O. 
3) 10% (w/v) SDS (10ml): the solution was prepared by adding 1 g of SDS to 10 
ml of distilled H2O. 
4) Preparation of PBS Tween 20 (PBST): the solution was prepared by adding 
1 ml of Tween 20 into 1 L of PBS (pH 7.4) 
5) prepration of 5% blocking solution:  the solution was prepared by adding 5 
g milk (less than 0.1% fat) in 100 ml of 0.1% PBST. 

Appendix X: Preparation of Methylcellulose .  

Methylcellulose solution was used in spheroids formation assays. Using 
methylcellulose solution ensure obtaining well-defined rounded spheroids by 
enhancing cell-matrix assembly. Methylcellulose solution was prepared by 
autoclaving 6 g of methylcellulose powder in a 500ml flask with a magnetic stirrer. 
250 ml of preheated medium at 60 °C was added and stirred well for half an hour. 
Another 250 ml of preheated medium at 60 °C was added and stirred for another 
half an hour at room temperature. The viscous solution was left for 2 hrs at room 
temperature to ensure a complete solution. The solution was then centrifuged at 
5000 g for 2 hrs at room temperature. The clear supernatant was collected and 
divided into 50 ml tubes and kept at 4°C. 
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