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Abstract 

We have developed a new strategy to induce inflammation and other tumour destructive 

responses in a tumour specific manner. Inflammation can play an important role in tumour 

supression by stimulating an anti-tumour response. In this project we have harnessed the action 

of the angiostatic members of non-ELR CXC family chemokines (CXCL9 and CXCL10) with a 

view to directing lymphocyte chemotaxis to the tumour site. CXCL9 and CXCL10 recruit 

selective subsets of inflammatory cells by driving various cell types into the site of 

inflammation. They can also reduce angiogenesis in tumours. These chemokines are highly 

pleotropic, and in addition there are splice variants of the non-ELR CXC family receptor CXCR3 

which may have contrasting effects. CXCR3A promotes cell survival and endothelial cell 

angiogenesis, while CXCR3B acts as a cellular inhibitor and is involved in angiostasis. 

Therefore, expression of these receptors is as important as expression of their ligands within the 

cancer in controlling the microenvironment and determining tumour behaviour.  

 

In order to target expression of CXCL9 and CXCL10, various constructs were created, with 

chemokines expressed under the control of the inducible promoters derived from the promoter of 

cytokine IL-2 gene, that is only expressed when T cells are activated. These constructs were 

transfected into primary T cells, and we showed that the promoter is activated when the T cell 

receptor is engaged and that production and activity of chemokine was restricted to activated T 

cells. The delivery method, by transfection of the constructs into tumour specific T cells, is 

designed to limit the production of the chemokine to the active tumour sites. The function and 

fidelity of the constructs were compared and optimized using T cell lines. We have determined 

the function and fidelity of the promoter and also confirmed the biological action of CXCL9 and 

CXCL10 in the construct. Quantitative real-time PCR experiments confirmed that expression of 

the construct results in production of the chemokine only when the T cell receptor is engaged. 

ELISAs were used to quantify, the amount of chemokine production. Chemotaxis assays showed 

the migration of cytotoxic lymphocyte populations and NK cells towards the supernatants of 

cells transfected with constructs. In preliminary experiments, tumour infiltrating lymphocytes 

from liver metastasis of colorectal adenocarcinomas were isolated and grown in culture. 

Transduction of the constructs into tumour specific cells will result in production and activity of 
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the chemokine only in the presence of tumour antigen. 

 

Expression of CXCL9, CXCL10 and CXCR3A and CXCR3B in colorectal adenocarcinoma was 

validated by quantitative real time PCR in 50 fresh frozen liver metastasis samples from 

colorectal adenocarcinomas which showed strong correlation between the expression of two 

chemokines and also correlation between each chemokine and CXCR3B variant expression.  

 

This project forms a proof of concept, and would be a prelude for further work to demonstrate 

the in vivo efficacy of this approach.  
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Chapter 1. Introduction 

1.1 Treatment of Cancer and Immunotherapy  

Despite a long history of awareness and treatment development, cancer remains one of the most 

deadly and life shortening diseases in 21st century. Much is still to be done in order to develop 

consistent and successful therapies for individuals with cancer. An understanding of cancer 

treatment, past and present, is necessary in order to contribute to this field. 

 

1.1.1 Surgery 

The oldest known description of cancer is found in the oldest known „Medical Textbook‟; seven 

Egyptian papyri dating back to 3000-1500 BC. Two of the papyri, the  Edwin Smith Papyrus and 

the  George Ebers Papyrus, describe multiple cases of „bulging tumours‟ or „ulcers‟ of the breast. 

Manuscripts suggest that physicians treated several forms of cancer and they were able to 

distinguish benign and malignant tumours. Suggested recommendations for the treatment of 

these conditions included „cutting‟ of surface tumours and cauterization or no treatment as a 

palliative measure.  

 

Hippocrates, who is considered the father of medicine (460-370 B.C), and Galen, a 2
nd

 century 

Roman doctor, who revolutionised the practice of medicine, described the cancer as an incurable 

disease and their view set the pattern of cancer treatment for centuries. Galen wrote about 

surgical cures of breast cancer if the tumour could be removed completely and at an early stage, 

however, ancient physicians and surgeons recognized that cancer would come back following 

surgical removal and there was no curative treatment once it had spread and furthermore, surgery 

could be more harmful than beneficial in these cases. 

 

Once physicians gained a better understanding of the anatomy and physiology of the body at the 

beginning of 15
th

 century, this also led to advancement of surgical techniques. By 1809, surgical 

excision was established as the primary method of treating solid tumours. John Hunter, Astley 

Cooper, and John Warren were the significant contributors to surgery before the discovery of 

anaesthesia. When anaesthesia became available in 1846, surgery rapidly expanded and Bilroth, 
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Handley and Halsted were the major contributors in the development of radical surgical methods 

to remove the entire tumour together with the lymph nodes. During the final decades of the 20
th

 

century, further technical improvements allowed the maximal sparing of normal tissue and 

limiting the tissue removal to only diseased parts. By the end of 20
th

 century, diagnostic 

exploratory surgery was greatly replaced by various imaging of techniques and imaging guided 

biopsies.  

 

Today, surgery remains the first choice of treatment for cancer where applicable but with the 

additional benefits of sophisticated technologies like fiberoptic instruments or laparoscopic 

techniques and the application of nitrogen or cold probes to freeze the tumour, or lasers, to 

vaporize the tumour tissue, or radiowaves, to kill the cells by heating and allow the 

radiofrequency ablation of the tumour cells. 

 

1.1.2 Infection 

In the 1700s, it was recorded that some infectious processes could be helpful for cancer treatment 

and the practice of introducing infection locally at the tumour site, began. However, this method 

was not published until the early 19
th

 century when William B. Coley, a cancer immunotherapy 

pioneer at New York Cancer Hospital, observed from the medical records of the hospital that a 

sarcoma patient underwent spontaneous tumour regression following a high fever from 

erysipelas infection (Streptococcus pyogenes) (Starnes, 1992). He found a substantial number of 

publications with similar observations and erysipelas was the most common infection being 

related to regression in cancer patients (Starnes, 1992). In 1867, W. Busch, a German physician 

observed that his patient's tumour also became smaller after a high fever (Hobohm, 2001).  In 

1891, Coley deliberately introduced erysipelas infection to an inoperable tonsil and neck 

sarcoma (with today‟s classification, probably lymphoma) patient with an intent to control the 

malignant disease. He found out that introducing infection improved patient‟s condition and 

prolonged her life considerably. In an era with no antibiotics, he encountered difficulties 

controlling erysipelas at times and also experienced difficulties inducing the infection in the first 

place with patients requiring repeated injections to become infected, or not at all, but he achieved 

dramatic definitive results. Having observed that inducing fever was fundamental for tumour 
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regression he created a heat-killed version of streptococcus. To induce fever, he administered 

this toxin in increasing doses, by injecting directly into the inoperable tumours but the results 

were not astonishing (Starnes, 1992). Some years later, with the original idea of enhancing the 

virulence of the streptococcus, he created mixtures of dead Streptococcus pyogenes and dead 

Serratia marcescens bacteria (Coley‟s toxins) and administered this into the tumour in patients 

with advanced cancer. This was an important step towards accomplishment of reproducible 

therapeutic effects in clinic and he is therefore also regarded as the pioneer of vaccine therapy. 

He evaluated various group of cancer patients with inoperable disease that received no therapy 

other than his vaccine and reported long-term survivals, for example more than 20 years in 1/4
th

 

of soft-tissue sarcoma patients (Nauts, 1977, Starnes, 1992). His treatment was effective in 

various carcinomas but „temporary‟ and therefore he decided to restrict his treatment to cancer 

group „sarcomas‟ that was „microscopically proven‟ where he has seen the most response (Nauts 

et al., 1946).  

 

Despite numerous publications, Coley‟s treatment was challenged by his boss, James Ewing,, 

who was a leading opponent of Coley's work. Permission to use Coley‟s toxin was rejected by 

Ewing (McCarthy, 2006) and this was followed by resistance from Bone Sarcoma Registry 

established to standardise the diagnosis and treatment of all forms of bone cancer in 1920s: 

Coley‟s cases were not recognized and Coley‟s toxins deemed to be ineffective and not 

reproducible due to inconsistencies of the results among other applications by various clinicians 

(McCarthy, 2006). Following Coley‟s death, broadly available radiation therapy and 

chemotherapy eventually succeeded the use of Coley‟s treatment.  

 

Today, no licence for Coley‟s treatment exists but in countries like Germany, where there is 

„treatment freedom‟, licensed oncology physicians apply both conventional and unconventional 

Coley‟s toxin in treatment of various cancers. Coley‟s toxin recently, re-gained importance and 

started to be investigated by pharmaceutical companies.  Reports of spontaneous regression of 

tumours following infections have raised the possibility that pathogen associated molecular 

patterns (PAMPs) may lead to activation and maturation of tumour antigen loaded Dendritic 

Cells (DCs) (Kim and Wylie, 2008, Hobohm et al., 2008), was raised. One of the recognized 

PAMPs is the unmethylated CpG motif combined in bacterial DNA, which is recognized by 
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Toll-like receptors (TLRs) and as a result  induces a strong T cell helper type 1 (Th1) responses. 

Today clinical trials using the genetic sequences like CpGs (which might have contributed to the 

effectiveness of Coley‟s toxin) combined with chemotherapies are in progress.  

 

1.1.3 Radiation 

X-rays were first used in medicine in 1895, for diagnostic purposes, by Roentgen (Novelline and 

Squire, 1997). Just one year later, radiation therapy was introduced for the treatment of cancer. 

In 1900s Marie Curie‟s discovery of radioactive elements, polonium and radium has contributed 

further and marked a new era in medical treatment and research.  

 

James Ewing, the famous cancer pathologist is regarded as one of the pioneers in using 

radiotherapy for cancer (Zantinga and Coppes, 1993). Ewing contributed to cancer medicine 

greatly; he proved that cancer (lymphosarcoma in dogs) could be transmitted from one animal to 

another and later on, in 1920 he described the malignant osteoma, today known by his name, 

Ewing‟s sarcoma. He initially treated a 14 years old girl, with a tumour of ulna, with irradiation 

instead of amputation and achieved complete resolution of the tumour for 1 year, although his 

patient did then die from metastatic disease within a couple of years. This led him to the 

description of „radio sensitivity‟ of bone sarcomas (Huvos, 1998).  

 

Radiotherapy kills tumour cells by damaging the cellular DNA. It has a major role in treating 

various tumour types in curative, adjuvant and palliative settings or as part of combination 

treatment. A wide range of sophisticated applications of radiotherapy has been developed; from 

conventional external beam radiotherapy to stereotactic radiosurgery or stereotactic radiation 

therapy, from 3-dimensional conformal or intensity-modulated radiation therapy (which allow 

high-precision radiation) to internal therapies such as brachytherapy and from particle therapies, 

such as proton therapy, to systemic or local radioisotope therapies that are in use today in cancer 

treatment. Recent applications also involve immune-radiotherapies, where an antibody is 

conjugated to the radioisotope, for example, an anti-CD20 monoclonal antibody conjugated to 

yttrium-90 is used for treatment of refractory non-Hodgkin‟s lymphoma. 
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1.1.4 Chemotherapy 

Chemotherapy was invented following the observation of pancytopenia in soldiers exposed to 

nitrogen mustard gases during World War I. Additionally autopsies on soldiers died form 

mustard gas was performed by researches from University of Pennsylvania and decreased white 

cell counts were reported (Faguet, 2008). Yale University was funded to perform a research on 

chemical welfare agents. During World War II, clinical trials in hematologic malignancies and 

lymphomas with nitrogen mustard as a therapy were started and established the effectiveness of 

chemotherapy, with the first patient treated in 1942 by intravenous administration. (Gilman, 

1963). But during the trial, the agent was classified and the study was not published until after it 

was being declassified again in 1946. Later on the first chemotherapy agent „mustine‟ was 

developed.  

 

Chemotherapies in general are cytotoxic drugs and work on rapidly multiplying (cancer) cells by 

impairing mitosis. Alkylating agents, like cisplatin, carboplatin and oxaliplatin, ifosfomide are 

cycle specific (phase non-specific) drugs that are effective only if cells proceed through 

generation cycle but also can cause injury at any point of the cycle. They kill the cell by DNA 

cross-linking and chain damage. Steroid hormones and anti-tumour antibiotics (except 

bleomycin) kill non-dividing cells. They act by a variety of mechanism, Actinomycin D for 

example, intercalates between base pairs and prevents synthesis of mRNA and inhibits 

topoisomerase II. Antimetabolites interfere with building blocks of DNA synthesis and mitotic 

spindle agents, vincristine and vinblastine act by binding to microtubular proteins and inhibit 

microtubule assembly, and result in dissolution of mitotic spindle. Taxanes, also bind to 

microtubules but also promote microtubule assembly and resistance to depolymerisation, 

resulting in production of non-functional tubules. Topoisomerase inhibitors act by inhibiting 

topoisomerase II or I. Today various cytotoxic regimes remain the mainstay of cancer treatment 

both in haematological and solid malignancies either as a neoadjuvant or in adjuvant setting or in 

recurrent and metastatic disease and in palliation as a single agent or in combinations.  
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1.1.5 Immunotherapies 

The history of cancer immunotherapy is marked with periods of great excitement but also with 

great disappointments. Indeed, researchers in the last century questioned whether the induction 

of immune responses would have any beneficial effects against tumour and whether an effective 

immune response could be elicited against malignant tumours. However, in the past decades, 

progress has been made in the development of immunotherapies with tumour specificity and 

there is now strong evidence that immunotherapies can cure cancer in in vivo models. 

 

Among the immune based modalities, monoclonal antibody treatments have been established 

from diagnosis to monitoring and to the treatment of cancer. The mechanisms of action of 

monoclonal antibodies (mAb) include direct effects, producing apoptosis, blocking growth factor 

receptors, therefore arresting tumour cell proliferation, and antibody mediated cell killing by 

recruitment of cytotoxic cells and NK cells, called antibody-dependent cell mediated cytotoxicity 

(ADCC) and indirect effects like anti-idiotype antibody formation. Examples in clinical use 

include the chimeric monoclonal antibody, Rituximab, which targets the CD20 antigen for 

treatment of lymphomas and chronic lymphocytic leukaemia, the humanized antibody, 

trastuzumab that targets the human epidermal growth factor receptor 2 (HER-2), and is used as a 

single agent in induction and maintenance therapy as well as in conjunction with chemotherapies 

in HER-2/neu positive breast cancer, the humanized mAb, bevacizumab, which targets vascular 

endothelial growth factor (VEGF), and was initially approved for advanced colorectal cancer but 

in use for a variety of cancers, a chimeric antibody, Cetuximab, and a complete human antibody, 

panitumumab, which both target epidermal growth factor receptors (EGFR) mainly used in 

treatment of colorectal cancers. Although only a few mAbs are available for treatment, more than 

100 monoclonal antibody-based biological drugs are in clinical trials (Oldham and Dillman, 

2008). 

 

Although the toxicities are limiting in large doses, reflecting the consequences of a cytokine 

storm, therapeutic manipulation of cytokine environment is one of the established treatment 

modalities in cancer. Interleukin 2 (IL-2), a T cell growth factor that enhances NK cell and CD8 

T cell function, on binding of IL-2 receptors, stimulates T cells to release further IL-2 and causes 
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lymphocyte mitogenesis. In lower doses IL-2 shows activity in renal cell cancer and melanoma 

either as a single agent treatment or combined with interferon-gamma (IFN-γ), but up to 75% of 

patients develop anti-IL-2 antibodies. IL-2 is indicated for use in these cancers on the basis of the 

duration of response rather than achievement of response. Patients treated with higher doses of 

IL-2 shows clinical responses but toxicity of treatment could be dose limiting due to increased 

vascular permeability with low systemic vascular resistance, grade 3/4 hematologic toxicities, 

hepatic and renal toxicities and pulmonary oedema, known as capillary leak syndrome. Another 

cytokine, granulocyte-macrophage colony stimulating factor (GM-CSF) is used in stem cell and 

bone marrow transplants to reconstitute the myeloid series. Interferon-alpha (IFN-α) has been 

shown to have both anti-tumour and anti-viral activity and enhances natural killer (NK) cell and 

cytotoxic T cell (CTL) activation. It has a wide range of clinical use in chronic myelogenous 

leukemia, hairy cell leukemia and myeloproliferative disorders with a response rate of 75-90% in 

previously untreated patients.  

 

Amongst other immunotherapy approaches, cancer vaccines that are in clinical trials are not 

proved to be effective for the therapy of patients with established cancer except in rare and very 

sporadic cases. But in contrast, cell transfer approaches can be very effective and are promising 

for personalized treatments that will be detailed later. 

 

1.1.6 Combination treatments 

Cancer that is diagnosed in advanced stages is difficult if not impossible to cure or treat using 

surgery thus patients with advanced cancer usually receive multimodality therapies including 

surgery, radiotherapy and combination chemotherapies as well as more recently, targeted 

treatments, biologicals and monoclonal antibodies. Although improvement in radiotherapy 

techniques and chemotherapy regimens, as well as the introduction of various new treatment 

modalities has improved patient survival considerably, overall efficacy of the treatments, even 

with combination treatments, still remains poor and toxicities of these systemic treatments are 

challenging. The current approach is developing personalised therapies rather than applying 

standardised treatments, which are based on characterisation of individual‟s tumour including 
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identification of genetic signature, microenvironment and host characteristics of the tumour and 

treating the disease using the most suitable agents tailored to individual‟s tumour. 

 

1.2 Tumour Immunity 

Although mutations and epigenetic alterations of cancer related genes disturbs the control 

mechanism of normal cell growth and therefore thought to play a major role in malignant 

transformation of cells, inflammatory cells and tumour microenvironment are also important in 

tumour development and progression. Inflammatory cells are present in all tumour types. There 

is evidence that inflammation may promote tumour growth or cause rejection of tumour 

establishment. These two antagonist actions are defined by the determination of the type of 

inflammation by the host.  

 

1.2.1 Inflammation which promotes cancer 

Chronic inflammation promotes tumour cell growth evidenced by chronic inflammatory diseases 

predisposing to cancer, like inflammatory bowel disease (colon cancer), Barrett‟s metaplasia 

(oesophageal cancer), thyroiditis (papillary thyroid carcinoma), H. pylori-induced gastritis 

(gastric carcinoma), H. pylori (MALT lymphoma), Hepatitis virus B and C (hepatocellular 

carcinoma) and silica and asbestos exposure to bronchial carcinoma and mesothelioma. Some of 

these associations have also been confirmed in mice (Houghton et al., 2004, Greten et al., 2004, 

Pikarsky et al., 2004).  

 

Tumour tissue is believed to create a microenvironment by selecting both type and extent of 

inflammation that is most favourable to tumour growth (Balkwill et al., 2005). In response to 

changes in the microenvironment, plasticity and polarization of inflammation and cell phenotype 

could be seen (Balkwill et al., 2005). Inflammatory cells in the presence of appropriate 

inflammatory mediators – cytokines, chemokines and prostaglandins in tumour tissue together 

with stromal changes, tissue remodelling, angiogenesis and other wound-healing like features 

may create the media that is seen in chronic inflammatory responses and tissue repair 

(smouldering inflammation).  
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Cytokines induce chemokines, and complex chemokine networks influence the extent and 

phenotype of leukocyte infiltrate, tumour cell and endothelial cell growth. For example, tumour 

necrosis factor-alpha (TNF-α), an important cytokine in inflammatory reactions has been shown 

to act as an endogenous tumour promoter in an inflammation induced liver cancer model 

secreted by stromal cells (Pikarsky et al., 2004). Other inflammatory enzymes, including 

cyclooxygenases (COX), that is involved in conversion of arachadonic acid to prostaglandins 

(PG) could be induced with cytokines; increased COX mediated PGE2 increases tumour invasion 

and metastasis with increased production of Interleuin-6 (IL-6), Interleukin-8 (IL-8), VEGF, 

inducible nitric oxidase synthase (iNOS), matrix metalloproteinase-2 (MMP-2) and matrix 

metalloproteinase-9 (MMP-9) (Gasparini et al., 2003) or another inflammatory cytokine IL-1β 

may increase the tumour invasiveness and metastasis, promoting angiogenic factor production by 

stromal cells in tumour microenvironment (Song et al., 2003, Voronov et al., 2003). 

 

1.2.2 Cancer inhibitory Inflammation 

Inflammation seen in cancer is similar to chronic inflammation; the production of growth factors 

and angiogenic factors, which promote cancer cell survival and growth, are also similar to the 

factors that promote tissue repair. However, inflammatory cells that are critical in cancer and not 

linked to pre-existing inflammation have also been recognized. The presence of inflammation or 

some inflammatory cells like eosinophils in colorectal carcinoma, tumour associated 

macrophages (TAMs) in breast cancer and pancreatic carcinoma could be associated with better 

prognosis (Mantovani et al., 2002). Activated macrophages can kill tumour cells by inducing 

tumour-destructive inflammatory responses on the blood vessel wall (Mantovani et al., 1992a). 

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) is important in 

determining the balance between the pro-tumour and anti-tumour properties of macrophages 

(Saccani et al., 2006). However, psoriasis, a chronic inflammatory condition of the skin, in which 

there is a massive accumulation of neutrophils and monocytes, is not associated with increased 

risk of cancer (Nickoloff et al., 2005). It is a Th1 cell mediated disease and accumulated 

monocytes become M1 phenotype macrophages with anti-tumour activity that destroy any 

emerging potential tumour cells.  
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Tumour cell destructive inflammatory reactions, resulting in activation of NK cells through 

NKG2D, trigger cell-mediated cytotoxicity (Hayakawa and Smyth, 2006) and some 

inflammatory processes induce spontaneous (Lokich, 1997, Printz, 2001, Chang, 2000) or 

treatment-induced cancer regression (Hanahan et al., 2003, Panelli et al., 2002). In certain 

tumour types the presence of inflammatory cells or tumour infiltrating lymphocytes is associated 

with small tumour size, low stage and better prognosis (Eerola et al., 2000).  

 

1.2.3 Inflammation and Oncogenes 

Two pathways have been suggested for the connection between inflammation and cancer: 

Extrinsic pathway driven by chronic inflammatory conditions and intrinsic pathway driven by 

genetic changes that causes inflammation. Genetic events include activation of oncogenes by 

either mutation or chromosomal rearrangement or inactivation of tumour suppressor genes. This 

type of transformation produces inflammatory mediators and the result is an inflammatory 

microenvironment that is created without an underlying inflammatory condition; as in breast 

cancer.  

 

In the extrinsic pathway, pre-existing inflammatory or infectious conditions increase the risk of 

development of cancer. Both pathways result in activation of transcription factors: NF-κB, signal 

transducer and activator of transcription 3 (STAT3) and hypoxia-inducible factor 1α (HIF1α) 

which in turn participate in production of inflammatory mediators (cytokines and chemokines) 

and cyclooxygenase 2 (COX2) and therefore prostaglandins. These in turn recruit leukocytes, 

mainly myelomonocytic lineage. Cytokines produce further inflammation by activating key 

transcription factors in inflammatory cells, stromal and tumour cells and a suitable 

microenvironment for the progression of tumour has been created (Mantovani et al., 2008). 

 

One early genetic event, that significantly contributes to the development of human papillary 

thyroid tumour, also directly contributes to the development of an inflammatory 

microenvironment is tyrosine kinase RET (Fagin, 2004, Borrello et al., 2005, Mantovani et al., 

2008), which is shown to be involved in promotion of anaplasia and invasiveness of thyroid 

carcinomas in ret/PTC1-induced thyroid tumors. In pathogenesis of papillary thyroid carcinoma, 
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rearrangement of the area of the chromosome encoding protein tyrosine kinase RET is an early 

event. Activation of RET in isolated human thyrocytes induces a transcriptional programme 

similar to the one seen during inflammation (Borrello et al., 2005) and results in encoding of 

colony-stimulating factors (CSFs) which are involved in both survival and recruitment of 

leukocytes from blood to tissues; one of the main inflammatory cytokines, interleukin 1β (IL-

1β); COX2 which is involved in production of prostaglandins that is expressed in malignant 

cells; chemokines that attract monocytes and DCs, CCL2, CCL20 and angiogenic chemokines, 

CXCL8 and chemokine receptor CXCR4 and adhesion molecule lymphocyte selectin (L-

selectin) which is seen in tumour biopsies of primary tumours mostly with lymph node 

metastasis (Borrello et al., 2005, De Falco et al., 2007). 

 

Members of the RAS family, another frequently mutated oncogene, following activation of RAS-

RAF signalling pathway, have been shown to be involved in production of tumour promoting 

cytokines and chemokines like IL-8 (Guerra et al., 2007, Sparmann and Bar-Sagi, 2004). 

Another oncogene, MYC, which encodes a transcription factor overexpressed in tumours, once 

deregulated, promotes cell-autonomous proliferation and is, as well, involved in the remodelling 

of the extracellular environment (by inducing IL-1β in mouse models - which drives 

angiogenesis) and also contributes to the production of chemokines that recruit mast cells that 

sustain new vessel formation and tumour growth (Shchors et al., 2006, Soucek et al., 2007).  

 

c-MYC and bcl-2 inhibit apoptosis resulting in necrotic tumour cell death and the release of 

damage-associated molecular pattern molecules (DAMPs), which promote tumour invasion and 

growth (Mantovani et al., 2008, Zeh and Lotze, 2005). Similarly, tumour suppressor proteins 

such as von Hippel-Lindau tumour suppressor (VHL), transforming growth factor-β (TGF-β), 

and phosphate and tensin homologue (PTEN) are also involved in regulation of inflammatory 

mediators. VHL targets the transcription factor HIF1α for degradation. HIF1α is involved in 

promoting cellular responses to tissue hypoxia and angiogenesis, interacts with NF-κB, as well 

as in the production of TNF-α and CXCR4 in many human carcinomas (Balkwill, 2004, Balkwill 

et al., 2005, Schioppa et al., 2003, Staller et al., 2003, Mantovani et al., 2008). TGF-β has been 

shown to have a dual role functioning as both tumour suppressor and promoter, while blocking 

TGF-β promotes CD8
+ 

T cell and NK cell mediated anti-tumour immune responses, in mouse 
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model, it also regulates infiltration of inflammatory cells and cancer-associated fibroblasts in the 

tumour microenvironment that is involved in progression of cancer with production of CXCL5 

and CXCL12 (Yang et al., 2010, Bierie and Moses, 2006). These chemokines attract myeloid-

derived suppressor cells, which are suppressors of the adaptive immune response to tumours. 

 

1.2.4 Cancer related inflammation-molecular pathways 

Key intrinsic factors identified in cancer related inflammation are transcription factors; NF-κB, 

STAT3 and inflammatory cytokines IL-1β, IL-6, IL-23 and TNF-α (Karin, 2006, Yu et al., 2007, 

Voronov et al., 2003, Grivennikov and Karin, 2008, Szlosarek and Balkwill, 2003, Langowski et 

al., 2006).  

 

1.2.4.1 NF-κB 

NF-κB, the main coordinator of innate immunity and inflammation and a first responder to 

harmful cellular stimuli, is also known to be a tumour promoter both for tumour cells or pro-

tumour cells (Karin, 2006). NF-κB refers to all the complexes formed by NF-κB-Rel family 

genes and subunits include RelA (p65), RelB, c-Rel, p105-p50 (NF-κB1) and p100-p52 (NF-

κB2). In unstimulated normal cells, NF-κB subunits are inactive in the cytoplasm, bound to 

members of IκB protein family- IκB α, β or ε. NF-κB is stimulated through TLR-MyD88 

signalling pathway and other signalling pathways mediated by TNF-α, bacterial 

lipopolysaccharides (LPS) and IL-1β in response to microorganisms and tissue damage and as a 

result of genetic alterations like mutations or deletions in tumour cells (Courtois and Gilmore, 

2006). Stimulation and activation of signalling pathways results in activation of the IκB kinase 

(IKK) complex–IKKα and IKKβ - and subsequent phosphorylation of the IκB family proteins 

targets them for ubiquitin-dependent degradation by the proteasome. This releases NF-κB and 

allows it to translocate to the nucleus where it can regulate gene expression. NF-κB is important 

in regulating immune cell function, and is also crucial for the regulation of apoptosis 

(Gerondakis et al., 1999). NF-κB is central in inflammatory responses, as it is both induced by 

inflammatory molecules and induces expression of cytokines and chemokines (Pahl, 1999). The 

role of IKKβ and NF-κB pathways are well established in acute inflammation and cell survival 

(Chen et al., 2003, Maeda et al., 2003). As well as involvement in inflammation, persistent NF-
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κB activation can also contributes to cancer (Senftleben and Karin, 2002); it activates the genetic 

coding for expression of inflammatory cytokines, enzymes in the prostaglandin synthesis 

pathway (e.g. COX2), iNOS and angiogenic factors and it induces expression of anti-apoptotic 

genes, e.g. Bcl-xL (Barkett and Gilmore, 1999) or transcriptional regulation of Cyclin D1 

promoter (Guttridge et al., 1999) which is shown to be overexpressed in breast carcinoma 

(Perkins and Middleton, 2003) and involved in compensatory pathways with HIF1α systems 

(Carbia-Nagashima et al., 2007, Mizukami et al., 2005, Rius et al., 2008). Its involvement in 

metastasis of tumours is through the adhesion molecules ICAM-1 and VCAM-1, through 

metalloproteases, like MMP-9, chemokine receptors, especially CXCR4, urokinase-type 

plasminogen activator (uPA) (Pahl 1999), and through induction of VEGF (Pahl 1999). 

However, NF-κB activity is also altered by tumour suppressors; p53 and ARF which can induce 

association of NF-κB subunits with histone deacetylase 1 (HDAC1) co-repressor complexes 

which causes NF-κB to function as a repressor of the expression of tumour promoting genes 

especially in the early stages of the tumour, facilitating apoptosis and cell-cycle arrest (Perkins 

2004).  

 

Currently, there is also only unequivocal evidence that NF-κB is involved in cancer initiation or 

progression where the cancer related inflammation precedes tumour formation. NF-κB activation 

is observed in human hepatocellular carcinoma (HCC), especially at the background of hepatitis 

(Block et al., 2003). Studies with the Mdr2-knockout mouse, which spontaneously develop 

cholestatic hepatitis followed by HCC, showed that through TNF-α expression in adjacent 

endothelial and inflammatory cells, the inflammatory process triggers hepatocyte NF-κB and 

inhibition of NF-κB through anti-TNF-α treatment or induction of IκB-superrepressor results in 

apoptosis of transformed hepatocytes (Pikarsky et al. 2004). Activation of NF-κB in response to 

chronic inflammation could be relevant also in gastrointestinal, especially in gastric cancer and 

colitis associated colorectal cancer: activated NF-κB is detected in lamina propria macrophages 

and epithelial cells from biopsy specimens both in inflammatory bowel disease patients (Rogler 

et al., 1998) and in colorectal and cancerous, but not in adjacent normal, tissue (Lind et al., 2001, 

Yu et al., 2003a). It has also been shown that TIL macrophages express COX as an early event in 

colon carcinogenesis and inhibition of COX-2 activity inhibits development of tumours (Janne 

and Mayer, 2000). Although involvement of NF-κB is well established in these cancers, it has 
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also been shown that NF-κB has no role in tumour initiation and promotion. Tissue-specific 

deletion of IKKβ in enterocytes and macrophages, where NF-κB has been activated, during 

colitis and associated cancer can reduce the inflammation and the development of cancer. It has 

been shown that IKKβ in enterocytes contributes to this by suppressing apoptosis, but it is not 

required for the inflammation and in macrophages it was involved in production of inflammatory 

cytokines required for tumour growth (Greten et al. 2004). Pikarsky et al. also showed that the 

fundamental inflammatory process in Mdr2-knockout mice was maintained in double mutant 

mice and was independent of hepatocyte NF-κB activity (Greten et al., 2004, Pikarsky et al., 

2004).  

 

The balance of pro- and anti-tumour properties of inflammation could also be affected by tissue 

type: Overexpression of NF-κB was found to inhibit epidermal neoplasia in a skin tumour model 

(Perkins, 2004, Dajee et al., 2003, Yamamoto and Gaynor, 2001) whereas blocking NF-κB 

inhibits experimental liver and colon tumours (Pikarsky et al., 2004).  

 

1.2.5 Innate Immunity 

Innate immunity as well as providing the first line of defence in tissue damage, also stimulates 

angiogenesis and wound repair and activate adaptive immunity (Demaria et al., 2010). Innate 

pattern recognition is accepted as the main factor for the modulation of adaptive immunity 

(Allam and Anders, 2008). Innate immune cells also constitute a part of the tumour immune 

infiltrates. 

 

1.2.5.1 Tumour Associated Macrophages (TAMs) 

Macrophages are the key cells in chronic inflammation and major component of leukocyte 

infiltrate of tumours (Mantovani et al., 1992a, Balkwill and Mantovani, 2001, Yang et al., 2006, 

Lewis and Pollard, 2006). TAMs derive from monocytic precursors in the blood (Mantovani et 

al., 1992b). They respond to microenvironmental signals with polarization (Mantovani et al., 

2002). In vitro, M1 macrophages are induced by IFN-γ and microbial products (classically 

activated macrophages) (Mantovani et al., 2002, Balkwill et al., 2005) and M2 by anti-

inflammatory molecules such as IL-4, IL-13, IL-10, glucocorticoid hormones and vitamin D3 
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(alternatively activated macrophages) (Stein et al., 1992, Goerdt and Orfanos, 1999). The 

receptor expression, effector function and chemokine production are different in polarized 

macrophages. M1 phenotype produces iNOS from arginine metabolism and secretes IL-12 and 

TNF; whereas M2 phenotype generates ornithine and polyamines from arginase pathway and 

typically produces IL-10, IL-1 receptor antagonist (IL-1Ra) and type II receptor of IL-1 (IL-

1RII) that acts as a decoy receptor. Chemokine receptors and ligands are also differently 

modulated in M1 and M2 macrophages, IL-10 upregulates CCR1, CCR2 and CCR5, whereas 

IFN-γ induced CXCL9 and CXCL10 are inhibited by IL-4 and IL-10 (Mantovani, 1999). 

Different production of chemokines attracts different T cell populations integrating M1 and M2 

macrophages in T cell amplification and regulation. Various forms of M2 macrophages are 

described sharing same IL-12
low

/IL-10
high

 phenotype with various capacity of production of TNF, 

IL-1 and IL-6 (Mantovani et al., 2004) suggesting M1 and M2 cells are „extremes of a 

continuum‟ functionally (Balkwill et al., 2005). M1 macrophages are effector cells killing 

microorganisms and tumour cells, producing pro-inflammatory cytokines and reactive oxygen 

and nitrogen intermediates; whereas M2 macrophages which is the general phenotype in tumours 

are inclined towards tumour growth and they somehow control inflammatory responses and 

adaptive immunity, produce growth factors, epidermal growth factor (EGF), fibroblast growth 

factor (FGF), TGF-β and VEGF and arginine pathway products that promote cell proliferation, 

scavenge debris, promote angiogenesis by inhibiting or producing selected set of chemokines. 

M2 polarization may be due to signals produced by regulatory T cells or from tumour cells such 

as macrophage CSF, IL-10 and TGF-β (Mantovani et al., 2002, Hagemann et al., 2006, De Palma 

et al., 2005). 

 

In addition to TAMs, other related populations like monocyte subsets that express the 

angiopoietin receptor Tie-2 (Tie2-expressing monocytes or TEMs), myeloid-derived suppressor 

cells (MDSCs) and myeloid dendritic cells are also involved in pro-tumour inflammatory 

microenvironment. 
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1.2.5.2 NK cells 

Natural killer (NK) cells are capable of destroying tumour cells without sensitization and in a 

non-MHC restricted manner, i.e. without having to recognize specific antigens. NK cells show 

similarities to cytotoxic T cells in development, morphology, lytic mechanism and cell surface 

phenotype. The effector functions of both cell types are controlled by MHC class I glycoproteins 

but while cytotoxic T cells recognize infected cells and are attracted by the peptides on MHC 

class I molecules, NK cells that fail to recognize „self‟ antigen in the absence of the peptides and 

or recognize an "altered self" state are activated and mediate cytolysis via secretion of perforin 

and granzyme in an antigen nonspecific manner (Ruggeri et al., 2002). NK cells complement the 

activity of cytotoxic T cells when MHC class I expression is hindered (Gumperz and Parham, 

1995).  

 

NK cells are the first line of defence against tumours and cells infected with pathogens. They do 

not express classical markers of T or B cells, T cell receptor (TCR) or pan T marker CD3 or B 

cell receptor surface immunoglobulins (Ig) but they usually express the surface markers CD16 

(FcγRIII) and CD56 in humans, and NK1.1/NK1.2 in certain strains of mice. Up to 80% of 

human NK cells also express CD8. NK cells are activated in response to interferons or 

macrophage-derived cytokines. They serve to contain viral infections while the adaptive immune 

response is generating antigen-specific cytotoxic T cells that can clear the infection. Following 

activation with IL-2, NK cells lyse a variety of tumours even if the tumour appears non-

immunogenic to T cells. NK cells, along with macrophages and several other cell types, express 

the Fc receptor (FcR) molecule (FcγRIII=CD16) an activating biochemical receptor that binds 

the Fc portion of antibodies. This allows NK cells to target cells against which a humoral 

response has been mobilized and to lyse cells through antibody-dependent cellular cytotoxicity 

(ADCC). Human NK cell have two types of HLA class I-specific surface receptors: killer Ig-like 

receptors (KIR); the main receptors for both classical MHC I (HLA-A, HLA-B, HLA-C) and 

also non-classical HLA-G in primates and CD94/NKG2A heterodimer which recognizes HLA-E 

(a C-type lectin family receptor) that identifies non-classical and non-polymorphic MHC I 

molecules like HLA E (Moretta et al., 1996). The lack of even a single MHC-I allele, a frequent 

event in cancer cells, sensitizes them to NK cell cytotoxicity. In the absence of inhibitory signals, 

NK cell cytotoxicity is activated by triggering receptors, spontaneous cytotoxic activity by 

http://en.wikipedia.org/wiki/HLA-A
http://en.wikipedia.org/wiki/HLA-B
http://en.wikipedia.org/wiki/HLA-C
http://en.wikipedia.org/wiki/HLA-G
http://en.wikipedia.org/wiki/HLA_E


Chapter 1.  Introduction 

17 

natural killer cell group 2D (NKG2D) (CD314), leukocyte adhesion molecule DNAX accessory 

molecule 1 (DNAM-1) (CD226), and natural cytotoxicity receptors. The activation of NK cells 

to kill normal cells is prevented by CD94/NKG2A which binds to MHC class I molecules and 

inhibits NK activity (Janeway and Medzhitov, 2002). Functional receptors include NKp46, 

NKp30 and NKp44 called natural cytotoxicity receptors; they directly induce apoptosis after 

binding to ligands that directly indicate infection of a cell (Moretta et al., 2000). 

Mast cells also found in the tumours. Clinical data are contradictory in that the number of mast 

cells reported to be related to poor or better survival (Saiki et al., 1996, Zou, 2006). Preclinical 

studies show that they may contribute to tumour progression by enhancing angiogenesis (Chiba 

et al., 2004, Diederichsen et al., 2003).  

 

Eosinophils are also often present in tumours, their role in immunoregulation is thought to be 

important but their association in prognosis of cancer is unclear (Lotfi et al., 2007). They may 

contribute to tissue repair or destruction by releasing a variety of chemokines, cytokines and 

growth factors from their granules into the tumour microenvironment (Lotfi et al., 2007).  

 

Dendritic cells (DCs) are antigen-presenting cells (APCs); they are found in all tissues and 

present antigens to lymphocytes. They have an essential role in activation of adaptive immunity. 

Although earlier studies suggested a direct association between the DC infiltration and survival 

(Zeid and Muller, 1993, Tsujitani et al., 1995), recent studies suggest a more complicated 

relationship with different maturation and subsets of DCs having different associations; e.g. 

CD123
+
 plasmacytoid DCs are associated with poorer prognosis in breast and oral cancer 

(Treilleux et al., 2004, O'Donnell et al., 2007), DCs expressing maturation markers CD208/DC-

LAMP and/or CD83 are associated with better survival, lymph node involvement and tumour 

grade (O'Donnell et al., 2007, Treilleux et al., 2004, Ladanyi et al., 2007). 

 

Although cancer-related inflammation is mainly driven by the innate system, the adaptive 

immune response also shown to participate in the process with the involvement of B 

lymphocytes (de Visser et al., 2005), tumour antigen specific antibodies and lymphocytes (Old 

and Chen, 1998, Wolfel et al., 1989). 
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1.2.6 Adaptive Immunity 

The adaptive immune system recognizes specific „non-self‟ antigens in the presence of „self‟ 

through „antigen presentation‟. The system generates responses to achieve elimination of specific 

pathogens or cells that are infected with pathogens and through this process, development of 

immunological memory occur. The main cells of the adaptive immune system are the 

lymphocytes that mainly comprise T cells and B cells. Although T and B cells both are derived 

from the same multipotent hematopoietic stem cells, B cells are mainly involved in humoral and 

T cells in cell-mediated immune responses. Both T and B cells go through at least 3 stages of 

differentiation: naïve cells are mature cells that leave the bone marrow or thymus and enter into 

the lymphatic system but have not yet encountered their cognate antigen; effector cells are the 

ones activated by cognate antigen and active in process of eliminating the pathogen and memory 

cells are the long-lived cells from past infections. 

 

1.2.6.1 Antigen Presentation 

Antigen presentation is an essential step towards clonal immune responses. B cells recognize 

native antigens or presented by follicular dendritic cells (FDCs) in a MHC-independent manner; 

and following exposure to antigen, they differentiate into plasma cells with a primary function 

antibody production to inactivate extracellular pathogens. T cells recognize antigen-derived 

peptide fragments bound to MHC molecules on the surface of APCs. Antigens are usually 

processed before presentation to T cells in APCs. During this process physical contact between T 

cells and APCs allows reciprocal activation through co-stimulatory molecules and early 

detection of intracellular pathogens by T cells before the microorganism can replicate.  

 

APCs consist of Langerhan‟s cells, macrophages, DCs and B cells. But DCs are the only APCs 

that can prime naïve T cells and initiate immune responses. Immature dendritic cells (iDCs) 

capture antigens by phagocytosis, macropinocytosis or via interaction with a variety of cell 

surface receptors and endocytosis. Antigen receptors of DCs include members of the C-type 

lectin family, DEC-205, a type I C-type lectin which functions in directing captured antigens to 

specialized antigen processing compartments within dendritic cells, type II C-type lectins that are 

important for receptor-mediated antigen uptake and include dendritic cell immunoreceptor 
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(DCIR), dendritic cell-associated C-type lectin-2 (dectin-2) and C-type lectin receptor 1 (CLEC-

1). DCIR can bind glycosylated ligands. The macrophage mannose receptor (MMR) and Fc 

receptors for immunoglobulins, FcγR, are also involved in antigen handling by immature 

dendritic cells. DCIR, MMR, and FcγR are all downregulated upon dendritic cell maturation. 

Following antigen uptake and ligation of cell surface receptors (like CD40), maturation is 

triggered, and DCs migrate from peripheral tissues to T cell rich lymphoid organs. 

Simultaneously they undergo phenotypic and functional changes, including a redistribution of 

MHC molecules from intracellular endocytic compartments to the DC surface, downregulation 

of antigen internalization, an increase in the surface expression of costimulatory molecules, 

morphological changes (formation of dendrites), cytoskeleton reorganization, secretion of 

chemokines, cytokines and proteases, and surface expression of adhesion molecules and 

chemokine receptors. iDCs express CCR1, CCR2, CCR5, CCR6 and CXCR1, and they can be 

chemoattracted to areas of inflammation by CCL20, CCL5 and CCL3.  

 

DCs migrate into T cell areas of lymphoid organs, through chemokine/chemokine receptor 

interaction and aided by a variety of proteases. Mature DCs lose responsiveness to CCL20, 

CCL5 and CCL3 and surface expression of CCR1, CCR5 and CCR6 and downregulate CXCR1 

and upregulate expression of CXCR4 and CCR7, so they become responsive to CCL19 and 

CCL21. CCL21 is a potent chemokine for both mature DCs and naïve T cells, colocalizes these 

two cell types leading to T cell activation in secondary lymphoid organs.  

 

DCs present peptide in the context of either MHC class II molecules or I. Presentation of 

endogenous cytosolic proteins by class I MHC molecules is mediated by proteasome and 

translocation and binding of antigenic peptides to class I MHC molecules is through a transporter 

associated with antigen processing (TAP) (Koopmann and Krangel, 1997), whereas class II 

MHC molecules present antigenic peptides derived from antigens internalized through the 

endocytic pathway and the assembly and the translocation of class II molecules, and the binding 

of antigen to class II MHC depend on the function of the invariant chains (Pieters, 1997). 

 

APCs stimulates T cells to express CD40 ligand, which binds to CD40 expressed by APCs, 

CD40 ligation on APCs induces the expression of costimulatory molecules such as CD80 (B7-1) 
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and CD86 (B7-2), which then further stimulate T-cell activation through interaction with CD28 

on T cells, in the absence of CD40 or other APCs T cell anergy may occur. As a result TCR 

signalling is amplified and T cell activation promoted.  

 

CD8 CTLs recognize peptides bound to class I MHC molecules, whereas CD4 helper T cells 

recognize them in association with class II MHC molecules. Antigens derived from intracellular 

(endogenous) pathogens are usually presented to CD8 CTLs in the context of class I MHC 

molecules but when antigens are only expressed in non-haematopoietic cells, they can also be 

presented in association with Class I molecules, although due to low level expression and lack of 

co-stimulatory molecules antigen specific CTLs may not be primed (Sigal et al., 1999). In that 

case, bone marrow derived APCs present the antigen in Class I molecules and CTL can be 

activated. Extracellular antigens, taken up by endocytolytic pathways of APCs are presented to 

CD4 helper T cells by class II MHC molecules.  

 

Additionally a third molecule, CD1, can present lipid and glycolipid antigens to certain T cell 

subpopulations like NKT cells and γδ T cells. CD1 is structurally more closely related to MHC 

class I molecules, but functionally they are close to MHC class II molecules as they present lipid 

antigens derived by endocytic pathways (Sugita et al., 1998).  

 

Mature T cell population are made of CD4
+
 or CD8

+
 αβ T-cell receptor expressing cells and 

CD4
-
/CD8

-
 γδ T-cell receptor expressing cells. The function of CD4

+
 and CD8

+
 T cells are 

guided by the expression of CD4 and CD8 co-receptors for which the ligands are β2 domain of 

MHC class II molecule (Cammarota et al., 1992) and the α3 domain of MHC class I molecules 

(Potter et al., 1989) respectively.  

 

Activation of CD8 T cells initiates cell-mediated immunity. Once activated, a CTL undergoes to 

clonal expansion and gains functionality; dividing rapidly and producing a massive population of 

“armed”-effector cells and effector functions including direct lysis of tumour cells by release of 

cytotoxins, perforin, granzymes, and granulysin or causing apoptosis by activating the caspase 

cascade or expressing Fas ligand (FasL)(CD95L) which binds to Fas (CD95) on tumour cells. 

Host cells become resistant to viral infection by secretion of cytokines such as TNF-α and IFN-γ.  
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CD4
+
 T lymphocytes can recognize and kill MHC class II antigen presenting tumour cells 

(Heller et al., 2006),  or via indirect recognition of tumour associated antigens presented by 

professional APCs, by means of co-stimulatory activating signals (Mumberg et al., 1999). In 

contrast to CD8
+
 cells, CD4

+
 cells digest engulfed extracellular proteins to peptides in the 

intracellular endosomes and present them on cell surface of MHC class II molecules. On 

activation, helper T lymphocytes secrete cytokines that promote the recruitment of other cells, 

like macrophages and DCs that activated it. Activation of CD4 helper T results in humoral 

immune responses associated with the production of specific antibodies by B cells that neutralize 

and eliminate foreign antigens, either by activating complement and binding to FcgR receptors 

on macrophages to facilitate phagocytosis, or by inducing eosinophilic inflammation. Helper T 

cells give rise to various subsets, including regulatory T cells that could be associated with 

tumour progression (Banchereau and Steinman, 1998).  

 

CD4
+
 T cell help is also important for the cross priming in the induction of CTL immunity. CD4

+
 

T cell help is needed in activation of APCs (Ridge et al., 1998), APCs in turn express co-

stimulatory molecules ICAM-1, CD80, and CD86 and secrete cytokines including IL-12 (Cella 

et al., 1996), these factors are essential for effective CD8
+
 T cell activation and most T cell help 

depends on interaction between CD40 ligand (CD40L) expressed on CD4
+
 T cells and CD40 on 

APCs (Lu et al., 2000). Protective T cell mediated anti-tumour immunity also needs CD40-

CD40L interaction (Mackey et al., 1997, Mackey et al., 1998). CTL priming could also be 

independent of CD4
+
 T cells, where the DCs are activated with optimal signal from viruses 

(Stevenson et al., 1998, MacDonald and Johnston, 2000) or through CD40 mediated activation 

with soluble ligand or activating antibodies (Mackey et al., 1998, Mackey et al., 1997) and DCs 

can prime antigen specific CTLs responses without CD4
+
 T cell help. This is also shown in 

mouse studies, when MHC class I deficient tumour cells were injected into MHC class II 

knockout mice, mice showed induction of tumour specific CTL responses (Wolkers et al., 2001).  

De Brujin et al., showed that CD4 help could be bypassed in the presence of high levels of 

antigen in CTL induction and in vitro CTL priming was dependent upon the level of MHC class 

I expression (De Bruijn et al., 1991). Although high-level antigen may induce CTL responses, 

other factors like secondary lymphoid organs seem to be necessary in the absence of CD4 help, 
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e.g. intact draining lymph nodes (Yu et al., 2003b). In the absence of draining lymph nodes, CD4 

help is essential for the proliferation of naïve CD8
+ 

T cells (Yu et al., 2003b). 

CD4
+
 T cells may have additional roles apart from helping APCs in induction of CTL responses. 

Schnell et al., showed that vaccinations with OVA-transduced CD40-activated DCs suggested 

protection against formation of ovalbumin expressing tumours only in the presence of CD4
+
 T 

cells (Schnell et al., 2000). Other studies also supported that vaccinations with transduced DCs 

or pulsed DCs with peptides, tumour lysates, or tumour derived exosomes partially or totally 

dependent on CD4 help (Wolfers et al., 2001, Tuting et al., 1999, Fields et al., 1998, Porgador 

and Gilboa, 1995). 

 

Present literature suggests that CD4
+
 T cells are required for CTL priming especially when DCs 

are not activated through another mechanism but level of antigen or integrity of secondary 

lymphoid organs also contributes to requirement of CD4 help. Especially in the induction of 

CTL responses against tumours, CD4 T cell help is needed as most tumours are non-

inflammatory and tumour antigens may not be available at least for activation of DCs and 

differentiation of naïve CD8
+
 T cells to CTLs. 

 

Natural killer T (NKT) cells are a heterogeneous small subpopulation of T cells sharing the 

properties of both T cells and NK cells, play an important role in immune responses by bridging 

the innate and adaptive immunity (Terabe and Berzofsky, 2008). They co-express an αβ TCR, 

like T cells and also a variety of molecular markers typically associated with NK cells, such as 

NK1.1 but unlike T cells, many of NKT cells recognize CD1d molecule, an antigen presenting 

molecule that binds self and foreign lipids and glycolipids rather than peptide MHC complexes. 

NKT cells or CD1d-restricted T cells, co-expressing a heavily biased, semi-invariant TCR and 

NK cell markers, fill in the niche in providing the immune system a cellular arm that recognizes 

lipid antigens that are not detected by conventional T cells. NKT cells include both NK1.1
+
 and 

NK1.1
-
, as well as CD4

+
, CD4

-
, CD8

+
 and CD8

-
 cells (Berzins et al., 2004) and share features 

with NK cells, such as CD16 and CD56 expression and granzyme production.  

 

Upon activation, like the cells of innate immune system, NKT cells are able to produce instantly 

large quantities of Th1 and Th2 cytokines: IFN-γ, IL-4, GMC-SF, as well as multiple other 
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cytokines like IL-2 and TNF-α and chemokines and therefore they set the tone for the subsequent 

adaptive responses (Terabe and Berzofsky, 2008). NKT cells are essential for several aspects of 

immunity, being both effector and regulatory in infectious and autoimmune diseases as their 

dysfunction or deficiency has been shown to lead to the development of autoimmune diseases 

(such as diabetes or atherosclerosis) and cancers. The clinical potential of NKT cells lies in the 

rapid release of cytokines that promote or suppress different immune responses. 

 

Type I NKT cells is defined by their invariant TCR Vα24Jα18 in humans (Vα14Jα18 in mice) 

and type II NKT cells are characterized by more diverse TCRs recognizing lipids presented by 

CD1d. In cancer, type I NKT cells are mostly protective, by producing huge amounts of Th1 

cytokines, including IFN-γ to activate NK and CD8
+
 T cells and by activating dendritic cells to 

make IL-12. They also cause perforin-dependent cytolysis of tumour cells in vitro, but this has 

not been demonstrated in vivo yet. Type II primarily inhibits tumour immunity. Moreover, type I 

and type II NKT cells counter-regulate each other, forming a new immunoregulatory axis.  

 

1.2.7 Tumour disruptive inflammatory reactions 

Simulation of pathogen invasion at the tumour site, activate antigen-specific T and B cells, NK 

cells and NKT cells which causes modulation of adaptive immunity and amplification of tumour 

destructive process. They also induce M1 activation of macrophages: IFN-γ secreted by T and 

NK cells act as activator of macrophages and activated macrophages exhibit selective cytotoxic 

activity against tumour cells (Banchereau and Steinman, 1998) and cancer destructive 

inflammatory responses (Mantovani et al., 1992a). They kill tumour cells by production of 

reactive oxygen and secretion of TNF-α (Yeoman and Robins, 1988). Low concentrations of 

type I IFNs suppress the generation of TAM, which may in turn inhibit tumour growth and 

angiogenesis (U'Ren et al., 2010). NF-κB could determine the balance between pro and anti-

tumour activities of macrophages (Saccani et al., 2006). Lymphocyte mediated killing involves 

binding of APC to killer lymphocyte by cell recognition, cell to cell interaction and action of 

soluble cytolytic mediators (perforin and granzymes) stored in cytoplasmic granules of T 

lymphocytes. Target cells either die by necrosis or apoptosis. 
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There are also humoral mechanisms involved in tumour destruction, like activation of 

complement and induction of ADCC by NK cells, loss of adhesion (antibody dependent), 

opsonisation and phagocytosis. 

 

1.2.7.1 Anti-tumour functions of T lymphocytes 

CTLs are able to induce tumour cell death upon direct recognition of MHC class I presented 

peptide antigens, and therefore thought to be the critical effector as against tumour cell. This 

theory is supported by several murine studies. Ward et al., showed that CD8
+
 cytolytic T cells 

are required for the rejection of UV light induced tumours (Ward et al., 1990). Murine CTLs 

with in vivo anti-tumour response could be isolated from mice with repeated intra-peritoneal 

injection of antigenic tumour cells (Fearon et al., 1990) or ex vivo in a mixed lymphocyte-tumour 

cell culture; elimination of CD8
+
 T cells from mice either via depleting antibodies or knockout 

mouse can abrogate the anti-tumour immunity induced by vaccines (Dranoff et al., 1993, 

Golumbek et al., 1991).  

 

Clinical data also supports the important involvement of CD8
+
 T cells in anti-tumour responses. 

In vitro stimulated CD8
+
 T cell lines and T cell clones specific for tumour antigens effectively 

mediate anti-tumour immunity upon infusion to the tumour-bearing host in adoptive T cell 

studies (Rosenberg, 2001). Adjuvant or dendritic cell vaccinations with pure tumour peptides 

may induce MHC class I restricted protective immunity (Noguchi et al., 1995, Feltkamp et al., 

1993). 

 

Although the specific role of CD4
+
 T cells in tumour immunity is debated, they have been shown 

to have a critical function in mouse experiments, by vaccine or through antibody-mediated 

depletion of CD4
+
 T cells or CD4-knockout mouse (Fearon et al., 1990, Golumbek et al., 1991, 

Dranoff et al., 1993, Lin et al., 1996, Levitsky et al., 1994, Ostrand-Rosenberg, 1994, Pulaski et 

al., 1996, Cavallo et al., 1992, Hock et al., 1991, Pan et al., 1995b). Tumour-specific CD4
+
 T 

cells recognize the tumour antigens and migrate to the tumour site both in human and murine 

models (Pardoll and Topalian, 1998, Monach et al., 1995, Beck-Engeser et al., 2001). But 

accumulation of CD4
+
 T cells within the tumour microenvironment can disturb or prevent the 
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effector function of CD8
+
 T cells (Awwad and North, 1988, North and Awwad, 1987, Bursuker 

and North, 1984, Berendt and North, 1980), although this anti-tumour response seems to be due 

to regulatory T cell (Treg) characteristics of CD4
+
 T cells (Wang et al., 2004, Dieckmann et al., 

2001, Liyanage et al., 2002, Woo et al., 2001, Woo et al., 2002, Curiel et al., 2004). 

 

CD4
+
 T cells have been shown to be effective in the elimination of tumour cells without CD8

+
 T 

cells in tumour models (Monach et al., 1995, Beatty and Paterson, 2001, Fujiwara et al., 1984, 

Greenberg et al., 1981, Mumberg et al., 1999) but usually both populations are required for the 

effective tumour rejection (Beatty and Paterson, 2000). It seems that predominant effector 

function in tumour immunity is direct lysis of tumour cells by MHC class I recognizing CD8
+
 

CTLs, and this may be partly due to tumour cells expressing mainly class I MHC molecules, 

limiting the direct recognition effects of CD4
+
 T cells. The main role of CD4

+
 T cells is to help 

activation of CD8
+
 T cells which leads to destruction of tumour by CD8

+
 CTLs. Through three 

phases, induction (summarized above), effector maintenance and memory, the CD4
+
 T cell help 

is recognized. 

 

In human CMV infection, adoptively transferred anti-CMV CTLs only survive in the presence of 

CMV-specific CD4
+
 T cells (Schomig et al., 1996). CD4

+
 help may be through stimulation 

independent of DC help or through cytokine secretion. It is shown that CD4
+
 T cell help could be 

replaced by exogenous IL-2 (Kast et al., 1986, Bear et al., 1988) but whether IL-2 is the main 

mechanism or a byproduct in the CTL maintenance still needs to be investigated. Regardless, 

both therapeutic vaccination and adoptive T cell studies suggest that CD4
+
 help is necessary in 

maintaining CTL function and as the tumour establishes further, CD4
+
 help becomes more 

important to maintain the effector function (Dudley and Rosenberg, 2003, Zitvogel et al., 1996, 

Hu et al., 2000). Co-transfer of CD4
+
 T cells together with CD8

+
 T cells shown to increase 

survival in adoptive T cell therapy (Dudley and Rosenberg, 2003).  

 

Once the antigen is cleared, CTLs mainly undergo apoptosis except a small portion convert into 

memory phenotype and in the case of further antigen encounters, CTL response can be recreated 

from the memory. In some studies, it is suggested that CD4
+
 help is also necessary for CTL 
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memory response to develop either during the primary antigenic encounter (Janssen et al., 2003, 

Shedlock and Shen, 2003, Bevan, 2004) or after antigen is eliminated and to maintain the 

number and function of CD8
+
 memory cells (Bevan, 2004).  

 

1.2.7.2 Th1 vs. Th2 responses  

Th1 cell responses are characterized by production of IFN-γ and preferentially inducing cellular 

immunity and whereas Th2 responses by IL-4, IL-5 and other cytokines eliciting humoral 

immunity (Romagnani, 1997). The balance between Th1 and Th2 cytokines determines the 

outcome of various immune responses. Th1 response is associated with a cellular and CTL 

response that is effective against intracellular pathogens and several studies reported a direct 

association between the generation of Th1 response and stronger anti-tumour immunity (Tsung 

et al., 1997, Aruga et al., 1997, Lowes et al., 1997, Fallarino and Gajewski, 1999). 

Th2 responses are more effective against extracellular bacteria, parasites and toxins. Some 

studies also showed that Th2 responses may downregulate anti-tumour immunity (Kacha et al., 

2000, Kobayashi et al., 1998, Ostrand-Rosenberg et al., 2000).  And Th2 responses have been 

reported in progressive cancer patients (Pellegrini et al., 1996); therefore the concept of immune 

deviation from Th1 to Th2 response thought to contribute to failure of T cell mediated anti-

tumour immunity.  

 

There is also supportive evidence that Th2 responses may exhibit anti-tumour responses in vivo 

(Shen and Fujimoto, 1996, Nishimura et al., 1999, Fallarino et al., 2000, Klugewitz et al., 2000) 

and Th2 cytokines could be helpful in cancer gene therapy (Tepper et al., 1989, Allione et al., 

1994). Although a mechanism is not established, activation of innate immunity with eosinophils 

and macrophages by Th2 CD4
+
 T cells which secrete superoxide and nitric oxide could also have 

anti-tumour effect (Hung et al., 1998).  

 

 

 

http://en.wikipedia.org/wiki/Extracellular
http://en.wikipedia.org/wiki/Toxin
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1.2.7.3 CTLs vs. Tregs: 

CTLs destroy tumour cells by initiating apoptosis via either cytotoxic granule exocytosis and/or 

Fas and Fas ligand receptor mediated pathway (Barry and Bleackley, 2002). Once the antibodies 

recognizing cytotoxic molecules become available like TIA-1, granzyme B and perforin, studies 

shown that CD8
+
 CTLs expressing these cytotoxic molecules are associated with better 

prognosis in Epstein-Barr virus-associated gastric cancer, colon carcinoma, breast, endometrial 

and oesophageal cancer (Saiki et al., 1996, Naito et al., 1998, Yakirevich et al., 1999, Kondratiev 

et al., 2004, Schumacher et al., 2001). 

 

CD4
+
 T cells may be able to inhibit or promote tumour growth and considered as „double-edged 

immunologic sword‟ (Yakirevich and Resnick, 2007). CD4
+
 T-helper cells consist of Th1 cells, 

which incite cellular immunity, whereas Th2 cells humoral immune response. While the Th1 

response is associated with CTL activation and contributes to anti-tumour immunity (Lowes et 

al., 1997), the Th2-like cytokine profile is associated with a metastasis prone microenvironment 

(Budhu et al., 2006, Pellegrini et al., 1996). 

 

Tregs constitute 5-10% of all CD4
+
 T cells. Gershon and Kondo initially named them as 

suppressive T cells (Gershon and Kondo, 1971) but further studies into suppressive T cells were 

compromised because of lack of specific molecular markers. When forkhead box P3 (FOXP3), a 

member of the forkhead family of DNA transcription factors was cloned and shown to be the key 

regulatory gene for the development of Tregs (Hori et al., 2003), regulatory T cell studies gain 

the momentum. While Tregs are important in the prevention of autoimmune diseases like type I 

diabetes, graft-versus host disease and transplant rejection (Zou, 2006, Sakaguchi et al., 2006), 

they generate host-versus-tumour immunity by supressing tumour specific effector responses and 

may be involved in the development of immune tolerance to cancer cells. 

 

Tregs are thymus-derived lymphocytes expressing CD4
+
, CD25

+
 and FOXP3

+
 markers. The 

phenotypic characterization of Tregs suggests that they also express cell surface CTL-associated-

antigen 4 (CTLA-4) and glucocorticoid induced TNF-α receptor and they secrete 

immunosuppressive cytokines TGF-β and Interleukin-10 (IL-10) (Yi et al., 2006). CD25, an IL-
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2α receptor subunit is not a specific marker of Tregs but it is shown that it is induced on all 

activated T cells.  

 

FOXP3 seems to be a more specific marker for Tregs and FOXP3
+
 Tregs infiltrating the solid 

tumours have been shown in ovarian, lung, breast, head and neck, pancreas, liver 

(hepatocellular), anal carcinomas and lymphomas (Curiel et al., 2004, Sato et al., 2005, Petersen 

et al., 2006, Bates et al., 2006, Hiraoka et al., 2006, Kobayashi et al., 2007, Badoual et al., 2006, 

Grabenbauer et al., 2006, Alvaro et al., 2005, Carreras et al., 2006). The main function of Tregs 

is to mediate homeostasis but Tregs may also cause exaggerated suppression of TILs and may 

therefore be involved in the failure of anti-tumour immunity. Although there is no definitive 

evidence that Tregs have an immunopathological role in human cancer, several studies reported 

that Tregs were associated with a significant reduction in survival in most solid tumours (Curiel 

et al., 2004, Sato et al., 2005, Petersen et al., 2006, Bates et al., 2006, Hiraoka et al., 2006, 

Kobayashi et al., 2007) but paradoxically with improved prognosis in lymphomas (Alvaro et al., 

2005, Carreras et al., 2006).  

 

Several studies suggested that number of CD8
+
 TILs is not directly correlated with better 

survival in all cancers. Preclinical studies showed that the ratio of effector cells to Tregs is the 

factor determining the tumour rejection (Quezada et al., 2006). In parallel with this, recent 

studies in ovarian and hepatocellular carcinoma patients demonstrated that the ratio of CD8
+
 T 

cells to FOXP3
+
 Tregs could be an independent prognostic factor rather than the numbers of 

Tregs and CD8
+
 TILs by themselves (Gao et al., 2007, Sato et al., 2005). Furthermore, Gao et al. 

showed that both the type (activated cytotoxic granzyme B-positive CD8
+
 T lymphocytes to 

FOXP3
+
 Tregs) and density (high vs. low expression of cytotoxic or regulatory molecules), and 

location (lymphocytes within the HCC tumour cell nests vs. surrounding stroma) are important 

factors to assess the association of prognosis and TIL infiltration of tumours.  

 

1.3 Cancer and Immunosurveillance 

The immune system can recognize, control and eliminate pre-malignant cells without any 

therapeutic intervention (Shankaran et al., 2001). The immune system has three primary roles in 
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the prevention of tumours; it can protect the host from virus-induced tumours by eliminating and 

suppressing the viral infections; it eliminates pathogens and through resolution of inflammation, 

prevents the establishment of an inflammatory environment that may encourage tumorigenesis, 

and; it can recognize, identify and eliminate tumour cells through expression of tumour-specific 

antigens (TSA) which are recognized by cytotoxic T cells (Vesely et al., 2011).  

 

The concept of immunosurveillance; that the immune system, which effectively protects the host 

from microbial pathogens, can also recognize and eliminate nascent transformed cells (that are 

continuously arising in the body) before they become clinically evident, was first proposed more 

than a century ago, by Ehrlich (Ehrlich, 1909). The validation of this hypothesis, by experimental 

testing, came from tumour transplantation models and evidence of the existence of tumour 

associated antigens (TAAs) in the mid-20
th

 century (Burnet, 1957). Burnet had suggested that the 

immune system surveys the body and that lymphocytes eliminate the arising transformed cells, 

resulting in either elimination or slowing down of the development of malignancies.  This was 

based on emerging knowledge of the cellular basis for transplant rejection and tumour immunity 

(Burnet, 1967). Although experimental testing at that time supported this hypothesis and mice 

with an impaired immune system were found to be more susceptible to tumors, Studman showed 

that the cancer susceptibility of immunocompetent mice to spontaneous and carcinogen induced 

tumours was similar to that of nude mice that had major but not total immunodeficiency 

(Stutman, 1974, Stutman, 1975) and thereafter the interest to the cancer immunosurveillance 

hypothesis was greatly reduced (Dunn et al., 2002). In the 1990s, improved mouse models of 

immunodeficiency with pure genetic backgrounds made it possible for the hypothesis to be 

tested in completely immunodeficient mouse models and several studies confirmed the extrinsic 

tumour suppressor role of the immune system (Dunn et al., 2002). 

 

In vivo cancer models also demonstrated that the immune system not only protects the host 

against tumour development but also has a capacity to promote tumour growth by shaping 

tumour immunogenicity (Shankaran et al., 2001). The dual role of the immune system during 

tumour development has now been termed cancer immunoediting, refining the concept of 

immunosurveillance (Dunn et al., 2004). Dunn defined this process in three phases, elimination, 

equilibrium, and escape.  
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1.3.1 Immunosurveillance in Mice 

In 1990s first endogenously produced IFN-γ was shown to be protective of host in the 

development of transplanted, primarily chemically induced and spontaneous tumours. Secondly 

perforin gene (pfp) was found to be important in preventing tumour formation and the role of in 

mediating lymphocyte-dependent killing was established. 

 

1.3.1.1 IFN- γ in Tumour Immunity 

In 1990s, interest in immunosurveillance was re-established as a result of observations showing 

the protective effects of endogenously produced IFN-γ on host against the growth of 

transplanted, chemically induced and spontaneous tumours. In transplanted tumour models, 

blockage of lipopolysaccharide (LPS)-induced tumour rejection was seen by IFN-γ specific 

neutralizing mAb injection in mice with transplanted, established 3-methylcholanthrene induced 

(Meth A) tumours and fast and efficient growth of transplanted fibrosarcomas in mice treated 

with IFN-γ specific mAb (Dighe et al., 1994). In primary tumour formation models, 129/SvEv 

mice lacking sensitivity to either IFN-γ (interferon gamma receptor 1 gene (IFNGR1)-deficient 

mice) or to all IFN family (signal transducer and activator of transcription 1 gene (STAT1)-

deficient) were more sensitive to methylcholanthrene (MCA) induced tumour formation 

challenged with different doses of MCA, developing tumours more rapidly, more frequently and 

with lower doses of MCA compared to wild-type mice. IFN-γ insensitive mice lacking the 

tumour suppressor gene p53 also developed a wider spectrum of tumour formation compared to 

wild type and with mice lacking p53 only (Kaplan et al., 1998). These studies suggested that 

certain tumours may become selectively unresponsive to IFN-γ and IFN-γ is one of the most 

important extrinsic tumour suppressor mechanisms in an immunocompetent host (Engel et al., 

1996, Engel et al., 1997). 

 

Endogenous IFN-γ protects mice against tumour development and enhances tumour 

immunogenicity through the upregulation of MHC class I antigen presentation pathway which 

could be enough for tumour rejection in mice. Other contributors to this rejection process are 

IFN-γ‟s antiproliferative effects through inhibition of CK-2 (Chin et al., 1996) and CK-4 

(Bromberg et al., 1996, Xu et al., 1998) or pro-apoptotic effects by induction of expression of 
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caspase-1  (Chin et al., 1997, Detjen et al., 2001), Fas and Fas-ligand (Xu et al., 1998). IFN-γ can 

also stimulate tumour cells to express CXCL9 and CXCL10 that both inhibit angiogenesis and 

attract CXCR3 expressing leukocyte populations (Luster and Leder, 1993a, Sgadari et al., 1996b, 

Sgadari et al., 1997b, Coughlin et al., 1998a). 

 

1.3.1.2 Perforin and Fas/FasL System in Tumour Immunity 

Cell-mediated cytotoxicity of CTLs and NK cells are derived from either the granule exocytosis 

pathway or the Fas pathway and both pathways are important factors in immune surveillance. 

Perforin is a cytolytic protein located within the lytic granules of the cytotoxic T cell (CTL) and 

NK cells and upon degranulation, creates transmembrane tubules and pores in the plasma 

membrane by inserting its MACPF domain into the target cell's membrane. The granule 

exocytosis uses pfp to direct granzymes to appropriate locations in target cells and apoptosis is 

initiated following cleavage of critical substances. Granzyme A and B induce cell death via 

alternate pathways. Fas/FasL system play a role in both activation induced and lymphocyte 

mediated cell killing (Russell and Ley, 2002). pfp
-/-

 C57BL/6 mice have been shown to be more 

susceptible to spontaneous or MCA-induced tumour formation compared to wild-type mice 

(Street et al., 2001). 

 

Either following challenge with MCA (Street et al., 2002) or untreated pfp
-/-

 mice showed high 

incidence of developing tumours compared to wild type. pfp
-/-

 mice also shown to have high 

incidence of malignancy in distinct lymphoid cell lineages (T, B, NK) suggesting that pfp is a 

requirement in protection against lymphoma formation. Lymphoma formation was enhanced if 

mice also lack p53 gene in transplanted tumours, compared to wild-type mice where tumour 

rejection occurred through CD8
+
 T lymphocytes (Smyth et al., 2000b). The Fas/FasL system is 

responsible for activation induced cell death but it also has important roles in lymphocyte 

mediated killing (Russell and Ley, 2002). But Fas dependent cytotoxicity on tumour cell lines 

that are stably transfected with Fas failed to show resistance in these cell lines and therefore a 

major role of Fas was not detected in tumour control.  
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1.3.1.3 TRAIL 

TNF-related apoptosis-inducing ligand (TRAIL) which is expressed constitutively on a subset of 

liver NK cells and induced by IFN-γ or IFN α/β in monocytes, NK cells and dendritic cells 

induces apoptosis through TRAIL-R2 (DR5) receptor (Smyth et al., 2003, Takeda et al., 2002, 

Cretney et al., 2002). C57BL/6 strain mice treated with neutralizing antibodies to TRAIL 

(Takeda et al., 2001) or lacking TRAIL gene (Cretney et al., 2002) developed fibrosarcomas at a 

higher incidence than wild-type controls following injection of low doses of MCA. C57BL/6 

strain p53
+/−

 mice treated with the neutralizing TRAIL antibody showed a higher incidence of 

spontaneous sarcoma and disseminated lymphoma formation than control IgG-treated mice over 

a two-year period. The specific innate cell subsets that manifest the TRAIL-dependent anti-

tumour effects have not been identified.  

 

1.3.1.4 Cellular Effectors of Cancer Surveillance 

Specific lymphocyte subsets, components of both adaptive and innate immune system are 

involved in cancer immunosurveillance. Studies with gene-targeted mice lacking the 

recombinase-activating gene 1 (Rag1) or 2 (Rag2) demonstrated the involvement of lymphocytes 

in immunosurveillance. Rag2 mutant mice fail to produce mature T or B-lymphocytes. Rag2 

function is required selectively for development of lymphocytes. Loss of Rag2 function results in 

loss of initiation of lymphocyte receptor arrangement, and therefore the lack of T, B and NK 

cells providing a mouse model to study the effects of host immunodeficiency on tumour 

development (different than other genetic models of immunodeficiency) (Shinkai et al., 1992). A 

study using Rag2
-/-

 and STAT1
-/-

 mouse model showed that lymphocytes and IFN-γ together 

prevent formation of carcinogen induced sarcomas and spontaneous epithelial carcinomas 

(Shankaran et al., 2001). Both wild type and Rag2
-/-

 mice injected with MCA, and Rag2
-/-

 mice 

showed earlier and more frequent tumour formation. Comparing the findings with IFN-γ 

insensitive mice lacking either IFNGR1 or STAT1 genes vs. wild type mice, mice lacking both 

genes Rag2
-/-

 and STAT1
-/-

 showed increased susceptibility to MCA induced tumours compared 

to wild type mice but there was no increased incidence compared to mice lacking either Rag2 or 

STAT1, indicating that T, NKT and/or B cells are essential to suppress MCA induced tumours 

and there is an overlap between lymphocytes and STAT1 dependent signaling.  
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The relative contributions of different T-cell subsets in blocking primary tumour formation in 

mice was studied by Girardi et al. Mice lacking αβ T cells (TCRβ
−/−

) and/or γδ T cells (TCRδ
−/−

) 

showed an increased incidence of fibrosarcomas and spindle cell carcinomas following MCA 

treatment compared with wild type controls suggesting critical host protective roles of both αβ 

and γδ T-cell subsets in this tumour development model. But in 7,12-dimethylbenz[a]anthracene 

(DMBA)- and 12-O-tetradecanoylphorbol 13-acetate (TPA)-induced skin tumorigenesis, while 

TCRδ
−/−

 mice showed an increased susceptibility to tumour formation and a higher incidence of 

papilloma to carcinoma progression than wild-type mice, TCRβ
−/−

 mice did not, suggesting that 

immunosurveillance requires different immune effector actions depending on the tumour's cell 

type or mechanism of transformation; while γδ T cells acting to inhibit initial tumour formation, 

αβ T cells directly inhibit tumour progression by using their cytotoxic mechanisms to kill tumour 

cell (Girardi et al., 2001).  

 

1.3.1.5 Innate Immunity 

NK and NKT cells of the innate immune system also protect the host from tumour formation: 

Studies with gene targeted and lymphocyte subset-depleted mice provided evidence for the 

establishment of importance of NK and NKT (NK1.1
+
) cells in protecting against tumour 

formation CD3
+
 NK cells were responsible from tumour rejection and protection from metastasis 

in models of MHC class I deficient tumours where control of tumours was independent of IL-12 

(Smyth et al., 2000a). NK and NKT cell depleted C57BL/6 mice with NK1.1 mAb (which can 

eliminate both NK and NKT cells) or treated with anti-asialo-GM1 (which selectively eliminates 

NK but not NKT cells, and also eliminates activated macrophages) was shown to be two to three 

times more susceptible MCA-induced tumour formation compared to wild type controls (Smyth 

et al., 2001a), but in case of mice treated with anti-(asialo-monosialotetrahexosylganglioside) 

asialo-GM1) antibody, tumour rejection also required endogenous IL-12 activity. Another study 

with Jα281
−/−

 mice lacking Vα14Jα281-expressing invariant NKT cells also showed that these 

mice are more susceptible to MCA induced sarcoma development (Smyth et al., 2000a), 

confirming the critical function for NKT cells in protecting against spontaneous tumours initiated 

by carcinogen MCA. Another study also showed that mice treated with a-galactosylceramide 
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(NKT cell activating ligand), showed reduced incidence and longer latency periods of tumour 

formation than control mice in MCA induced tumorigenesis (Hayakawa et al., 2003). 

 

Mice lacking γδ T cells were highly susceptible to multiple regimens of cutaneous 

carcinogenesis. After exposure to carcinogens, skin cells expressed Rae-1 and H60 (ligands for 

NKG2D), MHC-related molecules that structurally resemble human MHC class I chain-related A 

(MICA) and in vitro, skin-associated NKG2D
+
 γδ T cells killed skin carcinoma cells by a 

mechanism that was sensitive to blocking NKG2D engagement. Authors suggested that the 

localization of γδ T cells within epithelia suggests that these cells may contribute to the 

downregulation of epithelial malignancies (Girardi et al., 2001). 

 

1.3.2 Evidence of Immunosurveillance in Humans 

1.3.2.1 Tumour Infiltrating Lymphocytes (TILs) 

Tumour infiltrating lymphocytes are described as the white blood cells that have left the 

bloodstream and migrated to tumour site. The immune component infiltration of solid tumours is 

considered to be the manifestation of the host‟s anti-tumour reaction and may reflect a tumour 

related immune response in various cancers (Jass et al., 1987, Svennevig et al., 1984, Aaltomaa 

et al., 1992, Furukawa et al., 1985, Tsujitani et al., 1987, Vesalainen et al., 1994). It has been 

shown in several studies that presence of CD8
+
 T cells in tumour cell nests is related to prognosis 

and cellular responses, especially the lymphocytic infiltrations could represent independent 

prognostic factors for improved survival (Pages et al., 2010).  

 

Jass et al., in 1987 has shown that in rectal cancer significant lymphocytic infiltration along the 

invasive margin is an independent prognostic factor for better survival alongside other significant 

factors: number of lymph node metastases, pattern (expanding or infiltrating) invasive margin 

and limitation of tumour growth to the bowel wall (Jass et al., 1987). Ropponen et al. confirmed 

the prognostic value of TILs in colorectal cancer and also shown that there is an inverse 

correlation with the presence of TILs and tumour stage (Ropponen et al., 1997). As well as TIL 

infiltration, Pihl et al. have shown that immune responses in the regional lymph nodes are also 

important for prognosis (Pihl et al., 1980). In small cell lung cancer (SCLC), the most abundant 
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TILs detected were T cells and macrophages, with a trend between the number of intratumoral 

cytotoxic/suppressor CD8 cells and the extent of apoptotic bodies. A high number of 

intratumoral T cells and CD8 cells was significantly associated with a low tumour size (<3 cm) 

and low tumour stage (stages I–II) and high number of intratumoral macrophages with a low 

tumour stage and angiogenesis measured by microvessel density (Eerola et al., 2000). Low TIL 

density in T4 oesophageal squamous cell carcinoma was associated with poor prognosis 

(Yasunaga et al., 2000). Yoshimoto et al. analyzed 11 pathological prognostic factors in 462 

patients with primary breast cancer in view of relapse. Cox regression analysis suggested that 

nodal involvement followed by nuclear grade and TILs were being the most important factors in 

relapse. Analysis of data in 3 stratified intervals showed that the suppressive effect of TILs on 

relapse was not evident up to 2 years but was accentuated significantly after 2 years 

postoperatively. (Yoshimoto et al., 1993). The presence of CD3
+
 TILs was correlated with 

improved survival in epithelial ovarian cancer (Zhang et al., 2003). Intraepithelial CD8
+
 TILs 

and a high CD8
+
/CD4

+
 TIL ratio are associated with favorable prognosis in epithelial ovarian 

cancer suggesting CD4
+
 TILs influence the beneficial effects of CD8

+
 depending on number of 

CD25
+
 FOXP3

+
 regulatory T cells within CD4

+
cells (Sato et al., 2005). Diederichsen et al. 

showed that a low CD4/CD8 ratio by flow cytometric analysis is an independent prognostic 

factor for a longer survival by multivariate analysis (Diederichsen et al., 2003).  

 

The presence of TAA-specific TILs was correlated with improved survival in advanced stage 

melanoma patients and absence of TAA-specific T cells in the circulation suggesting homing of 

the tumour-specific T cell population to the tumour site contributed to the effectiveness of anti-

tumour immunity (Haanen et al., 2006). T lymphocytes recruited around to tumour site (peri-

tumour) do not always contribute to anti-tumour immune response but rather intra-tumour 

lymphocytes important in eradicating the tumours. Close correlation between heavy intra-

tumour-cell infiltrating lymphocytes and microsatellite instability, which was also observed as a 

good prognostic factor in colorectal cancer, and better survival was seen compared to those with 

moderate or mild infiltration in sporadic and hereditary colorectal cancer (Takemoto et al., 

2004).   
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Positive correlation between NK cell infiltration and survival in gastric cancer, colorectal cancer 

and squamous cell lung cancer were also shown: High level of NK infiltration is correlated with 

higher rate of early disease, fewer metastases to the lymph nodes, and less lymphatic invasion 

and significantly better prognosis in gastric carcinoma than patients with a low level of NK 

infiltration (Ishigami et al., 2000). Preoperative NK cell activity has a significant prognostic 

value in curatively operated colon cancer, for the development of metachronous distant 

metastasis in stage III patients (Kondo et al., 2003). The presence of tumour infiltrating NK 

(CD57) subset after surgery has been shown to be a prognostic factor in the survival of patients 

with squamous cell lung carcinoma (Villegas et al., 2002). 

 

1.3.2.2 Immunodeficiency/Immune suppression 

Higher incidence of virally induced malignancies in people with congenital or acquired 

immunodeficiencies or in patients receiving immunosuppressive treatment following organ 

transplants compared to normal population supports the theory that cancer may arise under 

reduced immune capacity.  

 

Transplant recipients have a higher risk of developing various cancers with no apparent viral 

origin, and an organ transplant recipient who is maintained on chronic immunosuppressive 

therapy has a 5–6% chance of developing a de novo cancer within the first few years after 

transplantation. (Penn, 1974, Penn and Starzl, 1972). The overall risk of developing cancer in 

renal transplant patients in both sexes is 2- to 5- fold for colon, stomach, pancreas, larynx, lung, 

bladder, and leukaemia; for men, prostate and testis, and for women, ovary and breast. The risk 

increases to 10- to 30-fold for cancers of lip, skin (non-melanoma), kidney and non-Hodgkin 

lymphoma, Kaposi‟s sarcoma, and in women, cervix and vulva. (Wimmer et al., 2007) (Penn, 

1996, Birkeland et al., 2000, Adami et al., 2003, Kasiske et al., 2004, Grulich et al., 2007). In 

fact malignancy is the third most common cause of death in renal transplantation patients after 

cardiovascular events and infection (Rama and Grinyo, 2010b). There was also association 

reported with high frequency skin cancers and lymphoproliferative diseases in renal transplant 

patients. (Morath et al., 2004a). Another study in patients of cardiac transplantation reported 

development of solid tumours (of skin, lung, breast, bladder, larynx, liver, parotid testicle, uterus 



Chapter 1.  Introduction 

37 

and melanoma) in 5.9% of 608 transplant recipients who survived more than 30 days (Pham et 

al., 1995). 

 

Cancer may develop in the recipient through the direct passage of neoplastic cells from the donor 

(micrometastasis) or through de novo occurrence (Miao et al., 2009a), with retrospective study 

reports of undetected cancer being transplanted from donor 1.3%, the risk of de novo neoplasia 

0.2% and known or incidental kidney transplantation with cancer from donor is 45%. The 

aetiology is thought to be multifactorial including impaired immunity to viruses, impaired 

immunosurveillance of neoplastic cells, as well as effects of immunosuppressive agents causing 

DNA damage and involvement in DNA repair mechanisms and upregulation of certain cytokines 

like TGF-β1, IL-10 and VEGF (Wimmer et al., 2007); (Guba et al., 2004). It is proposed that the 

combination of the effects of immunosuppressive drugs, combined with direct carcinogenic 

effects like sun exposure and host factors like genetic susceptibility, viral infections (EBV, 

HHV8) and pre-transplantation dialysis may altogether increase the risk of cancer (Miao et al., 

2009b, Morath et al., 2004b, Rama and Grinyo, 2010a). It has also been shown that there is a 

direct correlation between the length and intensity of immunosuppression and tumour formation 

(Wolfe et al., 1999). One study suggested that average time to cancer development was 3 years 

following transplantation, although time to development of cancer varied with the nature of the 

malignancy (Pedotti et al., 2003). Cancers are more aggressive at the time of diagnosis and the 

prognosis of common cancers seems to be worse than the general population in solid organ 

transplant recipients (Rama and Grinyo, 2010b). 

 

1.3.2.3 Non-immunological surveillance 

Surveillance is not limited to the immune system. Intrinsic non-immune surveillance system also 

regulates the growth of tumour cells through DNA repair and apoptotic cell death. Apoptotic cell 

death is initiated by DNA damage or activation of oncogenes. The p53 pathway is an example of 

the genetic surveillance; DNA damage causes upregulation of wild-type p53 and p53 binds to 

DNA, induces growth arrest and allows DNA repair (Lai et al., 2010). p53 is inactivated in 50% 

of human cancers (Soussi and Lozano, 2005) and therefore the DNA binding capacity of the 

protein, but cell growth continues and with the DNA damage of the cell, resulting in tumour 
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development. Li-Fraumeni syndrome, with inherited mutations of p53, is associated with 

susceptibility to malignant diseases (Iwakuma et al., 2005).  p53 deficient mice is also 

susceptible to formation of spontaneous tumours (Donehower et al., 1992) and when mice 

produced by crossing of p53 deficient mice with pfp-deficient mice, disseminated disease 

occurred suggesting a direct involvement of cytotoxic lymphocytes (Smyth et al., 2000b), and 

mice lacking both p53 and IFNGR1 or p53 and STAT1 shows a wider spectrum of tumours 

compared to only p53 deficient mice (Kaplan et al., 1998), both studies suggesting 

complementary roles of non-immune and immune surveillance. 

 

Other factors that are regarded as intercellular surveillance; the interaction of tumour cells with 

the surrounding normal cells in the tumour microenvironment also influences the dissemination 

of tumour cells (Klein and Klein, 2005); and epigenetic surveillance, where genetic variation in 

chromatin imprinting or epigenetic silencing could be a cause of gene inactivation as mutations 

and tumour immune evasion mediated by non-mutational epigenetic events involving chromatin 

suggests that epigenetics collaborates with mutations in determining tumour progression (Tomasi 

et al., 2006). 

 

1.4 Immunoediting 

1.4.1 Elimination Phase 

The successful eradication of the developing tumour cells, working together with the intrinsic 

tumour suppressor mechanisms of non-immunogenic surveillance is the hallmark of the original 

cancer immunosurveillance concept. Elimination includes both innate and adaptive immune 

responses to tumour cells. 

 

The anti-tumour immune response starts when the innate system alerted to the presence of a 

growing tumour, at least partly due to changes in the surrounding stroma with new vessel 

formation (angiogenesis) and tissue invasive growth (Sternlicht and Werb, 2001). Stromal 

remodelling also causes surrounding stromal cells and macrophages to secrete pro-inflammatory 

molecules, cytokines as well as chemokines that result in activation of effector cells; NK, NKT, 

γδ T cells (Matzinger, 1994, Smyth et al., 2001b). Recruited immune cells either recognize 
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molecules like ligands of NKG2D or glycolipid-CD1 complexes on tumours via TCR interaction 

or regardless of the mechanism of recognition process they produce anti-tumour responses with 

production of IL-12 and IFN-γ (Cerwenka and Lanier, 2001, Street et al., 2004). In the second 

phase, release of IFN-γ at the tumour site induces local production of chemokines which recruits 

more innate cells and tumour cells killed with cytotoxicity of IFN-γ through its antiproliferative 

(Gollob et al., 2005); and antoiangiogenic effects (Qin et al., 2003) and apoptosis (Wall et al., 

2003). Tumour cells killed through Perforin-, FasL-, and TRAIL- mediated mechanisms by NK 

cells releases tumour antigens, and release of tumour antigens lead to adaptive immune responses 

(Mori et al., 1997, Takeda et al., 2001). In addition, macrophages activated by IFN-γ express 

several toxic mediators including TNF-α, reactive oxygen and reactive nitrogen intermediates 

(ROI and RNI respectively) that contribute to macrophage cytotoxic/cytostatic activity (Mytar et 

al., 2001). In the third phase, iDCs that are particularly efficient in antigen capture are recruited 

to tumour site. They sample tumour debri by macropinocytosis (Sallusto et al., 1995) and by the 

expression of TLRs (Reis e Sousa, 2001) and acquire tumour antigen indirectly through transfer 

of tumour derived heat shock proteins (HSPs). Activated DCs migrate to draining lymph nodes 

and presentation of tumour antigen to naïve CD4
+
 cells. Th1 cells facilitate development of 

tumour specific CD8
+
 CTLs via cross presentation of tumour peptides on MHC I molecules on 

DCs.  

 

The fourth phase is the development of tumour specific adaptive immunity and elimination of 

tumour itself. Both CD4
+
 and CD8

+
 cells migrate to the primary tumour site, while CTLs 

eliminate tumour antigen expressing tumour cells, enhanced by secreted IFN-γ, they also select 

tumour cells of reduced immunogenicity, CD4
+
 T cells produce IL-2, together with host cell 

production of IL-15, this helps to maintain the function tumour-specific CD8
+
 T cells (Shankaran 

et al., 2001).  

 

But cellular transformation may not provide sufficient pro-inflammatory signals to activate the 

immune system in response to a development of tumour, and in the absence of signals, no 

immune response is initiated and tolerance develops (Smyth et al., 2001b). Pro-inflammatory 

signals are danger signals (Shi et al., 2003), such as uric acid, potential TLR ligands, e.g. HSPs 

(Ohashi et al., 2000), ligand transfer molecule induced by CpG DNA (Bandholtz et al., 2003) or 
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extracellular matrix derivatives (Powell and Horton, 2005); or dying mammalian cells 

themselves. 

 

Although local inflammation is involved in initiation of immune responses, chronic or excessive 

inflammation may promote tumour progression (Karin, 2006), which partly could be due to anti-

inflammatory cytokine, IL-10 and TGF-β secretion of APCs that inhibits activation of effector 

cells (Kim et al., 2005).  

 

1.4.2 Equilibrium 

Equilibrium phase of the immunoediting starts when tumour cells survived the elimination and 

produces cells that are resistant to immune effectors which may lead to immune selection of 

tumour cells with reduced immunogenicity (Dunn et al., 2002). These less immunogenic cells are 

more capable of surviving in immunocompetent hosts. Various degrees of immunoselection have 

been suggested with mouse studies that lack different effector molecules. The lymphomas 

formed in pfp-deficient mice were more immunogenic than IFN-γ deficient mice, suggesting pfp 

may be more involved in immunoselection in lymphomas (Street et al., 2002); and IFGR1 

deficient mice more immunogenic in MCA-induced sarcomas (Shankaran et al., 2001). 

 

Equilibrium is the longest of three phases; estimation is approximately 20 years between the 

initial carcinogen exposure to clinical presentation (Yu et al., 2003b). The heterogenicity and 

genetic instability of the tumour cells resist to host‟s elimination process and resultant mutator 

phenotype may contain genetic instabilities: nucleotide-excision repair instability (NIN), 

microsatellite instability (MIN), and chromosomal instability (CIN) (Lengauer et al., 1998).  

 

1.4.3 Escape Phase 

Escape phase represents the failure of immune system to eliminate or control transformed cells 

so that tumour cells allowed to grow in an immunologically unrestricted manner. The genetic 

and epigenetic changes in the tumour cell makes the tumour resistant to immune detection and/or 

elimination, and tumours can expand and become clinically detectable. Resultant tumour cells 
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provide their own growth signals, ignore growth inhibitory signals, avoid cell death, replicate 

without limits, sustain angiogenesis and invade tissues through basement membranes and 

capillary walls and create a microenvironment that allows tumour cells to further establish, grow 

and metastasize (Dunn et al., 2004). 

 

Over the last 50 years different strategies tested were to stimulate anti-tumour immunity. While 

active immunization has not been very successful in human studies with few exceptions, 

adoptive immunotherapy studies are promising.  

 

1.5 Adoptive Immunotherapy with anti-tumour T cells 

Adoptive T cell therapy is the ex-vivo isolation, expansion and re-transfusion of autologous or 

allogeneic T cells into the patients with tumour. It provides a specific and potentially less toxic 

and personalized treatment modality with the goal of elimination of the tumour. Combined with 

the genetic modification of T cells and advances in efficacy of treatment following introduction 

of non-myeloablative chemotherapy (and/or radiotherapy), adoptive T cell therapy is now being 

tested in clinical trials (June, 2007). 

 

In 1960s, it was shown that transplantability of human tumour autografts were inhibited by co-

transfer of autologous leukocytes in 50% of the patients (Southam et al., 1966). Subcutaneous 

transplantation of suspension of cells from their own tumours, mixed with their own leukocytes 

in patients with non-resectable cancer showed inhibition of tumour growth in 21 of 42 evaluable 

patients; and consistent tumour growth inhibition in 9 patients whose cancer cells were mixed 

with leukocytes from a healthy donor. This finding inspired the idea of presence of lymphocytes 

with a specific inhibitory effect on the growth of cancer cells that could potentially be used in 

adoptive immunotherapy. 

 

T cells have advantages among other cytotoxic cells: they could recognize cell surface expressed 

tumour proteins and could specifically target tumour cells, and they have long life span 

(Jamieson and Ahmed, 1989, Michie et al., 1992), they could also easily be isolated and 

propagated and they are suitable for genetic manipulation. 
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Adoptive T cell therapy depends on optimum selection or genetic modification of the cells with 

targeted tumour antigen specificity, and maintaining their effector function, engraftment and 

homing properties during proliferation and following infusion back to host. Anti-tumour effects 

of the re-infused cells in vivo could only be mediated, if T cells have sufficient avidity for 

tumour antigens, if they are in sufficient quantities, if they can home to tumour site and 

extravasate from the peripheral blood circulation and maintain their effector functions to destroy 

tumour cells (Rosenberg, 2008). 

 

1.5.1 Cytotoxic T lymphocyte Therapy 

Infusion of CTLs derived from peripheral blood lymphocytes have been effective in both 

prophylaxis and treatment of viral infections like cytomegalovirus (CMV) in 

immunocomprimized patients (Cobbold et al., 2005, Einsele et al., 2002, Leen et al., 2006, 

Rooney et al., 1998, Heslop et al., 1996). This therapeutic approach has also shown success in 

patients with melanoma (Rosenberg et al., 2008) and EBV-associated malignancies (Roskrow et 

al., 1998, Bollard et al., 2007). 

 

Anti-tumour T cell mediated immunity requires recognition of tumour antigens (TAAs) that are 

expressed by tumour cells. APCs present these antigens to circulating T cells and T cells become 

activated. The quality of the T cell response depends on nature of antigen presented, the 

functionality of APC and cytokine and co-stimulatory interactions of T cell/APC 

microenvironment (Stagg et al., 2007). Activated T cells then become TAA specific effector 

cells and migrate to tumour site to target the tumour cells expressing the cognate antigen in MHC 

complexes (Stagg et al., 2007). 

 

Endogenous tumour-specific T cells are thought be dysfunctional or absent as 

immunosuppressed individuals are at risk of developing malignancies in a higher proportion 

compared to immunocompenents. The role of immune system to protect against cancer in 

immunocompetent individuals is not straightforward. When tumours arise in normal individuals, 

it is thought that specific T cells are either unable to destroy the tumour cells or they are not 

induced. One of the reasons of poor effector T cell function to tumours could be that most 
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tumour antigens are not unique to tumours but also expressed in normal tissues (Mandelcorn-

Monson et al., 2003). So, although immune system may have antigen specific T cells that 

recognize the tumour, they may not respond and become tolerant (Janicki et al., 2008).  

 

Adoptive T cell treatment aims to break this tolerance by expanding non-tolerant T cells in vitro 

and inducing them and re-infusing them to the patient. Although effector T cells endogenous or 

expanded in vitro have the same antigenic specificity (Roskrow et al., 1998, Bollard et al., 2007), 

ex-vivo expanded effector T cells may eradicate the tumour once returned to the patient 

(Roskrow et al., 1998, Rosenberg et al., 2008, Rosenberg et al., 1994, Bollard et al., 2007). 

 

The presence of large numbers of CTLs that can recognize the tumour antigen is not enough for 

the destruction of tumour. The lack of effective response is often due to T cells not recognizing 

tumour-specific antigens (ignorance) or not responding to them (tolerance) (Ochsenbein et al., 

1999, Spiotto et al., 2003). Overwijk et al. showed that when TILs that recognize the self 

antigens on the tumour cells were expanded in vivo, they did not result in eradication of tumour, 

and tumour growth and lethality was unchanged following adoptive transfer of large numbers of 

T cells specific for MHC class I epitope of the self/tumour antigen gp100 (Overwijk et al., 2003). 

 

Rosenberg‟s study on melanoma patients showed that patients who received prolonged 

immunization with a synthetic peptide modified to induce large numbers of self/tumour antigen 

reactive T cells although produced high levels of CD8
+
 T cells (up to 44%) in every patient, with 

up to 30% of them being tumour/antigen reactive properties, did not change the progression of 

tumour (Rosenberg et al., 2005). 

 

It is clearly demonstrated that T cells in the tumour microenvironment can be suppressed while 

the similar cells can exhibit profound effector function. When naïve CD8 T cells adoptively 

transferred into the mice expressing a CD8 T cell epitope in the prostate of transgenic 

adenocarcinoma mice with spontaneously developed prostate cancer, mice were tolerized in the 

prostate draining lymph nodes. Vaccination of the mice intranasally with influenza virus that 

express the CD8 epitope resulted in generation of CD8-specific effector T cells in the lung-

draining lymph nodes. While these effector T cells expressed TNF-α and IFN-γ, and eliminated 
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the target cells in vivo, and infiltrated prostate tumours, they rapidly lost the ability to produce 

effector cytokines and tolerized. A population of these T cells persisted in prostate tumours were 

re-induced to re-express effector functions following cytokine treatment in vitro suggesting that 

T cells of a given clone can be activated and tolerized simultaneously in different 

microenvironments of the same host and that effector T cells could be rapidly tolerized in the 

tumours (Bai et al., 2008).  

 

But despite breaking the tolerance, CTLs cannot exert their anti-tumour effector function to the 

level to eradicate all tumours. Although many hypotheses have been tested; the mechanisms of 

this local downregulation are not clear. Tumours can subside tumour directed CTL activity by 

secreting immunosuppressive molecules like TGF-β, IL-10 or IL-13 which inhibits effector T 

cells (Zou, 2005), they could also prevent antigen recognition by modulating the MHC or 

costimulatory molecules (Zou, 2005) and they recruit Tregs which could inhibit effector function 

of T cells either preventing direct cell to cell contact or by production of immunosuppressive 

cytokine TGF-β (Woo et al., 2001, Curiel et al., 2004, Marshall et al., 2004, Terabe and 

Berzofsky, 2004) or myeloid-derived suppressor cells (Serafini et al., 2006) or the stimulation of 

inhibitory cell surface components on infiltrating lymphocytes such as PD-1 (Barber et al., 2006) 

and CTLA-4 (Korman et al., 2006) that result in lymphocyte suppression. Lymphocytes can also 

undergo apoptosis when encountering antigen under unique conditions, including lack of 

costimulation. 

 

Tumours also express indoleamine 2,3-deoxygenase (IDO), which depletes tryptophan and 

prevents lymphocyte proliferation (Zamanakou et al., 2007). The TNF superfamily member 

FasL/CD95L can induce T cell apoptosis through cross linking of Fas receptor (Fas). Tumours 

express FasL and T cells express Fas on their cell surfaces, Fas mediated apoptosis could cause 

impairment to T cell mediated tumour rejection and through Fas-Fas ligand interaction induce 

premature apoptosis of activated T cells (Igney and Krammer, 2002). Tumours also express 

inhibitory cell surface molecules like programmed death ligand (PD-L1) which causes T cell 

exhaustion by interacting with PD-1 expressed on activated T cells (Keir et al., 2008, Dotti, 

2009). 
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To be able to overcome these mechanisms established by tumour and increase the effectiveness 

of tumour specific T cells, genetic modifications of T cells have been introduced. Gene therapies 

aimed to improve the intrinsic biological activity of T cells by means of improved tumour 

specificity, the cytokine production and T cell migration, to enhance resistance to 

immunosuppressive environment, to increase the safety of T cell therapy and to enable T cell 

marking and imaging studies. 

 

1.5.2 Engineered T cells 

Antigen specificity was transferred to T cells, through modification of T cells to express artificial 

receptors directed against the antigen expressed on the surface of tumour cells, chimeric antigen 

receptors (CARs) that recognize the tumour through single chain variable fragments (scFv) 

isolated from specific antibodies therefore may reduce the off-target effects (Eshhar et al., 1993) 

or modifications of alpha or beta chains of the T cell receptors of the tumour specific T cell 

clones (Schumacher, 2002). CARs targeting a wide range of surface molecules have been 

developed and although mouse models demonstrated successful elimination of the tumours (Vera 

et al., 2006, Ahmed et al., 2007, Brentjens et al., 2003); clinical trials with for example, CD3δ 

signaling domain were unsuccessful (Park et al., 2007, Walker et al., 2000) and this is thought to 

be due to insufficient expression of co-stimulatory molecules (Biagi et al., 2003). 

 

Development of second generation CARs with additional co-stimulatory domains like CD28, 

ICOS, CD134 and CD137 which allows expression of cytokines like IL-2 and TNF-α (Maher et 

al., 2002, Kowolik et al., 2006, Finney et al., 1998, Imai et al., 2004, Pule et al., 2005); and third 

generation ones with two co-stimulatory molecules (Milone et al., 2009, Carpenito et al., 2009) 

also developed. The problem with the system was poor persistence of CAR-modified T cells and 

induction of immune response to chimera itself following adoptive transfer. Significant in vivo 

toxicities were also observed like cholestasis with CAR targeting carbonic anhydrase in renal 

cell carcinoma secondary to cross-reaction with biliary epithelial cells also expressing carbonic 

anhydrase (Lamers et al., 2006) or renal or respiratory failure in a patient with B cell chronic 

lymphocytic leukemia treated with CAR targeting CD19 molecule, probably secondary to 

induction of host lymphodepletion with high doses of cyclophosphamide (Hollyman et al., 
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2009). 

 

T cells modified to express a second, transgenic alpha and beta TCR chains in addition to naïve 

αβTCR to improve MHC restricted cytotoxic activity (Xue et al., 2005) but two pairs in a single 

cell lead to cross pairing between alpha and beta chains and therefore reducing the sensitivity for 

target antigen (Schumacher, 2002). In melanoma patients, clinical trials suggested that 

polyclonal T cells transduced with retroviral vector encoding αβTCR specific for HLA-A2 

restricted MART-1 peptide induced a 13% clinical response (Morgan et al., 2006). But strategies 

increasing the affinity of transgenic αβTCRs specific for same antigen exacerbated significant 

toxicities through immune attack to normal melanocytes present in eye, skin and ear while only 

increasing the tumour response small amount (Berger et al., 2008). 

 

Genetically modified T cells must expand and persist in vivo once they have been re-infused to 

host to be able to sustain their anti-tumour effect. This requires persistent antigenic stimulation 

through direct interaction with tumour cells or through APCs and presence of cytokines 

necessary for T cell migration and proliferation. It is expected some of the effector T cells to 

become memory T cells to maintain long-term protection. Both pre-clinical and clinical studies 

showed that transferred T cells have only limited capacity to expand and persist in vivo, and 

therefore several other strategies have been developed: To improve proliferation and survival, 

IL-2, which promotes effector T cell proliferation and survival, was administered systemically 

together with adoptive T cell therapy (Rosenberg et al., 2008, Rosenberg et al., 1994). But 

systemic administration of IL-2 could have serious side effects in high doses and also expand 

Tregs (Ahmadzadeh and Rosenberg, 2006). 

 

Genetic modification of T cells with retroviruses encoding IL-2 or IL-15 have been produced in 

mouse models and shown to be superior in persistence and anti-tumour activity in vivo compared 

to unmodified cells (Liu and Rosenberg, 2001, Hsu et al., 2005, Quintarelli et al., 2007). Further, 

cells genetically restored to respond to cytokines in the tumour microenvironment, for example, 

restoring the ability of activated CTLs to respond to IL-7 which does not normally induce T cell 

growth and without enhancement of Tregs through forcing expression of IL-7Rα in antigen 

specific cells (Vera et al., 2009b, Ma et al., 2006, Rosenberg et al., 2006, Sportes et al., 2008). 
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This resulted in selective expansion of antigen-specific T cells in vivo and in vitro with clinical 

prospect of administration of recombinant protein systemically to support expansion of 

transgenic receptor expressing CTLs (Vera et al., 2009a).
 

 

T cell survival could also be improved by overexpression of pro-survival genes like human 

telomerase reverse transcriptase (hTERT) gene but this may also favor genetic instability and 

could be unsafe for clinical applications (Migliaccio et al., 2000) or anti-apoptotic genes like Bcl 

and Bcl-xL which increase T cell resistance to death and IL-2 withdrawal (Charo et al., 2005). 

 

Another means of increasing T cell survival and proliferation is increasing the expression of co-

stimulatory molecules CD80 or CD86 or a member of the TNF receptor superfamily, 4-1BB 

ligand, 4-1BBL (CD137). These co-stimulatory molecules already exist on the receptor and pre-

clinical studies suggest that through incorporation of these molecules to CAR-modified T cells, 

production of effector cytokines could be enhanced and in mouse models, tumour rejection is 

seen (Stephan et al., 2007). 

 

Tumour cells and its stroma express TGF-β (Zou, 2005). TGF-β reduces T cell proliferation and 

its effector function and helps to induce tolerance (Moutsopoulos et al., 2008). To be able to 

overcome a tumour favoring microenvironment, CTLs modified to express TGF-β receptor type 

II and shown to be resistant to antiproliferative effects of TGF-β both in vitro and in vivo 

(Bollard et al., 2002). General control nonderepressible-2 (GCN-2) kinase is a stress response 

kinase and its induction in T cells results in cell cycle arrest and creation of anergy and it is 

recognized as a component of IDO-mediated suppression (Munn et al., 2005). Munn et al. 

showed that IDO‟s inhibitory effect might be overcomed by the gene modification that 

downregulates (GCN)-2; in pre-clinical studies, GCN-2 knockout cells were refractory to IDO-

induced anergy (Munn et al., 2005). Stable gene transfer of small interfering RNA (siRNA) to 

downregulate Fas can make the T cell resistant to apoptotic effects of FasL expressing tumours 

(Dotti et al., 2005). 

 

T cell migration is mainly modulated by secreted chemokines and their receptors expressed on T 

cells (Dilloo et al., 1996, Gao et al., 2008). Tumours can secrete chemokines and modify 
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trafficking of Th1, Th2 and Tregs (Curiel et al., 2004). Th1 cells lack CCR4 receptor and 

therefore migration of Th1 cells to Hodgkin Lymphoma could be poor (Poppema et al., 1998, 

van den Berg et al., 1999). Transgenic expression of CCR4 by CD8
+
 CTLs has shown to enhance 

Th1 cell migration to thymus and activation-regulated chemokine (TARC/CCL17)-specific 

chemokine receptor CCR4 expressing tumour, Hodgkin Lymphoma (Di Stasi et al., 2009). 

 

Genetic modification of T cells brought the necessity to integrate vector systems that maintains 

sustained modification of T cells that result in moderate to high expression to ensure adequate 

delivery of the gene and adequate expression of functional transgenes. 

 

1.5.3 TIL Therapy 

Effector cells have been tested as therapeutic agents since 1980s. 3 types of effector cells have 

been described that could be used against human cancer: activated killer monocytes (AKM) by 

(Lacerna et al., 1989, Shinomiya et al., 1989), lymphocyte activated (LAK) cells by (Phillips et 

al., 1984, Wolf and Grimm, 1988, Ortaldo et al., 1989, Topalian et al., 1987) and tumour 

infiltrating lymphocytes (TILs). The method of isolation and expansion of TILs were first 

described by Rosenberg from murine tumours in 1986 and then from human tumour samples 

(Topalian et al. 1987). 

 

TILs could be isolated from tumours, from lymph nodes draining the tumour or from peripheral 

blood lymphocytes of cancer patients and could be expanded by in vitro culture in high levels of 

IL-2. Specific reactivity against tumour antigens is a prerequisite for effective adoptive transfer 

strategies therefore strategy should allow massive ex-vivo expansion of TILs but without tumour 

specific T cells losing their antigen specificity. Adoptive cell therapy (ACT) allows activation 

and expansion of tumour reactive cells ex vivo for subsequent infusion back into autologous host.  

 

In an early study by Rosenberg, T cell populations were derived from TILs of tumour for ACT 

therapy for 86 melanoma patients. (Rosenberg et al., 1994). TILs were initiated in large numbers 

(>1x10
8
) from diced tumour samples and expanded with high concentration of IL-2 until the 

target numbers were achieved. Once the target numbers were reached, irrespective of tumour 
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reactivity, TILs were administered. Although objective results were reported, they were short 

lived. Later on, more reliable methods that recognize tumour cells were developed.  

T cell clones could also be generated from patient‟s peripheral blood. Although T cell therapy 

with this method for prophylaxis of CMV and EBV associated diseases in post-transplant 

patients has been successful (Riddell et al., 1992, Rooney et al., 1998), it has not been effective 

in melanoma patients. Administration of large numbers of highly tumour reactive cloned T cells 

as T cell therapy only, or with IL-2, or with or without IL-2 following conditioning treatment, 

showed no clinical responses (Dudley et al., 2001, Dudley et al., 2002, Yee et al., 2002). 

 

Alternative strategies were investigated to optimize the methods for generating TIL cultures 

suitable for ACT of melanoma patients. In one extensive study, generation of TIL cultures for 

use in adoptive transfer for melanoma patients was studied and antigen specificity and tumour 

reactivity of the TILs were compared (Dudley et al., 2003). It was observed that although 

multiple cultures were readily established from excisional tumour biopsies, different TIL cultures 

from a single tumour tissue showed different antigenic specificities when specific cytokine 

secretion was analyzed following stimulation with HLA-A2 matched tumour cell lines or 

autologous tumour cells. When TILs were generated from fragments of 5 tumour specimens 

(different biopsies of the same patient), cultures exhibited qualitatively similar but quantitatively 

distinct patterns of recognition of different targets. The six independent TIL cultures showed 

more than 100-fold difference in IFN-γ secretion when stimulated by T2 cells pulsed with the 

MART-1:27-35 peptide epitope, 10-fold difference in recognition of HLA-A2
+
 624mel, and 

more than 5-fold difference in recognition of the autologous 2009 tumour cells. Results also 

suggested that several different antigens were recognized by different TIL cultures. When TILs 

were derived from the same single tumour specimen, they also comprised phenotypically diverse 

populations (different percentages of CD4 and CD8 positivity in each culture). Where 

autologous tumour cells were not available and recognition of HLA-A2 matched allogeneic 

melanoma cells were used, TILs generated from the same tumour fragments were more likely to 

identify cultures that recognize the shared HLA-A2 restricted antigens. Also one cycle of rapid 

expansion generated large TIL numbers with functional avidity and enough for treatment. The 

reasons of variations in tumour responsiveness was not understood but one possible explanation 

is that TILs may be a heterogeneous mixture of cells dominated by a few T cell clones and the 
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presence of CD4 population may have important effects on CD8 cell during expansion in vitro 

and during tumour regression in vivo (Dudley et al., 2003, Dudley and Rosenberg, 2003). 

Another challenge in ACT is the maintenance of transferred cells in the body. Earlier studies 

with ACT studies showed that infusing tumour specific clones generated from patient‟s tumour 

samples aimed to provide a homogenous population resulting in objective responses in 

melanoma patients, failed to show anti-tumour responses due to disappearance of infused T cells. 

But adoptive transfer of oligoclonal bands of T cells showed tumour regression. Furthermore, 

studies at the National Cancer Institute, including prior host conditioning therapy with low dose 

non-myeloablative but lymphodepleting cyclophosphamide and fludarabine prior to ACTs of 

refractory metastatic melanoma patients, were associated with an increase in objective response 

rates to 50%, compared to the response rate of 34% in an earlier study from the same group 

without prior host conditioning (Dudley et al. 2005). The increased response rate was thought to 

be due to persistence of CD4 helper and CD8 cytolytic tumour specific T cells combined with 

lymphodepleting therapies providing room for the new arrived T cells (Dudley et al., 2005). 

 

Further trials in the surgery branch of the National Cancer Institute focused further on the role of 

lymphodepletion on persistence of infused lymphocytes and to improve clinical outcome. They 

have established in mouse studies that lymphodepletion improves the anti-tumour efficacy by 

eliminating homeostatic cytokine accumulation such as IL-7 and IL-15, eliminating CD4CD25
+
 

Tregs with anti-tumour activity as well as activation of APCs and stimulation of lymphocytes by 

transferred of stem cells. Three sequential clinical trials on refractory metastatic melanoma 

patients were designed; 43 patients received 2 days of non-myeloablative lymphodepleting 

regime of 60 mg/kg cyclophosphamide followed by 25 mg/m
2
 fludarabine, 25 patients in a 

second cohort received an additional 2 Gy total body irradiation (TBI) as well as (>2million/kg) 

CD34
+
 hematopoietic stem cells and the third cohort (25 patient) was treated as the second group 

except that they received 12 Gy TBI. All patients also received high dose IL-2 (720,000 IU/kg) 

following infusion of TILs. Objective response rates with RECIST were 49, 52 and 72% 

respectively and the complete response rates were 12%, 20%, and 40% (Rosenberg et al., 2011). 

20/93 patients achieved complete response. Patients were followed minimum of 3 years. 

Toxicities were mainly due to lymphodepletion and IL-2 treatment, which were severe but 

transient and toxicities due to TIL treatment was mild and rare. Response rates were correlated to 
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post-treatment decreased IL-15 levels. Differentiation and proliferative potential (CD27 

expression) of T cells and telomere length were also directly related to response, so „younger‟ 

TIL populations are more responsive (Dudley, 2011, Dudley et al., 2010). 

 

In an era in which the necessity of personalized treatment approaches, alongside various new 

targeted therapies, has been realised, immunotherapeutic approaches especially ACT have gained 

importance. Following the clinical success of ACT in haematological malignancies, it has now 

been shown, in the NIH and several other centres, that ACT can be an effective treatment in 

refractory metastatic melanoma patients. The methodology of engineered T cells is based on 

transferring antigen specificity to T cells and the success of both engineered T cell or TIL cell 

therapies relies on T cells‟ tumour antigen specificity and recognition of tumour antigen.  

 

We have devised a novel treatment delivery method that combines the tumour homing 

characteristics of TILs, to „home to the tumour site‟, and the tumour antigen specificity of T cells 

to deliver reagents directly to the tumour site in an activation-dependent manner. TILs grown 

from tumour tissue could be expanded in vitro and delivered to the body following gene-

modification using ACT. Delivery in an activation-dependent manner is achieved by genetically 

modifying T cells with the plasmid systems containing an inducible promoter thereby allowing 

delivery of specific genes that are only expressed when the cell is activated, i.e. when the tumour 

antigen specific T cells meet the tumour antigen, theoretically at the tumour site or in the tumour 

microenvironment. Such a delivery method could avoid or minimise the systemic side effects 

that can result from non-targeted treatments. 

 

In simplistic terms, expression plasmids allow expression of a protein once the plasmid is 

expressed inside a cell. Once inside the cell, transcription is initiated by RNA polymerase at 

specific DNA sequences, namely the promoter, leading to the production of mRNA and 

consequently RNA is translated into protein within the cell‟s ribosomes. Expression plasmids 

with inducible promoters allow the regulation and timing of production of protein, encoded by 

the cloned DNA. Compared to constitutive promoters, an inducible promoter is not always active 

but the promoter can be „turned on‟ upon stimulation. For most inducible promoter expression 
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plasmid systems, promoters are usually activated by physical or chemical stimulation such as 

antibiotics.   

 

In this project, to be able to create an antigen-specific delivery system using T cells, we have 

taken advantage of a naturally occurring event; antigen specific T cell activation through 

engagement the T cell receptor. One of the most rapid consequences of T cell activation through 

its antigen receptor is the de novo synthesis of IL-2. IL-2 transcription and synthesis (under 

physiological conditions) is almost exclusive to CD4
+
 T lymphocytes following appropriate cell 

activation through interaction of clonotypic antigen receptor with antigen or mitogens. The major 

endpoint of signaling by the TCR is the upregulation of IL-2 gene expression. In normal T cells, 

engagement of TCR-CD3 complexes and costimulation by CD28 leads to the stimulation of 

multiple pathways followed by activation of various transcription factors including NF-κB, 

nuclear factor of activated T-cells (NF-AT1), early growth response 1 (EGR1), E74-like factor 1 

(ELF1), Elk-1, c-Fos, c-Jun/c-Fos and AP-1 where most transcription binding sites are located 

and therefore regulate the IL-2 proximal promoter to drive IL-2 gene transcription. 

 

We created a plasmid system with inducible IL-2 promoters and tested the system in a T cell line 

(Jurkat cells) and primary T cells and activated primary T cells following transfection of cells 

with the plasmids and upon activation of the T cells. For the purposes of this project, we have 

targeted the delivery of chemokines to the tumour site to induce inflammation and change the 

microenvironment of tumour. However this delivery method is not limited to chemokines and 

may enable any cancer targeting drug, molecule, gene and protein, that could be expressed, to be 

delivered specifically to the tumour site.  

 

The following sections of this chapter will detail the specifics of the chemokines and T cell 

activation, IL-2 signalling in respect to activation of transcription factors and IL-2 promoters that 

are used in this project, as well as the review of potential transfection and transduction methods 

that could be used for the modification of T cells. 
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1.6 Chemokines 

One of the microenvironmental factors that control neoplastic processes is attributed to 

chemokines and their receptors. Chemokines or chemotactic cytokines are small heparin-binding 

„chemoattractant‟ peptides that regulate migration of various cells in the body. They are the main 

controllers of leukocyte migration but also involved in lymphocyte development, 

commencement of immune response and immune pathologies (Gerard and Rollins, 2001, Moser 

and Loetscher, 2001, Zlotnik and Yoshie, 2000). 

 

They are small proteins consisting of 70-125 amino acids with molecular masses of 6 to 14 kDa 

(Kim and Broxmeyer, 1999). They act through G-protein coupled cell-surface receptors that 

mainly act as leukocyte chemoattractants (Murphy et al., 2000, Loetscher et al., 2000, Proudfoot, 

2002). Specific patterns of expression, regulation and receptor binding of each chemokine create 

a functional diversity and they play roles in „leukocyte trafficking‟ regulating the directed 

motility of leukocytes to the infected site during inflammation or injury (Baggiolini, 1998, 

Baggiolini and Dahinden, 1994, Cyster, 1999, Gerard and Rollins, 2001). They are also known to 

influence cellular activities unrelated to leukocyte migration including cell survival and effector 

responses, they contribute to virus–host interactions, also involved in chemotaxis, adhesion, 

angiogenesis, organogenesis and proliferation of tissue cells.  

 

1.6.1 Structural Classification of Chemokine System 

More than 46 chemokines have been described and most chemokines contain at least four 

cysteine residues with two disulfide bonds between the first and the third and between the second 

and fourth cysteine. They are classified as CXC, CC, C and CX3C sub-groups according to the 

location of their conserved cysteine residue. The largest family is the CC chemokines, where the 

first two (NH2-terminal) of the four cysteine residues are in adjacent positions. They attract 

mononuclear cells to the sites of chronic inflammation (Charo and Ransohoff, 2006), but can 

also attract lymphocytes, basophils and eosinophils. Second largest family is the CXC 

chemokines. They contain a single amino acid between the first two cysteins. They mainly attract 

polymorphonuclear leukocytes and lymphocytes to sites of acute inflammation and some of them 

are involved in the Th1 inflammation. CXC chemokines further sub-divided into ELR
+
 CXC and 



Chapter 1.  Introduction 

54 

non-ELR CXC chemokines. ELR
+
 CXC chemokines contain a tripeptide ELR motif (glutamic 

acid-leucine-arginine) prior to the first amino terminal cysteine in the NH2-terminal region, 

which gives them their angiostatic property. ELR
+
 chemokines are specific for myeloid cells and 

ELR
- 
chemokines attract mainly leukocytes. The third family is the CX3C family with only one 

member: CX3CL1 (Bazan et al., 1997, Pan et al., 1997). CX3CL1 contains three amino acids 

separating the two NH2-terminal Cys residues and act on monocytes and lymphocytes. The forth 

family (C chemokine) has two members; XCL1 and XCL2 which has only two single cysteine 

residues and attract lymphocytes only. All chemokines are secreted proteins except CXCL16 and 

CX3CL1 that are membrane-bound and may be expressed on the cell surface (Imai et al., 1997). 

 

1.6.2 Functional Classification of Chemokine System 

Functional classification includes „inflammatory‟ chemokines that are inducible and secreted 

upon inflammatory insult and induce effector leukocyte recruitment in infection, inflammation, 

tissue injury and tumours acting both on the cells of innate and adaptive immune system with 

broad target-cell selectivity. On the other hand „homeostatic‟ chemokines induce migration of 

leukocytes to lymphoid organs that are „constitutively‟ secreted at these sites during 

hematopoiesis in the bone marrow and thymus. Bone marrow stem cells develop into T cell 

precursors in thymus and then migrate to secondary lymphoid organs for the initiation of 

adaptive immune responses in the spleen, lymph nodes and Peyer‟s patches. They become 

activated through interactions with circulating memory cells and maturing dendritic cells 

carrying the antigen from inflamed sites. They then go into process of selection, proliferation and 

mature into effector or memory T cells (Cyster, 1999). These transitions of T cells are parallel to 

the sequential and coordinated changes in their chemokine receptor expression and T cells 

migrate through changing chemokine gradients, which is also true for migration of other cells 

into the appropriate microenvironment.  

 

Some chemokines have „dual function‟. They are upregulated in inflammatory conditions and 

involved in protective immune functions targeting non-effector leukocytes, at sites of leukocyte 

development and immune surveillance. Dual-function chemokines are highly selective for 

lymphocytes and they both involved in T-cell development in the thymus, and in T cell 
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recruitment to inflammatory sites. For example CXCR3 chemokines CXCL9, CXCL10 and 

CXCL11 are involved in T cell lympopoiesis, adaptive immunity and Th1 responses while CCL1 

is involved in Th2 or Treg responses. Naïve T cells do not produce chemokines but effector and 

memory T cells (both αβ and γδ TCR) do suggesting T cells in the infected tissues might be 

involved in effector cell recruitment, and they may control the local milieu of inflammatory 

cytokines. 

 

Chemokines may also have both agonistic and antagonistic activity, e.g., the agonists for 

CXCR3, CXCL9, CXCL10 and CXCL11 are antagonists for CCR3 and others. Because CXCR3 

and CCR3 are differentially expressed in Th1 and Th2 cells, CXCL9, CXCL10 and CXCL11, in 

addition to attracting CXCR3-bearing cells, they also have the capacity to block migration of 

CCR3 cells, contributing to Th1-type immune response polarization.  

 

Chemokine activities are mediated by seven transmembrane domain G-protein coupled receptors 

for signal transduction within the cell. There are 19 functionally signaling chemokine receptors 

have been identified (Ten CC (CCR1-10), six CXC (CXCR1-7), one CXC3 (CX3CR1) and one 

XC (XCR1) plus two „decoy‟ (DARC) and „scavenger‟ (D6) receptors that bind to chemokines 

that do not signal have been identified. Both receptor transcription and receptor signaling are 

tightly controlled by cell differentiation and activation. 

 

Two regions of chemokine interact with their receptor: An exposed loop in the backbone 

between the second and third cysteine residues which is believed to be required for low-affinity 

binding and NH2 terminal before the first cysteine representing the region of variability. N-

terminal is essential for triggering of the receptor once chemokine has bind to its receptor and the 

length and amino acid composition of this terminus is the determination point whether the 

binding to receptor will be a high affinity or binding will have agonistic or antagonistic effects 

(Clark-Lewis et al., 1995). 

 

 

 



Chapter 1.  Introduction 

56 

1.6.3 Signal transduction and leukocyte movement 

Both in vivo and in vitro studies suggest that one common effect to all chemokines upon binding 

of chemokine to their receptor is the chemotaxis of the cell expressing the receptor to the higher 

chemokine concentration areas (Baggiolini et al., 1997). Most chemokines are secreted but they 

are immobilized on the cell (or extracellular matrix surface) by binding to glycosaminoglycans 

that are negatively charged. Different chemokines bind to different glycosaminoglycans with 

different affinities (Kuschert et al., 1999). Glycosaminoglycan type varies according to cell type, 

location and inflammatory status, therefore it is suggested that selective immobilization may be a 

regulatory step in determining the chemokine function in different tissues and various at 

conditions (Kuschert et al., 1999). Chemokines are converted from monomers to oligomers on 

the cell surface by binding to glycosaminoglycans on the endothelial cell surface or extracellular 

matrix and therefore glycosaminoglycans can provide the mechanism for gradient formation 

(Hoogewerf et al., 1997). Oligomerization is higher near the initiating inflammatory stimuli 

therefore higher concentrations of chemokines produced on these sites causing leukocytes move 

towards the higher chemokine gradients. 

 

Stimulation of leukocytes with certain chemokines results in change of shape with 

polymerization of actin filaments, formation of lamellipodia through cytoskeletal structuring or 

activation of integrins that mediates the adhesion of rolling cells to endothelial cells. (Ley, 2001).  

Activation of cytokines also induces other responses: increase in intracellular calcium 

concentration, oxygen radical and bioactive lipid production and the release of content of 

cytoplasmic storage granules, (like proteases from neutrophils and monocytes), histamine from 

basophils, and cytotoxic proteins from eosinophils. 

 

Leukocyte migration requires mechanisms that open endothelial cell junction, to allow leukocyte 

passage, although another mechanism, transendothelial passage, has also been described in 

specific models (Feng et al., 1998). The PMN to endothelial cell interaction in the presence of 

chemoattractant induces a rise in intracellular calcium in endothelial cells (Huang et al., 1993) 

that results in the creation of gap junctions between adjacent cells through which neutrophils are 

able to pass (Su et al., 2000). Phosphorylation of myosin light chain kinase (MLCH) is a 
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Ca
+2

/calmodulin event and can regulate agonist- and fluid flow-stimulated Ca
+2

 influx in 

endothelial cells (Watanabe et al., 1998). MLCH catalyzes myosin II filament formation and 

myosin-actin interaction and induces actin polymerization (Sweeney et al., 1993). Actin 

filaments bind directly to the adherence junction-associated protein, alpha-cathenin (Rimm et al., 

1995) and that the tight junctions associated protein ZO-1 binds directly to alpha-spectrin, a 

cross linking protein of actin filament (Rabiet et al., 1996). On the other hand actin 

polymerization can directly open these junctions (Rabiet et al., 1996). Leukocytes may regulate 

MLCH activity in endothelial cells thus promoting their own transmigration. Inflammatory cells 

then transmigrate then through the basement membrane towards the site of inflammation using 

degrading proteinases.  

 

The binding of chemokines to their receptors also initiates a series of intracellular signaling 

cascades: calcium signaling, activation of phospholipase Cb (PLCb) isoforms, phosphoinositide 

3-kinases (PtdIns3-Ks) and c-Src family tyrosine kinases, AKT protein kinase, phospholipase C, 

MAP kinases (ERK1/2, p38, JNK), and small GTPases (Ras family and Rho sub-family 

GTPases, Ras and Rac) that results in rearrangement, change of shape and cell movement of 

actin (Ward, 2006). Stimulation with the ligand also leads to receptor internalization and a 

reduction in number of surface-expressed receptors, which is a regulatory mechanism for the 

intracellular responses. 

 

1.6.4 Chemokines and tumour microenvironment 

Chemokines are not unique to immunity and inflammatory conditions and both chemokines and 

their receptors are also involved in other pathologies like cardiovascular diseases, 

transplantation, and inflammatory neurological diseases, HIV-associated diseases and in cancer. 

Strong connection to cancer biology is initiated with the identification chemoattractants active on 

monocytes (Meltzer et al., 1977) and identification of Monocyte Chemotactic Protein-1 (MCP-1) 

(CCL2) in the supernatants of tumour cell line cultures (Bottazzi et al., 1983). Since then, 

research into involvement of chemokines in tumour biology has accelerated and the importance 

of chemokines from regulation of leukocyte attraction to tumour cell survival, proliferation, and 

metastasis has been explored. Chemokines in the tumour microenvironment are produced both 
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by stromal cells (fibroblasts, endothelial cells and infiltrating leukocytes) and by tumour cell 

itself.  

 

In humans, the most commonly reported chemokines that are produced by the tumour cell itself 

or by stromal elements are CCL5, CCL21, CXCL1, CXCL8, CXCL12, CXCL13 and CXCL17. 

CCL2 was associated with recruitment of monocytes in tumour tissue (Balkwill, 2004, 

Mantovani et al., 2002, Mantovani, 2004) and shown to be expressed in sarcoma, glioma, lung 

tumours, breast, cervix, ovary, melanoma, pancreas (Balkwill, 2004). CCL5 is associated with 

breast cancer and melanoma (Mrowietz et al., 1999, Luboshits et al., 1999) and CCL5 expression 

has been correlated to advanced disease, suggesting involvement in breast cancer progression 

(Luboshits et al., 1999, Azenshtein et al., 2002). CXCL1, CXCL2, CXCL3, CXCL8 have been 

shown to play a role in progression of melanoma by direct stimulation of tumour cell growth and 

promoting inflammation and angiogenesis (Haghnegahdar et al., 2000), CXCL8 also in head and 

neck (Richards et al., 1997), pancreas (Takamori et al., 2000) and non-small cell lung ca (Olbina 

et al., 1996). CCL20 is reported in both autocrine and paracrine expression (Kleeff et al., 1999) 

in pancreas cancer. And CXCL13 (B cell chemokine) is detected in Helicobacter pylori induced 

lymphoma (Mazzucchelli et al., 1999). 

 

There is a complex relationship between the chemokines produced by tumours and the attracted 

leukocytes. Macrophages and T lymphocytes are the mostly migrated cells to the tumour site.  

 

1.6.4.1 Macrophages 

CCL2 is shown to be the principle chemokine in the recruitment of monocytes to the tumour site. 

CCL2 levels seem to be directly related to the number of TAMs in ovarian, breast and pancreas 

adenocarcinomas (Negus et al., 1997, Negus et al., 1995, Valkovic et al., 1998, Ueno et al., 2000, 

Monti et al., 2003, Silzle et al., 2003). TAMs also produce CCL2 (Ueno et al., 2000), suggesting 

further amplification of CCL2 in the tumour microenvironment. CCL2 related chemokines CCL7 

and CCL8 are also secreted by tumours and recruit further monocytes to the tumour site (Van 

Damme et al., 1992). 

 



Chapter 1.  Introduction 

59 

TAM has mainly pro-tumour functions as explained earlier in macrophage balance hypothesis.  

They produce factors that promote angiogenesis (e.g. basic fibroblast growth factor (bEGF), 

vascular endothelial factor (VEGF) and proteases, and through fibrin deposition also promote 

has coagulant activity and indirectly promote blood vessel formation. Density of microvessels 

directly correlates with extend of TAM infiltration in breast cancer (Jonjic et al., 1998, Leek et 

al., 1996). TAMs also produce immunomodulating agents; IL-10 and PGE2 and contribute to 

immune suppression (Mantovani et al., 2002, Elgert et al., 1998, Pollard, 2004). TAMs also 

thought to be contributing to T cell anergy in tumour microenvironment dominated by M2 

macrophages through IL-10 induced secretion of CCL18 which in turn attracts naïve T cells and 

immature DCs to the microenvironment: TAMs secrete CCL2, CCL17, CCL18 and CCL22. 

CCL18 is found in ascitic fluid of ovarian carcinomas but not produced by tumour cells, 

therefore attributed purely to TAMs (Schutyser et al., 2002). 

 

1.6.4.2 Neutrophils 

Although CXCL8 mainly act on neutrophils and despite constitutive expression of CXCL8 by 

tumour cells, neutrophils are not present in large numbers in leukocyte infiltrates in tumour 

microenvironment but present in small numbers and may play a role in inflammatory cascade by 

stimulating angiogenic molecules (Strieter et al., 2004).  

 

1.6.4.3 Lymphocytes 

Chemokine-transfected tumour cell studies suggest that transduction of CCL5 results in loss of 

tumoriogenicity through activation of anti-tumour immunity (Mule et al., 1996).  Similar results 

were obtained for CCL3, the other ligand for CCR5. CCR5 ligands when expressed in ovarian 

and naso-pharyngeal carcinoma, they thought to regulate T cell infiltration (Negus et al., 1997, 

Mule et al., 1996). But it is also reported that in vivo CCL5 expression is related to advanced 

disease in breast and cervical cancers (Niwa et al., 2001, Luboshits et al., 1999). 

 

In human melanoma and many mouse models, CXCL9 and CXCL10 expression are associated 

with heavy infiltration of T cells (Kunz et al., 1999, Luster and Leder, 1993b, Dobrzanski et al., 

2001, Sun et al., 2001). CXCL10 has also been shown to be important in protective immunity 
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through recruitment and activation of CD8
+
 lymphocytes and NK cells via IL-12 mediated anti-

tumour response (Pertl et al., 2001, Yao et al., 1999).  

 

CCL21 attracts DCs and lymphocytes (naïve T cells, NK cells and memory T cells) and shows 

anti-tumour effects when locally injected (Kirk et al., 2001) or transduced in tumour cells (Vicari 

et al., 2000b, Nomura et al., 2001, Sharma et al., 2000). CCL19 that shares the same receptor, 

CCR7 with CCL21 also are shown to mediate tumour rejection through NK cells (Braun et al., 

2000).  

 

Chemokines are involved in polarized T cell responses: some chemokines may enhance innate 

and adaptive anti-tumour immunity while others contribute to tumour escape mechanisms by 

potentiating recruitment of Th2 and/or regulatory cells (Watanabe et al., 2002, Bonecchi et al., 

1998). Mouse studies suggest that CCL2 can recruit Th2 immunity. Mechanism of this is not 

understood, but it was assumed that it may be oriented by stimulation of IL-10 production in 

macrophages (Gu et al., 2000). CCR4 is mainly expressed on Th2 lymphocytes and Tregs 

(Iellem et al., 2001, Mantovani, 1999) and Reed-Stenberg cells of Hodgkin‟s lymphoma express 

ligands of CCR4, CCL22 and CCL17 (Cossman et al., 1999, van den Berg et al., 1999), stroma 

of this tumour also contributes to Th2 type response by secreting CCL11 which also attracts Th2 

cells and eosinophils that anti-tumour immunity is not mediated.  Oncogenic human herpesvirus-

8 (HHV8) in Kaposi‟s sarcoma and hematological malignancies, express CC chemokines that are 

ligands of CCR3, CCR4 and CCR8 all expressed on Th2 cells and Tregs (Iellem et al., 2001).  

 

1.6.4.4 Dendritic cells 

Tissue trafficking of myeloid DCs in migration to secondary lymphoid organs are controlled 

tightly by chemokines (Sozzani et al., 1998) (Banchereau et al., 2003). And they also recruit DCs 

to the tumour site (Allavena et al., 1999). They are not common in the tumour but still detected 

in cancers of lung, prostate, nasopharynx, kidney, breast, ovary and melanoma (Bell et al., 1999). 

Tumour-associated DCs (TADCs) localize in certain areas, e.g. at the invasion edge of the 

tumour in papillary thyroid carcinoma (Scarpino et al., 2000), a mature phenotype, DC-LAMP
+
, 

in peri-tumoral areas and immature DCs inside the tumour in breast carcinoma (Bell et al., 1999). 
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CCR6 expressed by Langerhans cells interact with ligand CCL20 and attracts langerhan-like 

DCs in CCL20 expressing breast ca (Bell et al., 1999). Plasmocytoid DCs which is lymphoid 

origin, accumulates in metastatic lymph nodes in breast cancer (Reya et al., 2001), and  in 

ovarian cancer in parallel to expression of CXCL12. DCs pick up and display tumour antigens 

and cross-present them to T lymphocytes (Banchereau et al., 2003) and they also induce 

tolerance (Steinman, 2001). The significance of the recruitment of APCs to the tumour site is not 

clear. In some studies where chemokine associated tumour regression was shown with CCL7, 

CCL16, CCL21, CCL19 and CXCL12, DC presence was documented but the function of DCs 

were not explored (Giovarelli et al., 2000, Fushimi et al., 2000).  

 

1.6.5 Chemokines in metastases of tumour 

Tumour invasion may be facilitated by the tumour derived protease cleavage of extracellular 

matrix molecules resulting in dissolution of basement membrane (Allavena et al., 1999). Some 

chemokines strongly induce both enzymes and their receptors that degrade extracellular matrix 

favouring tumour invasion. Proteolytic enzymes, tissue type plasminogen activator (t-PA), 

urokinase-type plasminogen activators (u-PA) and family of matrix-metalloproteinases (MMPs) 

are important.  

 

1.6.6 Immunoangiostatic CXC chemokine network 

Angiogenesis is the generation of new blood vessels, seen in normal physiological as well as 

pathological conditions, like tumour growth. CXC chemokines are important in regulation of 

angiogenesis, angiostasis and in promoting tumour cell migration and metastasis to specific 

organs. (Colobran et al., 2007, Folkman, 1997, Mackay, 2001). While some pro-inflammatory 

cytokines can encourage angiogenesis, and therefore, tumour development, as a result of altered 

balance of pro- vs. anti-inflammatory cytokines, others can be associated with cytotoxicity, 

angiostasis, and possible tumour regression (Coussens and Werb, 2002). According to absence or 

presence of ELR group, CXC chemokines are either potent inhibitors or promoters of 

angiogenesis (Le et al., 2004). The angiostatic members of the non-ELR CXC chemokines 

include CXCL10 (interferon-gamma induced protein of 10kDa, IP-10), CXCL9 (monokine 
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induced by gamma-interferon, MIG), CXCL11 (interferon-inducible T-cell alpha 

chemoattractant, I-TAC) and CXCL4 (platelet factor-4, PF-4) (Godessart and Kunkel, 2001, 

Grone et al., 2002, Yoshie et al., 2001, Low et al., 2001, Belperio et al., 2000). Through 

induction of injury on tumour-associated vessels, these chemokines promote tumour necrosis and 

have been suggested as potential therapeutic agents for cancer (Grone et al. 2002); as well as 

angiostatic effects, CXCL9 and CXCL10 have shown to increase survival and growth of vascular 

pericytes through their receptor CXCR3 which is opposite to their effects on HMVECs 

(Romagnani et al., 1999, Bonacchi et al., 2001, Wang et al., 1996).  

Initially, host mediated T-cell dependent anti-tumour effects of CXCL10 were reported in 

murine plasmocytoma and mammary adenocarcinoma (Luster and Leder, 1993b). Several studies 

that followed showed that the interaction of CXCL9 and CXCL10 with their receptor results in 

chemotaxis of activated Th1 cells, NK cells, γδ cells, macrophages and DCs (Bonecchi et al., 

1998, Loetscher et al., 1996, Janatpour et al., 2001, Penna et al., 2001, Romagnani et al., 2001b). 

In SCID mice, tumour regression was also associated with CXCL9 and CXCL10 recruited NK 

cells (Addison et al., 2000). Anti-tumour effects of CXCL10 are not limited to anti-tumour 

immune responses; in mouse models, direct injection of CXCL10 has been shown to limit the 

growth of Burkitt‟s lymphoma by visible tumour necrosis and capillary damage with intimal 

thickening and vascular thrombosis (Sgadari et al., 1996a). 

 

One study suggested that CXCL10 was significantly elevated in squamous cell carcinoma 

(SCCA) but levels were equivalent to normal tissue in adenocarcinoma specimens of freshly 

isolated NSCLCs. Neutralization of CXCL10 in SCCA samples resulted in tumour derived 

angiogenic activity. Similarly in SCID mice, NSCLC tumour growth was inversely correlated 

with levels of plasma and tumour associated CXCL10. CXCL10 did not have an autocrine 

growth or inhibitor factor of NSCLC cell lines but reconstitution of CXCL10 for 8 weeks 

resulted in significant inhibition of tumour growth which was unrelated to neutrophilic and 

mononuclear cell infiltration, tumour associated angiogenic activity and neovascularization and 

neutralization of CXCL10 for 10 weeks augmented the tumour growth in mice. (Arenberg et al., 

1996). In contrast, bronchoalveolar lavage fluid and lung tissue from patients with inflammatory 

pulmonary fibrosis had marked angiogenic activity purely attributable to the imbalance in the 
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expression of CXCL8, an ELR
+
-CXC chemokine compared to downregulated CXCL (Keane et 

al., 1997). 

 

Similarly, overexpression of the CXCL9 in the tumour microenvironment, by different strategies 

including gene transfer, resulted in the inhibition of tumor growth by attenuation of tumor-

derived angiogenesis associated with decrease in tumor-derived vessel density and inhibited 

metastasis in NSCLC (Addison et al. 2000). Furthermore it has been shown that CXCL9 

functions in vivo as a potent chemoattractant for TILs (Liao et al., 1995), activated lymphocytes 

(Rollins, 1997), NK cells and Th1 lymphocytes (Gasperini et al., 1999). Intratumoural 

administration of CXCL9 in murine models is shown to promote tumour necrosis (Sgadari et al., 

1997a). And CXCL9 and CXCL10 have been shown to have anti-tumour activities (Tannenbaum 

et al., 1998, Vicari et al., 2000a). 

 

Combination of plasmid borne intramuscular CXCL9 (pORF-MIG) chemokine gene therapy 

with low dose intraperitoneal cisplatin using colon carcinoma (CT26) and Lewis lung carcinoma 

(LL/2c) murine models showed significant anti-tumour activity with complete regression in 4/10 

of CT26 colon carcinomas and 3/10 of LL/2c lung carcinomas, with degraded tumour 

microvessel density, induction of apoptosis and CTL activities compared to either treatment 

alone (Zhang et al., 2006). 

 

Ruehlmann et al. showed that a MIG (CXCL9) chemokine gene therapy with combinant 

antibody-IL-2 fusion protein (huKS1/4-IL-2) targeting the IL-2 specifically to the tumour 

microenvironment reduced the s.c. tumour burden and suppressed dissemination of experimental 

lung metastases of CT26-KSA colon carcinoma in syngeneic BALB/c mice.  Their study clearly 

shown the critical roles of CD8
+
 T cells in the anti-tumour effects and CD4

+
 T cell help in the 

induction of CD8
+
 T cell mediated anti-tumour effect induced by combination gene therapy and 

migration of T cells induced by CXCL9. (Ruehlmann et al., 2001). 

 

CXCL11, similar to CXCL10 and CXCL9, inhibits neovascularization in the rat corneal 

micropocket assay of angiogenesis in response to either ELR
+
 CXC chemokines or VEGF 

(Strieter et al., 2005). Strong anti-tumour activity of CXCL4 was also shown in SCID mice 
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models of breast cancer, melanoma, colon carcinoma, osteosarcoma, ovarian cell carcinoma and 

glioma (Sharpe et al., 1990, Hampl et al., 2001, Tanaka et al., 1997, Kolber et al., 1995, Maione 

et al., 1991, Giussani et al., 2003). However, strong antiangiogenic and anti-tumour activities of 

CXCL4 in vivo are without recruitment of inflammatory cells (Maione et al. 1991; (Giussani et 

al., 2003); and the mechanism of inhibition of angiogenesis by CXCL4 is through its heparin-

binding motifs. Both CXCL10 and CXCL4 where there is an overlap in biological activities of 

these two chemokines, have been shown to interfere with the binding of FGF-2 or VEGF165 to 

their receptors; either impairing the growth factor‟s ability to form homodimers or competing 

with heparin sulphate proteoglycans on the cell surface or directly binding to growth factors and 

through its specific receptor (Perollet et al., 1998, Gengrinovitch et al., 1995). But the angiostatic 

properties of CXCL9, CXCL10 and CXCL11 were mainly attributed to cell mediated immunity 

and their behavior in response to angiogenic factors, such as ELR
+
-CXC chemokines, as well as 

basic fibroblast growth factor (bFGF) and VEGF (Strieter et al., 2005).  

 

On the other hand, the relationship between other type 1/Th1 cytokines and ELR
-
 CXC 

chemokines seems to be closely related. For example, IL-18 and IL-12 induce IFN-γ and IFN-γ 

induce ELR
-
 CXC chemokines suggesting the relationship between IFN-γ and ELR

-
 CXC 

chemokines are relevant to the function of IL-18 and IL-12; IL-12 and IL-18, via the induction of 

IFN-γ, will have a profound effect on the production of CXCL9, CXCL10 and CXCL11 

(Coughlin et al., 1998b). Other cytokines, IL-2, IL-23 and IL-15 also have effects on production 

of CXCL9, CXCL10 and CXCL11 through induction of IFN-γ. Furthermore, the cytokine 

cascade between type 1/Th1 cytokine-mediated immunity involving expression of NK cells, CD4 

T cells, CD8 cells towards TAAs and subsequent production of angiostatic factors that can 

modify tumour environment and tumour-associated angiogenesis led to the concept of 

immunoangiogenesis. (Strieter et al., 2006). A combined activation of mononuclear cells 

expressing ELR
- 

CXC receptor with enhancement of ELR
- 

CXC chemokines may promote an 

intense mononuclear infiltrate inducing further type 1 cytokine dependent cell-mediated 

immunity and at the same time inhibiting tumour associated angiostasis represent an ideal 

microenvironment for the inhibition of tumour growth.  
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1.6.7 CXCR3 and Ligands 

CXCR3 is a 7-TM GPCR that selectively mediates the functions of the CXC chemokines, 

CXCL9, CXCL10 and CXCL-11 (Loetscher et al., 1996). It is rapidly induced on naïve T cells 

following activation, and remains expressed on Th1 type CD4
+
 T cells (40%) and effector CD8

+
 

T cells (60-90%), B cells, NK cells, NKT cells, DCs and mast cells and also on endothelial cells 

where binding of ligands inhibit angiogenesis (Groom and Luster, 2011). CXCR3 is essential for 

the physiological and pathological recruitment of plasmacytoid dendritic cell precursors, 

monocytes and NK cells to inflamed lymph nodes (LNs) (Martin-Fontecha and Carbone, 2001), 

and for retention of Th1 lymphocytes within LNs (Yoneyama et al., 2000). CXCR3 is highly 

expressed in IL-2-activated T lymphocytes in vitro and in T lymphocytes (Loetscher et al., 1996) 

present in inflamed tissues in rheumatoid arthritis and multiple sclerosis, exclusively CXCR3 

expressed on T and NK cells following activation with IFN-γ (Zlotnik and Yoshie, 2000), and on 

HMVECs (Romagnani et al. 2004) but not on naïve or resting T or B lymphocytes, monocytes or 

granulocytes (Loetscher et al., 1996). Interestingly, in autoimmune disease situations, CXCR3 

ligands were also found to be highly expressed in the same diseased tissue suggesting a specific 

mechanism involving both CXCR3 and its ligands for the recruitment of T cells. 

 

CXCR3 mediates migration of host cells to the site of inflammation and injury where the ligands 

are highly expressed. It was confirmed in mouse models that migration of Th1 cells into the Th1-

driven inflammation is regulated by CXCR3 and its ligands (Xie et al., 2003, Campanella et al., 

2008a). CXCR3 is also important in migration of frontline NK and NKT cells at the site of 

infection and inflammation (Qin et al., 1998, Thomas et al., 2003b)  and in migration of 

plasmocytoid DCs and subsets of B cells in the inflamed lymph node (Cella et al., 1999, Nanki et 

al., 2009). 

 

Although in vitro models suggest that all 3 ligands, CXCL9, CXCL10 and CXCL11 bind to 

CXCR3 and elicit migration of CXCR3-expressing cells, in vivo models also showed that all 3 

ligands could work redundantly, synergistically, collaboratively or antagonistically and have 

different expression patterns regulated by different stimuli (Groom et al. 2011). The induction of 

CXCL9, CXCL10 and CXCL11 is mediated by type II interferon, IFN-γ, but regulated 
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differently as the CXCL9 promoter contains an γIRE-1 and a weak NF-κB2 site (Ohmori and 

Hamilton, 1997, Wong et al., 1994, Wright and Farber, 1991); the CXCL10 promoter contains a 

functional IRSE and NF-κB1 element (Majumder et al., 1998, Ohmori and Hamilton, 1997, 

Ohmori and Hamilton, 1993) and CXCL11, similar to CXCL10, has an IRSE and an NK-κB2 

site (Tensen et al., 1999). Upon stimulation with IFN, a STAT3-STAT1 (not classical STAT1-

STAT2) heterodimer, p65 and IFN-regulatory factor 1 bind to CXCL11 promoter (Tensen et al., 

1999). CXCL10 is strongly induced by IFN-γ, more so than by type I IFN-α/β, and weakly 

induced by TNF (Ohmori et al. 1993; Farber 1997); CXCL9 is induced by IFN-γ, but not by 

IFN-α/β or TNF alone (Farber, 1997, Ohmori and Hamilton, 1997) and CXCL11 is induced by 

IFN-γ and IFN-β but not by IFN-α (Rani et al., 1996). TNF activation synergizes with IFN-γ for 

inducing transcription of all 3 chemokines. Transcription of CXCL9 is completely dependent on 

IFN-γ but not CXCL10 and CXCL11 (Medoff et al., 2006); in fact it has been shown that 

CXCL10 could also be induced by IFN-α releasing systems like innate sensors e.g. TLRs or 

RNA helicases e.g. RIG-I and MAD-5 (Wang et al., 2009).  

 

The receptor binding affinity is also different for all 3 ligands; while CXC11 has the highest 

binding affinity, CXCL10 has intermediate and CXCL9 has the lowest affinity for CXCR3 

(Weng et al., 1998, Cox et al., 2001, Cole et al., 1998). Each ligand acts on different regions of 

the CXCR3 receptor for binding, activation and internalization. The sulfated N-terminus is 

necessary for binding and activation by all three ligands, the proximal 16 amino acid residues of 

the N terminus is required for CXCL10 and CXCL11 binding and activation but not CXCL9 

activation (Colvin et al., 2006).  Internalization of CXCR3 is controlled by the carboxyl-terminal 

domain and by the beta-arrestin-1 binding domain, that s also required for CXCL9- and 

CXCL10-directed internalization, and a third intracellular loop that is required by 

CXCL11(Colvin et al., 2004). Ligands also have unique but interchangeable regions that are 

important for CXCR3 binding which explains the differences in function (Clark-Lewis et al., 

2003). The function of CXCR3 ligands are also regulated by binding to other chemokine 

receptors and glycosaminoglycans like proteoglycans; as all 3 ligands are natural antagonists of 

CCR3, variation in CCR3 expression may effect the function of CXCR3 ligands (Loetscher et 

al., 2001). CXCL11 have a second receptor, CXCR7, and the interaction of these two molecules 

affects the function of the CXCR3 ligands (Burns et al., 2006). 
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Although in vivo studies in lung models showed that CXCR3 ligands are equally effective at 

recruitment of effective CD4
+
 and CD8

+
 cells (Campanella et al., 2008a), this model does not 

reflect an immune response situation where ligands are differentially expressed and regulated 

where chemokine redundancy is part of the system (Groom et al. 2011). In an obliterative 

bronchiolitis murine model, CXCR3 and ligands CXCL9 and CXCL10 were identified as the 

main modulators of the cell infiltration to airways, but following tracheal transplantation, 

although an early CXCL10 expression was through oxidant-sensitive pathway and independent 

of IFN-γ and STAT1, later induction of both CXCL9 and CXCL10, following rejection of the 

transplant, were depend on IFN-γ and STAT1(Medoff et al., 2006). Although deletion of 

CXCR3 in recipients of the transplant reduced airway obliteration, deletion of either CXCL9 or 

CXCL10 did not, suggesting ligands could be compensated one for another (Medoff et al., 2006). 

On the other hand, other inflammatory models suggested that the deficiency of one dominant 

ligand can not be compensated for by other ligands. For example, dengue virus infection in 

CXCR3
-/-

 mice results in higher viral load due to reduced migration of CD8
+
 effectors into the 

brain and although CXCL9, CXCL10 and CXCL11 are all induced by dengue virus infection, 

absence of CXCL10 is not compensated by CXCL9 and CXCL11 in CXCL10
-/-

 mice (Hsieh et 

al., 2006). CXCL10 has been shown to be the dominant ligand in several T cell inflammation 

studies for the recruitment of effector T cells, but cooperation between CXCL9 and CXCL10 is 

also required for full T cell infiltration as suggested by Plasmodium berghei ANKA infection 

model. For cerebral malaria to develop, expression of CXCR3 on CD8
+
 cells for cell infiltration 

to the brain, while CXCR3
-/-

 mice are protected from cerebral malaria due to reduced CD8
+
 cell 

infiltration to brain, this protection was also seen equally but partially in deficiency of one of the 

ligands CXCL9 or CXCL10 (Miu et al., 2008, Nie et al., 2009, Campanella et al., 2008b). Non-

overlapping roles of these two ligands probably are due to differential expression of CXCL9, 

which is predominant in endothelial cells, and CXCL10 that is expressed by neurons 

(Campanella et al. 2008). Furthermore, in murine model of granulomatous liver disease by 

Propioni-bacterium acnes, CXCL10 was expressed by lymph node DCs while CXCL9 by 

hepatic granuloma cells in the liver and neutralization of CXCL10 and CXCL9 with monoclonal 

antibodies resulted in dramatic alteration of the distribution of CD4
+
 T cells; while infiltration of 

memory T cells into the periphery of hepatic granuloma sites was accelerated and tissue necrosis 

was potentiated by increased IFN-γ, mature DC-derived CXCL10 retained Th1 lymphocytes 
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within T cell areas of draining LNs and optimized the Th1-mediated immune responses and 

CXCL9 expression in the periphery drove the recruitment of these cells out of the LN and into 

the liver (Yoneyama et al., 2002). 

 

The collaboration of CXCR3 ligands during immune responses coordinates effector immune 

responses (Groom et al. 2011). The sequential events involving Type I and Type II interferon 

induction results in CXCL9 and CXCL10 dependent (and with likely CXCL11 contribution) 

recruitment of effector T cells and NK cells into inflamed tissues, and inflammation drives 

further recruitment and inflammation. CXCR3-dependent amplification loop is initiated by 

innate immune system through bacterial or viral infection that activates TLRs and RNA helices 

and result in release of IFN-α/β. CXCL10 is secreted from endothelial cells and tissue resident 

cells. This result in recruitment of NK and CD4
+
 Th1 cells into the target tissue. CD4

+
 cells 

secrete IFN-γ in an antigen specific manner moving innate stimuli to adaptive stimuli. IFN-γ 

signaling in tissue resident cells, DCs and tissue histiocytes result in production and secretion of 

further CXCL9 and CXCL10. CXCL9 and CXCL10 recruit CD8
+
 CTLs, may enhance the 

generation of CTLs (Yoon et al., 2009) and also promote increased effector responses through 

STAT1 signaling (Kohlmeier et al., 2009). As a result, CTL-derived IFN-γ further stimulate 

tissue resident cells and even further CXCL9 and CXCL10 produced, and Th1 inflammatory 

responses amplified. The CXCR3-dependent inflammatory loop may also initiate CXCR3-

independent inflammation as observed where CXCR3-dependent T-cell recruitment allows the 

entry of CXCR3 negative and CXCR3
-/-

 T cells into immune-privileged sites (Campanella et al., 

2008b, Steinmetz et al., 2009). 

 

In this established IFN-γ CXCR3 chemokine inflammatory loop whether effector cell 

recruitment to inflamed tissues are through soluble chemokine gradients or direct contact T cell 

contact and CXCR3 ligands up-regulation is through which cells, DCs or other cells in the 

tissues are not yet known (Groom et al. 2011). 

 

CXCR3 ligand antagonism was also suggested in a model of allograft heart transplantation 

where CXCL9 produced by allograft DCs, induced by NK derived IFN-γ, promote the priming 

of host CD8
+
 and CD4

+
 cells to become CTL and Th1 IFN-γ producing cells. And while 



Chapter 1.  Introduction 

69 

deficiency of CXCL9 reduced the priming of graft-reactive CTLs and Th1 cells in the spleen, 

deficiency of CXCL10 increased the IFN-γ producing CD8
+ 

cells (Rosenblum et al., 2010). 

Furthermore, it was also shown that in response to IFN-γ, Foxp3
+
 Tregs upregulate T-bet (Th1 

specifying transcription factor) which promotes CXCR3 expression on Tregs and accumulation 

of T-bet
+
 Treg cells were observed at Th1 cell-mediated inflammation (Koch et al., 2009). 

CXCR3
+
 Tregs may have different response to each CXCR3 ligand resulting in different 

trafficking and T cell priming in response to each ligand (Groom and Luster, 2011). Romagnani 

et al., showed that HMVECs fail to express CXCR3 mRNA while they remain in the G0 or G1 

phases of the cell cycle, the receptor is induced in parallel with the cell cycle regulator cyclin A. 

In vivo, CXCR3-positive cells increases only during inflammation, when cells enter the cell 

cycle, CXCR3 positivity shows that they become sensitive to the anti-proliferative effect of 

specific chemokines precisely and when they are dividing or preparing to divide. Yang and 

Richmond demonstrated that CXCR3 receptor binding, but not GAG binding, is essential for the 

tumour angiostatic activity of CXCL10 (Yang and Richmond, 2004). 

 

Although there is a lot of information about the involvement of the CXCR3 chemokine system 

during inflammation, the regulation of chemokines in a cell specific manner and especially how 

this translates to inflammation in cancer needs further investigation. To our knowledge, no 

studies have yet looked at the expression of all CXCR3 ligands, which may highlight the overall 

condition of collaborative or conflicting functions of CXCR3 ligands or the cellular sources of 

CXCR3 ligand production in cancer, where the cell types producing the CXCR3 ligands could be 

important in the responses of CXCR3 expressing cells.   

 

Studies in various cancer types so far produced some conflicting results: Musha et al. showed 

that most of the T-lymphocytes isolated from colorectal cancer co-express the chemokine 

receptors CCR5 and CXCR3, and express IFN-γ upon stimulation, suggesting that they are Th1 

and effector T cells (Musha et al., 2005). By immunohistochemistry, CXCL10 is expressed in 

macrophages and part of cancer cells along the invasive margin. CCL5 is expressed in CD8
+
 T 

cells (that also express CCR5 and CXCR3). By immunoelectron microscopy, CCL5 is clearly 

localized in the cytolytic granules of lymphocytes (Musha et al., 2005). These two comparative 

studies between host responses in tumour tissues and inflammatory disorders suggest that the 



Chapter 1.  Introduction 

70 

mechanism of recruitment of lymphocytes to colorectal cancer tissue is analogous to that of 

inflammatory disease.  

 

A direct role of CXCR3 and CCR7 was reported for lymph node metastasis in melanoma and 

breast cancer. It was shown that CXCR3 was responsible for LN metastasis of mouse melanoma 

cells B16F10, without affecting the lung (Kawada et al., 2004). In melanoma and colon cancer, 

it has been shown that gene silencing of CXCR3 reduces the number of lymph node metastasis 

but not dissemination to lungs and without affecting the expansion of primary tumour implant. 

Similarly in breast cancer setting CXCR3 antagonims has been shown to inhibit metastasis but 

pulmonary metastasis were also reduced (Müller et al., 2001). For all three cancers, CXCR3 

expression is associated with poorer prognosis. Whereas in clear cell renal carcinoma and 

chronic lymphocytic leukemia, low levels of CXCR3 is associated with shorter survival. 

Although CXCR3 has been shown to be promoting tumour metastasis, several cancer models 

suggest that local overexpression of CXCR3 ligands lead to tumour inhibition. Protective 

mechanisms are associated with antiangiogenic properties of CXCR3 ligands and ability to 

attract CXCR3
+
 T lymphocytes and NK cells to the tumour site and therefore manipulation of 

CXCR3 axis could be a potential therapeutic approach to prevent cancer progression.  

 

On the other hand, a study with immunohistochemical examination of specimens from 92 colon 

cancer patients for expression of CXCR3 and CCR7 as well as CXCR4 showed that in cancer 

epithelial cell, 33.7% of the samples expressed CXCR3, 14.1% CCR7, and 54.3% CXCR4. The 

normal epithelial cells of the colon did not express CXCR3, but some infiltrating inflammatory 

cells did. 77.4% cases with CXCR3 expression metastasized to LNs, whereas only 22.9% cases 

without CXCR3. Among the 54.3% CXCR4-positive cases, 80.0% of the cases with CXCR3 

metastasized to LNs, whereas only 24.0% without CXCR3 did suggesting that CXCR3 

expression and lymphatic invasion were significant independent risk factors (Kawada et al., 

2007). 

 

1.6.8 Alternatively spliced variants of CXCR3 

The role of CXCR3 in mediating angiostatic activity of its ligands was understood better 
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following discovery of the alternatively spliced forms. As mentioned earlier, the angiostatic 

effects of CXCL9, CXCL10 and CXCL11 on human microvascular endothelial cells (HMVECs) 

are mediated by CXC chemokine receptor CXCR3 (Romagnani et al., 2001a, Salcedo et al., 

2000), but the receptor for CXCL4 was not known until CXCR3B variant was described by 

Lasagni et al. CXCR3 was renamed as CXCR3A following identification of variant CXCR3B. 

The CXCR3 gene contains a single 978 bp intron. The 1627 bp CXCR3A is formed by removal 

of the entire 978 bp intron. The 1860 bp CXCR3B variant, uses an alternative splice acceptor site 

that is 233bp upstream of the known AG acceptor site of the CXCR3A that is localized within 

the intron of the CXCR3 gene generating a 416 aa receptor with a longer NH2-terminal 

extracellular domain (Lasagni et al., 2003). The remainder of the protein is identical to original 

CXCR3. CXCR3B mediates the angiostatic activity of CXCR3 ligands CXCL9, CXCL10 and 

CXCL11 as well as being functional receptor to CXCL4 that has powerful angiostatic effects 

(Lasagni et al., 2003). CXCR3A is the major chemokine receptor found on Th1 effector T cells, 

cytotoxic CD8 cells, activated B cells, and NK cells. The interaction between CXCR3 and 

CXCR3 ligands is critical for the development of anti-tumour immunity and inhibition of 

angiogenesis relevant to a variety of tumours as explained before.  

 

A third variant, CXCR3-alt, which is a 101 amino acid truncutated form of CXCR3 with a 

dramatically altered C terminus and only a 4-5 transmembrane domain structure, still transduces 

the chemotactic signals and through its ligand CXCL11, but not in response to CXCL9 or 

CXCL10 (Ehlert et al., 2004). In between all CXCR3 agonists, CXCL11 also binds to CXCR, 

the chemokine receptor associated with increased invasiveness and reduced apoptosis of 

HUVECs and tumour cells (Burns et al., 2006). Human microvascular endothelial cell line 

(HMEC) selectively express CXCR3A and induction by CXCR3 ligands results in proliferation 

(Romagnani et al., 1999, Romagnani et al., 2002) but HMVECs express selectively CXCR3B 

and not CXCR3A and treatment with ligands CXCL4, CXCL9, CXCL10 and CXCL11 have 

inhibitory action on growth of the cells suggesting CXCR3B to be the angiostatic receptor but 

also CXCL4 to be the angiostatic ligand due to its receptor selectivity (Lasagni et al. 2003; 

Romagnani et al. 2001; (Luster et al., 1995, Salcedo et al., 2000). The opposite effects of 

CXCL9, CXCL10 and CXCL11 including induction of proliferation of HMEC and inhibition of 
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endothelial cell growth are attributed to the interaction with these two variants of CXCR3. 

Affinity of CXCR3A is shown to be higher than CXCR3B for all 3 ligands.  

 

Coexpression of the two receptors on the same cell type results in prevalent CXCR3A mediated 

effects. Combining this together with the fact that, split variants have opposite effects, these 

variants might have been coupled to different intracellular signaling pathways (Lasagni et al., 

2003, Romagnani et al., 2005, Kouroumalis et al., 2005). Although CXCR3 is coupled to PTX-

sensitive Gi proteins (Zlotnik and Yoshie, 2000), CXCR3-A and CXCR3-B may mediate their 

functions through different G protein coupling (Lasagni et al. 2003; Kouroumalis et al. 2005; 

Romagnani et al. 2005). Lasagni et al., shown that although G protein–coupled receptors 

mediate chemotactic activity and Ca flux induction through the activation of PTX-sensitive Gi 

proteins, PTX had no effect on the proliferation and survival of CXCR3B transfectants and only 

CXCR3A transfectants showed calcium mobilization in response to CXCR3 ligands (Lasagni et 

al. 2003) but selective activation of adenylyl cyclase and consequent increase of intracellular 

cAMP levels (a pharmacological target for inhibition of angiogenesis) in response to CXCL10, 

CXCL9, CXCL11 and CXCL4 were seen in CXCR3B, but not in CXCR3A transfectants, again 

suggesting the coupling of CXCR3B to other types of G proteins (Lasagni et al. 2003). And 

Datta et al., showed similarly that selective activation of CXCR3B through CXCL4 inhibits the 

growth of breast cancer cells independently of Gi proteins and it may couple other types of G 

proteins (like Gs proteins) (Datta et al., 2006, Lasagni et al., 2003).  

 

CXCR3B binds CXCL4 with high affinity and biochemical responses initiated by CXCL4 may 

reflect the activity of CXCR3B. In a study by Korniejewska et al., although CXCL4 induced 

intracellular calcium mobilization and Akt and p44/p42 extracellular signal-regulated kinase 

phosphorylation in activated human T lymphocytes (probably through Gαi coupling), in contrast 

to all other CXCR3 ligands, CXCL4 neither elicited any migratory responses nor lead to loss of 

CXCR3 surface expression (Korniejewska et al., 2011), suggesting CXCL4 does not share 

functional properties of other CXCR3 ligands but the fact that it exerts opposite effects to 

CXCL10 on Th1 and Th2 cytokine production (Romagnani et al., 2005) warrants further 

investigation of its role in regulation of immune responses. 
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It is shown that transfection of two receptors variants in HMEC-1 may result in differences in 

cell morphology, viability, proliferative activity, apoptosis and angiogenesis: while CXCR3A 

overexpression promotes chemotaxis, increases the cell viability, survival, proliferation and 

angiogenesis and inhibits apoptotic cell death; overexpression of CXCR3B has opposite effects 

with reduced DNA synthesis and up-regulation of apoptotic death. The opposite effects were 

found to be related to constitutive expression of CXCL11 on the surface of all transfectants, as 

the addition of an anti-CXCL11 mAb reduces the spontaneous proliferation of CXCR3A-

transfected cells but enhances the proliferation of CXCR3B–transfected cells (Lasagni et al. 

2003). Interestingly, it was also shown that CXCR3A– and CXCR3B-transfected HMEC-1 could 

still respond to high concentrations of CXCL10 with the described opposite effects despite the 

constitutive expression of CXCL11 on the surface of these cells. Although apoptotic signals in 

microvascular cells were shown following CXCR3B-CXCL4 interaction, there were no calcium 

flux chemotactic responses observed towards CXCL4 gradient in CXCR3B transfectants 

(Lasagni et al. 2003). 

 

It has been shown that Ras can activate chemokines; activation of Ras in cervical cancer cells 

activates CXCL8 that promotes tumour growth and angiogenesis (Sparmann and Bar-Sagi, 

2004). And the RET-RAS-BRAF signaling cascade promotes expression of CXCL1 and 

CXCL10 that stimulates cell proliferation and invasion in thyroid cancer (Melillo et al., 2005). 

 

Balestrieri et al. showed that Ras regulates CXCL10 overexpression in breast cancer cells 

through transcriptional mechanism but activation of Ras also plays a critical role in modulating 

the expression of both CXCL10 and CXCR3B, which may have implications in the development 

of tumours through cancer cell proliferation. Some inhibition of total CXCR3 mRNA but a 

significant downregulation of the expression of the splice variant CXCR3B in a dose-dependent 

manner was observed by activation of Ras; although Ras induced the expression of CXCL10, it 

also reduced its ability to bind to CXCR3B on breast cancer cells; which may suggest that 

downregulation of CXCR3B promotes CXCL10 dependent proliferation of breast cancer 

(Balestrieri et al., 2008, Datta et al., 2006). 
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Bonacchi et al. characterized the CXCR3 signaling and relevant downstream pathways in 

relation to its biological actions (Bonacchi et al., 2001). They established increased chemotaxis 

and activation of the Ras/ERK cascade in hepatic stellate cells (HSC) that are tissue specific 

pericytes involved in tissue repair, following interaction of CXCR3 with its ligands. They have 

also shown that activation of CXCR3 results in Src phosphorylation and kinase activity, 

increased activity of PI3K and its downstream pathway, Akt and where Src activation is 

necessary for the activation of the Ras/ERK pathway. On the other hand, inhibition of ERK 

activation resulted in both decreased chemotactic and mitogenic effect of CXCR3 ligands. In 

another tissue specific pericytes, glomerular mesangial cells (MC), CXCR3 activation resulted in 

biphasic stimulation of ERK activation, similar to the pattern observed in HSCs exposed to 

platelet-derived growth factor (PDGF), correlating to stimulation of cell proliferation (Bonacchi 

et al. 2001). 

 

Chemokines binding the CXCR3 receptor have been shown to inhibit angiogenesis via the 

CXCR3B variant and HEK 293 cells transfected with CXCR3A, CXCL10 or CXCL4 induced 

activation of ERK, Akt and Src was observed at nanomolar concentrations while in the ones that 

are transfected with CXCR3B in micromolar concentrations; which also led to activation of 

p38
MAPK

 by phosphorylation of p38
MAPK

 and MKK3/6 and MAPK APK-2 that are upstream and 

downstream molecules of p38
MAPK

 phosphorylation respectively, indicating p38
MAPK

 pathway is 

a downstream effector in the angiostatic action of CXCR3B (Petrai et al., 2008). 

 

The expression of CXCR3 variants is important in determining the biologic activity of ligands. 

One of this project aims was to deliver the chemokines CXCL9 and CXCL10, to the tumour site 

to change the microenvironment of the tumour and therefore the expression patterns of CXCR3 

variants and investigate their ligands in human samples of liver metastasis of colorectal 

adenocarcinomas in comparison to matched normal liver samples and results are explained in 

Chapter 3. 
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1.7 An Inducible Promoter: IL-2 Promoter  

1.7.1 T cell activation and regulation of IL-2 transcription 

IL-2 gene expression is controlled at multiple levels. Activation of IL-2 gene does not require an 

intermediate protein synthesis and major endpoint of signaling by TCR is IL-2 gene up-

regulation. TCR expressed on the T cell membrane with the signal transducing CD3 complex, 

which is associated with the human αβ and γδ TCR, transmits signals after antigen is recognized 

(in the context of MHC). Interaction of TCR with MHC/antigen complex on APCs that present 

the antigen peptides to TCR complexes leads to a complex array of intracellular signaling 

cascades. Both signal enhancing (positive) and signal-attenuating (negative) cascades result in 

cell proliferation, differentiation, cytokine production including IL-2, and activation induced cell 

death which eventually regulate T cell development, activation, their effector function and 

apoptosis (Lin and Weiss, 2001, Kane et al., 2002). 

 

TCR has six different chains that form the TCR heterodimer responsible from ligand recognition. 

TCR heterodimer together with CD3 molecules (CD3-gamma, CD3-delta, CD3-epsilon, CD3-

zeta) contains the sequence motif, immunoreceptor tyrosine-based activation motifs (ITAMs) for 

tyrosine phosphorylation. TCR activation is regulated by various co-stimulatory receptors; CD28 

provides an essential co-stimulatory signal during T cell activation (Linsley et al., 1993, June et 

al., 1994) which results in increase production of IL-2, T cell proliferation, prevention of 

induction of anergy and cell death (Isakov and Altman, 2002). Importantly, signals from co-

stimulatory receptors enhance the activation of AP-1 and NF-κB and together with constitutively 

expressed Oct-1, these transcription factors drive the transcription of IL-2 gene (Gaffen and Liu, 

2004).  

 

Once CD28 is ligated by B7-1 and B7-2, the initial adhesion approximates the T cell and APC 

membranes and TCR-antigen engagement triggers the tyrosine phosphorylation of ITAMS in 

TCR-associated CD3-zeta units. As well as CD28, CD45, LFA-1 and other transmembrane 

receptors could regulate TCR signaling by modulating phosphorylation of thyrosine kinases (Lck 

and Fyn).  Feedback regulation at several points allows for different outcomes, depending on the 

cell type and environment. 
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ITAMs initiate sequential activation of Src-related protein thyrosine kinases; Lck and Fyn. Lck is 

activated by interaction of MHC-II and CD4 and CD8 and, in turn activates the phosphorylation 

and activation of the TCR-CD3 complex and consequently the tyrosine kinases: Fyn and Zeta-

Chain (TCR) Associated Protein Kinase of 70 kDa (ZAP70), which initiates TCR signaling; 

Zap70 signaling also amplifies the response. Protein thyrosine phosphorylation eventually leads 

to multiple pathways including extracellular signal regulated kinase (ERK), c-Jun N-terminal 

kinase (JNK), AP-1, NF-κB and NFAT pathways (Coombs et al., 2002, Okkenhaug and 

Vanhaesebroeck, 2003, Gong et al., 2001). 

 

ZAP70 associated with the TCR-Zeta chain induces activation of Linker for Activation of T cells 

(LAT), which is an integral membrane adaptor protein that resides in lipid membrane rafts and 

binds to the adaptor proteins like SLP-76, GADS, Vav, NCK and ITK. The critical protein 

Phospholipase-C-Gamma1 (PLCγ1) that is responsible for the production of the second 

messengers diacylglycerol (DAG) and inositol triphosphate (IP3) is phoshorylated by LAT and 

results in cleavage of phosphatidylinositol-4,5-bisphosphate (PIP2) at the plasma membrane. 

DAG activates proteins protein kinase-C-theta (PKCθ), Ras and MAPK/Erk pathways, both 

promoting transcription factor NF-κB activation. IP3 binds to IP3 Receptor (IP3R) on the surface 

of the endoplasmic reticulum (ER) and triggers release of Ca
2+

 from ER, which promotes entry 

of extracellular Ca
2+

 into the cells through calcium release-activated channels (CRAC). The 

increased Ca
2+

 levels activate the protein phosphatase calcineurin by disrupting the inhibitory 

effects of calmodulin and Calcium-bound calmodulin (Ca
2+

/CaM) activates phosphatase 

calcineurin, which leads to the dephosphorylation of transcription factor NFAT, allowing it to 

enter the nucleus, where it cooperates with other transcription factors and promotes IL-2 gene 

transcription (Lin and Weiss, 2001, Kane et al., 2002, Davidson et al., 2003, Gong et al., 2001). 

The IL-2 specific NFAT family members are NFATc1 and NFATc2 (Crabtree and Olson, 2002).  

 

On the other hand, tyrosine-phosphorylated LAT also binds multiple members of the GRB2 

family of adaptor proteins, such as GRB2, GRAP and GADS to facilitate the assembly of 

macromolecular signaling complexes that are required for efficient T cell activation. As a result 

of the interaction of tyrosine-phosphorylated LAT with GRB2 and GRAP-associated SOS are 

recruited to the plasma membrane and potentially activate Ras (Gong et al., 2001). Activation of 
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Ras leads to sequential activation of a number of serine/threonine kinases: Raf1, MEK 

(MAPK/ERK Kinase) and dual-specificity kinases that is responsible for the eventual activation 

of the mitogen activated protein kinases (MAPKs): ERK1/2. Other MAPKs like JNK and p38 

are also activated by ZAP70 and SLP76, downstream of Vav. Vav in turn phosphorylates and 

activates the GTP-binding protein Rac which mediates the activation of MEKK1. p38 and JNK 

are activated by MEKK1 through MKK and MKK4/7. These MAPKs directly phosphorylate 

transcription factors involved in the formation of the heterodimeric transcription factor, Jun-Fos 

complex, NFAT and in synergy with Ca
2+

 signaling, IL-2 gene expression. ERKs, JNK and p38 

directly phosphorylate the transcription factors: Elk1, c-Jun and ATF2 (Gong et al., 2001, 

Davidson et al., 2003, Alonso et al., 2003). 

 
NF-κB activation requires stimulation of the TCR and co-stimulation with CD28. CARD11, 

downstream of ZAP70 and MAP3K and a downstream product of PKCθ activation, activates 

IKK complex, which regulate NF-κB complex in the cytoplasm, by phosphorylating IκB, leads 

to its ubiquitination. Free from its association with IκB, NF-κB translocates to the nucleus and 

activates transcription (Pomerantz et al., 2002).  

 

The AP-1 transcription factor (dimer) consists of the c-Jun and c-Fos proteins. The Ras-Raf-Erk 

pathway produced c-Fos and phosphorylation of c-Jun through JNK pathway leads to formation 

of AP-1. AP-1 cooperates with other transcription factors in DNA binding sites. Oct family 

proteins are also important transcription factors. While Oct-1 is constitutively expressed, Oct-2 is 

upregulated with T cell activation (Jain et al., 1995).  

 

Anything that impacts two distinct signalling pathways of T cells, initiated from TCR/CD3 

complex and a co-stimulatory molecule may activate IL-2 production. In vitro, a TCR signal can 

be mimicked by crosslinking TCR with antibodies to CD3 and CD28 which provide both 

antigen-specific and non-antigen specific co-stimulatory signals. The major co-stimulatory signal 

in T cell activation is mediated by the T cell-expressed molecule CD28 (Linsley et al., 1993, 

June et al., 1994) that binds its ligands B7-1 (CD80) (Freeman et al., 1989) and/or B7-2 (CD86) 

(Engel et al., 1994) expressed on monocytes, activated B lymphocytes and DCs. Agonistic 

antibody stimulation studies, or transfection studies with B7 cDNA, or studies which inhibit 
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CD28 function using CD28 Fab or CTLA-4 fusion protein, have shown that the CD28 receptor is 

important in the induction of T cell cytokine production and proliferation (June et al., 1990). 

Consistent with these studies is the phenotype of the CD28
-/-

 mouse, which has a defect in the 

response to mitogens or alloantigens (Shahinian et al., 1993). Pharmacologically reagents such as 

Ionomycin (a calcium ionophore) and PMA can stimulate T cells non-specifically, which results 

in potent IL-2 production. PMA is an analog of diacylglycerol, a second messenger produced by 

PLCγ, mimics the signal through the TCR/CD3 complex. DAG causes, release of calcium from 

intracellular stores, activates calcineurin, and triggers import of transcription factor NFAT. 

Ionomycin causes direct and rapid increase in intracellular [Ca
2+

] and augments the signaling.  

 

IL-2 gene expression is initiated by binding of different transcriptional factors and is controlled 

mainly at transcriptional level. Resting cells do not produce IL-2. IL-2 synthesis is down 

regulated by glucocorticoids (dexamethasone) and immunosuppressants (cyclosporin A, 

rapamycin and FK506). Cyclosporin A blocks the activity of calcineurin and prevents NFAT 

import. Inhibition of IL-2 secretion consequently may result in immunosuppression probably 

through down regulation of antigen specific T lymphocytes. Inhibitors of NF-κB pathway like 

PDTC and SN50 also block IL-2 pathway (Martinez-Martinez et al., 1997, Lin et al., 1995, Luo 

et al., 1996). IL-2 is mainly made by CD4
+
 T cells but other cells CD8

+ 
T cells, transformed T 

cells, some B cells, leukemia cells, LAK cells, NK cells and DCs may also secrete IL-2. 

 

1.7.2 IL-2 Signalling Pathway 

The most rapidly occurring event following T cell activation through its antigen receptor is the 

de novo synthesis of IL-2. This is quickly followed by expression of a high affinity IL-2 

receptor. Interaction of IL-2 with its cognate receptor results in rapid and selective expansion of 

effector T cells activated by antigen (Lenardo et al., 1999). 

 

The biological activity of IL-2 is mediated by a membrane receptor, IL-2R, a high affinity 

receptor complex with three binding components, IL-2Rα (CD25, TAC antigen, p55) (Leonard et 

al., 1982) which may act as a low affinity receptor and an intermediate affinity receptor, IL-2Rβ 

(CD122, p75) (Sharon et al., 1986) and a third subunit which may also be required in generation 
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of high affinity receptor and involved in signal transduction but does not bind to IL-2, IL-2RG 

(interleukin-2 receptor subunit gamma), also known as common gamma chain (γc) (or CD132) 

(Leonard et al., 1995, Takeshita et al., 1992) all located on the surface of T lymphocytes. IL2-RG 

subunit is a member of receptor type I cytokine receptor family and is common to the receptor 

complexes of short-chain four helical bundle cytokines, IL-4, IL-7, IL-9, IL-15 and IL-2 (Bazan, 

1992). The three IL-2 receptor chains span the cell membrane, extend into the cell and deliver 

biochemical signals.  

 

IL-2Rα does not participate in signaling, IL-2Rβ is complexed with Janus kinase 1 (JAK1) and γc 

complexes with another thyrosine kinase JAK3. Once IL-2 binds to the external domains of 

IL2R, these kinases phosphorylates IL-2Rβ and induce phosphorylation of STATs and various 

downstream targets; mainly three intracellular signaling pathways are initiated, MAP kinase 

pathway (Zmuidzinas et al., 1991), PI3K pathway (Moon et al., 2004) and JAK-STAT pathway 

(Moriggl et al., 1999), leading to both mitogenic and anti-apoptotic signals. 

 

CD122 is constitutively expressed on resting T lymphocytes and NK cells (Hatakeyama et al., 

1989) while TAC antigen continuously expressed after T cell activation, although aberrant 

constitutive synthesis by a number of tumour cells and HTLV-1 activated cells could be seen 

(Maruyama et al., 1987, Inoue et al., 1986). IL-2 receptor expression of monocytes is induced by 

IFN-γ, and these cells become tumour-cytotoxic.  

 

1.7.3 T cell proliferation 

The growth and differentiation factor IL-2 is critical for T cell clonal expansion and function and 

IL-2 gene expression in antigen-activated T cells plays a critical role in orchestrating the immune 

responses (Morgan et al., 1976). IL-2 transcription and synthesis (under physiological 

conditions) is almost exclusive to CD4
+
 T lymphocytes following appropriate cell activation 

through interaction of clonotypic antigen receptor with antigen or mitogens (Smith, 1980). A key 

event in the initial activation of mature T cells with Ag is the de novo production of the cytokine 

IL-2 and its high affinity receptor (IL-2R) comprising α, and γ subunits, that form a strong loop 

that promotes T cell growth and clonal expansion, and possibly contributing to B cell 
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differentiation, macrophage, and NK cell activation (Smith, 1989). The major function of IL-2 is 

to promote proliferation of both CD4
+
 and CD8

+
 T cells. Interaction of IL-2 with its cognate 

receptor occurs both in autocrine or paracrine fashion and regulates the magnitude and duration 

of IL-2 restricted to immune response. In an autocrine fashion, the antigen-primed T helper cell 

secretes IL-2, stimulating itself as well as other neighboring T cells (Hemar et al., 1991, Kahn-

Perles et al., 1997, Gaffen and Liu, 2004). 

 

Proliferation occurs via pro-proliferative signals through proto-oncogenes c-myc and c-fos and 

anti-apoptotic signals through Bcl-2 family (Miyazaki et al., 1995); as well as effects of IL-2 on 

cellular metabolism and glycolysis (Rathmell et al., 2000). In the absence of extrinsic signals, 

nutrient utilization by lymphocytes is insufficient to maintain either cell size or viability. But IL-

2 production is transient and in the absence of continuous antigenic stimulation, activated T cells 

die due to deprivation of IL-2 (Gaffen and Liu, 2004). 

 

The initial pulse of IL-2 determines the magnitude of proliferative stimulus. Therefore, 

successful activation of T cells assessed with transcription and synthesis of IL-2. Regulated 

expression of IL-2 and IL-2R genes plays an important role in the control mechanism of T cell 

clonal expansion. It also promotes the proliferation of B cells in the presence of IL-4. 

 

Once IL-2 binds to the external domains of IL-2R and cytoplasmic domains engaged, signaling 

continues until the IL-2/IL-2R complex internalized and degraded. Cell only decides to go to 

mitosis and cytokinesis when critical number of IL-2Rs has been triggered (Cantrell and Smith, 

1984). The half time for internalization of IL-2 occupied IL-2Rs is ~ 15 minutes (Smith, 1989) 

and the calculated critical number of triggered IL-2R is ~ 30,000, but as the mean number of 

high affinity IL-2Rs on antigen-activated T cells is only ~ 1,000, therefore new receptors must be 

synthesized before a cell can divide, making the mean of at least 11 hours of IL-2/IL-2R 

interaction are necessary before the cell decides to undergo mitosis (Smith, 2006). 

 

IL-2 signaling results in cell cycle progression in resting cells and therefore allows clonal 

expansion of activated T lymphocytes. It promotes the progression from G1 stage to S phase in 

cell cycle and therefore essential for T cell clonal expansion in newly activated cells (Crabtree, 
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1989). Detection of mRNA in murine thymocytes from day 13 of embryogenesis (Carding et al., 

1989) and in thymic tissue of neonatal mice (Yang-Snyder and Rothenberg, 1998) suggests that 

IL-2 is also produced by immature thymocytes during intrathymic development. IL-2 cause 

proliferation of T cells of the homologous species at high efficacy and it is a growth factor for all 

subpopulations of T lymphocytes and NK cells (together with IL-15) (Giri et al., 1994). It also 

promotes NK-derived cytokine production like TNF-α, IFN-γ and GM- CSF and enhances 

cytotoxicity of NK cells and responsiveness of B cells by increasing IL-2Rα expression on B 

cells (Blackman et al., 1986) and up-regulates heavy and light chain expression through 

synthesis of J chain gene (Gaffen et al., 1996). 

 

1.7.4 Regulation of Human IL-2 Gene 

The IL-2 gene is located on human chromosome 4q26-28 (murine chromosome 3) and contains 4 

exons. Translocations, deletions, and/or chromosomal gene amplifications of the IL-2 gene have 

not been reported. At nucleotide level in the coding region, human and murine IL-2 shows 72 % 

homology. Isolation, characterization, cloning and analysis of human IL-2 chromosomal gene 

were done by Degrave, Taniguchi, and Devos et al., in 1983, and Fuse et al., in 1984 (Degrave et 

al., 1983, Taniguchi et al., 1983, Devos et al., 1983, Fuse et al., 1984). DNA sequence of 1293 

bp 5‟- flanking region from TSS of human IL-2 gene, was described by Holbrook et al., in 1984 

(Holbrook et al., 1984). There is a sequence identity between mouse and human IL-2 from -1 to -

616 and scattered islands of similarity upstream of the gene (Novak et al., 1990). The identity 

between -1 to -580 (-585 in humans) is 86% (Novak et al., 1990) which is similar to the identity 

for the other proximal upstream regions of other human or mouse lymphokines although 

upstream region is longer for IL-2 compared to IL-3, IL-6 or GM-CSF  (Novak et al., 1990, 

Tanabe et al., 1988, Miyatake et al., 1985, Yang and Clark, 1987). 

 

Several nuclear binding proteins were identified the footprint over the region from -1 to -279 in 

the human IL-2 gene that are important in inducible expression as suggested by genetic analysis 

(Durand et al., 1988a, Fujita et al., 1986, Williams et al., 1988b, Schmidt et al., 1990, Brunvand 

et al., 1988). These regions that were protected in the activated extracts and requiring activation 

as well as protein synthesis to bind to DNA named nuclear factor II (NFII)-a (protected region 
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between -253 to -279), and contributing to optimal transcription and protected in both activated 

and non-activated extracts named nuclear factor III (NFIII)-a, III-c and III-e (protected regions 

between 187 to -207, at about -162 and -66 to -86 respectively), were identified by transient 

transfection experiments and DNAse I protection assays within the +1 to -300 bp of IL-2 

promoter and thought to participate in regulation of IL-2 gene upon activation of Jurkat cells 

(Brunvand et al., 1988). An activation dependant NFIII-a or a similar binding region was also 

identified in GM-CSF, IL-3 and G-CSF promoters at least sharing the some of the nuclear 

factors. The NFII-a regions later on were identified as NFIL-2E (ARRE-2) (Durand et al., 

1988b) or NF-AT-1 and NFIII-a region as NFIL-2A (ARRE-1) (Shaw et al., 1988). Durand et 

al., showed that small deletions of NFIL-2E or NFIL-2A binding sites could interfere with the 

functional activity of the enhancer in transient transfection of Jurkat cell experiments (Durand et 

al., 1988b) and Nabel et al., showed that NFIL-2A do not affect the enhancer activity in 

stimulated cells, but do relieve a negative block in unstimulated cells (Nabel et al., 1988). 

 

Other studies identified several transcription factor-binding sites that are involved in the IL-2 

promoter activity in stimulated T cells. Skerka et al., described a further regulatory element that 

is immediately upstream of NFAT region: zinc finger protein binding region, which is a 

recognition point for inducible EGR-1 protein in stimulated IL-2 secreting cells. They showed 

that a combination of ZIP and NFAT sites is necessary for the IL-2 maximal promoter activity 

(Skerka et al., 1995). 

 

ARRE-1 and ARRE-2 are the two major TCR responsive regions and binding of AP-1, NFAT 

and Oct transcription factors controls them. Another important site that responds to CD28 co-

stimulation is the CD28 response region (CD28RR) that contains the CD28 response element 

(CD28RE), which is a variant of NF-κB site. CD28 binds to RelA homodimers, c-Rel-containing 

complexes and NFAT (Verweij et al., 1991, Shang et al., 1999). CD28RR also contains an AP-1 

and NFIL-2B transcription factor binding sites that functions in cooperation with the CD28RE 

and the activation of this site is different from that observed for either an NFAT or consensus 

AP-1 site (Shapiro et al., 1997). 

 

There are two binding sites for NFAT family members in the IL-2 proximal promoter that are 



Chapter 1.  Introduction 

83 

both occupied in stimulated T cells (Garrity et al., 1994). The IL-2 promoter also contains two 

Oct sites for two Oct family proteins; Oct-1 that is constitutively expressed on T cells and Oct-2, 

which is upregulated after T cell activation. Mutation of either Oct site reduces the promoter 

activity but mutation of both sites completely blocks it (Jain et al., 1995). There are also two NF-

κB sites within the IL-2 promoter, one also containing AP-1 site (CD28RE) (Shapiro et al., 

1997). 

 

IL-2 gene regulation is achieved mainly through the combination and arrangement of activity of 

transcription factors but chromatin structure and nuclear dynamics are also important in IL-2 

gene regulation. TCR signaling affects nucleosome positioning in the proximal IL-2 promoter 

and controls the access of transcription factors to the promoter (Attema et al., 2002). Although 

the IL-2 proximal promoter (+1 to -300) contains many well defined transcriptional activation 

elements that respond to TCR stimulation, it does not contain the entire spectrum of regulatory 

elements necessary to direct tissue- and temporal-specificity of IL- 2 expression in vivo 

(Brombacher et al., 1994, Gaffen and Liu, 2004). 

 

As well as transcriptional regulation, IL-2 expression is also controlled at the mRNA level. The 

T cell activation pathway, that specifically regulates the stability of mRNA for IL-2 (and other 

some other cytokines), is induced by stimulation of CD28. IL-2 mRNA contains several AU-rich 

elements (AREs) that control rapid degradation of mRNA (Lindstein et al., 1989) and IL-2 gene 

expression can be altered by inducing specific changes in messenger RNA degradation. There 

are also at least two cis elements that regulate transcript stability, 3‟ and 5‟ untranslated regions; 

3‟UTR and 5‟UTR.  The stability element in the 5‟UTR is a target of the JNK pathway (Chen et 

al., 1998, Chen et al., 2000), and both UTRs act in combinatorial manner to regulate message 

turnover (Gaffen and Liu, 2004).  

 

1.7.5 IL-2 promoter 

Extensive analysis of the human IL-2 promoter with deletion mutations revealed numerous 

regions between -60 and -361 that when deleted reduce the inducible expression of reporter gene 

following transfection of constructs into Jurkat or EL-4 T cell lines: Fujita et al., in 1986 
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identified the immediate upstream region of the IL-2 gene required for the inducible IL-2 

expression, the minimal length of DNA required being between 192 bp (-319 to -127) and 119 

bp (-264 to -145) and the sequences between -81 and -127 contributing to the maximal activation 

of IL-2 gene (Fujita et al., 1986).  

 

275 bp fragment enhancer region at the 5‟ end of the IL 2 gene from a heterologous promoter – 

in either orientation- in response to T cell activation was defined by Durand et al. in 1987. +1 

being the transcription site and +46 defining the first ATG (Met) codon, they have described 

various lengths of IL-2 sequences. -576 to +42 which contains the inducible nuclease sensitive 

site and a TATA box but lacking the first ATG codon for Met, instead ligated to AUG of CAT 

gene was inducible following 8 hours stimulation with PHA and PMA. In search of the shortest 

inducible sequence, IL-2 sequence -326 to -52 in both orientations combined to γ fibrinogen 

promoter found to be inducible in response to PHA and PMA treatment. But various shorter 

fragments did not show any inducible activity. A 275 bp IL-2 fragment was defined to be the 

shortest fragment responding to various stimuli in relation to expression of IL-2 gene and is the 

target fragment for signals for the T cell receptor pathway (Durand et al., 1987).  

 

Williams et al., in 1988 investigated the regulatory domains of human IL-2 gene with a series of 

5‟-deletion constructs starting from a 587 bp (-548 from TSS) full length IL-2 promoter 

constructs transfected into Jurkat cell line and showed that inducible activity was preserved when 

-373 bp from the TSS retained (Williams et al., 1988a). Larger deletions caused significant loss 

of inducible activity. -292 bp deletions gave a relative activity of 30% compared to full length 

IL-2 promoter. Further, they have attempted internal deletions to identify the functionally 

important subdomains of the promoter. Removal of sequences between -42 to -169 bp relative to 

TSS resulted in dramatic cessation of inducible activity of the promoter. Deletions removing 

upstream regions between -289 and -361 bp also caused considerable loss of inducible activity 

giving the impression that two regions within the IL-2 promoter is necessary for inducible IL-2 

expression (Williams et al., 1988a).  

 

Functional sequences within the 5‟ end of human IL-2 DNA identified by quantification of the 

expression of the reporter gene or S1 mapping analysis suggested that the boundary of the 
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functional sequence in human IL-2 promoter was between -319 and -284 from TSS. Internal 

deletions within -319 to -81 showed that 192 bp DNA sequence (-319 to -127) functions in either 

direction, and although deletion from -81 to -127 reduced the inducibility by 40% in terms of 

reporter gene expression in EL-4 cells, did not abolish it; but deletion from -81 to -145 abolished 

the inducibility completely. Analysis of the 5‟ as well as the 3‟deletion mutants suggested that 

the minimal length of IL-2 DNA required for inducible gene expression is between 192 bp (-319 

to -127) and 119 bp (-284 to -145), with -81 and -127 contributing to the maximal activation of 

the IL-2 gene and downstream of -81 containing promoter sequences (including TATA box) that 

their functions are not unique to T cells (Fujita et al., 1986). Following identification of DNA 

sequences in the 5‟ flanking region that were responsible from regulated expression of hIL-2 and 

hIL-2Rα genes (Maruyama et al., 1987) and in mouse (Serfling et al., 1989), to be able to 

understand the mechanisms of IL-2 gene inductions, Shibuya et al., performed deletions in the 

human IL-2 gene 5‟ flanking region and investigated the mitogen and tax-1inducibility of each 

mutant in cultured T cells. They identified 4 functional DNA sequences of the IL-2 promoter 

region, and detected several binding factors that are binding to various DNA probes within a 268 

bp DNA segment containing the IL-2 gene sequence (from -52 to-319) that included all the 

regulatory elements (Shibuya and Taniguchi, 1989). 

 

Ullman et al. in 1990 defined the antigen dependant and T cell restricted activity IL-2 expression 

by a 300 bp minimal promoter/enhancer region of the IL-2 promoter from the transcriptional site 

(Ullman et al., 1990). E. Serfling et al., reviewed the 275 bp (-52 to -326) long DNA segment 

upstream of the TSS, referring this as IL-2 promoter and collated the described in detail factors 

binding to the IL-2 promoter and the activity of the factors necessary for both murine and human 

IL-2 promoter/enhancer‟s inducible activity. Upstream sequences of murine and human IL-2 

promoters being approximately 80% homolog and murine IL-2 promoter from -7 to -292 was 

shown to be inducible and defined as transcriptional enhancer. Multiple sequence elements 

necessary for the T cell specific expression of IL-2 expression are located within the short 250 – 

275 bp DNA segment of the immediate upstream region of the IL-2 gene. Although, this 275 bp 

IL-2 promoter does not contain all the elements required for the correct transcriptional control of 

IL-2 gene, it plays a major role in the control of IL-2 transcription and contains the response 

elements regulating the co-stimulation by CD28, suppression by immunosuppressant 
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Cyclosporin A and FK506 as well as repressing the induction of IL-2 e.g. by glucocorticoid 

receptor (Serfling et al., 1995).  

 

1.8 Genetic Modification of Cells 

1.8.1 Transfection 

Transfection, a non-viral method of introducing foreign nucleic acids into the eukaryotic cell, 

allows characterization of the impact of expressing a particular gene in a cell.  Transfection is 

generally thought to be a cheaper alternative to using viruses to introduce foreign nucleic acids 

into a cell (transduction) because although viral systems used in gene therapy are usually safe 

and transduced viruses cannot replicate, it is laborious to make viruses and they could also alter 

the phenotype of cells.  

There are numerous methods that can be used to transfect cells and transfection can be either 

transient (the gene of interest is only expressed for a short period of time following transfection; 

usually because the nucleic acid encoding the gene is lost from the cell through degradation or 

expulsion or dilution) or stable (the gene of interest is expressed for a long period of time 

following transfection normally as a result of integration into the genome or in some 

circumstances could be maintained episomally; usually with the aid of selection pressure, such as 

antibiotic treatment, which ensures the nucleic acid encoding the gene of interest is maintained in 

the cell and that only cells, with the transfected nucleic acids, can survive).  Chemical 

transfection methods are based on the obviation of the issue of introducing negatively charged 

phosphate backbone of DNA or RNA into the cells through a negatively charged cell membrane; 

chemicals such as cyclodextrin, polymers or liposomes can coat DNA to neutralize or create a 

positive charge to the molecule, thus avoiding repulsion from the cell membrane. The calcium 

phosphate precipitation method, developed by Graham and van der Eb in 1973, remains the 

cheapest effective transfection method still used today. Other methods use cationic polymers like 

polybrene (Kawai and Nishizawa, 1984) and polyethyleneimine (Boussif et al., 1995) or highly 

branched organic compounds, known as dendrimers, to bind the DNA and get it into the cell or, 

cationic liposomes, such as Lipofectamine (Haensler and Szoka, 1993) that fuse with the cell 

membrane and release the DNA into the cell. A further example of a cationic polymer is DEAE-
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dextran, which binds to negatively charged DNA creating a complex that is taken into the cell by 

endocytosis (Pagano and Vaheri, 1965).  Cationic lipids can sometimes prove to be suitable in 

DEAE-dextran or calcium phosphate resistant cases. These lipids can also be used in vivo for the 

transfer of DNA or RNA into mammalian cells (Felgner et al., 1987). These transfection 

methods are for transient expression studies and do not allow integration of DNA into the 

chromosome or episomal maintenance for long-term experiments.  

Alternative, non-chemical, physical transfection methods were developed in the 1980s. Direct 

microinjection into cultured cells or nuclei using a fine needle (Graessmann et al., 1980), has 

been applied to transferring DNA into embryonic stem cells and to produce transgenic organisms 

(Sato et al., 2001) however, this method is not appropriate for large numbers of transfections due 

to the high levels of labour required. The use of electroporation for gene transfer studies was 

reported in the early 1980s (Wong and Neumann, 1982), It is a method based on the use of 

electrical pulses to transiently create micro-sized holes in the plasma membrane of cells that 

allow the passage of nucleic acids into the cell (Shigekawa and Dower, 1988). It requires 

extensive optimization of pulse duration and strength, for each cell type used, to balance 

transfection efficiency and cell viability. Variations of electroporation include microporation and 

nucleofection.  Microporation is a form of electroporation that enhances the permeability of a 

biological membrane.  Different from conventional electroporation, an electronic pipette tip 

functions as a transfection chamber (instead of cuvettes) and the microporator functions as the 

pulse generator.  Nucleofection is an electroporation designed mainly for primary cells allowing 

DNA to enter the nucleus directly.   

Other physical methods include sonoporation (transfection by applying sonic forces to the cells 

to transiently create holes in the membranes); optical transfection (described in 1984 by 

Tsukakoshi et al.; creates a ~1 µm diameter hole transiently generated in the plasma membrane 

of a cell using a highly focused laser (Kawada et al., 1984) and can be used to generate both 

stable and transient transfections in mammalian cells); impalefection (introduces DNA bound to 

the surface of a nanofiber, into a cell) and a hydrodynamic delivery method (delivers DNA to the 

liver by infusion of a relatively large volume of liquid into the blood in a short space of time; less 

than 10 seconds).    
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Non-chemical particle-based methods are also available and include methods such as biolistic 

particle delivery or particle bombardment which rely on membrane penetration using high-

velocity delivery of nucleic acids on microprojectiles (Armaleo et al., 1990); using a gene gun, 

where DNA is coupled to a nanoparticle of an inert solid like gold and "shot" directly into the 

target cell's nucleus; magnetofection or magnet assistant transfection, which involve association 

of magnetic nanoparticles with nucleic acids and then using magnetic force to drive the nucleic 

acid particle complexes towards and into the target cells.  

DNA injection could also result in generation of immune responses (Wolff et al., 1990, Kumar 

and Sercarz, 1996). DNA plasmids expressing an antigen gene under a constitutive promoter 

could be conjugated with gold and given under the skin using a helium gas gene gun. This 

method allows the protein antigen taken up by target cells to be picked up by APCs and cross 

presentation to the immune system in the draining lymph nodes. Its use is limited to few tumours 

with defined antigens and naked DNA has low immunogenity as they consist of self-antigens 

(Rosenberg, 2001).  

 

Viral vectors form a variety of gene therapy. Tumour antigen DNA sequences inserted into 

attenuated viruses like pox virus, or other viruses like adenovirus, retrovirus or lentivirus 

modified to be self-inactivating but efficiently expressing the target gene inserted into the vector 

(Ribas et al., 2000). This type of immunization using recombinant adenoviruses resulted in weak 

immunological response (Rosenberg et al., 1998).  

 

Another method for generating immune responses to tumour antigens is to deliver naked DNA 

and viral vector sequentially called prime-boost strategy (Ramshaw and Ramsay, 2000). Initial 

plasmid injection has a low inflammatory potential and activates only T cells but no other 

immune cells. Following a rest period, these antigen specific T cells are re-stimulated with same 

tumour antigens with viral proteins through recombinant viral vector inducing 10-100-fold high 

frequency in T cell numbers compared to single treatment (Ramshaw and Ramsay, 2000). 

(Check results of Phase I and II studies on these). (Marshall et al., 2000, Mincheff et al., 2000). 

Bacterial vectors like Salmonella and Listeria containing tumour gene segments are shown to be 

protective in animals (Pan et al., 1995a) allowing strong inflammatory reaction as well as the 
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possibility of per oral administration of immunization. In general vaccine adjuvants could be 

used to boost the number of APCs are used; GM-CSF attract and activate DCs locally to the site 

of vaccination and for systemic expansion of DCs GM-CSF and IL-4 combination could be used 

(Roth et al., 2000).  APC infiltration in tumour biopsies are linked to the better survival (Lotze, 

1997). 

 

1.8.2 Transduction 

Viruses fall into one of two groups; group one viruses, such as oncoretroviruses and lentiviruses, 

integrate into host cellular chromatin, whereas group two viruses, such as adenoviruses, adeno-

associated viruses (AAVs) and herpes viruses, persist in the cell nucleus predominantly as 

extrachromosomal episomes. While non-integrating vectors can mediate persistent transgene 

expression in non-proliferating cells, integrating vectors, which cause stable genetic alterations 

in proliferating cells, are usually better for systems in which stable gene expression is needed, 

although it should be noted that even with integrating vectors, transgene expression can be lost 

over time as it can be gradually silenced (Pannell and Ellis, 2001). 

 

Vector tropism, vector immunogenicity and duration of transgene expression are other factors 

that determine the range and type of therapeutic applications of any one virus (Thomas et al., 

2003a). Immunogenicity and short-lived transgene expression are considered the undesirable 

properties of the early adenovirus vectors developed but, adenoviruses are the most efficient 

vectors for gene delivery into the nucleus (Gerdes et al., 2000) and they are able to transduce 

most tissues efficiently with direct injection in vivo.  The so-called „undesirable‟ properties of 

adenoviruses could be advantageous in cancer where cellular toxicity and immunogenicity may 

contribute to anti-tumour effects (Alemany et al., 2000, Isner and Asahara, 1999), thus 

adenoviruses have not been ruled out as therapeutic vectors. But it is sometimes difficult for a 

viral vector to keep the fidelity of an inducible promoter. The promoter can be overridden by 

viral elements. 

Oncoretroviruses were the first class of viral vectors developed and are commonly used in 

clinical trials (VandenDriessche et al., 2003) and for the ex vivo transduction of haematopoietic 

stem cells (Van Damme et al., 2004). The limitation of oncoretroviruses is that they can only 
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transduce dividing cells. Lentiviruses, in contrast, can naturally penetrate the intact membrane 

and transduce non-dividing cells.   

Lentiviruses are members of the retrovirus family and are usually derived from HIV and other 

human viruses. Lentiviruses used for research and clinical therapies retain less than 5% of 

parental genome with less than 25% of the viral genome incorporated into individual packaging 

constructs to minimize the possibility of generating replication competent HIV. Self-inactivating 

(SIN) vectors, which carry deletions in the regulatory elements in the long-terminal repeat 

sequence (LTR) of the virus, are unable to transcribe the packaging signal required for 

mobilization and therefore are unable to replicate, thereby increasing the biosafety of the vector.  

The advances made with lentiviruses have increased the efficiency of human T cell engineering 

(June, 2007, Levine et al., 2006) and clinical trials with lentivirus engineered T cells are ongoing.  

A lentivirus transduction system was chosen for this study because lentiviruses can transduce 

both dividing and non-dividing cells due to HIV matrix protein and the accessory protein Vpr 

(Heinzinger et al., 1994, Yao et al., 1995) and they stably integrate into the genome, thereby 

maximising the duration of gene expression (Zufferey et al., 1997).  The safety of the packaged 

lentiviral vector is improved by optimized attenuation of the viral genes (Zufferey et al., 1997) 

and nuclear import by incorporation of the HIV central polypurine tract (cppt) and termination 

sequence (cts) (Follenzi et al., 2000). 
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Chapter 2. Materials & Methods 

2.1 Cloning 

2.1.1 Plasmids 

pEGFP-C1 was obtained from Clontech Laboratories, Inc., California, USA. This plasmid 

constitutively expresses a variant of wild-type GFP optimized for brighter fluorescence and 

higher expression in mammalian cells. In this project, it has been used to express EGFP in Jurkat 

cell lines and human Primary T cells as a transfection marker in both stable and transient 

transfections. pEGFP-C1 is also used as a backbone for the creation of inducible expression 

vectors by either replacing the promoter region with human IL-2 promoters and/or reporter gene 

with chemokines CXCL9 and CXCL10 or replacing the reporter gene with chemokines for the 

constitutional expression of mentioned chemokines. 

 

NFAT Z plasmid (clone NS391) was a kind gift from Dr LA Herzenberg, Stanford University, 

California, USA. It was created in 1989 by Herzenberg (Fiering et al., 1990). NFAT Z is a LacZ 

expressing plasmid under the control of an inducible IL-2 promoter (a tandem copy of NFAT-1 

attached to minimal IL-2 promoter). In this project, it is used to validate the inducibility of its 

promoter by the expression of lacZ in activated Jurkat cell lines. It is also used for the 

amplification of the NFAT promoter by PCR. 

 

Plasmids pGL3-Basic, pGL3-Control and pRL-TK were purchased from Promega, Southampton, 

UK. pGL3-basic is a promoterless plasmid containing a modified firefly luciferase gene. It lacks 

eukaryotic promoter and enhancer sequences and expression of luciferase activity in transfected 

cells depends on insertion and orientation of a functional promoter. Constructs encoding 

luciferase under inducible IL-2 promoters were created by insertion of IL-2 promoters upstream 

of luciferase gene within the plasmid. Luciferase gene is also replaced by chemokines CXCL9 

and CXCL10 creating constructs encoding the chemokines under inducible IL-2 promoters. 

Plasmids were used in transfections of Jurkat cell line and human Primary T cells. 
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pGL3-Control plasmid contains a modified coding region for firefly (Photinus pyralis) 

luciferase, SV40 promoter and enhancer sequences resulting in strong constitutive expression of 

luciferase in transfected mammalian cells. In this project it is used as a control marker to monitor 

transfection efficacy and as a standard control for promoter activity both for luciferase and 

chemokine expressing plasmids in transfected Jurkat cell lines and primary human T cells. 

pRL-TK contains TK promoter and drives constitutional expression of Renilla luciferase in a 

pUC based plasmid. It is generally used as an internal control reporter in combination with other 

reporters as it yields neutral low to moderate levels of expression in cell lines. This plasmid is 

used as a co-reporter or as an internal control for the inducible promoter constructs where the 

expression of firefly luciferase is under IL-2 promoters in transfected Jurkat cell lines. 

 

Table 1 summarizes the plasmids used in this project. In human Primary T cell nucleofection 

experiments various GFP expressing vectors included in AMAXA transfection systems were 

also used as positive controls for the transfection efficacy but these vectors are not included in 

the table. 

Table 1. A summary of plasmids used in this project. 

Plasmid Base 
pairs 

Promoter Reporter gene Resistance GenBank®/EMBL 
Accession Number 

pEGFP-C1 4731 bp Human 
cytomegalovirus 
(CMV) immediate 
early promoter  

Red-shifted variant of wild-
type GFP (GFPmut1) 

Neor gene conferring 
neomycin (G418) in 
eukaryotic cells, a bacterial 
promoter upstream of 
Neor expressing kanamycin 
resistance in E.Coli 

U55763 

NFAT Z 9.1 kb Human IL-2 promoter 
(three tandem 
sequence of NFAT-1 
attached to minimal 
IL-2 promoter) 

Lac Z Beta-lactamase (Ampr) 
gene conferring ampicillin 
resistance in E.Coli 

Not available 

pGL3-Basic 4818 bp none Luciferase gene (luc+), cDNA 
encoding the modified firefly 
luciferase cloned from 
Photinus pyralis 

Beta-lactamase (Ampr) 
gene conferring ampicillin 
resistance in E.Coli 

U47295 

PGL3-Control 5256 bp SV40 promoter and 
enhancer 

Luciferase gene (luc+), cDNA 
encoding the modified firefly 
luciferase cloned from 
Photinus pyralis 

Beta-lactamase (Ampr) 
gene conferring ampicillin 
resistance in E.Coli 

U47296 

pRL-TK 4045 bp HSV TK promoter cDNA encoding wild type 
Renilla Luciferase (Rluc) 
cloned from antrozoan 
coelenterate Renilla 
reniformis (sea pansy) 

Beta-lactamase (Ampr) 
gene conferring ampicillin 
resistance in E.Coli 

AF025846 
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2.1.2 Primers 

2.1.2.1 Cloning into pEGFP-C1 plasmid  

2.1.2.1.1 Amplification of human IL-2 promoters 

Primers used to amplify IL-2 promoters were designed to include an Ase I endonuclease 

restriction site at the 5‟ end, and an Nhe I restriction site at the 3‟ end. These modifications were 

necessary to be able to create a sticky end ligation to replace the promoter site of the pEGFP-C1 

vector. IL-2 promoters were PCR amplified from Jurkat cell DNA. NFAT promoter was 

amplified from NFAT Z plasmid (clone NS391). 

 

Table 2. Oligonucleotide sequences for amplification of different lengths of hIL-2 promoter  

Oligonucleotide equences were designed to amplify different lengths of hIL-2 promoter from DNA of 
Jurkat cells. IL-2 -282 fwd and reverse primers either ‘IL-2 prom rev’ or ‘IL-2 UTR rev’  were used for the 
amplification of  IL-2 promoters -282 IL-2 promoter and -282 UTR IL-2 promoter (containing 3’ UTR 
region). IL-2 319, IL-2 331, IL-2 365 and IL-2 568 promoters were amplified by using relevant forward 
primers and ‘IL-2 UTR rev’ primer. Restriction endonuclease recognition sites for Ase I and Nhe I were 
added to the 5’ and 3’ of the primers respectively to create a sticky end ligation within the pEGFP-C1 
plasmid. Primer name, its sequence and optimum annealing temperature (Ta) (ºC) are shown in the 
table. Restriction endonuclease recognition sites within the oligonucleotide sequences are marked bold. 

Primer Sequence Ta (ºC) 

pC1-Ase I IL2 282 fwd 5‟- TAG ATA CCG ATT AAT AGA AAG GAG GAA AAA CTG TTT CA - 3‟ 55 

pC1-AseI IL2 319 fwd 5‟- TAG ATA CCG ATT AAT ATT TTC TGA GTT ACT TTT GTA TCC- 3‟ 54 

pC1-Ase I IL2  331 fwd 5‟- TAG ATA CCG AAT TAA TAT GAC AAA GAA AAT TTT CTG - 3‟ 51 

pC1-Ase I IL2 365 fwd 5‟- TAG ATA CCG ATT AAT CCA CAA TAT GCT ATT CAC A - 3‟ 53 

pC1-Ase I IL2 568 fwd 5‟- TAG ATA CCG AAT TAA TGC TCA ATA AGC ATT TTA AGT A - 3‟ 53 

pC1-Nhe I IL2 prom rev 5‟- CAG TTA GAC GCT AGC TAG GGA ACT CTT GAA CAA GAG AT - 3‟ 
60 

 

pC1-Nhe I IL2 UTR rev 5‟- CAG TTA GAC GCT AGC TGT GGC AGG AGT TGA GGT TAC TG - 3‟ 64 
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Table 3. Oligonucleotide sequences for amplification of NFAT promoter  

Oligonucleotide sequences were designed to amplify NFAT promoter from NFAT Z plasmid (clone 
NS391). NFAT prom fwd’ and reverse primers either ‘IL-2 prom rev’ or ‘IL-2 UTR rev’  were used for the 
amplification of  NFAT promoters, NFAT and NFAT UTR IL-2 promoter (containing 5’ UTR region) 
respectively. Restriction endonuclease recognition sites for Ase I and Nhe I were added to the 5’ and 3’ 
of the primers to create a sticky end ligation within the pEGFP-C1 plasmid. Primer name, its sequence 
and Ta (ºC) are shown in the table. Restriction endonuclease recognition sites within the oligonucleotide 
sequences are marked bold. 

Primer Sequence Ta (ºC) 

pC1-AseI NFAT fwd 5‟- TAG ATA CCG ATT AAT GGA GGA AAA ACT GTT TCA T -3 53 

pC1-NheI IL2 prom rev 5‟- CAG TTA GAC GCT AGC TAG GGA ACT CTT GAA CAA GAG AT - 3‟ 60 

pC1-NheI IL2 UTR rev 5‟- CAG TTA GAC GCT AGC TGT GGC AGG AGT TGA GGT TAC TG - 3‟ 64 

 

Table 4. Oligonucleotide sequences used to create NFATx3 promoter.  

Oligonucleotides TOP oligo NFAT and BOTTOM oligo NFAT contain the sense (5’ to 3’) and antisense (3’ 
to 5’) sequences of NFAT-1 of human IL-2 promoter. Restriction endonuclease recognition sites BamH I 
and Sal I were added to the 5’ end of TOP oligo NFAT in 5’ to 3’ and to the 5’ end of BOTTOM oligo NFAT 
in 3’ to 5’ orientation. Oligonucleotides were used for the formation the NFAT-1 duplex containing the 
restriction endonuclease recognition sites of BamH I and Sal I. Sal I is required to create a sticky end 
ligation to insert multiple NFAT-1 duplexes in to the linearilized (surrogate) pEGFP-C1 plasmid and BamH 
I to drop out of the cassettes of NFAT-1 duplexes from the linearilized (surrogate) pEGFP-C1 plasmid as 
explained in the strategy for the creation of a triple tandem copy of NFAT-1. 

Oligonucleotide Sequence Ta (ºC) 

Sense (TOP) oligo NFAT 5‟- TAA TCG GAT CCT GTC GAC GGA GGA AAA ACT GTT TCA TAC AGA 

AGG CGT A-3‟ 

65 

Antisense (BOTTOM) 

oligo NFAT 

5‟- TAG CCT AGG ACA GCT GCC TCC TTT TTG ACA AAG TAT GTC TTC CGC 

ATA GCT- 3‟ 

66 

 

2.1.2.1.2 Amplification of human chemokines CXCL9 and CXCL10  

Primers for the amplification of the chemokines CXCL9 and CXCL10 DNA were designed to 

include a Nhe I restriction site at the 5‟ end, and a BsrG I restriction site at the 3‟ end of the 

relevant genes respectively to allow a sticky end ligation within the pEGFP-C1 vector. CXCL9 

and CXCL10 cDNA were RT-PCR amplified from activated HUVECs and PCR amplified 

CXCL9 and CXCL10 are used to replace the EGFP reporter gene within the pEGFP-C1 vector. 
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For the analysis of human CXCL9/10 genes, the human genome was screened in the GenBank
TM

 

database using the blast program.  

Table 5. Oligonucleotide sequences for amplification of CXCL9 and CXCL10 

Oligonucleotide sequences were designed to amplify CXCL9 and CXCL10 for the purposes of cloning into 
pEGFP-C1. Primer name, its sequence and Ta (ºC) are shown in the table. Restriction endonuclease 
recognition sites within the oligonucleotide sequences are marked bold. 

Primer Sequence Ta (ºC) 

pC1-NheI CXCL9 fwd 5‟ – AGT CAT TAC GCT AGC ATG AAG AAA AGT GGT GTT CTT TT- 3‟ 57 

pC1-BsrGI CXCL9 rev 5‟ – GTC AGT ACA TGT ACA TTA TGT AGT CTT CTT TTG ACG - 3‟ 56 

pC1-NheI CXCL10 fwd 5‟- AGA CTT ACG GCT AGC ATG AAT CAA ACT GCC ATT C - 3‟ 58 

pC1-BsrGI CXCL10 rev 5‟- GCT CGA TAC TGT ACA TTA AGG AGA TCT TTT AGA C  - 3‟ 56 

 

2.1.2.2 Cloning into pGL3-Basic and PGL3-Control plasmids 

2.1.2.2.1 Amplification of human IL-2 promoters 

Primers to amplify IL-2 promoters within the pC1-EGFP backbone were designed with an Nhe I 

endonuclease restriction site at the 5‟ end, and an Nco I restriction site at the 3‟ end. This 

modification was done to create a sticky end ligation site to replace the promoter site of the 

pGL3-basic plasmid. IL-2 promoters including NFAT UTR and NFATx3 promoters were 

amplified from created constructs pIL-2 282 UTR, pIL-2 NFAT UTR, pIL-2 319 UTR, pIL-2 

331 UTR, pIL-2 365, pIL-2 568 UTR with pEGFP-C1 backbone. 

 

Table 6. Oligonucleotide sequences for amplification of different lengths of IL-2 and NFAT promoters 

Oligonucleotide sequences were designed to amplify different lengths of IL-2 and NFAT promoters from 
within pEGFP-C1 plasmid for the purposes of cloning into pGL3 vectors.  Primer name, its sequence and 
Ta (ºC) are shown in the table. Restriction endonuclease recognition sites within the oligonucleotide 
sequences are marked bold. 

Primer Sequence Ta (ºC) 

pGL3-NheI HAT4 fwd 5‟- TGG ATA ACC GCT AGC CCG CCA TGC ATT AG- 3‟ 59 

pGL3 NcoI IL2 UTR rev 5‟-CAG TTA GAC CCA TGG TGT GGC AGG AGT TGA GGT T - 3‟ 62 
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2.1.2.2.2 Amplification of human chemokines CXCL9 and CXCL10  

Primers for the amplification of the chemokines CXCL9 and CXCL10 DNA were designed 

to include a Nco I restriction site at the 5‟ end, and a Xba I restriction site at the 3‟ end of the 

relevant genes respectively to allow a sticky end ligation within the pGL3 vectors. CXCL9 

and CXCL10 cDNA were amplified by RT-PCR from activated HUVECs and PCR amplified 

CXCL9 and CXCL10 are used to replace the EGFP reporter gene within the pGL3 basic and 

pGL3 control vectors. 

 

Table 7. Oligonucleotide sequences  for amplification of CXCL9 and CXCL10  

For the purposes of cloning into pGL3 basic and pGL3 control plasmids, oligonucleotide sequences 
designed to amplify CXCL9 and CXCL10. Primer name, its sequence and Ta (ºC) are shown in the 
table. Restriction endonuclease recognition sites within the oligonucleotide sequences are marked 
bold. 

Primer Sequence Ta 

(ºC) 

pGL3-NcoI CXCL9 fwd 5‟-GTC AGT GCC CCA TGG ATG AAG AAA AGT GGT GTT C- 3‟ 61 

pGL3-XbaI CXCL9 rev 5‟ –GTC AGT GCC TCT AGA TTA TGT AGT CTT CTT TTG ACG- 3‟ 58 

pGL3-NcoI CXCL10 fwd 5‟-AGA CTT ACG CCA TGG ATG AAT CAA ACT GCC ATT C - 3‟ 58 

pGL3-XbaI CXCL10 rev 5‟-GCT CGA TAC TCT AGA TTA AGG AGA TCT TTT AGA C - 3‟ 56 

 

2.1.3 Sequencing of Plasmids 

Primers to sequence NFAT Z plasmid and pEGFP-C1 and pGL3 based plasmids were created 

to identify the promoter or insert gene regions. To be able to sequence the promoter region of 

NFAT Z plasmid multiple sequencing oligonucleotides that targets the promoter region either 

from ampicillin resistance gene or Lac Z gene were created or used (Table 8). For pEGFP-C1 

and pGL3 based vectors, forward primers that target the promoter region from the plasmid 

DNA just before the promoter site and reverse primers that target the promoter from 

insert/reporter gene site (just after the promoter site) were created and used. Reverse primers 

to sequence the insert (target) genes were also created from the plasmid DNA just after the 

insert/reporter gene site Table 9 and Table 10. 
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2.1.3.1 Sequencing primers for NFAT Z plasmid (clone NS391) 

Table 8. Sequencing oligonucleotides for NFAT Z plasmid (clone NS391). 

Primer name, its sequence and Ta (ºC) are shown in the table. 

Sequencing Primer Targets promoter of 

NFAT Z from: 

Sequence Ta 

(ºC) 

pNFAT lacZ rev 1 Lac Z gene 5‟ –TTG TAA AAC GAC GGC CAG TGC CAA- 3‟ 52 

pNFAT lacZ fwd 2 Ampicillin resistance gene 5‟ –ATG CTA GGT AAG CCC TCC CGT AT- 3‟ 52 

pNFAT lacZ rev 2 Lac Z gene  5‟ –CAG TTA AAT ATC GGT GGC CGT GGT- 3‟ 52 

pNFAT lacZ fwd 3 Ampicillin resistance gene 5‟-ATG CTA TCG GAA CAG GAG AGC GCA- 3‟ 54 

pNFAT lacZ rev 3 Lac Z gene 5‟ –CAG TTA GCG GCT GAA ATC ATC A- 3‟ 48 

pNFAT lacZ rev 4 Lac Z gene 5‟-CAG TGA GTA ACC GTG CAT CTG CCA G- 3‟ 56 

 

2.1.3.2 Sequencing primers for pEGFP-C1 based vectors 

Table 9. Sequencing oligonucleotides for pEGFP-C1 based vectors.  

Primer name, its sequence and Ta (ºC) are shown in the table. 

Sequencing Primer Targets Sequence Ta 

(ºC) 

pC1 seq prom fwd Promoter region of pEGFP-C1 5‟- GTA TTA CCG CCA TGC -3‟ 58 

pC1 seq prom rev Promoter region of pEGFP-C1 5‟- TGA ACA GCT CCT CG -3‟ 57 

pC1 seq insert rev  Reporter/insert of pEGFP-C1 5‟-GCC AGC AAC GCG GCC TTT TAC G- 3‟ 55 

 

2.1.3.3 Sequencing primers for pGL3 based vectors 

Table 10. Sequencing oligonucleotides for pGL3 based vectors.  

Primer name, its sequence and Ta (ºC) are shown in the table.  

Sequencing Primer Targets Sequence Ta 

(ºC) 

pGL3 seq prom fwd Promoter region of pGL3 5‟-GGT ACC GAG CTC TTA CGC GTG CTA- 3‟ 54 

pGL3 seq prom rev Promoter region of pGL3 5‟-GGA TAG AAT GGC GCC GGG CCT TTC- 3‟ 56 

pGL3 seq insert rev Insert region of pGL3 5‟ –GCT CAA ACT CAT CAA TGT A- 3‟ 61 
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2.2 Techniques 

2.2.1 Agarose gel electrophoresis 

DNA was analyzed by agarose gel electrophoresis. Agarose gels were made with 1x Tris 

Borate EDTA (TBE) buffer (89 mM Tris, 89 mM Boric Acid, 2 mM EDTA, pH 8.0), 1 

μg/mL ethidium bromide (Sigma-Aldrich Company Ltd, Dorset, UK) and an appropriate 

amount of agarose powder (Fisher Scientific, Loughborough, UK). Digested plasmids and 

PCR products were mixed with an appropriate amount of loading buffer containing glycerol 

and bromophenol blue (Bioline, London, UK) and then separated on 0.5%, 1% and 1.5% 

agarose gels, respectively according to the molecular weight of DNA. DNA, separated by gel 

electrophoresis was visualized using a GelDoc-ItTM Imaging System, UV 302 nm, (UVP, 

Cambridge, UK). The sizes of DNA fragments were determined by comparison with 

appropriate DNA (Hyperladder I and Hyperladder IV; Bioline) molecular weight markers. 

 

2.2.2 cDNA preparation 

2.2.2.1 Genomic DNA extraction for amplification of human IL-2 promoters 

The promoter region of the cytokine human IL-2 was amplified from Jurkat cells: Jurkat cells 

were grown in cell culture and 1-5 x 10
6
 Jurkat cells were harvested, pelleted and re-

suspended in PBS before DNA extracted with protocol for purification of total DNA from 

cultured animal cells with DNeasy Tissue Kit (Qiagen, Crawley, UK) using silica-gel–

membrane technology. Cells were directly lysed and DNA was extracted as it selectively 

bound to the DNeasy membrane. Contaminants and enzyme inhibitors were removed in two 

wash steps and DNA was eluted in water. cDNA for IL-2 promoters were produced directly 

from genomic DNA. 

 

2.2.2.2 Preparation of cells, cell lines and tissues for RNA isolation 

2.2.2.2.1 Isolation of CXCL9 and CXCL10 RNA for cloning purposes 

For the purposes of cloning, human CXCL9 and CXCL10 chemokines were amplified from 

cDNA derived from human umbilical vein endothelial cells (HUVECs) from A. George‟s lab. 
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2.2.2.2.1.1 Purification of HUVECs 

HUVECs were purified using human CD105 microbeads MACS (Miltenyi Biotec, Germany) 

according to manufacturer‟s instructions. Briefly, supernatants of HUVEC culture were 

aspirated and cells were washed and pelleted and resuspended in 80 μl of buffer (containing 

PBS, (pH 7.2), 0.5% bovine serum albumin (BSA), and 2 mM EDTA diluted in MACS® 

BSA Stock Solution (Miltenyi Biotec) 1:20 with autoMACS® Rinsing Solution (Miltenyi 

Biotec)) per 10
7
 total cells. 20 μl of CD105 microbeads was added and mixed and 

refrigerated for 15 minutes at 4°C. Cells were then washed with 2 ml of buffer and 

centrifuged at 200xg for 10 minutes and resuspended for up to 10
8
 cells in 500 μl of buffer.  

CD105
+
 cells were separated using magnetic separation method. MACS®cell separator 

column (MS column) was placed in the magnetic field of MACS separator (Miltenyi Biotec) 

and the cell suspension was applied onto the column. Unlabelled cells that passed through 

were collected and column was washed with 500 μl of buffer three times. The column was 

removed from the separator and 1 ml of buffer was pipetted on to the column. Pushing the 

plunger into the column flushed out magnetically labeled cells. CD105
- 

FITC cells were 

analyzed by flow cytometry and purity was tend to be >85%. 

 

2.2.2.2.1.2 Culture of HUVECs  

Following purification, adherent HUVECs were washed 3 times with PBS and were re-

suspended in 15 ml of medium composed of 50% endothelial basal media (EGM2) - 50% 

serum free media (SFM), 20% Fetal calf serum (FCS), 2 mM L-Glutamine, 1% penicillin and 

streptomycin, 0.5 mg/ml heparin and 0.25 mg/ml endothelial cell growth supplement (ECGS) 

(Table 13) and plated and incubated at 37˚C, 5% CO2 in T150 flasks at >50% confluency. 

The cells were sub-cultured at least twice per week by trypsin method and for 24 hours before 

they were activated with human IFN-γ (80 ng/ml) and/or TNF-α (20 ng/ml) for 24 hours.  

Between 5 x 10
6
 and 10 x 10

6 
HUVECs were harvested from flasks by scrapping into PBS. 1-

5 x 10
6
 cells were pelleted and washed with PBS 3 times. RNA was extracted using the 

phenol-chloroform method (described below) and RT-PCR was carried out for the production 

of cDNAs. 
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2.2.2.2.2 RNA isolation with Phenol-Chloroform Method  

1x10
4
 – 5x10

6 
cells were pelleted and re-suspended in 1 ml TRI-Reagent (Invitrogen), 

followed by incubation at room temperature for 5 min. 200 μl of chloroform was added and 

the sample was shaken vigorously for 15 seconds before being allowed to stand at room 

temperature for 5 min. Samples were centrifuged (13,000 g, 15 min) and the aqueous, upper 

phase formed during the centrifugation, was transferred to a new 1.5 ml tube. 500 μl 

isopropanol was added to the aqueous phase to precipitate RNA and the two solutions were 

mixed thoroughly prior to a 30 min incubation at room temperature. Samples were 

centrifuged (13,000 g, 10 min, 4˚C) and the supernatants carefully removed.  RNA pellets 

were washed with 1 ml of 75% ethanol and samples were centrifuged again (13,000 g, 5 min, 

4˚C).  Supernatants were removed and pellets were air dried before being re-suspended in 

RNase free water (Sigma, UK).  RNA was quantified by measuring the absorbance of the 

RNA solution at 260 nm, using a Biotech Photometer, UV1101, (WPA, Linton, Cambridge, 

UK) and the quantity of RNA was determined using the equation: RNA Concentration 

(mg/ml) = A260nm x Dilution Factor x Extinction Coefficient (40 µg/ml). RNA quality was 

assessed by agarose gel electrophoresis. 

 

2.2.2.3 Reverse transcription-PCR (RT-PCR)  

cDNA was produced from RNA by RT-PCR using the M-MLV reverse transcriptase enzyme 

(Promega) according to manufacturer‟s instructions. 1 μg of RNA and 10 ng Oligo dT 

(Promega) were incubated at 65ºC for 10 minutes and for per μg of RNA, 200 U M-MMLV 

reverse transcriptase, 1x reverse transcriptase buffer, 10 nmoles dNTPs (Bioline) and 30 U 

RNasin Ribonuclease Inhibitor (Promega) were added to a final reaction volume of 25 μl and 

incubated at 42ºC for 60 minutes. 

 

2.2.2.4 Polymerase Chain Reaction (PCR) 

Primers used for PCR amplification and sequencing are detailed in Section 2.1.2 along with 

annealing temperatures for primer pairs. For all gene amplification for the purposes of 

cloning and screening clones, were amplified using BIOTAQ DNA Polymerase (Bioline). 

The PCR program used for amplification for each gene was: 10 min at 95ºC, followed by 35 

cycles of 30 sec at 95ºC, 45 sec at Ta, 45 sec at 72ºC and finally a 10 min elongation step at 

72ºC.  A Techne TC-512 thermal cycler (Techne, Stone, UK) was used for PCRs and RT-
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PCRs. IL-2 promoters were amplified from Jurkat cell DNA with the primers listed in Table 

2. The triplicated NFAT part of IL-2 promoter was amplified by PCR using hNFAT promoter 

forward and hIL-2 promoter reverse (as detailed in Table 3) from NFAT Z plasmid (clone 

NS391) which was a kind gift of Dr LA Herzenberg, Stanford University, in which the 

fragment -290 to -75 has been replaced by an oligo containing the three NFAT-1 binding 

sites of hIL-2 promoter. Human GADPH was used as housing keeping gene for all PCR 

reactions. 

 

2.2.3 Purification and analysis of DNA 

Plasmid DNA was purified from small cultures of transformed bacteria using QIAprep Spin 

Miniprep kit (Qiagen, Crawley, UK). Large scale production and purification of plasmid 

DNA for transfection purposes was carried out using QIAfilter Endofree-Maxiprep kit 

(Qiagen) according to manufacturer‟s instructions. Purified DNA was resuspended in 

endotoxin free water. PCR products and linear plasmids (restriction endonuclease digest 

products) were analyzed by agarose gel electrophoresis alongside an appropriate molecular 

weight marker. Products of the correct size were excised from gels and extracted using a 

Quick Gel. 

 

DNA from PCR or restriction endonuclease digest was also purified without agarose gel 

electrophoresis, using a QIAquick PCR purification kit (Qiagen) in some occasions. 

Quantitation of DNA extracted from gels was carried out by running a small sample of 

extract alongside the Hyperladder I or IV, a quantitative DNA molecular weight marker, for 

concentration comparison. Concentration of DNA was measured with ND-1000 UV/Vis 

Spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA) using Nanodrop 1000 

(version 3.7.0) software (Thermo Specific, Texas, USA). 

 

2.2.4 Restriction Endonuclease Digests  

All restriction endonucleases were purchased from New England Biolabs, Hitchin, UK. 

Restriction digests carried out with 1 U enzyme per μg DNA for 3 hours, at 37ºC, in buffers 

recommended by the manufacturer. Digested plasmid was separated by electrophoresis and 

visualized on agarose gel in order to check complete digestion of the plasmid. Once digestion 

was verified, DNA was purified.  Double digested plasmid was excised from the gel and 
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extracted using a Qiaquick Gel Extraction kit (Qiagen) followed by quantification by 

comparison with Hyperladder IV.  

 

2.2.5 Annealing oligonucleotides 

Equi-molar (100 pmoles) amounts of the oligonucleotides were diluted into a final volume of 

20 μl of TE8 buffer (10 mM Tris.HCl, pH 8.0; 0.1 mM EDTA). The combined 

oligonucleotides were heated at 90ºC for 3 min, slowly cooled over 5 min to 68 ºC, incubated 

at 68ºC for 30 min, and then slowly cooled to 15ºC over 60 minutes. Annealed 

oligonucleotides were stored at -20 ºC or used immediately in a ligation reaction with 

digested plasmids. 

 

2.2.6 Ligation reactions 

Digested plasmids and inserts were ligated in reactions using T4 DNA Ligase (Roche 

Applied Science, Lewes, UK) according to manufacturer‟s instructions:  An appropriate 

amount of insert DNA was added to each ligation reaction to produce a ratio of 1:1, 3:1 or 

5:1, insert to vector, when mixed with 100 ng plasmid DNA.  Ligation mixes were incubated 

for 16 hrs at 4ºC prior to transformation into competent cells. For the creation of triple NFAT 

promoter, oligonucleotides were ligated to each other with T4 DNA Ligase (Roche Applied 

Scince) with a ratio of 1:1 and following each ligation, the product was run in agarose gel for 

the confirmation of size. 

 

2.2.7 Competent cell preparation 

A single colony of Escherichia coli-DH5α bacteria was inoculated into 3 ml of LB medium 

(Sigma, UK) and incubated overnight at 37ºC with shaking (200 rpm).  The overnight culture 

was sub-cultured into 250 ml of LB medium (1:100 dilution).  This was grown until the 

A600nm reached approximately 0.4-0.6 optical density (analyzed using Biotech Photometer, 

UV1101, WPA, Linton, Cambridge, UK) and then centrifuged (4500 g, 5 min, 4ºC). The cell 

pellet was resuspended in 100 ml of ice cold Transformation Buffer 1 (TFB1: 100 mM 

RbCl2, 50 mM MnCl2, 30 mM CH3COOH, 10 mM CaCl2, 15 % glycerol; pH adjusted 6.4) 

and incubated on ice for 5 minutes.  Cells were then pelleted (4500 g, 5 min, 4ºC) before 

being gently resuspended in 10 ml of ice cold Transformation Buffer 2 (TFB2: 10 mM 
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MOPs, 10 mM RbCl2, 75 mM CaCl2, 15% glycerol; pH 6.8). After 45 min incubation on ice, 

cells were aliquoted (200 μl) and snap frozen in liquid nitrogen for storage at -70ºC for up to 

6 months. 

 

2.2.8 Transformation of competent cells with Ligation mix 

10 ng of ligation mix was incubated with 200 μl of competent cells for 45 min on ice.  Cells 

were heat shocked at 42ºC for 60 sec to permeabilise cells and allow uptake of plasmid DNA. 

Cells were then rested on ice for 2 min before inoculation into 3 ml of LB medium and 

incubated for 45 min (37ºC with shaking). Plasmid pEGFP-C1 contained kanamycin 

resistance gene and pGL3 plasmids contained Ampicillin resistance gene. Transformed 

bacteria were plated onto LB agar either with Kanamycin (50 μg/ml, Sigma) or Ampicillin 

(100 μg/ml, Sigma) and incubated overnight at 37ºC.  Appropriate controls were included to 

rule out false positives: Uncut vector with no ligase to check the transformation efficacy, 

single digested vector (for both restrictive endonucleases) with ligase to check function of 

that restrictive endonuclease, double digested vector with ligase or no ligase to check 

incomplete digestion and competent cells only as negative control. 

 

2.2.9 Screening Clones 

A selection of colonies that grew on selection media were picked and processed to check for 

the presence of correct insert in a plasmid. Colony was stabbed with a pipette tip and the tip 

was used to inoculate 100 μl double distilled sterile H20 (ddH2O) and a 5 ml overnight culture 

of LB broth containing the appropriate selection antibiotic. The 100 μl-inoculated aliquot was 

boiled for 5 min and used in a diagnostic PCR using the same primers and same conditions 

that were used to amplify the insert that was cloned into the plasmid. For these PCR reactions 

10 μl of bacterial lysate was added to a 20 μl PCR reaction. The remaining part of the colony 

was used to inoculate a 5 ml overnight culture of LB broth with selection antibiotic. Plasmid 

was purified from clones (using a Qiagen miniprep kit) that had been identified by the PCR 

assay as positive.  Plasmid DNA was purified and sequenced with the appropriate sequencing 

primers. All sequencing was carried out by the MRC sequencing facility at Hammersmith 

Campus, Imperial College London, UK. 
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2.3 Cell Culture: Cells, Media and Supplements 

RPMI (Roswell Park Memorial Institute) Media 1640 (GIBCO®) and Dulbecco‟s Modified 

Eagle‟s Medium with 4500 mg/L glucose, L-glutamine, and sodium pyruvate (DMEM) were 

purchased from Invitrogen. Endothelial Cell Growth Medium-2 containing basal medium and 

growth factors (EGM®-2) was purchased from Clonetics® Lonza, Germany. Foetal Calf 

Serum (FCS) was batch tested and purchased from Invitrogen. All media contained (10% v/v 

heat inactivated foetal calf serum except in primary cell cultures and 2 mM L-Glutamine 

(BioWhittaker® Lonza, Germany) and 1% Penicillin:Streptomycin sulphate (100 U/ml:100 

μg/ml respectively) (Invitrogen) except in post-transfection cultures as standard supplements. 

Sodium Pyruvate (NaP) was purchased from Invitrogen, HEPES from BioWhittaker®, 

Endothelial Cell growth Supplement (ECGS) from BD Biosciences, UK, non-essential 

Amino Acid Solution (MEM) from Sigma-Aldrich, UK, AB serum from National Blood 

Service, UK and recombinant human IL-2 from Roche, UK. Early cultures of stable 

transfections required addition of selection antibiotics and after 4-6 weeks the cells were 

transferred into the standard medium as described in table 12. Cells were cultured in TPP 

plastic culture flasks or plates, purchased from Helana Biosciences, Sunderland, UK, unless 

otherwise stated. All cell cultures were incubated in humid environment with 5% CO2 at 

37˚C. Mycoplasma test was performed regularly every 6 weeks for all the cells in culture. All 

cell lines and primary cells and media and supplements used in this project are detailed in 

tables 11-14. 
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Table 11. Cell lines used in this study.  

Cell lines were obtained either from European Collection of Cell Cultures (ECACC) or kindly donated 
as detailed. ECACC number of cell lines are stated. A brief description of cell lines is also given. 

Cell type Definition Type Origin 

Jurkat 
cells 

Human lymphoma-CD4+  T cell 
line 

Suspension cells Prof A. George, Imperial 
College London 

Jurkat 
cells Clone 
E6.1 

Human leukemic T cell 
lymphoblast 
line 

Suspension cells ECACC: 88042803 

B3Z 
hybridoma 

Mouse T-cell hybridoma line 
containing E. Coli lacZ reporter 
gene linked to the nuclear factor 
of activated T cells 

Suspension cells A kind gift from Prof A. Dorling, 
Imperial College London 

HEK 293T Human Embryonic Kidney-(HEK) 
cell line 

Adherent cells National Institute for Medical 
Research, Mill Hill, London, UK 

HTC 116 Human colorectal cell line Adherent cells A kind gift from Dr F. Marelli, 
Imperial College London 

DLD-1 Human colorectal cell line Adherent cells A kind gift from Prof H. Walzac, 
Imperial College London 

Caco-2 Human colorectal cell line Adherent cells A kind gift from Prof H. Walzac, 
Imperial College London 

 

 

 

 

Table 12. Primary human cells used in this study. 

Primary Cells Definition Type Origin/Ethics 
Primary T cells T cells recovered from 

peripheral human blood 
of healthy subjects 

Suspension 
cells 

Healthy volunteers 

Tumour Infiltrating 
Lymphocytes (TILs) 

Lymphocytes recovered 
from fresh metastatic 
liver tumours of 
colorectal 
adenocarcinoma 
patients 

Suspension cells Isolated from metastatic 
colorectal adenocarcinoma 
patients undergoing partial 
liver resection as part of their 
planned treatment following 
appropriate consent and 
ethics approval 

Human Umbilical Vein 
Endothelial Cells 
(HUVECs) 

Endothelial cells 
cultured from umbilical 
veins 

Adherent cells Isolated from normal human 
umbilical vein. They were 
cryopreserved at the end of 
primary culture  
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Table 13. Media and supplements used for the culture of cell lines. 

Cell line  Media Supplements 
Jurkat DMEM 10% v/v FCS, 2 mM L-Glutamine, 1% PS 
Jurkat E6.1 RPMI 1640 10% v/v FCS, 2 mM L-Glutamine, 1% PS 
Stably transfected Jurkat cells 
Early cultures  
(<6 weeks) 
Late cultures  
(>6 weeks) 

DMEM 10% v/v FCS, 2 mM L-Glutamine 
 
 
10% v/v FCS, 2 mM L-Glutamine, 1% PS 

Transiently transfected Jurkat 
cells 

RPMI 1640  10% v/v FCS, 2 mM L-Glutamine, 1% PS 

B3Z hybridoma line RPMI 1640 10% v/v FCS, 2 mM L-Glutamine, 1 mM NaP,  
1% PS 

HEK 293T DMEM 10% v/v FCS, 2 mM L-Glutamine, 1% PS 
HTC-116 RPMI 1640 10% v/v FCS, 10 mM HEPES, 1% PS 
DLD-1 RPMI 1640 10% v/v FCS, 10 mM HEPES, 1% PS 
Caco-2 Eagle's Minimum 

essential medium 
with Earle's BSS 

10% v/v FCS, 2 mM L-glutamine, 1% MEM,  
1 mM NaP, 1% PS 

 

Table 14. Media and supplements used for the culture of primary human cells 

Primary Cells  Media Supplements 

Primary T cells RPMI 1640 10% AB Serum + recombinant hIL-2 2000 U/ml 
TILs RPMI 1640 10% AB Serum + recombinant hIL-2 2000 U/ml 
HUVECs 50% Endothelial 

basal media 
(EGM2) - 50%  
RPMI 1640 

20% FCS, 2 mM L-Glutamine, 0.25 mg/ml ECGS, 
0.5 mg/ml heparin,   
1% PS 
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2.3.1 Cell Lines 

2.3.1.1 Jurkat cell lines 

2.3.1.1.1 Jurkat cells- unknown clone 

This immortalized T cell lymphoma line from an unknown Jurkat clone was from A. 

George‟s lab. Initially cells were found to be positive for mycoplasma during screening and 

treated with by the addition of 10 μg/ml medium Ciprofoxacin (Ciprofloxacin, Bayer) for 14 

days and subsequently tested by Hoechst staining and mycoplasma PCR (PCR Mycoplasma 

Test Kit, MD Biosciences, Switzerland) and shown to be mycoplasma free. The cells were 

CD3 and CD28 positive and they produced large amounts of IL-2 after stimulation with CD3 

and CD28 or with mitogens. Retrospectively, they found to loose their IL-2 production with 

increased passage numbers. Cell cultures were maintained in T25 flasks by replacement of 

medium every other day keeping the cell density <1x10
6
 cells/ml. 

 

2.3.1.1.2 Jurkat cells (clone E6.1) 

Jurkat clone E6.1 was purchased from The European Collection of Cell Cultures (ECCAC). 

They are immortalized human leukaemic T cell lymphoblasts, derived from Jurkat FHCRC. 

They produce large amounts of IL-2 after stimulation with mitogens or monoclonal 

antibodies against T3 antigen. Cell cultures maintained in T25 flasks by addition of fresh 

medium or replacement of medium every 2-3 days keeping the cell density <1x10
6
 cells/ml.  

 

2.3.1.2 Stably Transfected Jurkat cells (unknown clone) 

Stable transfections with the plasmid of interest were performed on the Jurkat cell lines with 

conventional electroporation and through antibiotic selection. Following transfections cell 

cultures were maintained in 96 well plates for the first week and passaged to 48, 24 and 6 

well plates for the consequent weeks respectively. After the 4 weeks, cell cultures were 

continued in T25 flasks by replacement of medium every week until cells are established. 

Stable transfections were done 4 times (T0, T1-T3) creating a total 36 Jurkat cell lines 

containing one of the constructs: pCMV-EGFP, pIL-2 282-EGFP, pNFAT-EGFP, pCMV-

CXCL9, pIL-2 282-CXCL9, pNFAT-CXCL9, pCMV-CXCL10, pIL-2 282-CXCL10 and 

pNFAT-CXCL10.   
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2.3.1.3 Transiently Transfected Jurkat cells (clone E6.1)  

Transient transfections were carried out with microporation and post-transfection Jurkat cells 

were maintained in the culture in 24 well plates for the indicated times in experiments 

without pipetting or changing the media for the duration of the experiments. 

 

2.3.1.4 B3Z hybridoma line 

B3Z hybridoma mouse cells represent a T cell hybridoma specific for OVA peptide, 

OVA257-264/Kb complex (OVA257-264 or SIINFEKL peptide) stably transfected with CD8 

and a construct encoding lacZ under the NFAT responsive element of the IL-2 promoter. In T 

cell, NFAT expression is the result of the activation through TCR, NFAT in turn binds to 

NFAT-responsive element within the IL-2 promoter and results in expression of IL-2. In B3Z 

hybridoma activation of the cell through presentation of the SIINFEKL peptide via MHC 

class I leads to expression of the lacZ gene under the NFAT-responsive element of IL-2 

promoter. Lysis of cells causes release of lacZ. Cleavage of chromogenic substrate, 

chlorophenol red β-galactosidase (CPRG) containing NP-40 by lacZ yields a water-soluble 

red product, chlorophenol red which could be quantified by measuring its absorbance at 575-

595 by a plate reader spectrophotometry. Cell cultures was maintained in T25 flasks by 

addition of fresh medium or replacement of medium every other day keeping the cell density 

<1x10
6
 cells/ml. 

 

2.3.1.5 HEK 293T human embryonic kidney cells 

HEK 293 cells were generated by transformation of normal human embryonic kidney cells 

from a healthy aborted fetus with sheared adenovirus 5 DNA where a part of viral genome 

was incorporated into human chromosome 19 (Graham et al. 1977). 293T cell line, a variant 

of HEK 293, contains, in addition, the SV40 Large T-antigen that would allow episomal 

replication of transfected plasmids containing SV40 origin of replication and therefore 

amplification of transfected plasmids and extended expression of gene products. Cell cultures 

was maintained in T25 flasks by addition of fresh medium or replacement of medium every 

other day keeping the cell density <1x10
6
 cells/ml. 
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2.3.1.6 Human Colorectal Cell lines 

2.3.1.6.1 HTC-116 

HTC 116 is a tumorigenic epithelial colonic carcinoma cell line isolated and developed as 

one of the 3 strains of malignant cells from a male patient with colon carcinoma. Cells are 

shown to be tumourigenic in nude mice and they form colonies on agarose gel. They secrete 

carcinoembryonic antigen (CEA) and TGF-β1 and TGF-β2 expression and positive for 

keratin (Sun et al., 1994). Cell line also has a ras protooncogene mutation in codon 13 

(Schroy et al., 1995). Sub-culturing is done by splitting 70-80% sub-confluent cultures by 

trypsinization using 0.25% trypsin or 0.02% trypsin/EDTA (Invitrogen) and re-culturing with 

the indicated medium with a ratio of 1:3 to 1:10, i.e. seeding at 1-3x10,000 cells/cm². Cells 

were maintained in T50 flasks and medium was renewed every 2-3 days. 

 

2.3.1.6.2 DLD-1 

DLD-1 is another tumorigenic epithelial cell line isolated from a male patient with Dukes C 

colorectal adenocarcinoma. Cells secrete CEA and keratin and positive for p53 antigen 

(Rodrigues et al., 1990) as well as c-myc, K-ras, H-ras, N-ras, myb, sis and fos oncogenes 

expression but they do not express N-myc (Trainer et al., 1988). Tumour specific matrix 

proteins CC-2, CC-3, CC-4, CC-5 and CC-6 are also expressed (Keesee et al., 1994). Sub-

culturing and culturing were as HTC-116 cell line. 

 

2.3.1.6.3 Caco-2 

Caco-2 is another tumorigenic epithelial cell line derived from a male patient with colorectal 

adenocarcinoma. They produce keratin, retinoic acid binding protein 1 and retinol binding 

protein 2 and express heat stable enterotoxin (Sta, E.Coli) and epidermal growth factor (EGF) 

(Trainer et al., 1988). Sub-culturing is by splitting 80% confluent cells by trypsinization and 

re-seeding with a ratio of 1:4 to 1:6, i.e. 1 x 10
4 

viable cells/cm
2
 from 8 x 10

4
 – 1 x 10

5
 

cell/cm
2
 parental culture.  Cells were maintained in T50 flasks and medium was renewed 1-2 

times a week. 
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2.3.2 Primary Cells 

2.3.2.1  HUVECs 

Human umbilical vein endothelial cells which were isolated from normal human umbilical 

veins and cryopreserved at the end of primary culture were purified as described in section x 

and re-cultured. Cultures are maintained in T150 flasks and observed in optical microscopy 

for confluency, which was achieved typically in 3-4 days (approximately 5-10x10
6
 

cells/flask). Non-adherent cells are removed by changing the culture medium. Sub-culturing 

of the cells was done once 80% confluency achieved following cell scrapping, washing with 

PBS and seeding of cells to a new flask. Cells were used for RNA extraction in both PCR and 

real time PCR experiments for expression of indicated chemokines and their receptors 

following stimulation with IFN-δ and TNF-α. Supernatants of cultured cells were also used as 

positive controls in chemotaxis assays. 

 

2.3.2.2 Human Primary T cells 

2.3.2.2.1 Separation of PBMC from whole blood 

PBMCs were derived from peripheral blood of healthy volunteers after ethical consent or 

from buffy coats (North London Transfusion Centre). Blood was diluted 1:2 in sterile PBS 

whilst buffy coats were diluted 1:3. Two parts diluted blood samples were layered onto one 

part Lymphoprep (Nycomed Pharma, Norway) and centrifuged at 500xg for 20 minutes, with 

low brake. PBMCs were collected from the interface layer and washed with PBS by spinning 

down at 500xg for 10 minutes, 3 times. To remove platelets, cells were spun at 300xg for 10 

minutes with low brake. PBMC were then counted and used immediately. 

 

2.3.2.2.2 Isolation of CD14+ monocytes by positive selection 

The MACS CD14 microbeads method of isolation (Miltenyi Biotec, Germany) was used to 

separate CD14
+
 monocytes. PBMCs were resuspended in 1 ml of MACS buffer (0.5% BSA, 

2 mM EDTA in PBS). 75-200 μl of CD14 microbeads were added and kept on ice for 30 

minutes. Cells were washed twice in MACS buffer and resuspended in 5 ml of MACS buffer. 

The cell suspension was passed through a filter to select out cell clumps and added to a 

column attached to a magnet (Miltenyi Biotec) that had previously been washed with PBS. 

The flow-through containing CD14
-
 cells was collected and frozen for later use.  
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2.3.2.2.3 Purification of T cells from PBMC 

Frozen CD14
-
 cells were thawed, washed and negatively selected using the monoclonal 

antibodies listed in table. The antibodies were added in 1 ml of RPMI/10% FCS to the pellet 

of cells. Cells and antibodies were roll-mixed at 4ºC for 30 minutes. They were then washed 

in PBS. Goat anti-mouse IgG-Fc magnetic beads (Metachem Diagnostics, UK) were washed, 

resuspended in RPMI/10% FCS, and added to the cell pellet. Beads (1 ml of 5x10
8
 beads/ml-

stock, per 10
7
 cells) and cells were roll-mixed once more at 4ºC for 30 minutes. A magnetic 

holder was used to remove the beads, and the supernatant collected, washed and the cells 

were counted. Staining and analyzing the cells by FACS for the following markers frequently 

measured T cell purity: CD3/HLA-DR, CD4/CD8, CD45RO/RA. As the T cell isolation 

method is well established in our laboratory, purity analysis was not always performed, 

however cells were routinely >97% pure. 

Table 15. Antibodies used in purification of human Primary T cells.  

Reagent Company Clone Murine Isotope 

Anti-CD14 Sigma Aldrich, UK UCHM-1 IgG2a 

Anti-CD33 BD BioSciences, UK P67.6 IgG1 

Anti-CD56 Caltag, USA MEM-188 IgG2a 

Anti-CD16 Caltag, USA 3G8 IgG1 

Anti-CD19 BD BioSciences, UK 4G7 IgG1 

Anti-CD8 BD BioSciences, UK SK1 IgG2a 

Anti-CD4 BD BioSciences, UK L200 IgG1 

 

2.3.2.3 Tumour Infiltrating Lymphocytes - Isolation 

Tissue was obtained in 0.9% saline solution from the liver metastasis of a colorectal 

carcinoma patient who had a right hepatectomy following the appropriate consent and 

approval from a Research Ethics Committee. Tumour sample was disrupted mechanically by 

vortexing. It was resuspended in PBS and vortexed further for 3-5 minutes. The cell pellet 

was washed 3 times with PBS. Cells obtained were cultured in RPMI medium supplemented 

with 10% AB serum, 1% penicillin and streptomycin and 1% glutamine. Cells were expanded 

by addition of exogenous IL-2 (2000 IU/ml) and fresh medium every 4-5 days and stained 

after 10 days of culture for CD4 and CD8 positivity. 
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2.3.3 Cryopreservation and thawing 

“Freezing mixture” was prepared as 90% FCS and 10% DMSO. Cells to be frozen were 

resuspended at 40x10
6
 per vial and stored at -80ºC or in liquid nitrogen vapor phase. When 

ready to use, cryovials were thawed in a water bath at 37ºC and as soon as the suspension had 

thawed, cells were washed twice and were used immediately. 

 

2.4 Stimulation of cell lines and primary cells 

2.4.1 Short term stimulation of Jurkat or Primary T cells with CD3 and 

CD28 beads 

Jurkat or T cells (5 x 10
4
/ml or 5x 10

5
/250 μl) were seeded in 24 well culture plates (TPP, 

Helena Biosciences, UK) 24 hrs before antibody stimulation.  CD3 and CD28 Dynabeads 

(Dynal Biotech Ltd, UK) were diluted to in the appropriate media and added to cells with 

resulting concentration of 1 bead/cell ((Gerdes et al., 2000)). After 24, 48 and 72 hours 

incubation in a humid environment with 5% CO2 at 37˚C, supernatants were collected for 

CTLL-2 assay and ELISA experiments. 

 

For EGFP, luciferase and chemokine expression experiments, 2x10
6
 Jurkat cells were 

transfected by microporation and Primary T cells were transfected with nucleofection with 

the target gene and seeded in 24 well culture plates in 500 μl medium 6 hours before 

stimulation. Cells were used for FACS analysis (EGFP expression), cell lysates for luciferase 

assays (Luciferase expression) or RNA/cDNA extraction for real time RT-PCR experiments 

(CXCL9 or CXCL10 expression). Supernatants were used for chemokine ELISA experiments 

and chemotaxis assays. 

 

2.4.2 Mitogen stimulation of Jurkat or Primary T cells 

Jurkat cells or Primary T cells (5 x 10
4
/ml or 5x 10

5
/250 μl) were seeded in 24 well culture 

plates 24 hours before the stimulation. 500 ng/ml and 50 ng/ml Ionomycin and PMA 

respectively were diluted in the appropriate media and added to cells. After 1, 2, 4, 6, 12, 24, 

48 and 72 hours incubation in a humid environment with 5% CO2 at 37˚C, supernatants were 

harvested for ELISA experiments. Cells and supernatants were used for the experiments as 

described above. 
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2.4.3 IL-2 secretion of Jurkat cells or Primary T cells following CD3/CD28 

or mitogen stimulation 

2.4.3.1 CTLL-2 cell proliferation assay 

IL-2 activity was determined using a standard bioassay monitoring the IL-2 dependent 

cellular proliferation of a mouse cytotoxic T cell line (Burton et al., 1994). CTLL-2 cells 

were deprived of IL-2 for 24 hours and seeded 3000 cells/well in triplicate in 25 μl volume in 

96 U well round bottom plates (TPP, Switzerland). 50 μl of supernatants from the CD3/CD28 

stimulated Jurkat cells (described above) and standards were added to the wells constituting 4 

fold dilution series of recombinant hIL-2 starting from 4μg/ml IL-2 in the appropriate 

medium and the negative control. After 18 hours of culture in a humid environment with 5% 

CO2 at 37˚C, cells were labeled with tritiated Thymidine ([
3
H]-Thymidine or ([

3
H]-TdR) (0.5 

μCi/well) (Amersham, UK) and harvested 6 hours later onto glass fiber filter strips with the 

aid of an automated sample harvester. [
3
H]-TdR incorporation was then measured by liquid 

scintillation counting (LK Beta plate liquid scintillation counter (Wallac, Inc., UK). Mean 

cpm of triplicate cultures and standard deviation of the mean were calculated. 

 

2.4.3.2 ELISA 

Supernatants for cytokine analysis were harvested from Jurkat or Primary T cell cultures and 

stored at -80ºC. When ready to be analyzed, they were thawed and assayed for cytokine 

production by double antibody sandwich ELISA using a cytokine-specific purified mAb 

paired with a biotinylated mAb specific for another epitope of the cytokine. Concentrations of 

mAbs were optimized using recombinant hIL-2. 
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Figure 1. IL-2 antibody optimization for ELISA 

The optimum amount of primary capture antibody and secondary biotinylated antibody for 
detection were determined using different concentrations of each antibody in several combinations 
together with serial known concentrations of rhIL-2. A shows the absorbance of various dilutions of 
primary capture antibody for serial dilutions of a known concentration of rhIL-2 and B absorbance of 
various dilutions of secondary biotinylated antibody. Optimum dilutions to be used were identified 
as 1:250 for primary capture and 1:250 and 1:500 for secondary biotinylated antibody. 

  

PVC microtitre 96 well flat bottom NUNC Maxisorp plates (Nunc, Life Technologies, UK) 

were coated overnight at 4ºC with 100 μl/well of the primary mAb (affinity purified anti-

human IL-2, 0.5 mg/ml, (Bioscience) diluted 1:500 in coating buffer (0.1 M NaHCO3, pH 

9.6). The next day plates were washed 3 times in PBS/0.1% Tween (Tween 20, Sigma 

Aldrich, UK), and then blocked with 200 μl/well blocking buffer (PBS/1% Bovine Serum 

Albumin (Sigma, Aldrich, UK)). Plates were incubated for 2 hours at room temperature and 

then washed three times before planting out the samples and standards. Standards were made 

of recombinant hIL-2 (2000 U/ml) diluted in original culture medium. 4 fold dilutions 

including the negative control were added in duplicates to a total volume 100 μl/well. 

Samples were also added in duplicates to a total volume 100 μl/well followed by 50 μl/well 

of biotinylated secondary antibody, biotin rabbit anti-human IL-2 (eBiosciences, UK) diluted 

1:250 in PBS/0.1% Tween/1% BSA. After 2 hours at room temperature, the plates were 

washed 3 times and incubated with 100 μl/well of streptavidin-HPR conjugate (Biosource, 

International, USA) 1:10000 dilution of a 1 mg/1.16 ml stock in PBS/0.1% Tween/1% BSA 

for 45 minutes at room temperature. Plates were washed ten times and 100 μl/well of 

substrate TMB single solution (Zymed, California, USA) was added allowing the 

development of colour blue in the wells. Once the appropriate intensity of colour was 

obtained in the first 3-4 dilutions of standards, reaction was stopped with addition of  50 
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μl/well of stop solution, (0.5 M H2SO4) to all wells which turned the colour yellow. 

Absorbance was measured at the wavelength of 450 nm on the ELISA plate reader (Magellan 

V 6 Software, Austria GmbH, 2006; Tecan Sunrise, Tecan Group Ltd, Switzerland) and data 

was analyzed with Cytafzal software. 

 

2.4.4 T cell proliferation 

T cells were isolated from PBMCs with negative selection and cultured overnight in RPMI, 

10% AB negative human serum (AB HS) and 10 mM glutamine and recombinant human IL-

2 (2000U/ml). 50.000 cells/200 μL in 96 well round bottom plate in triplicates were either 

unstimulated or stimulated with CD3 and CD28 beads (1 bead/cell) or Ionomycin and PMA 

(500 ng/ml and 50 ng/ml respectively) for 24, 48, 72 and 96 hours. Thymidine [
3
H]-TdR (0.5 

μCi/well) was added to each well and labeled cells were cultured in a humid environment 

with 5% CO2 at 37˚C for 6 hrs before freezing at each time point. Cells were then thawed and 

harvested onto glass fiber filter strips with the aid of an automated sample harvester. [
3
H]-

TdR incorporation was measured by liquid scintillation counting (LK Beta plate liquid 

scintillation counter (Wallac, Inc., UK). Mean cpm of triplicate cultures and standard 

deviation of the mean were calculated. 

 

 

2.5 Transfections  

2.5.1 Stable transfection of Jurkat cells with conventional electroporation 

Jurkat cells were harvested and washed 3 times in PBS to remove serum. 1 x 10
6
 cells were 

resuspended in 400 μl DMEM (Invitrogen, UK) with no FCS or supplements and taken into 

an electroporation cuvette (0.4 cm gap, Bio-Rad, Hemel Hempstead, UK).  The amount of 

DNA to use for electroporation was titrated between 5 μg and 20 μg and the optimum amount 

was found to be 10 μg (data not shown).  10 μg of pEGFP-CMV was added to the cuvette.  

The DNA and cell solutions were rested together and incubated on ice for 5 min. A 

MicroPulser electroporator (Bio-Rad Laboratories, Ltd.) that uses exponential decay type 

pulse with different voltage, capacitance and resistance was used. Cells were then 

electroporated with capacitance 125, 250 or 500 μF, and 250, 300, 350 and 400 V load 

position extended keeping the resistance constant. Maximum electroporation percentage was 
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obtained with 250 μF and 350 V.  Cells were immediately transferred into 10 mL pre-warmed 

complete DMEM (containing 10% FCS, 2 mM L-glutamine, 1 mM sodium pyruvate and 1% 

penicillin and streptomycin) as described above and plated to 96 plate (round bottom) tissue 

culture plates (NUNC, which company?) and allowed to rest for 24 hours before addition of 

selective antibiotic (Geneticin 50 mg/ml, GIBCO, Invitrogen). Half of the plate was added 

selective antibiotic in different concentrations (0.5 – 1.2 mg/mL based on the optimization of 

Jurkat cells death alone) and half incubated without any antibiotic. Analysis using flow 

cytometry was carried out after 1, 2, 4 and 6 weeks for the pCMV-EGFP transfected Jurkat 

cells excluding the dead cells with 7-AAD stain (BD Biosciences). After the optimization of 

transfection conditions, the same conditions were used for the transfection of all other 

constructs.  

 

2.5.2 Transient transfection of Jurkat cells with microporation 

Microporation is a method of enhancing the permeability of a biological membrane (Singh et 

al., 2010). Transient transfection of Jurkat cells with EGFP or luciferase or chemokine 

expressing constructs performed using mechanical microporation by electroporation with The 

Neon™ Transfection System (Invitrogen). The electronic pipette tip functions as a 

transfection chamber (instead of cuvettes) and microporator (MP-100) as pulse generator. 

2x10
6
/ml cells were washed with PBS and resuspended in transfection solution and mixed 

with 5 μg of target cDNA. 10 or 100 μl pipette tips containing the cell and DNA mixture 

placed into pulse generator and cells were pulsed 3x with 1350 V, 20ms. Transfected cells 

were transferred immediately into pre-warmed medium without any antibiotics and rested at 

least 6 hours before stimulation and/or analysis at different time points. 

 

2.5.3 Primary T cell transfection with nucleofection 

Primary T cell transfection was performed with Amaxa® Nucleofector® kits. Nucleofection 

is an electroporation designed mainly for primary cells allowing DNA to enter the nucleus 

directly (Dityateva et al., 2003).  Nucleofector kit was purchased from Lonza, Switzerland. 

Purified T cell populations were prepared by magnetic separation and cultured 5-6 days 

before nucleofection as described earlier. Human T cell Nucleofector Solution was prepared 

by addition of 0.5 ml supplement to 2.25 ml of Nucleofector solution per manufacturer‟s 

guidelines.1-3x10
6
 cells were mixed with 2 μg of target DNA and resuspended in pre-
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warmed 100 μl of human T cell Nucleofector Solution. The sample was transferred to bottom 

of Amaxa cuvette avoiding any air bubbles. Cuvette was closed with its cap and suspension 

was inserted into cuvette holder and transfected with program T-23(high efficacy) or T-20 

(high viability). In case of activated T cells, T cells were activated with CD3 and CD28 

Dynabeads (Dynal Biotech Ltd) for 5-6 days before the transfection and transfection was 

carried out with program T-23. Following transfection, 500 μl of warmed culture medium 

was added to the cuvette and the sample was transferred into 12 well plates and transfected 

cells were incubated in humidified 37ºC 5% CO2 for 6 hours before stimulation of cells and 

analysis at different time points. Culture medium containing human serum and rhIL-2 has 

been changed after 6-12 hours before stimulation of cells. 

 

 

2.6 Transduction 

2.6.1 Transduction with Lentivirus 

RLSVeGFPwN, a self-inactivating four plasmid lentivirus was a kind gift of Prof Farzin 

Farzaneh in Rayne Institute, King‟s College London. 

 

2.6.1.1 Generation of Lentivirus 

293T cells were seeded 72 hours before in T75 flasks at a concentration of 0.5 x 10
6
 / ml in a 

total of 10 ml of culture medium. On the day of transfection, new culture medium was added 

2 hours before transfection. To transfect a T75 flask, 0.65 ml of HBSS buffer was added 

together with the following amounts of plasmids encoding the various lentiviral proteins:  

3µg pMD2.G, 5µg pMDLg/pRRE, 2.5µg pRSV REV and 10µg RLSVeGFPwN. To this 

mixture another 40 µl of 2.5M CaCl2 was added and mixed. The mixture was left for 20 min 

at room temperature and then added drop-wise to the 293T cells. 24 hrs post-transfection, the 

transfection mixture was removed and new culture medium was added and incubated for a 

further 24 hr. The viral supernatant was harvested and concentrated from 10 ml by 

centrifuging for 2 hrs at 20,000xg in an ultracentrifuge at 4°C. The supernatant was decanted 

and 0.5 or 5 ml of fresh culture medium was used to redissolve the viral pellet overnight. 
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2.6.1.2 Transduction of Jurkat E6.1 cells 

Optimization experiments were done with various concentrations of RLSVeGFPwN. Jurkat 

(E6.1) cells were transduced with Lentivirus by addition of freshly generated virus (that is 

dissolved in 5 ml medium) at 5-40% concentrations directly to the cell culture medium; cells 

were then incubated at 37°C 5% CO2 for 72 hours before analyzed with flow cytometry and 

fluorescence microscopy. 

 

2.6.1.3 Transduction of Primary T cells  

Primary T cells were transduced with Lentivirus in the same way as Jurkat E6.1 cells except 

that a more concentrated virus (that is dissolved in 0.5 ml medium) was added to Primary T 

cell cultures at concentrations of 1-5%. Cells were analyzed as Jurkat E6.1 cells. 

 

 

2.7 Analysis Using Flow Cytometry 

Cells were analyzed for surface marker expression by the use of specific anti-human 

antibodies. Isotype matched monoclonal antibodies were used as negative controls. Primary 

and secondary antibodies (Diluted 1:200-1:2000) were used according to manufacturers‟ 

recommendations and preliminary titration experiments. Cells to be analyzed by flow 

cytometry were harvested, washed twice with PBS and counted. 1 x 10
5
 cells were 

resuspended in 100 μl of FACS buffer (2% v/v FCS in PBS) and were incubated for 30 min 

on ice in the dark with 5 μl of the appropriate primary antibody or isotype control (Table 14). 

For indirect staining, cells were washed with FACS buffer prior to a 30 min incubation on ice 

with appropriate secondary antibody diluted in 100 μl FACS buffer. They were then washed 

twice and resuspended in 300 μl of PBS and analyzed immediately or were fixed by 

incubation on ice for 10 minutes with 4% formaldehyde in PBS. They were then washed and 

stored at 4ºC in PBS in the dark. Flow cytometric analysis was performed within 3 days of 

staining, using the FACS™ Calibur and CellQuest software (Becton Dickinson, Oxford, UK) 

and FlowJo (Tree Star, Orlando, USA) data analysis. 
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Table 16. Antibodies used in flow cytometry analysis.  

Antibody Clone Company Isotype Control Company 

Anti-human CD28 FITC BD 

Biosciences 

Murine IgG1 Murine IgG1 BD Biosciences 

Anti-human CD3 APC BD 

Biosciences 

Murine IgG1 Murine IgG1 BD Biosciences 

Anti-human CD4 FITC SK3 BD 

Simultest™ 

Mouse IgG1,κ-FITC 

Clone MOPC 21, 

purified 

immunoglobulin 

Sigma-Aldrich 

Anti-human CD8 PE SK1 BD 

Simultest™ 

Mouse IgG1,κ-PE 

Clone MOPC 31C, 

unknown specificity 

BD Pharmingen
TM

 

Mouse Anti-human 

CD14  

APC Conjugate 

M5E2 BD 

Pharmingen
TM

 

Mouse IgG2a, κ-APC 

Clone G155-178 

BD Pharmingen
TM

 

Mouse Anti-human 

CD19  

FITC Conjugate 

SJ25-C1, 

monoclonal 

Sigma Mouse IgG1,κ-FITC 

Clone MOPC 21, 

purified 

immunoglobulin 

Sigma-Aldrich 

Mouse Anti-human 

CD56 

PE Conjugate 

B159, 

monoclonal 

BD 

Pharmingen
TM

 

Mouse IgG1,κ-PE 

Clone MOPC 31C, 

unknown specificity 

BD Pharmingen
TM

 

 

 

2.8 Apoptosis and cell death with CXCL9/10 

1x10
5
 colorectal cell line, HTC-116, DLD-1 or Caco-2 cells were seeded in to 24 well culture 

plates, with their specific media (Table 13) for 24 hours. Next day, they were either treated 

with supernatants of either untransfected or stably transfected with pCMV-CXCL9 or 

pCMV-CXCL10 transfected Jurkat cells, or rhCXCL9 or rhCXCL10 (100 ng/ml) or 70% 

ethyl alcohol in 1:1 ratio. Cells were incubated at 37ᵒC 5% CO2 for 6, 12 or 24 hours. At the 

end of incubation period, cells to be analyzed by flow cytometry were harvested by gentle 

cell scrapping and stained with Annexin V (Annexin V Apoptosis Detection Kit I, BD 

Pharmingen) and 7-AAD (BD Pharmingen) per protocol of the manufacturer. Briefly, cells 

were washed twice with cold PBS and diluted in 1x Annexin V binding buffer at a 

concentration of 1x10
6
 cells/mL. 5 µL of Annexin V and 5 µL of 7-AAD was added and 

following gentle vortexing and incubation 15 min in room temperature in the dark, further 

400 µL of 1x binding buffer was added to each tube and they were analyzed immediately by 

flow cytometry.  
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2.9 Luciferase assays 

2.9.1 Single Luciferase Assay with firefly luciferase  

Luciferase expression of transfected cells was analyzed with Luciferase assay system 

(Promega). Transiently transfected Jurkat cells with various luciferase-expressing constructs 

were stimulated and supernatants were collected to be used in the parallel ELISA 

experiments. Cell lysates were prepared using a mild lysis agent (Luciferase Reporter Lysis 

Buffer or RLB containing detergents and reducing and chelating agents) with a single freeze-

thaw cycle to achieve complete cell lysis according manufacturer‟s recommendations. 

Briefly, cells were washed with PBS, 4 volumes of water was added to 1 volume of 5x lysis 

buffer and equilibrated to room temperature. 1x cell lysis buffer added enough to cover the 

cells and culture dishes were rocked to ensure complete lysis. Cells were transferred into 

microcentrifuge tubes and placed on ice. Microcentrifuge tubes vortexed for 10–15 seconds, 

then centrifuged at 12,000 × g for 15 seconds at RT. Supernatants were transferred to a new 

tube and the supernatant/cell lysate stored at –70°C. Following a single freeze-thaw cycle, 20 

μl of cell lysated/well were transferred to an opaque 96 multiwell plate. The Luciferase Assay 

Reagent was prepared by adding Luciferase Assay Buffer to the vial containing the 

lyophilized Luciferase Assay Substrate. The plate was placed into the luminometer with 

injector (Promega). Parameters were set for 2 sec delay between injections and 10 sec reading 

time. 100 μl of Luciferase Assay Reagent was added to each sample by injector. Light was 

produced by converting the chemical energy of luciferin oxidation through an electron 

transition, forming the product molecule oxyluciferin and was measured for a period of 10 

seconds. Expression of luciferase was analyzed by comparing luminescence (RLU) to 

luciferase concentration (moles/reaction).  

 

2.9.2 Dual Luciferase Assay 

To improve experimental accuracy of luciferase expression of inducible promoters, dual 

reporters were used in some of the experiments to allow simultaneous expression and 

measurement of two individual reporter enzymes in a single system. Dual-Luciferase® 

Reporter (DLR
TM

) Assay System was purchased from Promega and activities of firefly 

(Phonitus pyralis) and Renilla (Renilla reniformis) were measured sequentially in a single 

sample. pRL-TK vector (Promega) with a low to moderate constitutive Renilla Luciferase 

expression was used as an internal control or as a baseline response to Firefly Luciferase 
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constructs driven by  inducible promoters. Transfection of two vectors (pGL3-Control and 

pRL-TK) optimized and the best condition for dual expression was 1:5 transfection ratios. 

Jurkat cells were transfected with 1 μg of pGL3-Control and 5 μg of pRL-TK vectors/1x10
6
 

cells.  Cells were washed and cell lysates were prepared using Passive Lysis Buffer (PBL) 

that passively lyses cells without the requirement of freeze-thaw cycle. 1x PBL was prepared 

by adding 1 volume of 5x PBL to 4 volumes of distilled water and mixing well. Medium was 

removed from the culture plates and sufficient volume of (PBS) was added gently to wash the 

surface of the culture plate. 1x Passive Lysis Buffer was added using the volume 

recommended by the manufacturer: 100 μL for 24 well plates/well. Culture plate was placed 

on a shaking platform with gentle shaking to ensure complete and even coverage of the cell 

monolayer with PLB. Then plates were rocked for 15 min at RT and lysates were transferred 

to a microcentrifuge tube and placed on ice. Lysate cleared by centrifugation for 30 seconds 

at top speed in a microcentrifuge at 4ºC and transferred into a new tube and stored at -70°C. 

Following a single freeze-thaw cycle, 20 μl of cell lysated/well were transferred to an opaque 

96 multiwell plate. Stop & Glo® Reagent was prepared just before the usage by adding Stop 

& Glo® Buffer to Stop & Glo® substrate. The Luciferase Assay Reagent was prepared by 

adding Luciferase Assay Buffer to the vial containing the lyophilized Luciferase Assay 

Substrate. The plate was placed into the luminometer with injector (Promega). Parameters 

were set for dual assay and 2 sec delay between injections and 10 sec reading time. 2 

injectors added 100 μl of each reagent by injector to each sample consequently. Expression of 

luciferase was analyzed by comparing luminescence (Ratio of Light Units or RLU) to 

luciferase concentration (moles/reaction). 

 

2.10 Analysis of chemokines and receptor expression in tissues & cells 

2.10.1 RNA isolation from Transfected Jurkat cells or Primary T cells 

Transfected cells in appropriate either unstimulated or stimulated with anti-human CD3 and 

CD28 antibodies or Ionomycin and PMA at different time points were pelleted and total RNA 

was extracted using the phenol-chloroform method and RT-PCR was carried out for the 

production of cDNAs following the inactivation of genomic DNA. Briefly, 1-8 μl of RNA in 

DNA free water was incubated with 1 unit of RNase-free DNase (Promega, USA) per μg of 

RNA and 1 μl of DNase 10x buffer completed to 10 μl at 37ºC for 30 minutes. Then 1 μl of 
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DNase stop solution was added to the mixture to terminate the reaction and followed by 

incubation at 65ºC for 10 minutes to inactivate the DNase. 

 

2.10.2 RNA isolation for quantification of CXCL9 and CXCL10 and their 

receptors CXCR3 variants 

2.10.2.1 Human CXCL9 and CXCL10 chemokine expression in liver metastases of 

colorectal adenocarcinomas from fresh samples 

Fresh tissue containing the metastatic liver lesions and the matched (visibly differentiated) 

normal liver tissue surrounding the tumour that is visibly differentiated with naked eye were 

obtained from metastatic colorectal (adenocarcinoma) cancer patients with liver metastasis 

following the appropriate informed consent and approval from a Research Ethics Committee. 

Sterile samples were collected during liver resections at the time of surgery and processed 

immediately:  Samples were washed in Hank‟s buffered salt solution (HBSS) and diced to 

tiny pieces with scalpel and carefully placed on the surface of culture dishes. Explants were 

allowed to adhere for a few hours in a drop of culture medium DMEM supplemented with 

10% FCS and 1% Penicillin and Streptomycin. Supplementary medium was carefully added 

so as not to dislodge the explants. All cultures were incubated at 37˚C 5% CO2. Medium was 

changed twice a week for two weeks, and dishes presenting confluence (usually after 2-3 

weeks) were sub-cultured in T25 flasks. Excess of fibroblasts was removed by differential 

trypsinization and cultures were expanded into T75 and T 150 flasks. The cancer or normal 

liver cells were collected and washed with PBS three times before the RNA was extracted 

using the phenol-chloroform method and cDNA encoding CXCL9 and CXCL10 were 

amplified by RT-PCR and the PCR product was analyzed by gel electrophoresis. 

 

2.10.2.2 Chemokines CXCL9, CXCL10 and their receptor CXCR3 and variant 

(CXCR3A and CXCR3B) expression of liver metastasis of colorectal 

adenocarcinomas from fresh frozen samples 

Following the approval from the tissue bank, fresh frozen tissue samples were obtained from 

Imperial College Health Care NHS Trust Tissue Bank. Tumour or nearby normal liver tissue 

were disturbed by shaking at 2.000/min for 10 minutes within Mikro-Dismembrator 

(Sartorius Stedim Biotech S.A., France), in an eppendorf with glass beads (Sartorius Stedim 

Biotech S.A.) and RNA was extracted using the phenol-chloroform method. Briefly; tumour 



Chapter 2.  Materials & Methods 

 123 

cells were pelleted and re-suspended in 1 ml TRI-Reagent (Invitrogen), followed by 

incubation at room temperature for 5 min. 200 μl of chloroform was added and the sample 

was shaken vigorously for 15 seconds before being allowed to stand at room temperature for 

5 min. Samples were centrifuged (13,000 g, 15 min) and the aqueous, upper phase formed 

during the centrifugation, was transferred to a new 1.5 ml tube.  500 μl isopropanol was 

added to the aqueous phase to precipitate RNA and the two solutions were mixed thoroughly 

prior to a 30 min incubation at room temperature. Samples were centrifuged (13,000 g, 10 

min, 4˚C) and the supernatants carefully removed.  RNA pellets were washed with 1 ml of 

75% ethanol and samples were centrifuged again (13,000 g, 5 min, 4˚C).  Supernatants were 

removed and pellets were air dried before being re-suspended in RNase free water (Sigma, 

UK).  RNA was quantified by measuring the absorbance of the RNA solution at 260 nm, 

using a Biotech Photometer, UV1101, (WPA, Linton, Cambridge, UK) and the quantity of 

RNA was determined using the equation: RNA Concentration (mg/ml) = A260nm x Dilution 

Factor x Extinction Coefficient (40 µg/ml). RNA quality was assessed by agarose gel 

electrophoresis cDNA encoding CXCL9 and CXCL10 were amplified by RT-PCR and 

CXCL9, CXCL10, CXCR3A and CXCR3B mRNA expression were quantified with 

quantitative real-time PCR. 

 

2.10.3 qRT-PCR with SYBER GREEN method 

Quantitative real-time PCR protocol comprised an initial denaturation step for 10 min at 95°C 

followed by 40 cycles of amplification: denaturation 15 sec at 95°C, annealing 1 min at 60°C, 

elongation 30 sec at 72°C and a final dissociation stage. Amplification was performed using a 

LightCycler machine (Roche Molecular Biochemicals, Hertfordshire, UK) and the HotStart 

Sybr-Green mastermix (Roche, UK), according to the manufacturer‟s protocols. The melting 

temperature of the product determined using the LightCycler assessed specificity of the 

amplification. qRT-PCR data were analyzed with LightCycler software (Roche, UK). 

Transcripts were normalized to levels of human hypoxanthine phosphoribosyl transferase 

(hHPRT) mRNA. Positive controls were dilutions of cDNA from pCMV-CXCL9 or pCMV-

CXCL10 transfected Jurkat cells. Negative control was water. RT negative controls were also 

done. 
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Table 17. Primers for the quantification of CXCL9, CXCL10, CXCR3A and CXCR3B variants mRNA  

CXCL9, CXCL10, their receptors CXCR3 and variants mRNA, and HPRT were quantified using the 
designed primers pairs.  

mRNA Primers Spans 

CXCL9 
5‟- GAGTGCAAGGAACCCCAGTA -3‟ (forward)  

243 bp of the CXCL9 gene 
3‟- TTTGGCTGACCTGTTTCTCC -5‟ (reverse) 

CXCL10 
5‟- TAAGTGGCATTCAAGGAGTACCT -3‟ (forward) 205 bp of the CXCL10 

gene 3‟- TTCTTGATGGCCTTCGATTC -5‟ (reverse) 

CXCR3A                                                                                                                          
5‟- ATGGTCCTTGAGGTGAGTGA -3‟ (forward) 

198 bp of CXCR3 gene 
3‟- CAGCAGAAAGAGGAGGCTGT -5‟ (reverse) 

CXCR3B var 
5‟- AAGTACGGCCCTGGAAGACT -3‟ (forward) 171 bp of CXCR3B 

variant 3‟- GGCGTCATTTAGCACTTGGT -5‟ (reverse) 

hHPRT 
5‟- TGCTCGAGATGTGATGAAGG -3‟ (forward) 

192 bp of the HPRT gene 
3‟- TCCCCTGTTGACTGGTCATT -5‟ (reverse) 

 

 

 

2.11 Quantification of Chemokine Expression by ELISA 

Supernatants for chemokine analysis were harvested from Jurkat cell or Primary T cell 

cultures and stored at -80ºC. When ready to be analyzed, they were thawed and assayed for 

chemokine CXCL9 or CXCL10 production by double antibody sandwich ELISA using a 

monoclonal anti-human CXCL9/MIG or CXCL10/IP-10 antibody (R&D Systems, Inc. 

Minneapolis, USA) paired with a biotinylated anti-human CXCL9/MIG or CXCL10/IP-10 

antibody (R&D Systems). PVC microtitre 96 well flat bottom NUNC Maxisorp plates (Nunc) 

were coated overnight at 4ºC with 100 μl/well of the primary mAb at a concentration of 2 

μg/mL reconstituted with PBS and diluted in coating buffer (0.1 M NaHCO3, pH 9.6). The 

next day plates were washed 3 times in PBS/0.1% Tween (Tween 20) and then blocked with 

200 μl/well blocking buffer (PBS/1% Bovine Serum Albumin (SigmaAldrich)). Plates were 

incubated for 2 hours at room temperature and then washed three times before planting out 

the samples and standards. Standards were made of recombinant hCXCL9 or hCXCL10 

(Peprotech) (4 μg/ml) diluted in original culture medium. 4 fold dilutions including the 

negative control were added in duplicates to a total volume 100 μl/well. Samples were also 

added in duplicates to a total volume 100 μl/well followed by 50 μl/well of biotinylated 

secondary antibody at a concentration of 0.3 μg/mL reconstituted with Tris-buffered saline 

pH 7.3 (20mM Trizma base, 150 mM NaCl) containing 0.1% BSA and diluted in PBS/0.1% 
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Tween/1% BSA. After 2 hours at room temperature, the plates were washed 3 times and 

incubated with 100 μl/well of streptavidin-HPR conjugate (Biosource) 1:10000 dilution of a 1 

mg/1.16 ml stock in PBS/0.1% Tween/1% BSA for 45 minutes at room temperature. Plates 

were washed ten times and 100 μl/well of substrate TMB single solution (Zymed) was added 

allowing the development of colour blue in the wells. Once the appropriate intensity of colour 

was obtained in the first 3-4 dilutions of standards, reaction was stopped with addition of 50 

μl/well of stop solution, (0.5 M H2SO4) to all wells, which turned the colour yellow. 

Absorbance was measured at the wavelength of 450 nm on the ELISA plate reader (Magellan 

V 6 Software, Austria GmbH, 2006; Tecan Sunrise, Tecan Group Ltd, Switzerland) and data 

was analyzed with Cytafzal software. 

 

 

2.12 Chemotaxis Assays 

Lymphoid cells were obtained from human PBMCs. Jurkat cells or Primary T cells were 

transfected and supernatants were collected following stimulation of cells as described above. 

Chemotaxis assay was done by a modification of the Boyden chamber technique with a 5-μm 

pore polycarbonate filter in a 24-well transwell chambers (Corning Life Science, Acton, MA) 

according to the method described by Plotz and Tominaga. (Tominaga et al., 2007, Plotz et 

al., 2004). Briefly, 2 x10
6
 lymphoid cells suspended in same medium as transfected cells 

were added to the upper chamber. Various concentrations (10-100 ng/ml) of recombinant 

hMIG (PeproTech, London, UK) and hIP-10 (PeproTech) or conditioned media of 

transfected Jurkat cells were added to the lower chamber of the transwell in a total of 600 μl 

(2:1 diluted with the same medium as the cells). Conditioned media of unstimulated or IFNγ 

and TNFα stimulated HUVECs are also used as positive controls. Conditioned media of 

Jurkat cell or Primary T cell media alone and 1% PBS were used as negative controls. After 3 

hours of incubation, at 37ºC, 5% CO2, cells that had transmigrated into the lower chamber 

were collected. The cells both pre and post migration were quantified with Perfect-Count 

Microspheres (Cytognos, SL, Salamanca) according to manufacturer‟s guidelines by 

FACSCalibur and analyzed with CellQuest software. The number of cells that had 

transmigrated was calculated by dividing the counted number of cells in the target population 

by the counted total number of microspheres and then multiplying by the number of perfect 

count beads per μl.  
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For differential counts, both pre- and post- migration, cells were stained with one or more 

monoclonal Abs (CD8, CD4, CD14, CD16 and CD56) and analyzed by flow cytometry.  
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Chapter 3. Chemokines CXCL9 and CXCL10 and their 

receptors CXCR3 variants expression in liver 

metastasis of human colorectal adenocarcinomas 

 

3.1 Introduction 

To test the success of antigen dependent, activation dependent delivery mechanism created in 

this project, we have chosen to deliver CXCL9 and CXCL10 to the tumour 

microenvironment to induce inflammation at the tumour site as well as create an angiostatic 

microenvironment for the tumour to prevent progression of tumour. The type of inflammation 

and angiostatic activity produced by CXCL9 and CXCL10 depends on the expression of the 

chemokine receptor CXCR3 variants, which may influence the behaviour of the chemokine.  

To be able to identify the expression of CXCL9 and CXCL10 and variant receptors in 

metastatic colorectal adenocarcinomas, metastatic liver lesions from patients with colorectal 

adenocarcinomas with liver metastasis were investigated. Preliminary experiments included 

isolation of cDNA encoding CXCL9 and CXCL10 in fresh samples of metastatic liver lesions 

and the matched (visibly differentiated) surrounding normal liver tissue by RT-PCR. mRNA 

expression levels of CXCL9 and CXCL10 and their receptor CXCR3 and two spliced 

variants CXCR3A and CXCR3B were investigated with real-time polymerase chain reaction 

(qRT-PCR) in frozen tissue samples from metastatic liver lesions of 50 patients with 

metastatic colon cancer where all patients were diagnosed with colorectal adenocarcinoma 

and developed liver metastasis at some stage of their diagnosis. Tissue was collected during 

either liver resection or radiofrequency ablation of the metastatic liver tumours from the liver 

lesion itself and from nearby normal liver that was differentiated from the tumour by eye and 

tissue was frozen immediately at -80
o
C.  
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3.2 CXCL9 and CXCL10 expression of normal liver and metastatic liver 

lesions of colorectal adenocarcinoma by PCR (Preliminary 

experiments) 

PCR amplification of CXCL9 and CXCL10 DNA was performed on fresh tissue samples 

from 5 patients diagnosed with metastatic colorectal carcinoma with liver metastasis whom 

underwent to a liver resection of their metastatic liver tumour. The tumour cells were 

extracted from the metastatic liver lesion and normal liver tissue surrounding the metastatic 

lesion as described in materials and methods. RT-PCR was performed with the same RT-PCR 

conditions optimized for isolation of cDNA encoding CXCL9 and CXCL10 from HUVECs. 

 

Figure 2 shows the detection of a band consistent with the CXCL9 DNA from normal liver 

tissue surrounding the metastatic lesion but not from the liver tissue containing the metastatic 

tumour from one patient and similarly Figure 3 shows the detection of a band consistent with 

the presence of CXCL10 in the surrounding normal liver tissue but not in the metastatic 

tumour tissue from another patient. The results of the other 4 patients were similar. 
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Figure 2. Isolation of CXCL9 from the normal liver tissue and liver tissue containing metastatic 
tumour. 

PCR amplification of CXCL9 was performed on surrounding normal and metastatic liver tumour cells 
with Ta 56 Co. PCR products were run in 1.5% agarose gel alongside Hyperladder IV for MW 
comparison. PCR products are in triplicates and from the metastatic liver tumour tissue (A) and 
normal liver tissue (B) of a patient with adenocarcinoma of caecum.  A. Metastatic tumour, B. 
Normal liver, IV. MW ladder- Hyperladder IV (Bioline). 

 

 

 

Figure 3. Isolation of CXCL10 from the normal liver tissue and liver tissue containing metastatic 
tumour. 

PCR amplification of CXCL10 was performed on surounding normal and metastatic liver tumour cells 
with Ta 62 Co. PCR products were run in 1.5% agarose gel alongside Hyperladder IV for MW 
comparison. PCR products are in triplicates and from the normal liver (A) and metastatic liver 
tumour tissue (B) of a patient with adenocarcinoma of rectum. A. Metastatic tumour, B. Normal 
liver, IV. MW ladder- Hyperladder IV (Bioline). 
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3.3 Expression of CXCL9 and CXCL10 and their receptors CXCR3 

variants in normal liver and metastatic liver lesions of colorectal 

adenocarcinoma patients by qRT-PCR 

 

Primer pairs for CXCL9, CXCL10 and their receptor CXCR3A and CXCR3B variant were 

produced and qRT-PCR was performed in 50 matched frozen tissue samples of metastatic 

liver lesions from colorectal cancer patients. 

 

3.3.1 Generation of qRT-PCR primers for CXCR3A and CXCR3B variant 

CXCR3 gene is located in Chromosome X (Xq13.1) and has at least two split variants 

CXCR3A and CXCR3B. Figure 4 is a schematic representation of CXCR3 gene and its 

alternative split variants. 

 

              

Figure 4. Schematic representation of CXCR3 gene and CXCR3 variants  

Two district mRNAs are generated from alternative splicing of three different exons within CXCR3 
gene. CXCR3A results from splicing of a single intron. Black bars represent translated exons, exon 1 
and 3, that are common to both CXCR3A and CXCR3B; thin bars, untranslated exons and thin lines, 
introns. Green bar represent the CXCR3A/B donor site and red bar, exon 2, that is novel to CXCR3B. 

 

Two distinct mRNAs are generated by alternative splicing of three different exons of CXCR3 

gene. CXCR3, renamed CXCR3A results from splicing of a single intron. The first exon 

encodes only 4 and second 312 amino acids. CXCR3B results from an alternative splicing 

between the same donor site and a different acceptor site, which is located 233 base pairs 

upstream of the CXCR3A acceptor site. CXCR3B contains exon 2, encoding 51 amino acids, 

which is selectively expressed in CXCR3B. Figure 5 and 6 show the nucleotide sequences 

and primer designs for CXCR3A and CXCR3B respectively. 
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Figure 5. Nucleotide sequence of CXCR3A variant and primers design.  

5’-3’ nucleotide sequence of (CDs 69-1175) CXCR3 is shown. Initiating ATG is underlined. Donor site 
common to both CXCR3A/B highlightened with green box. Acceptor site for CXCR3A is highlightened 
with brown box. The primers for qRT-PCR are designed to amplify the specific sequences of each 
variant (blue arrowheads). Forward CXCR3A primer (boxed) and indicated with clockwise blue 
arrowhead starts from exon 1, continues with exon 3 (skipping exon 2) including ATG, common 
donor site and specific acceptor site for CXCR3A. Reverse primer (boxed) and indicated with 
counterclockwise blue arrowhead is generated form exon 3. Sequence refers to GenBank accession 
no. X95876. 

          

              

Figure 6. Nucleotide sequence of CXCR3B variant and primers design.  

5’-3’ nucleotide sequence (CDs 165-1412) of CXCR3B variant is shown. Initiating ATG is underlined. 
Donor site common to both CXCR3A/B is not shown. Acceptor site for CXCR3B is 85 bp upstream of 
the initiating codon ATG (not shown). The primers for qRT-PCR are designed to amplify the specific 
sequences of each variant (blue arrowheads). Both forward CXCR3B  and reverse primers (boxed and 
indicated with clockwise and counterclockwise blue arrowheads respectively) were generated form 
exon 2 which is selectively expressed and highlightened red . Sequence refer to GenBank accession 
no. AF469635. 
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Following design of primers, RNA was extracted from 50 matched fresh frozen tissue 

samples of metastatic liver lesions and surrounding normal liver (visibly distinguished from 

the tumour) from the patients diagnosed with colorectal adenocarcinoma as described in 

materials and methods. qRT-PCR was performed with the primer pairs of CXCL9, CXCL10, 

CXCR3A and CXCR3B (Table 17) with an initial denaturation step for 10 min at 95°C 

followed by 40 cycles of amplification: denaturation 15 sec at 95°C, annealing 1 min at 60°C, 

elongation 30 sec at 72°C and a final dissociation stage with Syber Green method. IFN-γ and 

TNF-α stimulated HUVECs were used as positive control for CXCL9 and CXCL10 mRNA 

expression and primary T cells for CXCR3A and CXCR3B. 

 

Results were normalized to human HPRT expression by approximation method (ΔΔCT) and 

expression levels of CXCL9, CXCL10, CXCR3A and CXCR3B were compared; tumour vs. 

matched normal liver tissue. Data was analyzed with student‟s t-test as two groups either as 

(tumour vs. corresponding normal liver tissue expression being paired (p value 1) or unpaired 

(p value 2). Figure 7 shows the CXCL9 and CXCL10 and Figure 8 shows the CXCR3A and 

CXCR3B mRNA expression of liver samples from 50 patients with colorectal 

adenocarcinoma. 
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3.3.2 Expression of CXCL9 and CXCL10 in metastatic liver tumour vs. 

normal liver 

  

 

Figure 7. CXCL9 and CXCL10 mRNA expression of liver samples  

CXCL9 (A) and CXCL10 (B) mRNA expression from normal liver and metastatic liver lesion from 50 
patients with metastatic colorectal adenocarcinoma were normalized to HPRT and analysed with 
Student’s t test as paired (p value 1) or unpaired (p value 2). The data were mapped to boxplots with 
an interquartile range (IQR) using ‘ggplot2’ library in R. Dots represent the individual data points, the 
upper line of the boxes represents the upper 25%, middle line, the median and lower line, the lower 
25% of the IQR. Perpendicular lines above and below the boxes are upper and lower 25% +/- 1.5x 
IQR.  

 

Results suggests that CXCL9 and CXCL10 mRNA expression levels in normal liver and 

metastatic liver tumour are not significantly different both in paired (p value 1) and unpaired 

(p value 2) analysis. 
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3.3.3 Expression of CXCR3A and CXCR3B in metastatic liver tumour vs. 

normal liver 

 

Figure 8. CXCR3A and CXCR3B mRNA expression of liver samples  

CXCR3A and CXCR3B mRNA expression from normal liver and metastatic liver lesion from 50 patients 
with metastatic colorectal adenocarcinoma were normalized to HPRT and analysed with Student’s t 
test as paired (p value 1) or unpaired (p value 2). The data were mapped to boxplots with an 
interquartile range (IQR) using ‘ggplot2’ library in R. Dots represent the individual data, the upper 
line of the boxes represents the upper 25%, middle line, the median and lower line, the lower 25% of 
the IQR. Perpendicular lines above and below the boxes are upper and lower 25% +/- 1.5x IQR. 

 

Results suggests that CXCR3A and CXCR3B mRNA expression levels in normal liver and 

metastatic liver tumour are not statistically significant both in paired (p value 1) and unpaired 

(p value 2) analysis. Following the determination of expression levels of CXCL9, CXCL10, 

and their receptor variants both in normal liver and metastatic liver lesions, in order to 

identify whether a correlation exists in expression of two chemokines or between the ligand 

and the receptor variant, the fold change in mRNA expression levels of the metastatic tumour 

tissue compared to corresponding normal liver tissue for each gene was calculated and 

Pearson correlation analysis was performed. Below are the Pearson correlation plots of the 

log fold changes in mRNA expression of CXCL9 and CXCL10 (Figure 9), CXCL9 and 

CXCR3A or CXCR3B (Figure 10) and CXCL10 and CXCR3A or CXCR3B (Figure 11) in 

metastatic tumour and matched normal liver tissues. 
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3.3.4 Expression of balances of CXCL9, CXCL10 and CXCR3A, 

CXCR3B in metastatic liver tumour vs. normal liver 

 

Figure 9. Relationship between CXCL9 and CXCL10, and the receptor variants CXCR3A and CXCR3B 
expression in tumour vs matched normal liver tissue. 

Figure A shows the relationship between chemokines CXCL9 and CXCL10 expression levels for each 
patient (tumour vs matched normal liver tissue). Figure B shows the relationship beween the 
receptor CXCR3 and its variant CXCR3B expression levels  for each patient (tumour vs matched 
normal liver tissue). The direct relationship in the fold-changes for each gene against each other is 
demonstrated through fitting a linear model, with the trend indicated by the solid red line and 
approximate confidence intervals indicated by the dashed orange line r=Pearson coefficients for the 
correlation, p=p value.  

 

Results suggest that there is a strong and significant correlation in mRNA expression levels 

of CXCL9 and CXCL10 in tumour tissue compared to matched normal liver tissue. There is 

on the other hand no correlation between the mRNA expression of CXCR3A and CXCR3B. 
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Figure 10. Relationship between CXCL9 and receptor variants CXCR3A and CXCR3B expression 

Figure A shows the relationship between CXCL9 and its receptor CXCR3A expression levels for each 
patient (tumour vs matched normal liver tissue). Figure B shows the relationship beween the CXCL9 
and its receptor variant CXCR3B expression levels  for each patient (tumour vs matched normal liver 
tissue). The direct relationship in the fold-changes for each gene against each other is demonstrated 
through fitting a linear model, with the trend indicated by the solid red line and approximate 
confidence intervals indicated by the dashed orange line. r=Pearson coefficients for the correlation, 
p=p value. 

 

There is a moderate and significant correlation in mRNA expression levels of CXCL9 and 

CXCR3B expression but no correlation of CXCL9 and CXCR3A in tumour tissue compared 

to matched normal liver tissue.  
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Figure 11. Relationship between CXCL10 and receptor variants CXCR3A and CXCR3B expression 

Figure A shows the relationship between CXCL10 and its receptor CXCR3A expression levels for each 
patient (tumour vs matched normal liver tissue). Figure B shows the relationship beween the CXCL10 
and its receptor variant CXCR3B expression levels  for each patient (tumour vs matched normal liver 
tissue). The direct relationship in the fold-changes for each gene against each other is demonstrated 
through fitting a linear model, with the trend indicated by the solid red line and approximate 
confidence intervals indicated by the dashed orange line r=Pearson coefficients for the correlation, 
p=p value. 

 

There is a moderate and significant correlation in mRNA expression levels of CXCL10 and 

CXCR3B expression but no correlation of CXCL10 and CXCR3A in tumour tissue compared 

to matched normal liver tissue.  
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3.4 Summary 

qRT-PCR analysis of 50 matched samples suggested that although there is no significant 

difference in mRNA expression for the chemokines CXCL9 and CXCL10 or their receptors 

CXCR3A and CXCR3B, in metastatic liver tumour from adenocarcinoma of colon and 

nearby normal liver tissue, a strong correlation exists between CXCL9 and CXCL10 

expression and a significant correlation exists between both CXCL9 and CXCL10 and their 

receptor CXCR3B, but not CXCR3A expression in tumour tissue compared to matched 

normal liver tissue. To confirm that nearby normal liver tissue does not contain any tumour 

and also to confirm the tumour content of metastatic liver tissue, paraffin blocks were 

produced from the same specimens used in qRT-PCR experiments and histological analysis, 

with Haematoxicillin and Eosin (H&E) staining of the sections, will be carried out in the 

future. Histological analysis will also include the confirmation of the histological type, grade 

and the proportion of tumour content within the tissue. Antibody staining with CXCL9 and 

CXCL10 and their receptors will be used to validate the qRT-PCR results. TILs will also be 

identified with specific antibodies and counted. Following validations, future work will 

explain the relationship between expression of chemokines and their receptors and the 

histological type and stage of the tumour as well as TIL infiltration and prognosis of the 

patients. 
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Chapter 4. Characterization of Cell Lines, Primary T 

cells & Tumour Infiltrating Lymphocytes 

4.1 T cell line 

4.1.1 Selection of T Cell Line 

To enable the testing of the components of the proposed antigen-specific T cell activation 

strategy in vitro (e.g. the expression of chemokines from constructs containing inducible 

promoters), before using primary cells (which are more difficult to culture and obtain), it was 

necessary to a select a T cell line for use as a model of human Primary T cells and tumour 

infiltrating lymphocytes.  The Jurkat cell line, which is an immortal human leukemia T 

(CD4
+
) cell line that secretes IL-2 following TCR stimulation, was selected for this purpose.  

 

Jurkat cells are particularly robust producers of IL-2 after stimulation with 

phytohaemagglutinin  (PHA) (Watson et al., 1979) amongst other several transformed 

spontaneously or inducibly IL-2 secreting human T cell lymphoma cell lines such as HPB-

ALL, HuT-78 and mouse thymoma cell line, EL4 or LBRM-33. Jurkat cells and EL-4 

express T helper cell marker, type I transmembrane glycoprotein, CD4 in humans and mice. 

Extensive studies on Jurkat cells contributed a great deal in understanding of T-cell activation 

in human over the years and although not ideal, they could be used in experiments as 

representatives of the Primary T cells. 

 

The Jurkat cell line was originated from one of the several leukemic cell lines that were 

obtained for screening purposes by Hansen (Martin et al., 1981). When the cells are heavily 

contaminated with mycoplasma, treatment of infection yielded the Jurkat E-6.1 clone (Gillis 

et al., 1980) which are also used in this project.  

 

They are easy to culture in the laboratory and furthermore, the Jurkat cell line was readily 

available. Before optimizing conditions and protocols for transfecting the cell line, it was 

necessary to check the phenotype of the Jurkat cells.  In the first part of this chapter, the 

phenotypic characterization of Jurkat cells is described before Jurkat cell transfection 

optimization is described.  The second part of this chapter goes on to describe the 
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characterization of Primary T cells which represent a more physiologically relevant model of 

T cells for testing the antigen-specific T cell activation strategy, the final part of the chapter 

describes characterization of TILs which are the cells that we propose would be used, with 

this strategy, in a clinical therapy setting. 

 

4.1.1.1 CD3 and CD28 expression by Jurkat Cells 

T cell activation either physiologically by triggering of the TCR complex or 

pharmacologically by using reagents such as Ionomycin and PMA results in the production of 

IL-2 which plays a key role in T cell proliferation and differentiation. Ionomycin (a calcium 

ionophore) and PMA induce polyclonal T cell activation by causing direct and rapid increase 

in intracellular [Ca
2+

]. 

 

Given the importance of CD3 and CD28 expression for the activation of T cells, preliminary 

experiments were carried out in which the expression of these two molecules was analyzed, 

by flow cytometry, in several different batches of Jurkat cell lines from A. George‟s lab (data 

not shown).  The batch with the highest CD3 and CD28 double positivity was identified and 

selected for future experiments. Figure 12 shows CD3 and CD28 expression on the selected 

Jurkat cell line batch; 85% of the cells expressed both CD3 and CD28. 

 

 

 

Figure 12. CD3 and CD28 expression in the selected Jurkat cell line.   

Cells were stained with anti-human CD3 APC and anti human CD28 FITC monoclonal antibodies.  CD3 
and CD28 expression was analysed  by flow cytometry. Plot A. Negative isotype control, Plot B. CD3 
APC and CD28 FITC double staining showing 85% of cells both CD3 and CD28 positive. 
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4.1.1.2 IL-2 secretion by Jurkat cells upon stimulation 

Having selected Jurkat cells that express high levels of CD3 and CD28, it was necessary to 

test their ability to secrete IL-2 in response to stimulation and to quantify the level of IL-2 

secretion.  IL-2 ELISAs and CTLL-2 assays were used to quantify IL-2 secretion and assess 

its biological activity, respectively. 

 

4.1.1.2.1 ELISA quantification of IL-2 secretion of stimulated Jurkat cells  

In the absence of antigen presenting cells, T cell IL-2 expression and secretion can be 

stimulated by activation through CD3 and CD28.  In this project, beads bound to anti-human 

CD3 and anti-human CD28 (here-in called CD3CD28 beads) were used to stimulate Jurkat 

cells in vitro and the IL-2 secreted into the culture supernatants was quantified by ELISA:  

Jurkat cells were cultured with CD3CD28 beads for 24, 48 and 72 hours and supernatants 

were collected and analyzed by ELISA with anti-human IL-2 (ELISA) antibodies. IL-2 

secretion was observed at all-time points (p<0.0001) for stimulated cells compared to 

unstimulated cells and was especially high at 72 hours post-stimulation. Unstimulated cells 

did not produce IL-2. Figure 13 shows the amount of IL-2 secreted by stimulated cells, as 

quantified by ELISA.  
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Figure 13. IL-2 secretion by Jurkat cells stimulated with CD3CD28 beads.   

1x 104, 5x104 or 1x105 Jurkat cells were stimulated with CD3CD28 beads in 250 μL culture medium 
for 24, 48 and 72 hours before supernatants were collected. Supernatants were collected and the 
quantity of IL-2 in the supernatants was analysed by ELISA. Unstimulated cells did not secrete IL-2. 
Data shown are the mean ± standard deviation (SD) of triplicate cultures and are representative of 
two independent experiments.  

 

4.1.1.2.2 CTLL proliferation assay for quantification of IL-2 secretion  

The biological activity of the IL-2, secreted by the Jurkat cell line, was assessed using the IL-

2 dependent mouse CTLL-2 cell line. Briefly; following deprivation of IL-2, from the CTLL-

2 cell line culture medium, for 24 hours, the supernatants of Jurkat cells, either unstimulated 

or stimulated with CD3CD28 beads for 24, 48 and 72 hours, were added to CTLL-2 cell 

cultures.  The CTLL-2 cells were then cultured with the supernatants for 18 hours before 

being pulsed with [
3
H]-TdR (0.5 μCi/well) (to label proliferating cells) and harvested 6 hours 

after pulsing.  An IL-2 standard curve was also prepared in parallel where in medium 

containing known concentrations of IL-2 (prepared by serial dilution) was added to CTLL-2 

cell cultures before 18 hours incubation and pulsing with [
3
H]-TdR.  The proliferation of the 

CTLL-2 cell line is proportional to the amount of bioactive IL-2 in the culture supernatant 

and thus, by comparison to the standard curve, the amount of IL-2 in the supernatant of the 

stimulated Jurkat cells, can be ascertained. Figure 14 shows that CTLL-2 proliferation was 
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highest when the cells were incubated with supernatants from Jurkat cells stimulated with 

CD3CD28 beads for 72 hours. These data are consistent with the ELISA data, which show 

that the supernatants of stimulated Jurkat cells contain the most IL-2 after 72 hours of 

CD3CD28 bead stimulation. 

 

 

 

Figure 14. CTLL-2 proliferation assay.  

CTLL-2 cells were cultured with the supernantants of Jurkat cells activated with CD3CD28 beads for 
24, 48 or 72 hours (Day 1, Day 2, Day3) in triplicates. 18 hours after the addition of supernatants, 
cultures were pulsed with [3H]-TdR (0.5 μCi/well) to assess cell proliferation.  Cultures were 
harvested 6 hours after pulsing.  The mean count per minute (cpm) for triplicate cultures and the 
standard deviation of the mean were calculated. Data shown are the mean ± standard deviation (SD) 
of triplicate cultures and are representative of two experiments (p<0.0001, Day 2 and Day 3 
stimulated cells compared to unstimulated cells).  

 

4.1.1.3 Jurkat cells lose IL-2 expression with increased passage number 

It was observed that IL-2 secretion by Jurkat cells was significantly reduced with increased 

passage number. To be able to quantify the amount of reduction, Jurkat cells from different 

passage numbers were stimulated with CD3CD28 beads and supernatants were collected 72 

hours post-stimulation, for analysis in IL-2 ELISAs. Figure 15 shows the decreasing secretion 

of IL-2 by Jurkat cells with increasing passage numbers.  
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Figure 15. IL-2 secretion by Jurkat cells with different passage numbers.  

1x105 Jurkat cells, at varying passage numbers, were activated with CD3CD28 beads for 72 hours.   
After 72 hours, supernatants, were collected and the amount of IL-2 in the supernatants was 
quantified by ELISA. Data shown are the mean ± SD of triplicate cultures (p <0.001). 

 

4.1.1.4 IL-2 secretion by Jurkat E6.1 cells upon stimulation 

Having observed the loss of IL-2 secretion in the Jurkat cell line available in A. George‟s lab, 

a new Jurkat cell line E6.1 was purchased (ECACC No. 88042803) and IL-2 secretion by 

these cells was quantified by ELISA following stimulation with CD3CD28 beads or the 

mitogenic stimulation with Ionomycin and Phorbol Myristate Acetate (PMA) (Figure 16) and 

thereafter Jurkat E6.1 cells were used in all experiments.  
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Figure 16. Secretion of IL-2 by Jurkat cells E6.1 following stimulation with CD3CD28 beads or 
Ionomycin and PMA.   

1x105 Jurkat cells E6.1 were either unstimulated (unstim), or stimulated with CD3 and CD28 beads 
(CD3CD28 beads) or Ionomycin and PMA (I/P), in 200 μL culture. Supernatants were collected at 30 
min, 2, 4, 16, 24, 48 and 72 hours post-stimulation and IL-2 in the supernatants was quantified by 
ELISA. Unstimulated cells did not secrete IL-2. Data shown are the mean ± SD of duplicate cultures 

and are representative of two experiments.  

 

 

4.1.2 Transfection of Jurkat cells 

In order to identify the best method to use to transfect of Jurkat cells with plasmid DNA (in 

preparation for transfecting Jurkat cells with plasmids encoding inducible promoters and 

chemokine genes), a reporter construct was selected and various transfection methods and 

conditions were tested and optimized.  The plasmid pEGFP-C1, from Clontech, was selected 

as the reporter construct because it encodes the Enhanced Green Fluorescent Protein (EGFP) 

under the control of the CMV promoter (See Figure 17). The expression of EGFP can easily 

be observed using e.g. flow cytometry and the CMV promoter is a strong promoter which is 

known to drive high levels of expression therefore increasing the chances of detecting any 

expression.  Furthermore, this construct was identified as a suitable backbone for creating 

constructs with alternative promoters (instead of CMV) and alternative genes (instead of 

EGFP) and thus was deemed suitable for this project. 
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Figure 17.  pEGFP-C1 vector map.  

The map shows the plasmid’s promoter, CMV and the reporter gene, EGFP as well as restriction sites 
that was used to remove the CMV promoter and/or reporter gene in order to exchange the 
promoter or reporter gene for other promoters or chemokine genes, respectively. 

To make it easy to identify this construct in this thesis, it is here in called “pCMV-EGFP” 

thereby immediately identifying the promoter and gene encoded. 

 

4.1.2.1 Stable Transfection of Jurkat cells 

Stable transfections were carried out so that individual clones, expressing the gene or 

promoter of interest, could then be isolated and propagated and therefore studied. 

Electroporation was chosen for stable transfection of Jurkat cells because it is quick and 

simple and yields high transfection efficiency. The parameters that were varied for stable 

transfection were voltage and capacitance, the amount of DNA and selective antibiotic 

concentrations. 

 

4.1.2.1.1 Optimization of Stable transfections of Jurkat cells  

4.1.2.1.1.1  Voltage and Capacitance Optimization  

Based on the previous experience in the department, the pulse voltage was tested over a range 

between 200 and 400 Volts.  Capacitance (MicroFaraday; F) was varied between 125 F 

and 500 F.  Cells were analyzed by flow cytometry, for EGFP expression, 7 days after 

electroporation. Figure 18 shows the data obtained.  
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Figure 18. Voltage and Capacitance optimization for stable transfection of Jurkat cells with pCMV-
EGFP using electroporation. 

Panel A. Graphic representation of transfection efficiency (determined by flow cytometry analysis of 
EGFP expression) of Jurkat cells 7 days after electroporation with 200 V, 250 V, 300 V, 350 V or 400 V 

and 125, 250 or 500 F capacitance.  The percentage of mock transfected (negative control) cells 
that were fluorescence positive varied from 2.9 to 3.28 % and was negligible, therefore this 
background percentage fluorescence positive was not substracted from the percentage fluorescence 
positive for cells transfected with pCMV-EGFP. Data shown are the mean ± SD of duplicate 
transfections and are representative of two experiments (p<0.0001 for pCMV-EGFP transfected cells 
compared to mock transfections for all transfection conditions). 

Panel B. Histograms showing EGFP expression in Jurkat cells transfected using 350 V and capacitance 
125, 250 or 500 μF. Following exclusion of 7-AAD stained cells, alive cells were gated (FL1-H subset) 
and analyzed for EGFP expression by flow cytometry. Black line: Mock transfected cells.  Green line: 
pCMV-EGFP transfected cells. The percentages shown on each plot indicate the transfection 
efficiency.  

 

Voltage and capacitance optimization revealed that 400 V and 500 μF were the best 

conditions for maximal transfection efficiency within the 7 day time period. However, all 

cells electroporated using 400 V, regardless of the capacitance used, died after 2 weeks, 
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whereas, the group transfected using 350 V, maintained high EGFP expression and survival 

(data not shown).  All future electroporation experiments were consequently carried out using 

350 V and 250 μF (Figure 20). 

 

Following optimization of electroporation parameters, the optimum amount of DNA for 

optimum transfection efficiency was studied in preliminary experiments. It was found that 

using a range of DNA concentrations, from 1-20 μg/ml of DNA, transfection efficiency was 

correlated to the amount of DNA used, i.e. higher the DNA concentration used, the higher the 

transfection efficacy but, at concentrations greater than 10 μg/ml of DNA, the plateau was 

reached and future transfections were carried out with 10 μg/ml of DNA (data not shown). 

 

Having optimized the conditions for electroporating Jurkat cells, to yield a high transfection 

efficiency, it was necessary to optimize the amount of selection antibiotic to be used to select 

stably transfected clones.   

 

4.1.2.1.1.2  Optimization of selection  

The pCMV-EGFP vector contains the neomycin resistance gene, therefore cells transfected 

with this vector would have resistance to Geneticin within a certain concentration range.  

Experiments were carried out to determine the optimal concentration of Geneticin to use to 

select stably transfected cells and kill untransfected cells.  A preliminary experiment was 

carried out in which untransfected Jurkat cells were treated with varying concentrations of 

Geneticin in order to find the concentration of antibiotic that would kill cells that had not 

taken up plasmid/were not expressing the neomycin resistance gene.  This preliminary 

experiment showed that a range of concentrations of the antibiotic Geneticin, between 0.5 to 

1.2 μg/ml, in the cell culture medium, would kill untransfected cells (data not shown). This 

concentration range was therefore thought to be a suitable range to use for optimizing the 

selection of stably transfected Jurkat cells following electroporation.  

 

As a negative control for the experiment, Jurkat cells were electroporated (350 V and 250 μF) 

and cultured for 7 days before harvesting. These cells were analyzed by flow cytometry to 

determine the background fluorescence and assess cell death, using the viability dye 7-AAD. 

Figure 19 shows the untransfected cells and the percentage of viable cells, including the 

gating strategy used for this.  
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Figure 19.  Cell viability and background fluorescence of cells electroporated in the absence of 
plasmid DNA.  

Jurkat cells were electroporated in the absence of DNA. They were cultured for 7 days and the cell 
death was determined with 7-AAD staining. Alive cells were gated by excluding the 7-AAD positive 
cells (dot-plot analysis) and the EGFP expression (FL-1 subset) was assessed to determine the 
background fluorescence of the cells. 

 

Jurkat cells were then electroporated (350 V, 250 μF, 10 g pCMV-EGFP) on Day 0 for 

inclusion in the selection optimisation experiment.  Geneticin antibiotic, at concentrations 

0.6, 0.7, 0.8, 0.9, 1.0, 1.1 and 1.2 g/ml, was added to cell cultures at 24 hours and 7 days and 

in some cases, also at 14 days, post-electroporation.  Cells were harvested 6 weeks after 

electroporation and analyzed, by flow cytometry, to determine the percent of cells expressing 

EGFP (Figure 20) and the number of viable cells (Figure 21). 
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Figure 20.  Flow cytometric analysis of Jurkat cells transfected with pCMV-EGFP and treated with 
selection antibiotic at various concentrations. 

Jurkat cells were electroporated (350 V, 250 μF, 10 μg pCMV-EGFP) and cultured with selection 
antibiotic (Geneticin) at concentrations from 0.6 μg/ml to 1.2 μg/ml as indicated under each pair of 
histogram plots (no plots are shown for cells treated with 1.2 g/ml Geneticin because all cells were 
dead within 2 weeks of electroporation).  EGFP expression was analysed by flow cytometry 6 weeks 
after electroporation.  For each pair of plots, representing cells treated with the same concentration 
of antibiotic, the left hand histogram shows EGFP expression in cells treated with antibiotic on Day 1 
and Day 7 post-electroporation and the right hand histogram shows EGFP expression in cells treated 
with antibiotic on Day 1, Day 7 and Day 14 post-electroporation.  Live EGFP expressing cells were 
selected by excluding the 7-AAD stained cell population (data not shown).  

 

Addition of antibiotic at the third time point did not significantly change the percentage of 

EGFP positive cells or the EGFP expression levels (Figure 20). For this reason, selection 

antibiotic was added on Day 1 and Day 7 post-electroporation in all subsequent 

electroporation experiments, performed to generate stable transfectants.  These optimized 

electroporation conditions were then applied to electroporation transfection experiments 
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using constructs other than the pCMV-EGFP, with the assumption that the maximum 

transfection efficiency and expression of target genes would be achieved that way. 

 

 

 

Figure 21. Correlation of antibiotic concentration and cell death with percentage EGFP expression  

Jurkat cells were electroporated (350 V, 250 μF, 10 μg pCMV-EGFP) and cultured with selection 
antibiotic (Geneticin) at concentrations from 0.5 μg/ml to 1.2 μg/ml as indicated on X axis. Alive cells 
were determined by flow cytometry following the staining of the transfected and antibiotic treated 
cells with 7-AAD and exclusion of 7-AAD positive population at 2 weeks and plotted against antibiotic 
concentrations shown in the X axis (blue line). EGFP expression was analysed by flow cytometry 6 
weeks after electroporation and transfection efficiency were determined as % EGFP expression and 
plottted against antibiotic concentrations shown in the X axis (green line). The Y axis left hand shows 
number of alive cells by exclusion of 7-AAD positive cells and Y axis right hand shows EGFP 
expression in cells treated with antibiotic on Day 1 and Day 7 post-electroporation. Data shown are 
the mean ± SD of duplicate transfections and are representative of two experiments. 

 

EGFP expression of stably transfected Jurkat cells was parallel to increased concentrations of 

antibiotic treatment and cell death. i.e. higher the amount of antibiotic, lower the number of 

alive cells but higher the % EGFP expression in stably transfected cells (Figure 21). 
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4.1.2.2 Transient Transfection of Jurkat Cells 

Transient transfections were carried out with Jurkat E6.1 cells with early passage numbers 

once it was found out that Jurkat cells can loose their IL-2 secretion with increased passage 

numbers.  

Jurkat cells are a suspension cell line and are considered difficult to transfect. For transient 

transfection of Jurkat cells for most of the methods mentioned in the introduction, efficiency 

is reported to be between 20-30% (Yeh et al., 1998). It has been claimed that microporation, a 

form of electroporation, can transfect Jurkat cells with up to 60% efficiency using a GFP 

reporter gene system and with Neon transfection kit (Neon Transfection Protocol). Later, 

even 100% transfection efficiency of Jurkat cells were claimed using a further optimized and 

updated protocol (Invitrogen Protocol 1064)
1
. For this reason, microporation was chosen as 

the method to carry out transient transfection of Jurkat cells for this study.  

4.1.2.2.1 Transient Transfection Optimization of Jurkat Cells 

The parameters that can be varied in microporation are pulse voltage (Volts; V), pulse width 

(milliseconds; ms) and pulse number as well as amount of DNA, therefore these parameters 

were varied in order to optimize the transfection efficiency Jurkat E6.1 cells with pCMV-

EGFP. 

 

4.1.2.2.1.1   Pulse voltage, Pulse Width and Pulse Number Optimization 

Based on the recommendations of the manufacturer (Neon Transfection Catalog) which were 

1380 V, 30ms pulse width and 1 pulse, the following pulse voltages were tested for Jurkat 

transfections; 1280-1450 V, pulse durations of 10, 20 and 30 ms and the number of pulses 1 

or 3. Cells were analyzed by flow cytometry for EGFP expression and the viability was 

quantified using 7-AAD staining. Figure 22 shows the data obtained. 

 

Analysis of these data suggested that the highest transfection efficiency was achieved using 

1350 V, 20 ms pulse duration and 3 pulses. Pulse durations of 20 ms or 30 ms were better 

than 10 ms pulses and 3 pulses were better than just 1 pulse across all ranges of voltages. 

High voltages (1450V-1380V) resulted in the highest death with the highest death observed 

                                                 

1
 http://protocolexchange.community.invitrogen.com/protocol/1064. Site accessed on 10 October 2010. 

http://protocolexchange.community.invitrogen.com/protocol/1064
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with high voltages and 3 pulses. The conditions chosen for subsequent microporation 

experiments were: 1350 V, 20 ms and 3 pulses. These transfection parameters were also 

recommended by the manufacturer‟s updated protocol (Invitrogen Protocol 1064)
2
. Figure 22 

shows the optimization of Jurkat cell transfection with microporation. 

 

Figure 22. Optimization of microporation of Jurkat E6.1 cells with pCMV-EGFP.  

For each condition, 2x106 Jurkat E6.1 cells were transfected with 5 μg DNA using 100 μl tips. The 
Voltage (V) used (1280 V – 1450 V), the duration of the pulse (indicated in milliseconds (ms) under 
the plot; 10, 20 or 30 ms) and the number of pulses  (indicated under the plot; x1 or x3) were varied. 
Cells were analysed, by flow cytometry, 24 hours after transfection. Bars represent the percentage 
of EGFP expressing cells (transfection efficiency) at 24 hours for each transfection parameter shown 
on the x-axis. The grey line above the bars represents the percentage of alive cells for each 
transfection condition at 24 hours post-transfection. Cell viability was quantified using 7-AAD. Data 
shown are the mean ± SD of dublicate microporations and are representative of three independent 
experiments. 

 

4.1.2.2.1.2  Optimization of the Amount of DNA in Microporation Experiments  

With the electrical microporation conditions optimized, the amount of plasmid DNA, used for 

the transfection, was optimized. A range of DNA amounts (1 g, 2 g, 5 g and 10 g) was 

used to optimize the amount of pCMV-EGFP to use for transfection of Jurkat cells.  Cells 

(2x10
6
 cells per condition) were transfected and expression of EGFP was measured by flow 

                                                 

2
 http://protocolexchange.community.invitrogen.com/protocol/1064. Site accessed on 10 October 2010. 

http://protocolexchange.community.invitrogen.com/protocol/1064
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cytometry, 24 hours after transfection.  The results, shown in Figure 23, suggested that there 

was a dose response; with transfection efficiency increasing from 1 g to 2 g (p=0.531) and 

significantly at 5 g (p<0.0001) per transfection but, it was also observed that higher amount 

of DNA (10 μg/per transfection) decreased the transfection efficiency significantly 

(p<0.0001) compared to 1, 2 and 5 g; possibly due to toxicity of the EGFP protein or the 

plasmid DNA. 

 

 

Figure 23. Transfection efficiency using varying amounts of plasmid DNA.   

2x106 Jurkat cells E6.1 were transfected per condition (1350 V, 20 ms, 3x pulse) with 100 μl tips using 
1 μg, 2 μg, 5 μg or 10 μg of pCMV-EGFP. Cells were harvested and analysed by flow cytometry 24 
hours after transfection.  Data shown are the mean ± SD of duplicate microporations and are 
representative of two independent experiments.  

 

Following analysis of these experiments it was decided to use the following conditions for all 

future microporation, transient transfections: 1350 V, 20 ms, 3 pulses, 5 g of pCMV-EGFP.  

Figure 24 shows a flow cytometry histogram plot and fluorescence microscopy images of 

cells transfected using these conditions for 24-120 hours post-transfection.  

   



Chapter 4.  Characterization of Cell Lines, Primary T cells, Tumour Infiltrating Lymphocytes 

 155 

 

 

Figure 24. Transfection efficacy of Jurkat E6.1 cells with microporation over 120 hours.  

 Jurkat E6.1 cells were transiently transfected by microporation with the optimized protocol; 1350 V, 
20 msec, 3x pulse, with 5 μg pCMV-EGFP. Cells were then analysed by flow cytometry and 
fluorescence microscopy starting from 24 hours post-transfection until 120 hours post-transfection 
when EGFP expression returned to baseline levels.  

Left panel; Histograms showing fluorescence of mock transfected (black line) and pCMV-EGFP 
transfected (green line) Jurkat cells. Right panel; bright field microscopy of the transfected Jurkat 
cells,and fluorecence microscopy of the same field of view (200x magnification). 
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Time course experiment of microporation of Jurkat E6.1 cells with pCMV-EGFP vector 

suggested that cells were transfected with high transfection efficiency (>66%), but EGFP 

expression was halved at the end of 72 hours, and lost at 120 hours probably secondary to 

dilution. 

  

4.1.3 Summary 

Microporation of Jurkat cells required extensive optimization using the reporter gene 

construct pCMV-EGFP but this method was able to transfect Jurkat cells with a high 

efficiency and cell viability, between 60-70% and 50-60%, at 24 hours post transfection, 

respectively. Cells lost their EGFP expression gradually over 5 days. Cell health and number 

of passages were carefully monitored as Jurkat cells lost their IL-2 secretion upon stimulation 

in the initial batches of Jurkat cells in the laboratory.  This was not the case with E6.1 cell 

line and thus these cells were used thereafter.  

 

4.2 Primary T cells 

4.2.1 Characterization  

As mentioned at the beginning of this chapter, Primary T cells represent a more 

physiologically relevant model of TILs for testing the antigen-specific T cell activation 

strategy, than Jurkat cells, which are a cell line.  Primary T cells are easier to acquire than 

TILs themselves and thus were characterized so that they could be used as an interim model, 

between the Jurkat cell line and TILs, to test the strategy before acquiring TILs from patients.  

 

4.2.1.1 Primary human T cell proliferation 

In order to be able to set up the model system and confirm the effects of CD3 CD28 or 

mitogen stimulation on Primary T cell proliferation, experiment was studied through 

thymidine incorporation following stimulation of the cells for 12-72 hours (Figure 25).  
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Figure 25. Proliferation of human primary T cell following stimulation.  

5x 105 human Primary T cells, isolated from peripheral blood, were either unstimulated or 
stimulated with CD3CD28 beads (1 bead/cell) or Ionomycin and PMA (IONO/PMA) (500 and 50 ng/ml 
respectively) and cultured for 12 to 72 hours. T cell proliferation was measured with thymidine ([3H]-
TdR) incorporation. Cells were pulsed with ([3H]-TdR)  12, 24, 48 and 72 hours after stimulation and 6 
hours before harvest.  Data shown are the mean ± SD of triplicate cultures and are a representative 
of two experiments.  

 

Results showed that unstimulated T cells did not proliferate but both CD3CD28 beads and 

mitogen stimulation induced significant proliferation (p<0.0001 for 24, 48 and 72 hours).  

The rate of proliferation was highest between 48 and 72 hours. CD3CD28 stimulation 

resulted more proliferation than mitogen stimulation. 

 

4.2.1.2 IL-2 Expression by Primary Human T cells 

To find the best time point at which to measure IL-2 secretion from Primary T cells, cells 

were either unstimulated or stimulated with CD3CD28 beads or Ionomycin and PMA over a 

period of 72 hours. ELISA quantified IL-2 secretion from the supernatants of the cultures at 

several time points (0, 1, 2, 6, 12, 24, 48 and 72 hours) following stimulation (Figure 26).  
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Figure 26. Quantification of primary human T cell IL-2 secretion, by ELISA, following stimulation.  

1x105 Primary T cells, isolated from peripheral blood, were cultured for 1 hours to 72 hours in the 
presence or absence of stimuli; CD3CD28 beads (Shown as “CD3 and CD28 beads” on the graph) or 
Ionomycin and PMA (Shown as “Ionomycin/PMA” on the graph) . Data shown is the mean ± SD of 
triplicate cultures and is a representative of three experiments.  

 

Results suggest that primary T cells secrete IL-2 (that is at a level detectable by the ELISA 

used) between 6 and 12 hours after activation (p<0.0001).  Mitogen activation results in 

higher amount of IL-2 production than CD3CD28 activation (p<0.0001). Unstimulated cells 

did not secret IL-2.  Quantification of secreted IL-2 in the supernatants suggests that the 

concentration of IL-2 produced by Primary T cells is much lower than by Jurkat cells (See 

also Figure 13).  

 

 

4.2.2 Transfection  

4.2.2.1 Human Primary T cells – Non Activated 

To optimize the transfection of primary T cells, cells were transfected with the reporter 

construct pCMV-EGFP.  Primary T cell transfection was performed by nucleofection using 

an AMAXA nucleofector kit that proprietary reagents for transfection are provided within the 

kit, in addition the nucleofector has various programmes, with settings for the Primary T cells 

that have been optimized by the manufacturer, which can be used to optimize transfection. In 

this study the human T cell nucleofector solution was used as a transfection reagent and T-23 

(high efficacy) or T-20 (high viability) programmes were tested.  As mentioned in the 
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introduction, nucleofection is an electroporation method designed mainly for primary cells 

allowing DNA to enter the nucleus directly. Following isolation from peripheral blood, 

human T cells per transfection were rested in cell culture for 6 hours before transfection using 

nucleofection. For each transfection 1-3x10
6
 cells were mixed with 2 μg DNA within 100 μl 

of nucleofector solution. Transfection efficiency was 70-80% using T-23 (high efficiency) 

programme for unstimulated T cells (Figure 27) and 40-50% using the same programme for 

CD3 and CD28 bead stimulated T cells. Transfected cells were viable for up to 10 days post 

nucleofection (data not shown). It was observed that transfection efficacy of nucleofected 

primary T cells isolated from fresh peripheral blood was superior to the ones isolated from 

buffy coat (data not shown), therefore all primary T cell experiments were carried out using 

fresh peripheral blood following optimization experiments. 

 

Figure 27 shows the optimization of nucleofection on unstimulated primary T cells with high 

efficacy (T-23) and high viability programmes (T-20). 
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Figure 27. Transfection optimization of Primary T cells with nucleofection.  

3x106 primary human T cells were transfected with 2 μg pCMV-EGFP using T-23 (high efficacy) and T-
20 (high viability) programmes using AMAXA nucleofection kit. Transfection efficacy was assessed as 
% EGFP expression by flow cytometry. 

The top row of histograms show transfection efficiency of transfection with programme T-23 (B) or 
T20 (C). pCMV-EGFP transfected cells are shown with a green line and transfection efficiency was 
≥65% for high efficiency and approximately 60% for high viability programmes. Mock transfection of 
T cells were also carried out with same programmes, T-23 and T-20, and are repsented with a dark or 
light brown line respectively. Untransfected T cells represented with a black line (A).  
   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.2.2 Human Primary T cells - Activated 

This project required a target gene to be expressed, under the control of an inducible 

promoter, in TILs, which are activated T cells/effector T cells.  As mentioned previously, 

activated Primary T cells were used as a model system for the TILs (because they are more 

readily available than TILs), it was therefore necessary to be able to transfect activated T 

cells to enable testing of the constructs before using TILs.   

 

Primary T cells were activated with CD3CD28 beads for 5 days to mimic the antigen 

stimulated cells and cells were transfected with the pCMV-EGFP construct 5 days post-

stimulation to allow simple measurement of transfection efficiency by flow cytometry.  

Transfection of stimulated cells was compared to transfection of unstimulated T cells and 

EGFP expression was analyzed, by flow cytometry, at regular intervals post-transfection until 

96 hours post transfection (Figure 28).   
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Figure 28. Transfection efficacy of unstimulated Primary T cells vs activated Primary T cells with 
nucleofection over 96 hours.  

EGFP expression of pCMV-EGFP nucleofected unstimulated T cells (programme V23) (dark grey bars) 
and activated T cells following 5 days of CD3 and CD28 bead stimulation (programme V24) (light grey 
bars) are analyzed with flow cytometry over 96 hours. Transfection efficacy is shown as % EGFP 
expression once the mock transfected T cell expression is excluded.  

 

Transfection of activated T cells was not as efficient as that of unstimulated T cells but 60% 

efficiency was achieved using activated cells (36 hours post-transfection) (p<0.0001), which 

was deemed sufficient for testing the constructs. EGFP expression was detectable at 12 hours, 

was maximal at 36 hours and decreased thereafter with levels at ~25% of maximal by 96 

hours post transfection (Figure 28). Kinetics of Jurkat E6.1 cells‟ EGFP expression 

transfected with the same pCMV-EGFP construct but using microporation was different than 

primary T cell EGFP expression kinetics (see Figure 24). Although different types of 

electroporation was used, Jurkat cells‟ EGFP expression was maximal at 24 hours, and 

decreased thereafter with levels at 50% of maximal after 72 hours post transfection and EGFP 

expression returning to baseline levels at 120 hours. 

In transient transfections, DNA introduced in the transfection process is usually not 

integrated into the nuclear genome and is usually diluted through mitosis or degraded and lost 

from the cells over time. Whilst this system could be used for proof of principle experiments 

with primary T cells, and transient expression may be sufficient for this system to be used in 

vivo, a method to stably transfect primary T cells and TILs, could also be required where 

expression of the target gene is required for longer periods. Stable transfection may also 

provide an easier model system. 
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4.2.3 Transduction of Primary T cells 

With the long-term goal of this project being the use of modified TILs in vivo, although 

transient transfections tested on Jurkat and primary T cells were successful and may provide a 

successful model also in vivo, it was decided that a stable transfection method may still be 

needed for transfecting TILs (to maximize the duration of expression of the target genes). 

Viruses can be used for stable transduction and importantly; viruses have been used to 

transduce Primary T cells, with success, before (Schroers et al., 2002).   

 

A lentivirus transduction system was chosen for this study because lentiviruses can transduce 

both dividing and non-dividing cells due to HIV matrix protein and the accessory protein Vpr 

(Heinzinger et al., 1994, Yao et al., 1995) and they stably integrate into the genome, thereby 

maximising the duration of gene expression.  

 

Lentiviruses were tested on the model systems, Jurkat E6.1 cells and Primary T cells, before 

application to TILs.  The lentivirus transduction system chosen was a four plasmid system, 

self-inactivating lentivirus, in which one plasmid encodes the GFP gene which is expressed 

following correct assembly of the virus, infection of cells, stable integration of the GFP gene 

into the genome and transcription and translation of this reporter gene. This virus is called 

RLSVeGFPwN. The 4 plasmid lentivirus was a kind gift of Prof Farzin Farzaneh in Rayne 

Institute, King‟s College London. It is derived from the self-inactivating vector backbone 

carrying the deletion in the HIV U3 promoter region of the 3‟LTR resulting in the 

inactivation in the target cell (Zufferey et al., 1998). The plasmid maps of the 4-plasmid 

lentiviral expression system are shown in Figure 29. 
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Figure 29.  Maps of the four plasmid, self inactivating, lentivirus system used in this study.  

A.pMDLg/pRRE packaging plasmid containing the GAG group antigens that is found in all retroviruses 
necessary to make proteins to protect the virus, POL, polymerase gene encoding enzymes for virus 
replication (protease, endonuclease and reverse transcriptase) and an RRE site (Rev Response 
Elements) to which Rev protein binds driven by CMV promoter, B. pRSV Rev expressing REV, 
differential regulator of expression of virus protein genes driven by RSV promoter, C. RSLVeGFPwN, 
the vector itself, that an expression cassette of the transgene flanked by the HIV-1 derived cis-acting 
sequences necessary for packaging, reverse transcription and integration, with WPRE, Woodchuck 
Hepatitis Virus Posttranscriptional Regulatory Element which exerts posttranslational regulation and 
stability of mRNA, eGFP reporter gene and containing LTRs that are necessary for integration into 
host genome, D.pMD2.G expressing the VSV-G envelope protein driven by CMV promoter. 
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As a preliminary experiment, transduction with self-inactivating RLSVeGFPwN was 

optimized using Jurkat cells. Optimization experiments were done with various 

concentrations of RLSVeGFPwN. EGFP expression was analyzed by fluorescence 

microscopy 72 hours following transduction. Figure 30 shows the transduction optimization 

of Jurkat (E6.1) cells with Lentivirus at concentrations of 5%, 20% or 40% for 72 hours. 

 

 

Figure 30. Transduction optimization of Jurkat cells with Lentivirus.  

Jurkat E6.1 cells were transduced with self-inactivating Lentivirus, RLSVeGFPwN with final 
concentrations of 5%, 20% or 40%. Cells were visualised with fluoresence microscopy 72 hours post-
transduction. Fluoresence of EGFP was visualized with fluoresence microscope with green field. 
Pictures are representative of three fields of view per section and three independent experiments. 
Magnification x200. 

 

Results suggest that T cell line Jurkat E6.1 cells could be transduced with lentivirus construct 

with 40% concentration. Higher concentrations of virus resulted in massive Jurkat cell death 

(data not shown). Experiments were then carried out with the Primary T cells with the 

optimum concentration but with 10x less diluted virus medium.   

 

Primary T cells were transduced with the RLSVeGFPwN following a 5-day activation with 

CD3CD28 beads or mitogens. EGFP expression was analyzed by fluorescence microscopy 72 

hours following transduction Figure 31. The efficiency of transduction was very low in 

unstimulated T cells (2.84% with MFI 8.30) but much higher in both CD3CD28 beads (6.36 

% with MFI of 20) and mitogen activated cells (7.36% with MFI of 23) with untransfected T 

cells background fluorescence of 0.4-0.6% and MFI 2-3 (data not shown).  

 

 

 



Chapter 4.  Characterization of Cell Lines, Primary T cells, Tumour Infiltrating Lymphocytes 

 165 

 

          

Figure 31. Transduction of primary T cells with Lentivirus.  

Primary T cells were transduced with self-inactivating Lentivirus, RLSVeGFPwN following 5 days of 
stimulation with CD3CD28 beads or mitogens with a ratio of 5 viral particle to 1 cell. Cells were 
visualised with fluoresence microscopy 72 hours post-transduction. Fluoresence of EGFP was 
visualized with fluoresence microscope with green field. Pictures are representative of three fields of 
view per section and three independent experiments. Magnification x200.  

 

4.3 Isolation and characterization of TILs  

One key aspect of the antigen-specific T cell activation strategy is the maintenance of 

genetically modified TILs. In this project, TILs were isolated from a metastatic liver lesion of 

a patient with adenocarcinoma of the caecum.  

 

For proof of principle testing; to find out whether or not TILs could be modified ex-vivo and 

thus theoretically could be given back to the patient, in an adoptive T cell therapy setting, it 

was necessary to carry out preliminary experiments with TILs. The next part of this chapter 

describes the isolation and characterization of TILs.  

 

As a preliminary experiment, TILs were isolated and expanded by culture in the presence of 

IL-2 from a primary adenocarcinoma, as described in the Materials and Methods. The T cell 

population was identified according to their size and granularity, at day 10, by flow 

cytometry. TIL population was identified with anti-CD4 and anti-CD8 antibody staining 

(Figure 32). 
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Figure 32. Flow cytometric analysis of cells recovered from tumour tissue culture. 

a. Size and granularity phenotype of recovered cells.  T cells were gated in R1. 

b. CD4+ and CD8+ T cells in gate R1: Cells recovered from the tumour tissue culture on day 10 were 
stained with anti-CD4 and anti-CD8 antibodies and analysed by flow cytometry. Both CD4+ and CD8+ 
T cells expanded during the tumour tissue culture – percentages of each cell type are shown. 

 

Approximately 25% of the population defined as T cells, based on gating on size and 

granularity, stained positive for CD4 and another 25% were positive for CD8. To show that 

these cells were healthy and viable (as observed by eye in tissue culture), they were kept in 

culture for a total of 23 days.  

 

This experiment suggested that CD8 and CD4 T cells populations could be derived from 

tumour tissue sample and cell populations could be expanded in the culture with high 

concentration IL-2. Tumour reactivity and antigen specificity of the TILs were not 

determined in this preliminary experiment, as it was felt it was important to make and test the 

inducible promoter constructs first. 

 

4.4 Summary 

This chapter has described the isolation, characterization and transfection/transduction of all 

the cell types needed for this project.  In summary, the Jurkat cell line expresses CD3 and 

CD28, secretes IL-2 when stimulated with CD3CD28 beads or mitogens and can be 

transiently transfected using microporation, with an efficiency of up to 70%, or stably 

transfected with 100% efficiency using conventional electroporation.  Primary T cells 

Figure 1.

Flow cytometric analysis of cells recovered from tumour tissue culture.

a. Size and granularity phenotype of recovered cells - R1 shows T cells (approx.2500 

events).

b. CD4+ and CD8+ T cells in gate R1: Cells recovered from tumour tissue culture were 

stained with anti-CD4 and anti-CD8 antibodies and analysed by flow cytometry.  

Both CD4+ and CD8+ T cells were expanded during the tumour tissue culture –

percentages of each cell type are shown in the each quadrant.
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proliferate and secrete IL-2 in response to CD3CD28 or mitogen stimulation and can be 

transiently transfected using nucleofection (efficiency of up to 60% in activated cells) or 

stably transduced using lentivirus (efficiency of up to 6%).  TILs were successfully isolated 

from a tumour sample and were grown in culture for 23 days.  With all cell types, needed for 

this project, characterized and transfection methods established for each one, the constructs 

with encoding chemokine genes of interest under the control of inducible promoters, could be 

made.  The next chapter describes the cloning and testing steps performed to create these 

constructs.
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Chapter 5. Creation and testing of IL-2 promoter 

constructs 

To create a delivery system that is activation-dependent, various constructs were made in 

which the target gene was downstream, and therefore under the control of, an inducible 

promoter that is linked to T cell activation; so that the promoter would drive the transcription 

of the gene of interest only when the T cell is activated. The promoter chosen was the IL-2 

promoter as it is known to be active during T cell activation.  It was decided to compare the 

function and fidelity of the full length IL-2 promoter versus a tandem triplicate of NFAT 

linked to a minimal IL-2 promoter. 

 

Described below is the initial work done in order to create the above described constructs.  

Results relevant to the creation of the constructs are shown before a description of the 

problems faced during testing of the constructs and the subsequent work carried out in order 

to create additional constructs. 

 

5.1 Creation of T cell activation-dependent constructs 

5.1.1 Selection of plasmid to use as backbone for inducible gene 

constructs 

In order to be able to test the function of the above described IL-2 promoters (full length and 

tandem triplicate of NFAT) and the efficacy of the antigen-specific T cell activation strategy 

in vitro it was necessary to choose a construct that could provide a backbone that could be 

used to create the required inducible gene constructs.  This construct needed to have; a 

promoter, that could be used as a control for the fidelity of the IL-2 promoters (by 

comparison, to see if downstream gene expression was being activated in response to T cell 

activation or non-specifically) but, could also be exchanged for the IL-2 promoters (to allow 

creation of the necessary activation-dependent constructs), and; a downstream gene, that 

could act as a reporter gene to enable a simple readout of the function of the promoter (by 

observing expression of the reporter gene) and also, could be exchanged for the chemokine 

genes.  The plasmid pEGFP-C1, from Clontech, was selected because it encodes an EGFP 
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reporter gene under the control of the human CMV promoter and in addition, the plasmid also 

encodes a neomycin resistance gene allowing selection in mammalian cells.  Unique 

restriction endonuclease recognition sites 5‟ and 3‟ of the promoter and 5‟ and 3‟ of the 

EGFP gene allowed the promoter to be removed and exchanged with IL-2 promoters and the 

EGFP gene to be removed and exchanged with chemokine genes.  The map of pEGFP-C1 is 

shown in Figure 33. For ease of identification of the various constructs, pEGFP-C1 will 

subsequently be referred to as pCMV-EGFP (to indicate the promoter and the gene under its 

control). 
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Figure 33. Plasmid Map of the EGFP expressing construct under the human CMV promoter (pEGFP-
C1).  

2 maps of the pEGFP-C1. Top one, provided by Clonetech, shows the plasmid’s promoter, CMV and 
reporter gene, EGFP as well as restrictive sites that could be use to remove the CMV promoter 
and/or reporter gene in order to exchange the promoter (Ase I and Nhe I) or reporter gene (Nhe I 
and BsrG I) for other promoters or chemokine genes, respectively.  Bottom map was created using a 
web serve, PlasMapper3 through accessing the data from Clonetech once the plasmid become 
available commercially. Restriction sites, relevant to the cloning strategies described in this thesis, 
are shown boxed. 

 

                                                 

3
 PlasMapper: a web server for drawing and auto-annotating plasmid maps plasmid maps (Xiaoli Dong, Paul 

Stothard, Ian J. Forsythe, and David S. Wishart). 



Chapter 5.  Creation and testing of IL-2 promoter constructs 

 171 

Figure 34 and Figure 35 show the nucleotide sequence of the CMV promoter (sequenced 

using sequencing primer „CMV/IL2-EGFP seq fwd‟) and the EGFP gene (sequenced using 

sequencing primer „CMV/IL2-EGFP seq rev‟), respectively, in this construct. 

 

 

Figure 34. Nucleotide sequence (5’-3’) of the human cytomegalovirus (CMV) immediate early 
promoter in pCMV-EGFP plasmid.  

The chromatogram and text show the sequence of the human CMV promoter within pCMV-EGFP 
(sequence obtained using ‘CMV/IL2-EGFP seq fwd’) . Top panel: 5’ end of the human CMV promoter 
preceded by Ase I restriction site. Bottom panel: 3’ end of human CMV promoter followed by Nhe I 
restriction site within the plasmid pCMV-EGFP. Restriction endonuclease sites are marked with 
dotted black lines. The TATA box is marked with a solid black line box.  The transcription start site 
(+1) is marked with a black arrow. 
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Figure 35. Nucleotide Sequence of the EGFP reporter gene in pCMV-EGFP plasmid. 

pCMV-EGFP was sequenced using sequencing primer ‘CMV/IL2-EGFP seq rev’. The chromatograms 
show parts of the EGFP reporter gene within pCMV-EGFP. Top panel: 5’ end of the EGFP reporter 
gene, preceded by a Nhe I restriction site. The translation start site (ATG) was embedded into the 
restriction site Nco I (underlined within the Nco I restriction site). Middle panel: Middle portion of 
EGFP reporter gene, containing a BsrG I restriction site preceeding the stop codon (TAA) by 86 bp. 
[This restriction site is shown as it was used for cloning of target genes (discussed later)]. Bottom 
panel: 3’ end of EGFP reporter gene. The Stop codon is shown with underlined black line, preceeded 
by restriction site Xba I.  N.B. the Stop codon was not shown clearly in the chromatogram and the T 
was read as an A nucleotide by the sequence reader (indicated with black arrow), however, this is 
just an artefact of the sequencing process (the sequence read ended at this point) and we were 
confident that the stop codon was present in the plasmid as this is a well known vector that has 
been used successfully in our laboratory before.  Restriction sites are marked with dotted black 
boxes. 

 

In addition to sequencing the pCMV-EGFP construct, the vector was digested with enzymes 

relevant to this study, in order to check that the CMV promoter and EGFP gene could be 

removed from the construct (See also plasmid map in Figure 33 and the nucleotide sequence 

in Figure 34).  

 

Restrictive sites that are shown in the map available from Clonetech (Figure 33) were used to 

separate promoter and reporter genes. Initially only this map was available in our laboratory 

together with the plasmid and at that time this plasmid was no longer available commercially 

and therefore restrictive sites Ase I and Nhe I were used to separate the promoter region and 

Nhe I and BsrG I used to separate the reporter gene region. Later, the plasmid was sequenced 
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and it became available commercially. Sequencing of the plasmid suggested that, there are 2 

restriction site pairs suitable for the separation of promoter region; Ase I - Nhe I and Ase I - 

Nco I and 2 restriction site pairs to separate the reporter gene; Nhe I - BsrG I and Nhe I - Xba 

I. Although Ase I - Nco I pair would be a better alternative to Ase I - Nhe I pair for the 

separation and replacement of CMV promoter with another promoter as Nco I is located at 

the very end of CMV promoter, and similarly Nhe I - Xba I pair would be better alternative to 

Nhe I - BsrG I pair, for the separation of reporter gene and replacement with another target 

gene as Xba I is located at the 3‟end of reporter gene EGFP following the stop codon and 

BsrG I is located more distally to the stop codon. Ase I - Nhe I and Nhe I - BsrG I restrictive 

sites were used in the lab previously successfully; therefore cloning strategy is not changed 

after the identification of other restrictive sites. 

 

5.1.2 Strategy: Part 1 

 

Figure 36. Schematic representation of the strategy of cloning into pEGFP-C1.  

Constitutive human cytomegalovirus promoter driving the EGPP expression was replaced by 
inducible promoters; human IL-2 promoter or NFAT promoter within the backbone of pEGFP-C1 
plasmid. EGFP reporter gene was also replaced by chemokines CXCL9 and CXCL10 so that for each 
inducible promoter driven plasmid, a EGFP reporter, CXCL9 or CXCL10 expressing constructs were 
created. Additionally, control plasmids; CXCL9 and CXCL10 under the CMV promoter were also 
produced. 
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The restriction digest products were analyzed by agarose gel electrophoresis (Figure 37).   

 

 

Figure 37. Restriction digest products of pCMV-EGFP seperated by agarose gel electrophoresis 

pCMV-EGFP was triple digested with Ase I, Nhe I and BsrG I, to separate the promoter and insert 
gene (EGFP) from each other and from the plasmid backbone or; double digested with Nhe I and 
BsrG I to separate the insert gene (EGFP) from the plasmid backbone or; double digested with 
restriction endonucleases Ase I and Nhe I to separate the promoter region from the plasmid 
backbone or; analysed without any digestion.  Digest products were separated by agarose gel 
electrophoresis on a 1.5% agarose gel, alongside a molecular weight ladder.  Annotation: ANB; Triple 
digestion with Ase I, Nhe I and BsrG I, NB; Double digestion with Nhe I and BsrG I, AN; Double 
digestion with Ase I and Nhe I, U; Uncut vector, IV; Molecular weight ladder – Hyperladder IV, I; 
Molecular weight ladder – Hyperladder I.  

 

The results shown in Figure 37 confirm that the pCMV-EGFP construct contained fragments 

of the expected sizes.  It was therefore concluded that this construct was suitable for further 

use in this study and the isolation of the IL-2 promoters and chemokine genes and their 

insertion into this construct, could go ahead. 
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5.1.2.1 Isolation of IL-2 promoters and creation of IL-2 promoter reporter constructs 

As mentioned previously, this study sought to compare the function and fidelity of two IL-2 

promoters:  The full-length IL-2 promoter and a tandem triplicate of NFAT attached to a 

minimal IL-2 promoter.  This section of this chapter describes the isolation of these 

promoters and the insertion of these promoters into the pCMV-EGFP construct, in the place 

of the CMV promoter, to create reporter constructs to enable testing of the promoters. 

 

5.1.2.1.1 Amplification of the full length IL-2 promoter 

The IL-2 promoter was PCR amplified from the DNA of Jurkat cells, which is a CD4
+
 T cell 

lymphoma cell line. Primers were designed to include from 282 bp (-282) upstream of the 

transcription start site (TSS) of the promoter [as described by Bommhardt (Serfling et al., 

1995)], to the last nucleotide (-1) before the TSS.  Primers included Ase I and Nhe I 

restriction endonuclease recognition sites at the 5‟ and 3‟ end respectively, so that the PCR 

product could be inserted into the pCMV-EGFP vector, in place of the CMV promoter, using 

these two sites (see Figure 33).  

 

PCR products were separated by agarose gel electrophoresis to confirm the size and 

concentration of the product (See Figure 41 on page 180).  PCR products of the correct size 

were purified from the gel (see Materials and Methods) and sequenced.  The PCR product of 

~300 bp was identical to the human IL-2 promoter sequence (Accession number AJ006884) 

in the PubMed nucleotide database (Figure 38). 
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Figure 38. The sequence of the PCR product encoding the IL-2 promoter:  

Sequence annotation: -282 to -1; IL-2 promoter. The PCR product encoding the IL-2 promoter was 
sequenced following gel purification.  At the 5’ end, the 5’ sequence of the forward primer is seen 
(underlined and in italic) followed by the Ase I restriction endonuclease recognition site (in box), just 
upstream of the -282bp start of IL-2 promoter.  At the 3’ end, the IL-2 promoter transcription start 
site is marked with a broken arrow and indicated with +1 (red text) followed by a short sequence of 
the 5’UTR (red text) and the Nhe I restriction endonuclease recognition site (in box). The sequences 
in blue text show the first NFAT (NF-AT1) and second NFAT (NF-AT2) sequences in the IL-2 promoter. 
TATA boxes are indicated with bold text and underlined with a dashed line. The sequence was 
identical to the sequence AJ006884 (human IL-2 promoter and leader sequence) (Pubmed). 
Restriction sites are marked with dotted black boxes.  

 

5.1.2.1.2 Amplification of the NFAT promoter 

The tandem triplicate NFAT-1 binding site of the IL-2 promoter, linked to a minimal IL-2 

promoter (called NFAT promoter here-in), was amplified by PCR from the NFAT Z plasmid 

(clone NS391) (a kind gift of Dr LA Herzenberg, Stanford University).  The NFAT Z 

plasmid was constructed by Herzenberg in 1989 through multiple modifications of a CAT 

expressing construct (Shapira et al., 1983):  The NFAT promoter region was created in 

between Cla I and Hind III restriction sites by replacing a fragment of DNA (-290 to -75) 

with an oligonucleotide containing three NFAT-1 binding sites (flanked by Xho I sites at each 

end of the triplicate) and sequence encoding the minimal IL-2 promoter.  Figure 39 is a 

schematic representation of; the IL-2 promoter and the parts of it that were used in the 

creation of the NFAT promoter oligonucleotide and; the process by which the NFAT 

promoter oligonucleotide was inserted into the modified CAT expression construct, thereby 

creating the NFAT Z plasmid that was used in this project.  Of note, in addition to the NFAT 

promoter, the NFAT Z plasmid encodes a LacZ reporter gene, a hygromycin-resistance gene 

(driven by the herpes simplex thymidine kinase promoter) and an ampicillin resistance gene 

(See Figure 39). 
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Confirmation of the existence of the NFAT promoter site was carried out by digesting the 

NFAT Z plasmid with restriction endonuclease Xho I or Cla I and Hind III.  Single enzyme 

digestion revealed a band of approximately 90 bp, double digestion revealed a 200 bp band 

on 1.5% agarose gel (data not shown).  
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Figure 39. Schematic representation of the IL-2 promoter and the NFAT Z construct highlighting the 
shared features and showing how the NFAT Z construct was created.  

A. Map of the IL-2 promoter showing the location of the NF-AT 1 binding site and the minimal IL-2 
promoter just before the start of the 5’ UTR region and the IL-2 gene. B. Linear arrangement of 
tandem triplicate copies of NF-AT1 within the NFAT Z construct. C. Map of NFAT Z construct  
illustrating the three NF-AT1 sequences in tandem and other relevant genes and restriction enzyme 
sites; reproduced from hand drawn map provided by Dr Herzenberg. Exact locations of the 
restriction enzyme sites are not available. 

 

Clone NS391, of the NFAT Z plasmid, does not exist in any plasmid databases available on 

the internet and sequencing of it proved almost impossible. Several attempts, to sequence the 

NFAT promoter within the original NFAT Z plasmid, were made; various forward and 

reverse sequencing primers were used that bound to the plasmid at varying sites at varying 

distances from the promoter site but, the sequencing consistently failed.  In another attempt to 

confirm the promoter sequence the NFAT forward and IL-2 reverse primers were used to 

amplify the NFAT promoter from the NFAT Z plasmid, in a PCR, and the resultant 

approximately 200 bp PCR product was sequenced.  This was done despite the risk that the 

NFAT forward primer could bind to any of the tandem triplicate NFAT-1 sequences within 

the promoter region resulting in a PCR fragment with only one or two of the NFAT-1 units.   

  

As predicted it was not possible to sequence all three NFAT-1 sequences but, sequencing of 

the PCR product did show that two of the NFAT-1 binding sites were in a head-to-head 

arrangement (contrary to the published data which shows the NFAT-1 binding sites in a head-

to-tail arrangement), thus yielding a perfect intra-chain duplex of 30 base pairs and the 

minimal IL-2 promoter region.  The head-to-head arrangement of the NFAT sequences may 

indicate a problem with the PCR from the plasmid NFAT Z or, the head-to-head arrangement 

might have been present in the plasmid NFAT Z (clone NS391). 

 

 

 

 

 

 

 

 



Chapter 5.  Creation and testing of IL-2 promoter constructs 

 179 

 

 

Figure 40. Schematic representation of the sequence of the PCR product of the NFAT promoter 
amplified from the NFAT Z plasmid.  

The first 30 bp sequence of NFAT-1, shown in blue, corresponds to the first NFAT-1 sequence of the 
published region of the whole IL-2 promoter. The second 30 bp NFAT sequence, shown in red, is a 5’ 
to 3’ reversed complimentary sequence to the first NFAT-1 sequence.  These two NFAT sequences 
form a tandem repeat. The Xho I restriction site (boxed) is 3’ to the tandem repeat, just before the 
minimal IL-2 promoter in the original NFAT Z plasmid (clone NS391). The TSS is indicated with +1 and 
a broken arrow. TATA-1 and TATA-2 are the TATA boxes of the promoter. The Nhe I restriction site 
(boxed), just after the minimal IL-2 promoter region, was added to the PCR product during the PCR 
because the IL-2 promoter reverse primer contains the Nhe I restriction site. It was not possible to 
sequence the third NFAT-1 sequence most probably due to the formation of a hairpin by the 
complementary sequence, preventing further sequencing. 

 

The third NFAT-1 binding site could not be sequenced. This could be due to the formation of 

a hairpin, between the two head-to-head NFAT-1 sequences, which would prevent 

sequencing of this folded DNA.  It was decided not to increase the temperature of the 

sequencing reaction (which would denature the base pairing of the hairpin) to avoid 

preventing the sequencing reverse primer binding the template.  

 

Figure 41 below shows an agarose gel on which the NFAT promoter (amplified using the 

NFAT forward and IL-2 reverse primers as described above) PCR product and the IL-2 

promoter PCR product were analyzed in order to confirm their size and correct amplification.  
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Figure 41. Gel electrophoresis of the NFAT promoter and the IL-2 promoter .  

PCR amplification of the NFAT and IL-2 promoters was performed. The PCR products were separated 
on a 1.5% agarose gel alongside molecular weight ladders. NF: NFAT promoter,  IL: IL-2 promoter,  
IV: Hyperladder IV, I: Hyperladder I.  The molecular weight (in base pairs; bp) is indicated on the right 
hand-side of the photograph. 

 

The gel picture showed a smear in the lane with the NFAT PCR product; this is consistent 

with the possibility that the NFAT primer binds to any of the tandem repeat within the NFAT 

promoter producing several lengths of NFAT promoter. 

 

5.1.2.2 IL-2 promoter and NFAT promoter reporter constructs 

In order to create EGFP reporter constructs, in which the EGFP gene is under the control of 

either the IL-2 promoter or the NFAT promoter, these promoters were inserted into the 

pCMV-EGFP construct in the place of the CMV promoter.  The CMV promoter was 

removed from pCMV-EGFP, by restriction digest; pCMV-EGFP was digested with Ase I and 

Nhe I (as shown in Figure 37), and the digestion products were separated by agarose gel 

electrophoresis.  The fragment corresponding to the plasmid backbone lacking the CMV 

promoter was extracted from the gel and used in ligation reactions with either the IL-2 

promoter PCR product or the NFAT promoter PCR product, which had been double-digested 

with Ase I and Nhe I.  Ligation of the plasmid backbone with the promoter fragments 

resulted in replacement of the CMV promoter with either the IL-2 or NFAT promoter 

sequences, creating plasmids pIL-2 282 EGFP and pNFAT EGFP respectively (Figure 42). 
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Figure 42.  Maps of EGFP expression vectors with the EGFP gene under the human IL2-282 promoter 
(pIL2 282 EGFP) (A) or the human NFAT promoter (pNFAT EGFP) (C) and restriction digest products 
of these constructs.   

The constructs were digested with restriction endonucleases; Ase I, Nhe I and BsrG I (ANB) to 
separate the promoter and inserted gene from the plasmid backbone and thus confirm the presence 
of both features; Nhe I and BsrG I (NB) to remove the EGFP gene and confirm its size and presence 
or; Ase I and Nhe I (AN) to separate the promoter region from the plasmid backbone and confirm its 
size and presence.  The digestion products were separated and analysed by agarose (1.5%) gel 
electrophoresis.  Photographs of the resulting agarose gels are shown in B for pIL2 282 EGFP and in D 
for pNFAT EGFP.  The molecular weight markers used were Hyperladder IV and Hyperladder I (both 
from Bioline, UK), annotated as IV and I, respectively in the figure. Abbreviations: U; uncut plasmid. 

 

The newly created plasmids were sequenced to ensure the insertion had taken place correctly 

without any sequence errors.  Figure 43 and Figure 44 show the 5‟ and 3‟ ends of the 

promoter sequences in the reporter constructs.  
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Figure 43. Nucleotide sequence of the 5’ and 3’ ends of the human IL-2 -282 promoter in pIL2 282 
EGFP. 

pIL-2 282 EGFP plasmid was sequenced using sequencing primers ‘CMV/IL2-EGFP seq fwd’ and 
‘CMV/IL2-EGFP seq rev’. The chromatograms show the 5’ and 3’ ends of the sequence of the human 
IL-2 promoter within pIL-2 282 EGFP . Top panel: The 5’ end of the human IL-2  -282 promoter within 
pIL-2 282 EGFP is preceded by an Ase I restriction site (shown in dotted black lines).  Bottom panel: 
The 3’ end of human IL-2, within pIL-2 EGFP, 5’ of the Nhe I restriction site (shown in dotted black 
lines). 

 

 

Figure 44. Nucleotide sequence of the 5’ to 3’ ends of NFAT promoter in pNFAT EGFP. 

pNFAT EGFP plasmid was sequenced using sequencing primers ‘CMV/IL2-EGFP seq fwd’ and 
‘CMV/IL2-EGFP seq rev’. The chromatograms show the 5’ and 3’ ends of the sequence of the NFAT 
promoter within plasmid pNFAT EGFP. Top panel: The 5’ end of the human NFAT promoter within 
pNFAT EGFP is preceded by an Ase I restriction site (shown in dotted black lines). The first NFAT-1 
sequence is shown in green box. Part of second NFAT-1 sequence (shown in red box), whilst not the 
reverse complement to the first NFAT-1, as shown before, is only partially seen. Bottom panel: The 
3’ end of the NFAT promoter, 5’ to the Nhe I restriction site (shown in dotted lines).  
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With the IL-2 promoter and NFAT promoter reporter plasmids successfully made, plasmids 

were made in which the reporter gene was exchanged for either the gene encoding the human 

chemokine CXCL9 or CXCL10, to create T cell activation dependent constructs.   

 

5.1.2.3 T cell activation dependent constructs encoding CXCL9 or CXCL10  

5.1.2.3.1  Isolation of CXCL9 and CXCL10 

cDNA encoding human CXCL9 and CXCL10 genes were amplified by RT-PCR from human 

umbilical vein endothelial cells (HUVECs) treated with various stimuli. The forward and 

reverse primers added Nhe I and BsrG I restriction sites at the 5‟ and 3‟ end of the PCR 

products, respectively, to match the restriction sites of the target plasmids either side of the 

EGFP gene to be removed. 

 

5.1.2.3.1.1  CXCL9 

Human CXCL9 gene is located in Chromosome 4 and is 378 bp long (excluding introns). The 

gene encoding CXCL9 was amplified by PCR from cDNA generated by RT-PCR with RNA 

isolated from HUVECs following 24 hours IFNγ (80 ng/ml) stimulation in the presence of 

TNFα (20 ng/ml) with primers pC1-NheI-CXCL9 fwd and pC1-BsrGI-CXCL9 rev at varying 

annealing temperatures. Figure 45 shows the agarose gel upon which the PCR products were 

separated and analyzed.  Unstimulated HUVECs or HUVECs stimulated only with IFNγ or 

TNFα did not express CXCL9.  The optimal annealing temperature for PCR was found to be 

between 52ºC and 56ºC (Figure 45).   
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Figure 45. Amplification of the CXCL9 gene from HUVECs 

HUVECs were stimulated with either IFNγ (80 ng/ml) or TNFα (20ng/ml) or both.  RNA was then 
isolated and cDNA generated by Reverse Transcription PCR. A subsequent PCR with primers pC1-
NheI CXCL9 fwd and pC1-BsrGI CXCL9 rev was carried out at temperatures between 52oC and 56oC 
(as indicated above each lane).  PCR products were separated by agarose gel electrophoresis on a 
1.5% agarose gel, alongside Hyperladder IV for molecular weight comparison. A: PCR products of 24 
hrs IFNγ and TNFα stimulated HUVECs, B: PCR products of 24 hrs IFNγ only stimulated HUVECs, C: 
PCR products of 24 hrs TNFα only stimulated HUVECs.  IV: Hyperladder IV (Bioline). 

 

Sequencing of the PCR product showed it to be identical to the human CXCL9 gene in the 

PubMed nucleotide database (NM_002416) (Figure 46).  

 

 

Figure 46. The sequence of CXCL9 PCR product. 

At the 5’ end of the sequence the 5’ end of the forward primer can be seen (italic and underlined) 
followed by the Nhe I restriction site (dotted black box) which is located immediately 5’ of the start 
codon (ATG) of the CXCL9 gene. At the 3’ end, the stop codon (TAA) is followed by the BsrG I 
restriction site (dotted black box). The 3’ end of the reverse primer can be seen immediately after 
the BsrG I site (italic and underlined). Codons are indicated with consequential bold or normal 
format.  The sequence of the PCR product was identical to the published CXCL9 sequence, 
NM_002416 in the nucleotide database (Pubmed). 
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5.1.2.3.1.2  CXCL10 

The human CXCL10 gene is located on chromosome 4 and is 297 bp long (excluding 

introns).  The gene was amplified in much the same way as CXCL9:  RNA was isolated from 

HUVECs following stimulation with IFNγ (80 ng/ml) and TNFα (20 ng/ml) or TNFα alone 

(20 ng/ml), cDNA was produced from the RNA, by RT-PCR, and the cDNA was used in 

PCRs with primers pC1-NheI-CXCL10 fwd and pC1-BsrGI-CXCL10 rev at varying 

annealing temperatures.  PCR products were analyzed by agarose gel electrophoresis as 

shown in Figure 47. Agarose gel electrophoresis confirmed the successful amplification of a 

PCR product of the expected size.  Unstimulated HUVECs did not express CXCL10 (data not 

shown). The optimal annealing temperature was found to be 62ºC based on results shown in 

Figure 47. Consequent PCRs, with primers for CXCL10, were carried out at 62ºC to amplify 

CXCL10 for ligations.   

 

 

Figure 47.  Amplification of CXCL10 from HUVECs.  

PCR amplification of the gene encoding CXCL10 was carried out using cDNA isolated from HUVECS 
following stimulation with IFNγ or TNFα or both. PCR products were separated by agarose gel 
electrophoresis (1.5% agarose) alongside Hyperladder IV for molecular weight comparison.  PCRs 
were carried out at temperatures between 62oC and 64.8oC (as indicated above lanes) to determine 
the optimum temperature for the reaction.  A: PCR products of 24 hr IFNγ and TNFα stimulated 
HUVECs, B: PCR products of 24 hr IFNγ only stimulated HUVECs, C: PCR products of 24 hr TNFα only 
stimulated HUVECs. IV: Hyperladder IV (Bioline). 

 

The sequence of the PCR product was identical to the CXCL10 gene in the PubMed 

nucleotide database (NM_001565) (Figure 48). 
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Figure 48. The sequence of CXCL10 PCR product. 

At the 5’ end of the sequence, the 5’ end of the forward primer can be seen (italic and underlined) 
followed by the Nhe I restriction site (dotted black box) which is located immediately 5’ of the start 
codon (ATG) of the CXCL10 gene. At the 3’ end, the stop codon (TAA) is followed by the BsrG I 
restriction site (dotted black box).  The 3’ end of the reverse primer can be seen immediately after 
the BsrG I site (italic and underlined). Codons are indicated with consequential bold or normal 
format.  The sequence of the PCR product was identical to the published CXCL10 sequence, 
NM_001565 in the nucleotide database (Pubmed). 

 

 

5.1.2.3.2 Constructs encoding CXCL9 and CXCL10 under the control of inducible 

promoters 

The pIL-2 282 EGFP and pNFAT EGFP constructs were double digested with restriction 

endonucleases Nhe I and BsrG I to remove the EGFP gene.  The CXCL9 and CXCL10 PCR 

products were digested with the same enzymes to create compatible sticky ends.  Four 

different ligation mixtures were made up so that each combination of the PCR products and 

digested plasmids could be ligated to create four different constructs: pIL-2 282 CXCL9, pIL-

2 282 CXCL10, pNFAT-CXCL9 and pNFAT-CXCL10.  The PCR products and plasmids 

were ligated in a molar ratio of 3:1 and 5:1 insert to vector.  Bacteria were transformed were 

transformed with the ligation mixtures and colonies were grown up and selected on 

antibiotic-containing agar.  Positive clones (i.e. those that grew) were analyzed by PCR, 

using primers for the relevant gene and promoter (data not shown).  Colonies positive for the 

correct inserts and promoters were selected and cultured.  Plasmid DNA was extracted from 

positive cultures and following sequencing and identification of clones (containing plasmids) 

with the correct sequence, the plasmids were re-transformed into for preparing DNA maxi-

preps. Maxi-prep DNA was also characterized by restriction enzymes digestion and DNA 

sequencing.  

 

Figure 49 and Figure 50 show the map, digestion products and sequence of the promoter and 

gene in pIL-2 282 CXCL9 and pIL-2 282 CXCL10, respectively.  
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Figure 49. Molecular characterisation of pIL-2 282 CXCL9; CXCL9 expression construct with the CXCL9 
gene under the inducible promoter, IL-2 -282 promoter. 

A.  A portion of the map of pIL-2 282 CXCL9 showing the CXCL9 gene (purple) downstream of the IL-2 
282 promoter (green). 

B. Picture of the agarose gel used to separate the digestion products of plasmid pIL-2 282 CXCL9. The 
construct was digested with restriction endonucleases; Ase I, Nhe I and BsrG I (ANB) to separate 
both promoter and inserted gene; Nhe I and BsrG I (NB) to identify the inserted gene or; Ase I and 
Nhe I (AN) to separate the promoter region.  The digestion products were separated and analysed by 
agarose (1.5%) gel electrophoresis. Photographs of the resulting agarose gels are shown. The 
molecular weight markers used were Hyperladder IV and Hyperladder I (Bioline), annotated as IV 
and I, respectively in the figure. Abbreviations: U; uncut plasmid. 

C and D. Sequence of the 5’ and 3’ ends, respectively, of CXCL9 in pIL-2 282 CXCL9. 

The pIL-2 282 CXCL9 plasmid was sequenced using sequencing primer ‘CMV/IL2-EGFP seq rev’.  

C: The 5’ end of the human CXCL9 within pIL-2 282 CXCL9 is preceded by an Nhe I restriction site 
(shown by a dotted black line). The translation start codon ATG is underlined.  
D: The 3’ end of human CXCL9 within pIL-2 282 CXCL9.  The stop codon TAA is underlined and the 3’ 
BsrG I restriction site is shown by a dotted black line. 
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Figure 50. Molecular characterisation of pIL-2 282 CXCL10; CXCL10 expression construct with the 
CXCL10 gene under the inducible promoter, IL-2 -282 promoter. 

A. A portion of the map of pIL-2 282 CXCL10 showing the CXCL10 gene (purple) downstream of the 
IL-2 282 promoter (green). 

B. Picture of the agarose gel used to separate the digestion products of plasmid pIL-2 282 CXCL10. 
The construct was digested with restriction endonucleases; Ase I, Nhe I and BsrG I (ANB) to separate 
both promoter and inserted gene; Nhe I and BsrG I (NB) to identify the inserted gene or; Ase I and 
Nhe I (AN) to separate the promoter region.  The digestion products were separated and analysed by 
agarose (1.5%) gel electrophoresis. Photographs of the resulting agarose gels are shown. The 
molecular weight markers used were Hyperladder IV and Hyperladder I (Bioline), annotated as IV 
and I, respectively in the figure. Abbreviations: U; uncut plasmid. 

C and D. Sequence of the 5’ and 3’ ends, respectively, of CXCL10 in pIL-2 282 CXCL10. The pIL-2 282 
CXCL10 plasmid was sequenced using sequencing primer ‘CMV/IL2-EGFP seq rev’.  

C: The 5’ end of the human CXCL10 within pIL-2 282 CXCL10 is preceded by a Nhe I restriction site 
(shown by a dotted black line). The translation start codon ATG is underlined.  

D: The 3’ end of human CXCL10 within pIL-2 282 CXCL10.  The stop codon TAA is underlined and the 
3’ BsrG I restriction site is shown by a dotted black line. 
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Figure 51A and B, and Figure 51C and D show the map and digestion products of the 

promoter region and gene in pNFAT-CXCL9 and pNFAT-CXCL10, respectively. 

 

Figure 51.  Molecular characterisation of pNFAT CXCL9 and pNFAT CXCL10.  

A and C: A portion of the map of pNFAT CXCL9 and pNFAT CXCL10, respectively showing the CXCL9 
or CXCL10, respectively, gene (purple) downstream of the NFAT promoter (green). 

B and D. Picture of the agarose gel used to separate the digestion products of plasmid pNFAT CXCL9 
and pNFAT CXCL10 respectively. The constructs were digested with restriction endonucleases; Ase I, 
Nhe I and BsrG I (ANB) to separate both promoter and inserted gene; Nhe I and BsrG I (NB) to 
identify the inserted gene or; Ase I and Nhe I (AN) to separate the promoter region. The digestion 
products were separated and analysed by agarose (1.5%) gel electrophoresis. Photographs of the 
resulting agarose gels are shown. The molecular weight markers used were Hyperladder IV and 
Hyperladder I (Bioline), annotated as IV and I, respectively in the figure. Abbreviations: U; uncut 
plasmid. 
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5.1.2.3.2.1  Control CXCL9 and CXCL10 plasmids 

To be able to compare and quantify the expression of CXCL9 and CXCL10 under the control 

of IL-2 promoters, additional constructs were made in which CXCL9 or CXCL10 were 

inserted downstream of the constitutive CMV promoter.  Briefly, PCR products of CXCL9 

and CXCL10 and the pCMV-GFP construct were double digested with Nhe I and BsrG I 

restriction endonucleases.  Following gel electrophoresis purification (to isolate the plasmid 

without the EGFP gene), the digested plasmid was mixed in a ratio of 3:1 or 5:1 insert to 

vector, with the digested PCR products. Ligation products were transformed into bacteria and 

colonies were grown up and selected on antibiotic-containing agar.  Positive clones (i.e. those 

that grew) were analyzed by PCR, using primers for the relevant gene and promoter.  

Colonies positive for the correct inserts and promoters were selected and cultured.  Plasmid 

DNA was extracted from positive cultures and following sequencing and identification of 

clones (containing plasmids) with the correct sequence (correct gene sequence and the gene 

was inserted in frame), the plasmids were re-transformed into for preparing DNA maxi-preps. 

Maxi-prep DNA was also characterized by restriction enzymes digestion and DNA 

sequencing. The target gene CXCL9 or CXCL10 replaced the EGFP gene. Figure 52 and 

Figure 53 show the map, digestion products and sequence of the promoter region and target 

genes of pCMV-CXCL9 and pCMV-CXCL10 constructs respectively. 
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Figure 52. Molecular characterisation of pCMV CXCL9; CXCL9 expression construct with the CXCL9 
gene under the costitutive promoter, CMV promoter. 

A.  A portion of the map of pCMV CXCL9 showing the CXCL9 gene (purple) downstream of the CMV 
promoter (green). 

B. Picture of the agarose gel used to separate the digestion products of plasmid pCMV CXCL9. The 
construct was digested with restriction endonucleases; Ase I, Nhe I and BsrG I (ANB) to separate 
both promoter and inserted gene; Nhe I and BsrG I (NB) to identify the inserted gene or; Ase I and 
Nhe I (AN) to separate the promoter region.  The digestion products were separated and analysed by 
agarose (1.5%) gel electrophoresis. Photographs of the resulting agarose gels are shown. The 
molecular weight markers used were Hyperladder IV and Hyperladder I (Bioline), annotated as IV 
and I, respectively in the figure. Abbreviations: U; uncut plasmid. 

C and D. Sequence of the 5’ and 3’ ends, respectively, of CXCL9 in pCMV CXCL9. 

The pCMV CXCL9 plasmid was sequenced using sequencing primer ‘CMV/IL2-EGFP seq rev’.  

C: The 5’ end of the human CXCL9 within pCMV CXCL9 is preceded by an Nhe I restriction site (shown 
by a dotted black line). The translation start codon ATG is underlined.  
D: The 3’ end of human CXCL9 within pCMV CXCL9.  The stop codon TAA is underlined and the 3’ 
BsrG I restriction site is shown by a dotted black line. 
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Figure 53. Molecular characterisation of pCMV CXCL10; CXCL10 expression construct with the 
CXCL10 gene under the costitutive promoter, CMV promoter. 

A.  A portion of the map of pCMV CXCL10 showing the CXCL10 gene (purple) downstream of the 
CMV promoter (green). 

B. Picture of the agarose gel used to separate the digestion products of plasmid pCMV CXCL10. The 
construct was digested with restriction endonucleases; Ase I, Nhe I and BsrG I (ANB) to separate 
both promoter and inserted gene; Nhe I and BsrG I (NB) to identify the inserted gene or; Ase I and 
Nhe I (AN) to separate the promoter region.  The digestion products were separated and analysed by 
agarose (1.5%) gel electrophoresis. Photographs of the resulting agarose gels are shown. The 
molecular weight markers used were Hyperladder IV and Hyperladder I (Bioline), annotated as IV 
and I, respectively in the figure. Abbreviations: U; uncut plasmid. 

C and D. Sequence of the 5’ and 3’ ends, respectively, of CXCL10 in pCMV CXCL10. 

The pCMV CXCL10 plasmid was sequenced using sequencing primer ‘CMV/IL2-EGFP seq rev’.  

C: The 5’ end of the human CXCL10 within pCMV CXCL10 is preceded by an Nhe I restriction site 
(shown by a dotted black line). The translation start codon ATG is underlined.  
D: The 3’ end of human CXCL10 within pCMV CXCL10. The stop codon TAA is underlined and the 3’ 
BsrG I restriction site is shown by a dotted black line. 
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5.1.2.4 Summary 

Having made EGFP, CXCL9 or CXCL10 expression constructs in which the gene of interest 

was under the control of the CMV, IL-2 or NFAT promoter (summarized in Table 18) it was 

necessary to test the constructs for gene expression and promoter efficiency and fidelity.  The 

next part of this chapter describes the functional experiments carried out to test these factors. 

 

Table 18. List of EGFP, CXCL9 and CXCL10 expressing constructs created either with constitutive CMV 
or inducible IL-2 282 and NFAT promters within pC1-EGFP backbone plasmid. 

A. EGFP Expressing Constructs (pC1-EGFP backbone) 

pC1-EGFP (Control plasmid) Express reporter gene EGFP under human CMV promoter (Control plasmid) 
 

pIL-2 282 EGFP  Express reporter gene EGFP under human IL-2 promoter (282 bp from TSS) 
 

pIL-2 NFAT EGFP Express reporter gene EGFP under human IL-2 promoter (triple tandem copy of NFAT attached to 
minimal IL-2 promoter) 

 
B. CXCL9 Expressing Constructs (pC1-EGFP backbone) 

pCMV-CXCL9 (Control) Express human CXCL9 under human CMV promoter (Control plasmid) 
 

pIL-2 282 CXCL9 Express human CXCL9 under human IL-2 promoter (282 bp from TSS) 
 

pIL-2 NFAT CXCL9 Express human CXCL9 under human IL-2 promoter (triple tandem copy of NFAT attached to minimal 
IL-2 promoter) 

 
C. CXCL10 Expressing constructs (pC1-EGFP backbone) 

pCMV-CXCL10 (Control) Express human CXCL9 under human CMV promoter (Control plasmid) 
 

pIL-2 282 CXCL10 Express human CXCL9 under human IL-2 promoter (282 bp from TSS) 
 

pIL-2 NFAT CXCL10 Express human CXCL9 under human IL-2 promoter (triple tandem copy of NFAT attached to minimal 
IL-2 promoter) 
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5.1.3 Functional testing: Part 1   

5.1.3.1 EGFP expression 

5.1.3.1.1 EGFP expression in Jurkat cells stably transfected with EGFP reporter 

constructs 

Jurkat cells were stably transfected with either the pIL2 282 EGFP, pNFAT EGFP or pCMV-

EGFP constructs.  Stable transfectants (1x10
5
 cells per condition) were stimulated either with 

CD3CD28 beads (1 bead/cell) or with Ionomycin and PMA (500 ng/ml and 50 ng/ml) 

respectively and then cultured for 12, 24 or 48 hours before being analyzed by flow 

cytometry to assess EGFP expression.  The expectation was that EGFP would be expressed 

from constructs, in which the gene is under the control of the IL-2 282 promoter or the NFAT 

promoter (pIL2 282 EGFP and pNFAT EGFP respectively), only when the cells were 

activated but, would be expressed constitutively in cells stably transfected with the pCMV 

EGFP construct in which EGFP is under the control of the constitutive CMV promoter.  

Figure 54, Figure 55 and Figure 56 show the results for the experiments with pIL-2 282 

EGFP, pNFAT EGFP and pCMV EGFP respectively. Expression is shown as both 

transfection efficiency, which reflects the percentage of cells transfected with EGFP, and as 

mean fluorescence intensity (MFI), which reflects the amount of EGFP expressed in the cells.  

It is known that there is a linear relationship between a cell‟s green fluorescence and the 

amount of EGFP protein in the cell (Zhang et al., 2010) for this reason the Mean 

Fluorescence Intensity (MFI) was used as the reflection of EGFP expression in this study. 

The percentage of EGFP expressing cells was also included in most of the results for 

comparison and where felt necessary in the interpretation of results. Negative control was the 

control (pCMV-CXCL9) transfected Jurkat cells for any cellular changes that may have 

occurred because of the transfection process and background fluorescence.  These functional 

assays were repeated 3 times with 3 different stably transfected Jurkat cell lines created. 

Results were similar for each repeat.  
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% efficacy 

 

MFI 

  

% efficacy 

 

MFI 

  

% efficacy 

 

MFI 

 Ionomycin PMA     0.82     2.91      0.38     3.86      4.10   10.17 

 CD3CD28 beads     0.27     3.80     0.38     3.67     3.31     4.76 

 Unstimulated     1.11     5.70     0.18     2.45      2.42     4.44 

 Control transfected     1.82     5.23     1.02     4.92     2.05     5.34 

Figure 54. Flow cytometric analysis of Jurkat cells stably transfected with pIL-2 282 EGFP.  

Jurkat cells were stably transfected and then either unstimulated (red lines) or stimulated with 
CD3CD28 beads (blue lines) or Ionomycin and PMA (brown lines) for 12, 24 or 48 hours.  EGFP 
expression is shown as % EGFP expressing cells and mean fluorescence intensity (MFI).  Control 
transfected Jurkat cells (black lines) were either unstimulated or stimulated with CD3CD28 beads or 
Ionomycin/PMA to create the same conditions as for IL-2 282 EGFP transfected cells. 
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% efficacy 

 

     MFI 

 Ionomycin PMA     4.50     5.84     35.60    12.40     3.07     5.13 

 CD3CD28 beads     3.24     4.97    18.07     4.65    3.46    3.60 

 Unstimulated     2.35     4.34    15.50     3.26     1.81    7.07 

 Control transfected     1.82     5.23      1.29     5.52    2.71    5.04 
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Figure 55. Flow cytometric analysis of Jurkat cells stably transfected with pNFAT EGFP.  

Jurkat cells were stably transfected and then either unstimulated (pink lines) or stimulated with 
CD3CD28 beads (blue lines) or Ionomycin and PMA (brown lines) for 12, 24 or 48 hours.  EGFP 
expression is shown as % EGFP expressing cells and mean fluorescence intensity (MFI).  Control 
transfected Jurkat cells (black lines) were either unstimulated or stimulated with CD3CD28 beads or 
Ionomycin/PMA to create the same conditions as for IL-2 282 EGFP transfected cells. 

 

No significant upregulation of EGFP expression was observed in Jurkat cells stably 

transfected with either pNFAT EGFP or pIL-2 EGFP constructs under any of the conditions 

tested.  

 

 

  
% EGFP 

 
MFI 

  
% EGFP 

 
MFI 

  
% EGFP 

 
MFI 

 Ionomycin PMA   95.84 594.16    83.07 426.81    95.78 298.47 

 CD3 CD28 beads   97.75   89.22   97.39   65.23   95.06   46.03 

 Unstimulated   98.14   86.49   98.14   65.84    95.09   46.16 

 Control transfected     1.82     5.23     1.02     4.92     2.05     5.34 

 

Figure 56. Flow cytometric analysis of Jurkat cells stably transfected with pCMV EGFP.  

Jurkat cells were stably transfected and then either unstimulated (green lines) or stimulated with 
CD3CD28 beads (blue lines) or Ionomycin and PMA (brown lines) for 12, 24 or 48 hours.  EGFP 
expression is shown as % EGFP expressing cells and mean fluorescence intensity (MFI).  Mock 
transfected Jurkat cells (black lines) were either unstimulated or stimulated with CD3CD28 beads or 
Ionomycin/PMA to create the same conditions as for IL-2 282 EGFP transfected cells. 

 

Almost 100% of cells, transfected with the pCMV EGFP construct, expressed EGFP (Figure 

56), as compared to mock transfected cells.  CD3CD28 bead stimulation did not increase 

EGFP expression (measured as MFI) above the level seen in unstimulated cells but 

surprisingly stimulation of cells with Ionomycin and PMA resulted in a seven to ten fold 

increase in the MFI, suggesting an increased level of expression of EGFP under the 
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constitutional promoter CMV in those stimulated cells. Upregulation was highest at the 12 

hours time point and decreased with time; probably due to the effect of the stimulation 

wearing off and/or the cells are degrading the EGFP protein to get rid of it.   

 

EGFP expression was not observed in cells stably transfected with either of the IL-2 promoter 

constructs, under any of the conditions tested.  The fact that EGFP expression was possible 

(as seen in cells transfected with pCMV EGFP) suggested that the IL-2 promoters were not 

able to drive EGFP expression or that there was a problem with the Jurkat cell‟s IL-2 

expression.  It was decided to test the constructs in primary T cells as these are a more 

physiological host cell. 

 

5.1.3.1.2 EGFP expression in Primary T cells transiently transfected (nucleofected) 

with EGFP reporter constructs 

Primary T cells were isolated from PBMCs with negative selection and following a rest of 6 

hours in culture, cells were transiently transfected, using nucleofection, (as described earlier 

in Chapter 4) with the EGFP reporter constructs; pIL2 282 EGFP, pNFAT EGFP and pCMV 

EGFP. 6 hours post transfection T cells were either unstimulated or stimulated with 

CD3CD28 beads (1bead/cell) or Ionomycin and PMA (500 ng/ml and 50 ng/ml respectively). 

EGFP expression was analyzed with FACS 24 hours post-stimulation. CMV-EGFP 

transfected T cells were positive control and control (pCMV-CXCL9) transfected cells were 

used as negative controls. Positive and negative controls were subjected to same stimulation 

conditions. Figure 57, Figure 58 and Figure 59 show the results for the experiments with pIL-

2 282 EGFP, pNFAT EGFP and pCMV EGFP respectively. 

 

 

 

 



Chapter 5.  Creation and testing of IL-2 promoter constructs 

 198 

 

 
 

% EGFP 

 

MFI 
 

 

% EGFP 

 

MFI 
 

 

% EGFP 

 

MFI 

 pIL-2 282 EGFP  20.1 7.58 
 

24.5 7.78 
 

31.5 8.49 

 Control plasmid 1.2 3.93 20.7 6.79 6.1 5.43 

Figure 57. Flow cytometric analysis of Primary T cells transiently transfected with pIL2 282 EGFP. 

 Primary T cells were transiently transfected and then either unstimulated (left plot) or stimulated 
with CD3CD28 beads (middle plot) or Ionomycin and PMA (right plot) for 24 hours. EGFP expression 
is shown as % EGFP expressing cells and mean fluorescence intensity (MFI).  Control transfected T 
cells are shown with black lines. 
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% EGFP 

 

MFI 

 pNFAT EGFP  48.2 11.80 
 

50.7 11.3 
 

44% 12.4 

 Control plasmid 1.2 3.93 20.7 6.79 6.1% 5.43 
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Figure 58.  Flow cytometric analysis of Primary T cells transiently transfected with pNFAT EGFP. 

Primary T cells were transiently transfected and then either unstimulated (left plot) or stimulated 
with CD3CD28 beads (middle plot) or Ionomycin and PMA (right plot) for 24 hours.  EGFP expression 
is shown as % EGFP expressing cells and mean fluorescence intensity (MFI).  Control transfected T 
cells are shown with black lines. 

 

No significant upregulation of EGFP expression was observed in primary T cells transfected 

with either pIL-2 EGFP or pNFAT EGFP constructs under any of the conditions tested. 
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% EGFP 

 

MFI 

 pCMV EGFP 61.6 546 
 

70.5 1025 
 

71.5 1407 

 Control plasmid 1.2 3.93 20.7 6.79 6.1 5.43 

Figure 59.  Flow cytometric analysis of Primary T cells transiently transfected with pCMV EGFP.  

Primary T cells were transiently transfected and then either unstimulated (left plot) or stimulated 
with CD3CD28 beads (middle plot) or Ionomycin and PMA (right plot) for 24 hours. EGFP expression 
is shown as % EGFP expressing cells and mean fluorescence intensity (MFI).  Control transfected T 
cells are shown with black lines. 

 

More than 60% of Primary T cells, transfected with the pCMV EGFP construct, expressed 

EGFP (Figure 59), as compared to the cells transfected with control plasmid. CD3CD28 bead 

stimulation resulted in a two fold increase in EGFP expression (measured as MFI) and 

Ionomycin and PMA stimulation in approximately a three fold increase.  

 

Overall, both Jurkat and Primary T cells transfected with constructs under inducible IL-2 

promoters did not express EGFP following CD3CD28 and mitogen stimulation. Surprisingly, 

EGFP expression under constitutional promoter CMV was considerably increased with 
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Ionomycin PMA stimulation in Jurkat cells and both with CD3CD28 and Ionomycin PMA 

stimulation in Primary T cells.  

 

5.1.3.2 CXCL9 and CXCL10 expression from control and IL-2 promoter constructs  

To test the success of the principle of the study, it was decided to analyze chemokine 

expression of both inducible and constitutive promoter constructs with qRT-PCR. Before the 

quantification of chemokine mRNA expression of the constructs, the approach has been 

validated by performing qRT-PCRs on serial dilutions of chemokine DNA with known 

concentrations. Later on, mRNA extracted from Jurkat cells and T cells transfected with 

various constructs and stimulated with CD3CD28 or Ionomycin and PMA by trizol method. 

Then qRT-PCR was performed on cDNA using the CMV-CXCL9 or CMV-CXCL10 DNA 

as standards and water as negative control. Chemokine expression of untransfected Jurkat and 

T cells were also studied.  

 

5.1.3.2.1 Validation of Quantitative Real Time PCR for analysis of CXCL9 and 

CXCL10 mRNA expression 

qRT-PCRs were performed on the sequenced and purified ligation products, CMV-CXCL9 

and CMV-CXCL10 with known DNA concentrations with serial dilutions and standard 

curves of concentration vs. CT values were produced.  

 

Figure 60A and B shows the amplification plots and the resultant standard curve, respectively 

for pCMV-CXCL9 construct from which CXCL9 mRNA production could be quantified. 

Similarly, Figure 60C and D show the amplification plots and the resultant standard curve, 

respectively for the pCMV-CXCL10 construct. 
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Figure 60. Standard amplification plot and standard curve for CXCL9 and CXCL10 

A & C: The amplification plots for CXCL9 (A) and CXCL10 (C).  

Real Time PCR amplification plots were obtained from several dilutions of pCMV-CXCL9 (A) and 
pCMV-CXCL10 (C) DNA, concentrations ranging from 995x10-3 ng/μl to 995x10-9 ng/μl and 1205x10-3 
ng/μl to 1205x10-8  ng/μl respectively. The x-axis denotes the cycle and the green line denotes the 
threshold and used to calculate the cycle threshold (Ct value). The lower the Ct value, the higher the 
mRNA concentration.  

B and D: The mRNA standard curve for CXCL9 (B) and CXCL10 (D).  

The Ct values from amplification plot shown in figure A and C were plotted against the standard 
dilutions of the pCMV-CXCL9 and pCMV-CXCL10 constructs resulting in a direct relationship between 
the Ct values and pCMV-CXCL9 and pCMV-CXCL10 concentrations. X axis shows the concentrations 
of DNA from 995x10-3 ng/μl to 995x10-9 ng/μl for CXCL9 and 1205x10-3 ng/μl to 1205x10-9 ng/μl for 
CXCL10. 

 

Above figure shows the threshold difference in different concentration of chemokines and the 

standard curves for the different concentration of chemokine with corresponding CT values. 

Following production of standard curves, chemokine expression of constructs was tested in 

transfected cells. 
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5.1.3.2.2 CXCL9 and CXCL10 mRNA expression in stably transfected Jurkat cells 

5x10
6 

Jurkat cells stably transfected with pIL-2 282 CXCL9/10, pNFAT CXCL9/10 and 

pCMV-CXCL9/10 were stimulated with CD3CD28 beads (1 bead/cell) and Ionomycin PMA 

(500 and 50 ng/ml respectively) for 12, 24, 48 and 72 hours. mRNA expression of 

chemokines was quantified with qRT-PCR. Positive controls were CMV-CXCL9 and CMV-

CXCL10 DNA and negative control was water and mock transfected Jurkat cells. Results 

were corrected to reference gene hHPRT and mRNA quantity was calculated with ΔΔCT 

approximation method. Figure 61 and Figure 62 show the qRT-PCR of the Jurkat cells stably 

transfected with pIL-2 282-CXCL9 and pNFAT-CXCL9 or with pIL-2 282-CXCL10 and 

pNFAT-CXCL10, respectively following stimulation with CD3CD28 beads or Ionomycin 

and PMA for 24 hours. 

 

 

Figure 61. mRNA expression of CXCL9 of the stably transfected Jurkat cells with IL-2 and CMV 
constructs.  

 Stably transfected Jurkat cells (5x106) with pIL-2 CXCL9, pNFAT-CXCL9 and CMV-CXCL9 were either 
unstimulated (unstim) or stimulated with CD3CD28 beads (1 bead/cell) (beads) or Ionomycin PMA 
(500 and 50 ng/ml) (I/P) and mRNA was extracted 24 hours post stimulation and converted to cDNA 
and used in qRT-PCR analysis. Results were corrected to hHPRT and mRNA quantified with ΔΔCT 
method. Data shown are the mean ± SD of duplicates and are representative of three experiments.  
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Figure 62 mRNA expression of CXCL10 of the stably transfected Jurkat cells with IL-2 and CMV 
constructs.  

Stably transfected Jurkat cells (5x106) with pIL-2 282-CXCL10, pNFAT-CXCL10 and pCMV-CXCL10 
were either unstimulated (unstim) or stimulated with CD3CD28 beads (1 bead/cell) (beads) or 
Ionomycin PMA (500 and 50 ng/ml) (I/P) and mRNA was extracted 24 hours post stimulation and 
converted to cDNA and used in qRT-PCR analysis. Results were corrected to hHPRT and mRNA 
quantified with ΔΔCT method. Data shown are the mean ± SD of duplicates and are representative of 
three experiments.    

 

Results suggest that the IL-2 promoter constructs express chemokine mRNA at all time 

points at a low level and in the case of pNFAT-CXCL9/10, significantly compared to 

untransfected Jurkat cells (p<0.0001) (12 hrs, 48 and 72 hrs data not shown). Although there 

is no significant upregulation of chemokine when the Jurkat cells, transfected with pIL-2 282-

CXCL9/10, are stimulated with CD3CD28 beads (p=0.752 and p=0.261 respectively), there 

is a low level but significant upregulation when the cells are stimulated with mitogens 

(p=0.046 and p=0.025 respectively). In the case of pNFAT-CXCL9/10 constructs, 

upregulation of chemokines was significant upon stimulation with both CD3CD28 beads 

(p<0.0001 and p<0.05 respectively) and Ionomycin and PMA (p<0.0001). Control constructs 

CMV-CXCL9 and CMV-CXCL10 both express the corresponding chemokine mRNA in 

large amounts in transfected Jurkat cells.  
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5.1.3.2.3 CXCL9 and CXCL10 mRNA expression in transiently transfected primary T 

cells 

Primary T cells were transiently transfected with pCMV-CXCL9 or pCMV-CXCL10 by 

nucleofection. Cells were harvested 24 hours after nucleofection and mRNA was extracted 

and reverse transcribed into cDNA. cDNA was then used in qRT-PCR experiments with 

positive control CMV-CXCL9/10 DNA and negative control water and CXCL9 and CXCL10 

mRNAs were quantified.  Untransfected Primary T cells were also harvested and CXCL9/10 

mRNA expression was analyzed. Results were corrected to reference gene hHPRT and 

mRNA quantity was calculated by ΔΔCT approximation method.        

 

 

Figure 63. mRNA expression of CXCL9 or CXCL10 from pCMV-CXCL9 and pCMV-CXCL10 constructs 
transiently transfected into Primary T cells.  

Primary T cells (3x106) were nucleofected with pCMV-CXCL9 or pCMV-CXCL10 (2 μg DNA) and mRNA 
was extracted 24 hours post transfection and converted to cDNA and used in qRT-PCR analysis. 
Results were corrected to hHPRT and mRNA quantified with ΔΔCT method. Positive control was 
CMV-CXCL9/10 DNA and negative control was water (data not shown). Data shown are the mean ± 
SD of duplicates and are representative of three experiments.    

 

Although the same amount of plasmid DNA and the same number of T cells were used for 

each condition and each nucleofection, CXCL10 mRNA expression was higher than CXCL9 

expression (p<0.0001). Untransfected primary T cells did not express CXCL9 or CXCL10 

mRNA.  
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At this point, although successfully created IL-2 promoter constructs were not functional, it 

has been shown that control plasmids expressing CXCL9 and CXCL10 were functional and 

to prove the principle of this study, further functional experiments were carried out with 

control plasmids. 

 

5.1.3.3 Effects of CXCL9 and CXCL10 on the chemotactic responses of PBMCs and 

CD4+, CD8+, CD14+, CD56+ and CD16+ lymphocytes 

In order to assess the lymphocyte migration to chemokines CXCL9 and CXCL10, transwell 

migration assays were performed.  

 

PBMCs from whole blood of healthy volunteers were isolated with lymphoprep. Various 

concentrations of chemokines were diluted in 600 μl of medium (same medium as PBMCs) 

and placed to the lower chambers of transwells. 1.5x10
6
 PBMCs in 100 μl of medium was 

placed to the upper chambers with a 5 μm pore size polycarbonate filters. Following an 

incubation of 3 hours at 37ºC and 5% CO2, both PBMCs in the upper chambers and migrated 

cells in the lower chambers were counted by flow cytometry following addition of counting 

beads at a concentration as per manufacturer‟s guidelines. Both absolute number and the 

concentration of migrated lymphocytes were calculated compared to positive and negative 

controls: IFNγ and TNFα (80 and 20 ng/ml respectively) stimulated HUVEC supernatants;  

unstimulated HUVEC supernatants, medium and PBS respectively.  

 

Lymphocyte subsets within the PBMCs were also quantified following staining with 

monoclonal antibodies against CD4 for T helper cells, CD8 for cytotoxic T cells, CD14 for 

monocytes, CD56 for NK and CD19 for B cells and counting the labeled cells by flow 

cytometry. Figure 64 shows the localization of lymphocyte subsets within the PBMCs by 

FACS analysis.  
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Figure 64. Flow cytometry analysis of PBMCs. Plot shows the location of the labelled lymphocyte 
subsets within the PBMC population. 

Prior to transmigration assay, PBMCs were analyzed with flow cytometry. Lymphocyte subsets 
labelled with CD4, CD8, CD14, CD19 and CD56 antibodies were gated. CD4, CD8, CD56 and CD19 cells 
were present within the same population (large circle) and represented the 38.5% of all PBMC 
population. Monocyte population was indicated with a smaller gate (small circle) next to the T and B 
cell population and represented the 1.25% of the all PBMCs for the given individual. Total count of 
the PBMCs were approximately 50,000 per 500 microspheres (beads) counted. 

 

To be able to find out the optimum or the lowest concentration of chemokine that would 

attract migration of lymphocyte populations, transmigration assays were initially carried out 

with the known concentration of human recombinant chemokines CXCL9 and CXCL10 

(rhCXCL9 and rhCXCL10). The experiment was repeated 3 times with the PBMCs of the 

same individual and the data was analyzed as the total (absolute) number of transmigrated 

lymphocytes and the number of transmigrated lymphocyte subsets following labeling the 

cells with the corresponding antibodies. Results of transmigration of PBMCs and lymphocyte 

subsets to different concentrations of rhCXCL and rhCXCL10 are shown in Figure 65 and 

Figure 66 respectively.  

 

Figure 65 shows the total number of PBMCs migrated towards the chemokines at given 

concentration (50 – 400 ng/ml). 
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Figure 65. Transmigration assay of PBMCs to rhCXCL9 and rhCXCL10 for given concentrations.  

Y axis represent the absolute (total) number of migrated PBMCs to the given concentrations of 
chemokines on X axis. Available number of PBMCs in the upper chamber was 1,526,100 (± 7200 
SD)/ml. Unstimulated HUVECs, medium and PBS were used as negative controls, IFN-γ and TNF-α (80 
and 20 ng/ml respectively) stimulated HUVECs as positive control. Data are the mean ± SD of 
duplicate transmigration assays and are representative of three experiments.  

 

The figure shows that both CXCL9 and CXCL10 attracted lymphocytes in similar magnitude; 

chemotaxis was not evident at concentrations less than 50 ng/ml but increasing considerably 

at 100 ng/ml onwards (p<0.0001 compared to negative control).  

 

Cells migrate to CXCL9 and CXCL10 and in this experiment, 866 (± 62.12 SD) cells 

migrated towards 50 ng/ml, 12,595 (± 1151.87 SD) cells towards 100 ng/ml, 14621 (± 

1315.21 SD) cells towards 200 ng/ml and 15,144 (± 2462.14 SD) cells towards 400 ng/ml 

CXCL9; and 678 (± 79.90 SD) cells migrated towards 50 ng/ml, 15,653 (± 2081.01 SD) cells 

towards 100 ng/ml, 15,572 (± 925.60 SD) cells towards 200 ng/ml and 13,637 (± 330.92 SD) 

cells towards 400 ng/ml CXCL10. 

 

Concentrations higher then 400 ng were not studied. Migration to negative controls PBS and 

medium were negligible. Supernatants from HUVECs (of 5x10
6 

cells) stimulated with IFN-γ 

and TNF-α (80 and 20 ng/ml respectively) attracted 5922 (± 2067.58 SD) cells. 
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Figure 66 shows the distribution of lymphocytes (from the PBMCs) and transmigrations of 

the lymphocyte subsets towards chemokines, in the same experiment. 

 

Figure 66. Transmigration assay of PBMCs to rhCXCL9 and rhCXCL10 for given concentrations 

The graph on the left shows the bar representation of absolute number of lymphocyte subsets of 
PBMCs  in the upper chamber (total concentration 1.5x106 cells/ml). The graph on the right is the bar 
representation of absolute number of the transmigrated lymphocyte subsets towards the given 
concentrations of chemokines, rhCXCL9 and rhCXCL10. Unstimulated HUVECs, medium and PBS 
were used as negative controls, IFN-γ and TNF-α (80 and 20 ng/ml respectively) stimulated HUVECs 
as positive control. Lymphocyte subsets were marked with different colours; CD19 cyan, CD14 
purple, CD56 green, CD8 red and CD4 blue. Data are the mean ± SD of duplicate transmigration 
assays and are representative of three experiments.  

The distribution of lymphocyte subsets within the PBMC population and migrated cells 

suggested that chemokines CXCL9 and CXCL10 both attract CD4, CD8 and NK cells at all 

studied concentrations and migration especially prominent at concentration 200 ng/ml. Table 

19 summarizes the number and ratio of migrations towards different concentrations of 

CXCL9 and CXCL10.  

 

Table 19. Number and ratio of lymphocyte subset migrations towards rhCXCL9 and rhCXCL10. 

Absolute number and ratio (%)(± SD) of lymphocyte subsets within 1 μl of PBMCs in upper chamber 
that were counted and calculated following labelling with the shown antibodies, CD19, CD14, CD56, 
CD8 and CD4, are shown in the top row. Migrated subsets towards 50, 100, 200 and 400 ng/ml 
rhCXCL9 and rhCXCL10 are shown in the two middle rows and towards supernatants of IFN-γ TNF-α 
(80 and 20 ng/ml respectively) stimulated and unstimulated HUVECs and medium (negative control) 
in the bottom row. p values corresponding to the ratio of the migrated subsets compared to the 
relevant original PBMC subsets are also included. 
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PBMCs (upper chamber) per l 
Cell type Count (± SD) % (± SD) 
CD19 1108.32 (± 140.65)     8.91 (± 1.01) 

CD14 2548.11 (± 116.78)     20.48 (± 1.21) 

CD56 694.32 (± 42.59) 5.58 (± 0.26) 
CD8 1208.80 (± 119.75)     9.72 (± 1.09) 

CD4 6882.62 (± 215.29)     55.32 (± 1.01) 

Total 12442.17 (± 162.01)    100 (± 0) 

Total PBMC 15312.53 (± 72.83)  
Per 600 l CXCL9 50 ng/ml CXCL9 100 ng/ml CXCL9 200 ng/ml CXCL9 400 ng/ml 
Cell type Count (± SD) % (± SD) p value Count (± SD) % (± SD) p value Count (± SD) % (± SD) p value Count (± SD) % (± SD) p value 
CD19 39.62 (± 2.75) 5 (± 0.29) 0.063 475.01 (± 11.05) 4.06 (± 0.21) 0.021 211.55 (± 19.26) 1.59 (± 0.14) 0.0005 181.78 (± 7.06) 1.3 (± 0.06) 0.0003 
CD14 115.94 (± 14.23) 14.64 (± 1.96) 0.068 202.86 (± 4.85) 1.73 (± 0.05) <0.0001 177.61 (± 5.41) 1.33 (± 0.04) <0.0001 510.19 (± 12.55) 3.64 (± 0.23) <0.0001 
CD56 50.73 (± 4.62) 6.41 (± 0.66) 0.619 3354.82 (± 502.47) 28.66 (± 2.78) <0.0001 2834.02 (± 72.49) 21.25 (± 0.51) <0.0001 3104.5 (± 154.24) 22.14 (± 0.85) <0.0001 
CD8 97.93 (± 8.91) 12.37 (± 1.27) 0.229 2986.02 (± 54.70) 25.51  (± 0.89) <0.0001 5095.89 (± 101.59) 38.21 (± 0.84) <0.0001 4382.32 (± 195.96) 31.26 (± 1.35) <0.0001 
CD4 487.48 (± 34.07) 61.57 (± 3.60) 0.234 4687.41 (± 49.31) 40.04  (± 1.71) 0.003 5017.66 (± 43.03) 37.62 (± 0.24) 0.0007 5840.98 (±861.85) 41.66  (± 2.5) 0.009 
Total 791.69 (± 9.06) 100 (± 0)  11706.13 (± 622.38) 100 (± 0)  13336.73 (± 27.79) 100 (± 0)  14019.77 (± 1231.66) 100 (± 0)  
Total PBMC 866.5 (± 2.12)   12595.5  (± 1151.88)   14621 (±1315.22)   15144 (± 2462.15)   
 CXCL10 50 ng/ml CXCL10 100 ng/ml CXCL10 200 ng/ml CXCL10 400 ng/ml 

Cell type Count (± SD) % (± SD) p value Count (± SD) % (± SD) p value Count (± SD) % (± SD) p value Count (± SD) % (± SD) p value 
CD19 32.94 (± 4.33) 5.16 (± 0.04) 0.075 104.45 (± 9.78)          0.74 (± 0.03)     <0.0001 212.25 (± 17) 1.48 (± 0.10)      0.0004 434.78 (± 18.87) 3.31 (± 0.09)    0.007 
CD14 71.84 (± 0.23) 11.25 (±1.55) 0.003 347.34 (± 6.47)   2.47 (± 0.07)     <0.0001 273.19 (± 6.48)           1.9 (± 0.03) <0.0001 796.55 (± 38.48) 6.06 (± 0.21)    <0.0001 
CD56 37.99 (± 2.82) 5.95 (± 1.29) 0.213 3347.1 (± 287.58)    23.81 (± 0.89)     <0.0001 3063.4 (± 91.21)        21.29 (± 0.82)    <0.0001 3429.29 (± 149.32)     26.09 (± 0.50)    <0.0001 
CD8 112.62 (± 18.93)   17.63 (± 0.5)    0.0003 4728.8 (± 106.86)    33.63 (± 0.87)    <0.0001 5618.41 (± 418.42)      39.05 (± 2.56)    <0.0001 3333.54 (± 45.07) 25.36 (± 0.04)     <0.0001 
CD4 383.44 (± 68.68) 60.02 (± 2.38)   0.371 5532.27 (± 269.55) 39.35 (± 0.01)    0.002 5219.83 (± 221.12)      36.28 (± 1.87)    0.0002 5148.34 (± 226.45) 39.17 (± 1.19) 0.002 
Total 638.82 (± 89.35) 100 (± 0)         14059.97 (± 680.25) 100 (± 0)  14387.09 (± 129.57 100 (± 0)         13142.49 (± 179.56) 100 (± 0)  
Total PBMC 678.50 (± 79.90)   15653.5 (± 2081.02)   15572.5 (± 925.60)   13637 (± 330.93)   
 HUVECs stimulated HUVECs unstimulated  medium 

Cell type Count (± SD) % (± SD) p value Count (± SD) % (± SD) p value Count (± SD) % (± SD) 
CD19 781.34 (± 20.78)     16.56 (± 1.73)   0.0002 534.66 (± 83.91) 15.21 (± 3.04)     0.002 241.27 (± 26.01)        18.57 (± 0.68) 
CD14 1366.9 (± 203.02)   28.96 (± 0.53)   0.008 1151.98 (± 256.77)     32.77 (± 5.9) 0.0001 469.94 (± 7.62)          36.16 (± 3.17) 
CD56 332.1 (±79.17) 7.041 (± 0.77)   0.0381 435.57 (± 5.04)          12.39 (± 3.39)    <0.0001 32.01 (± 8.26)           2.46 (± 0.46) 
CD8 715.46 (± 8.11) 15.16 (± 0.114) 0.013 424.06 (± 16.83)        12.06 (± 1.1)      0.288 185.76 (± 11.83)        14.29 (± 1.93) 
CD4 1523.67 (± 223.79)   32.28 (± 0.54)   <0.0001 968.75 (± 10.19)        27.56 (± 1.47)    <0.0001 370.52 (± 77.78)        28.51 (± 3.96) 
Total 4719.46 (± 614.86) 100 (± 0)         3515.02 (± 150.88)       100 (± 0)  1299.5 (± 92.61)        100 (± 0)        

Total PBMC 5922 (± 2067.58)   3984.5 (± 259.51)   1324 (± 79.20)  
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A significant shift in the ratio of migrated lymphocyte subsets compared to their original 

ratios in the pre-migration PBMCs were observed; CD8
+
 ratio was significantly increased 

from 9.72% (±1.09) to 25.51% (± 0.89 SD), 38.21% (± 0.84 SD) and 31.26% (± 1.35 SD) as 

the cells migrated towards 100, 200 and 400 ng/ml rhCXCL9 respectively; similarly it was 

significantly increased to 17.63% (± 0.5), 33.63% (± 0.87), 39.05% (± 2.56) and 25.36% (± 

0.04) following migration towards 50, 100, 200 and 400 ng/ml rhCXCL10 respectively.  

 

rhCXCL9 and rhCXCL10 also attracted a significant amount of NK cells at concentrations 

100, 200 and 400 ng/ml, changing their ratio from 5.58% (± 0.26 SD) in the original PBMC 

population to 28.66% (± 2.78 SD), 21.25% (± 0.51 SD) and 22.14% (± 0.85 SD) respectively 

within the cell population migrated towards rhCXCL9 and to 23.81% (± 0.89 SD), 21.29% (± 

0.82 SD) and 26.09% (± 0.50 SD) respectively within the cell population migrated towards 

rhCXCL10. 

 

However CD4
+
 cell and monocyte migrations were significantly decreased towards 100, 200 

and 400 ng/ml rhCXCL9 and rhCXCL10. The ratio of CD4
+
 cells within the pre-migration 

PBMCs was changed from 55.32% (1.01 SD) to 40.04% (± 1.71 SD), 37.62% (± 0.24 SD) 

and 41.66% (± 2.5 SD) respectively within the populations migrated towards the given 

concentration of rhCXCL9 and to 39.35% (± 0.01 SD), 36.28% (± 1.87 SD) and 39.17% (± 

1.19 SD) respectively towards the given concentrations of rhCXCL10. The ratio of 

monocytes were reduced from 20.48% (± 1.21 SD) within the pre-migration PBMCs 

remarkably to 1.73% (± 0.05 SD), 1.33% (± 0.04 SD) and 3.64% (± 0.23 SD) within the 

populations migrated towards 100, 200 and 400 ng/ml of rhCXCL9 respectively; and to 

11.25% (±1.55 SD), 2.47% (± 0.07 SD) and 1.9% (± 0.03 SD) and 6.06% (± 0.21 SD) within 

the populations migrated towards 50, 100, 200 and 400 ng/ml of rhCXCL10 respectively. The 

ratio of B cells was also reduced in a similar trend to CD14
+
 monocytes.  

 

The change in the ratio of subsets, however, was not similar to CXCL9 and CXCL10 in the 

migrated cell populations towards supernatants of IFN-γ TNF-α stimulated HUVECs.  

Stimulated HUVECs attracted significant amount of B cells and monocytes as wells CD8
+
 

cells and NK cells, which could be due to the presence of other chemokines that may be, 

expressed when HUVECs are stimulated in addition to expression of CXCL9 and CXCL10. 
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Having ascertained the concentrations of chemokines required for transmigration and the 

lymphocyte subsets that migrated towards chemokines, migration towards supernatants, from 

Jurkat cells stably transfected with pCMV-CXCL9 or pCMV-CXCL10, were tested. PBMCs, 

from the peripheral blood of healthy volunteers, were isolated and placed in the upper 

chamber of the transwells in a concentration of 1.5x10
6 

cells/100 μl in the same medium as 

the lower chamber. Supernatants from 5x10
6
 transfected Jurkat cells cultured in 1 ml 

antibiotic free medium for 72 hours in 6 well plates, were placed into the lower chambers 

(600 µl/well). Positive controls were supernatants of IFN-γ and TNF-α (80 and 20 ng/ml 

respectively) stimulated HUVECs (5x10
6
/ml), rhCXCL9 100 ng/ml and rhCXCL10 100 

ng/ml diluted in the same medium as Jurkat cells. Supernatants of untransfected Jurkat cells, 

medium and PBS were used as negative controls. Figure 67 shows the migration of cells 

towards supernatants of Jurkat cells transfected with pCMV-CXCL9 or pCMV-CXCL10. 

 

Figure 67. Transmigration assay of PBMCs to CMV-CXCL9 and CMV-CXCL10 transfected Jurkat cell 
supernatants 

The graph on the left is the bar representation of absolute number of lymphocyte subsets of PBMCs  
in the upper chamber (total concentration 1.5x106 cells/ml). The graph on the right is the bar 
representation of absolute number of the transmigrated lymphocyte subsets towards the 
supernatants of constructs and positive and negative controls. Positive controls were rhCXCL9 and 
rhCXCL10 (100 ng/ml) and HUVEC supernatants stimulated with IFN-γ and TNF-α (80 and 20 ng/ml 
respectively); negative controls were untransfected Jurkat cell supernatants, medium and PBS. 
Lymphocyte subsets were marked with different colours; CD19 cyan, CD14 purple, CD56 green, CD8 
red and CD4 blue. Data are the mean ± SD of dublicate transmigration assays and are representative 
of three experiments.  
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Lymphocytes migrated towards supernatants of pCMV-CXCL9 and pCMV-CXCL10 

transfected Jurkat cells as well as towards positive controls; rhCXCL9 and rhCXCL10, with a 

similar ratio change in CD8
+
, CD4

+ 
and NK cells, indicating the constructs were functional 

(p<0.0001 for both constructs). 

 

 

5.1.3.4 Cell death in Colorectal Cell Lines treated with CXCL9 and CXCL10 

To be able to understand whether the chemokines have any direct effect on cell killing, 

apoptosis and cell death in various colorectal cell lines treated with CXCL9 and CXCL10 

were tested. Supernatants from the pCMV-CXCL9 and pCMV-CXCL10 transfected Jurkat 

cells were added to the cultures of colorectal cell line HTC-116 (1x10
5 

cells/250 µl) in 1:1 

ratio, i.e. 250 μl of supernatant to the 250 μl of HTC-116 culture and cells were incubated at 

37ᵒC 5% CO2 for 6, 12 or 24 hours. Cells were then harvested and washed with PBS and 7-

AAD and Annexin-V staining were analyzed by flow cytometry. Positive control was 70% 

ethyl alcohol and 100 ng/ml rhCXCL9 and rhCXCL10. Negative control was supernatants 

from untransfected Jurkat cells. An experiment was also done with other colorectal cell lines 

DLD-1 and Caco-2, results were similar (data not shown). Figure 68 shows the apoptosis or 

cell death of HTC-116 cells after 6 hours of incubation with the supernatants of pCMV-

CXCL9 and pCMV-CXCL10 transfected Jurkat cells. 
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Figure 68. Apoptosis and cell death with with supenantants transfcted with CXCL9 and CXCL10 
constructs.  

HTC-116 cell line was treated with supernatants from CXCL9 and CXCL10 transfected Jurkat cells (A 
and B respectively) or rhCXCL9 or rhCXCL10 (100g/ml) (C and D respectively) or supernatants from 
untransfected Jurkat cells (E) or ethyl alcohol (70%) (F) as positive control. Cells were harvested after 
6 hours of treatment and stained with 7-AAD and ANNEXIN-V and analysed with flow cytometry. 

 

Results suggested that CXCL9 and CXCL10 do not cause apoptosis or cell death of HTC-116 

and other cell lines studied but CXCR3 expression of these cell lines followed by time course 

experiments with earlier time points may need to be studied before a conclusion could be 

drawn. 
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5.1.3.5 Summary 

The functional experiments, described above, suggested that the control plasmids (with CMV 

promoters) were functional and chemokines CXCL9 and CXCL10 were expressed both in 

Jurkat cell line and Primary T cells following transfection of the constructs pCMV CXCL9 

and pCMV CXCL10. Chemotaxis assays proved that cells migrated towards the supernatants 

of the Jurkat cells transfected with these constructs. But chemokines did not result in direct 

cell killing or apoptosis on cancer cell lines. 

 

But constructs with IL-2 promoters were not functional; cells transfected with the IL-2 

promoter plasmids failed to express EGFP or the chemokines CXCL9 or CXCL10.  The 

cloning strategy to create these constructs was straightforward and all inserts (promoters and 

genes) had the correct sequences so a cloning error was not thought to be the root of the 

problem. One possible reason that the IL-2 promoters were not working was the lack of 

Untranslated Regions (UTRs) in the promoters.  

 

To overcome the possibility that EGFP or chemokine expression is not seen following 

transfection of the IL-2 promoter constructs into cells and activation of the cells due to 

missing 5‟UTR region of the IL-2 promoters, new constructs were created by adding the 

5‟UTRs to the IL-2 promoter -282 and the NFAT promoter.  The next section describes the 

cloning steps to make, and the functional experiments carried out with, the modified 

constructs.  
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5.1.4 Strategy: Part 2 

5.1.4.1 Creation of IL-2 and NFAT constructs with the 5’ UTR of the IL-2 promoter 

 

 

Figure 69. Schematic representation of the strategy of cloning into pEGFP-C1.  

Following initial cloning with the shortest IL-2 promoter (-282) and a tandem triplicate of NFAT 
promoter attached to minimal IL-2 promoter , both IL-2 and NFAT promoters were re-amplified 
containing the 5’UTR regions (IL-2 282UTR and NFATUTR respectively) and CMV promoter was 
replaced with IL-2 282UTR and NFATUTR EGFP reporter gene was also replaced by chemokines 
CXCL9 and CXCL10  in plasmids containing the  inducible promoters, IL-2 282UTR and NFATUTR and 
CXCL9 or CXCL10 expressing constructs under these inducible promoters were created. 

 

The IL-2 promoter was amplified by PCR from Jurkat cells. The IL-2 forward primer (pC1-

Ase I IL2 282 fwd) was used to include from -282 bp of the transcription start site of the 

promoter at the 5‟ end. The reverse primer (pC1-Nhe I IL2 UTR rev) was designed to include 

the 5‟ UTR site of the promoter just before the translation start site of the IL-2 promoter. The 

forward primer included an Ase I restriction enzyme recognition site and the reverse primer 

included an Nhe I restriction enzyme recognition site at the 5‟ and 3‟ end of the PCR 

products, respectively, to match the restriction enzyme sites of the plasmids to create a sticky 

end ligation of plasmid and PCR products.  
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The PCR products were separated by agarose gel electrophoresis to allow confirmation of the 

products‟ sizes and concentrations.  Products were then purified and sequenced Figure 70 

shows the sequence of the 3‟ end of the IL-2 promoter.   

 

 

Figure 70. Sequence of the 3’ end of the human IL-2 282UTR promoter in pIL2-282UTR EGFP.   

 pIL-2 282UTR EGFP was sequenced using sequencing primers ‘CMV/IL2-EGFP seq fwd’ and 
‘CMV/IL2-EGFP seq rev’. The chromatogram shows the sequence of the 3’ end of the human IL-2 
promoter within pIL-2 282UTR EGFP. The 3’ end of human IL-2 promoter, contains 46 bp of the 
5’UTR region (shown in a blue box) within pIL-2 282UTR EGFP.  The end of the inserted sequence 
contains a Nhe I restriction site (shown in dotted black lines). The transcription start site (+1) is 
shown with an angled black arrow. 

 

The PCR product (~330 bp) was found to be identical in sequence to the human IL-2 

promoter sequence, including the 52 bp 5‟ UTR region (Accession number AJ006884, 

Pubmed nucleotide database). The IL-2 282 UTR PCR product was digested with Ase I and 

Nhe I and ligated to pEGFP-C1 vector digested with the same enzymes.  Ligation mixtures 

were transformed into competent bacteria which were subsequently cultured on selective 

medium.  A selection of colonies that grew were subjected to testing by PCR, sequencing and 

restriction digest (data not shown). A positive culture, that contained plasmid with the correct 

sequence, was then grown in larger cultures from which pDNA was purified for transfection 

experiments.  

 

A similar procedure was performed, as described above for the IL2 282 UTR PCR product, to 

construct pNFATUTR EGFP. The NFATUTR promoter was amplified by PCR from plasmid 

DNA, pNFAT Z. The forward primer (pC1-AseI NFAT fwd) including an Ase I restriction 

enzyme recognition site and the reverse primer (pC1-Nhe I IL2 UTR rev) an Nhe I restriction 

enzyme recognition site were used. PCR product of ~200 bp NFAT promoter was only 

partially sequenced, the results were similar to sequencing findings of NFAT promoter 

(Figure 44). PCR product NFATUTR was processed similar to IL-2 282 UTR and 
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pNFATUTR EGFP construct was created. Figure 71 shows the sequence of the 3‟ end of the 

NFATUTR promoter. 

 

 

Figure 71. Sequence of the 3’ end of the human NFATUTR promoter in pNFATUTR EGFP. 

pNFATUTR EGFP plasmid was sequenced using sequencing primers ‘CMV/IL2-EGFP seq fwd’ and 
‘CMV/IL2-EGFP seq rev’. The chromatogram shows the 3’ end of the triple NFATUTR promoter within 
pNFATUTR EGFP. The 3’ end of the human minimal IL-2 promoter, within pNFATUTR EGFP, contains 
46 bp of the 5’UTR region (shown in a  blue box) just before the Nhe I restriction site (shown in 
dotted black lines). Angled black arrow marks the  transcription start site (+1). The sequencing was 
not complete. 3 missing nucleotides (nucleotide C, T and C) which are indicated with black arrows in 
the sequence may be due to broader peaks and less clear resolution but there was still evident 
seperation between nucleotides and sequence was correct and usable. 

 

Using a similar strategy, explained in the previous section, constructs pIL-2 282UTR 

CXCL9, pIL-2 282UTR CXCL10, pNFATUTR CXCL9 and pNFATUTR CXCL10 were 

successfully created by exchanging the EGFP gene for CXCL9 or CXCL10.  Success was 

confirmed by sequencing and restriction digest of the vectors to confirm correct sequences 

and digest patterns (data not shown). 

 

5.1.4.2 Summary  

Having generated the new constructs (Table 20), functional tests were carried out to 

determine whether or not the IL-2 promoter sequences with 5‟UTR regions, included in the 

constructs, had rectified the problem with these constructs such that EGFP and the chemokine 

genes could be expressed under the control of these promoters. 
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Table 20. List of EGFP (A), CXCL9 (B) and CXCL10 (C) expressing constructs created in this section 
within pC1-EGFP backbone plasmid. 

 
A. EGFP Expressing Constructs (pC1-EGFP backbone)  

pC1-EGFP (Control plasmid) Express reporter gene EGFP under human CMV promoter (Control plasmid) 
 

pIL-2 282UTR EGFP  Express reporter gene EGFP under human IL-2 promoter (282 bp from TSS containing 5’UTR region) 
 

pIL-2 NFATUTR EGFP Express reporter gene EGFP under human IL-2 promoter (triple tandem copy of NFAT attached to 
minimal IL-2 promoter containing 5’UTR region) 

 
B. CXCL9 Expressing Constructs (pC1-EGFP backbone) 

pCMV-CXCL9 (Control) Express human CXCL9 under human CMV promoter (Control plasmid) 
 

pIL-2 282UTR CXCL9 Express human CXCL9 under human IL-2 promoter (282 bp from TSS containing 5’UTR region) 
 

pIL-2 NFATUTR CXCL9 Express human CXCL9 under human IL-2 promoter (triple tandem copy of NFAT attached to minimal 
IL-2 promoter containing 5’UTR region) 

 
C. CXCL10 Expressing constructs (pC1-EGFP backbone) 

pCMV-CXCL10 (Control) Express human CXCL9 under human CMV promoter (Control plasmid) 
 

pIL-2 282UTR CXCL10 Express human CXCL9 under human IL-2 promoter (282 bp from TSS containing 5’UTR region) 
 

pIL-2 NFATUTR CXCL10 Express human CXCL9 under human IL-2 promoter (triple tandem copy of NFAT attached to minimal 
IL-2 promoter containing 5’UTR region) 
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5.1.5 Functional testing:  Part 2 

5.1.5.1 EGFP expression in Jurkat cells transiently transfected (microporated) with 

EGFP reporter constructs 

 

As shown below in Figure 72 and Figure 73, EGFP was not expressed from either of the 

„UTR‟ IL-2 reporter constructs (with the 5‟UTR regions of the IL-2 promoter).   

 

           

 
 

% EGFP 

 

MFI 
 

 

% EGFP 

 

MFI 
 

 

% EGFP 

 

MFI 

 pIL-2 282UTR EGFP 29.6 12.0 
 

22.1 6.98 
 

32.1 7.87 

 Control plasmid 1.2 3.93 20.7 6.79 6.1 5.43 

 

Figure 72.  Flow cytometric analysis of Jurkat cells transiently transfected with pIL2 282 UTR EGFP.  

Jurkat cells were transiently transfected and  then either unstimulated (left plot) or stimulated with 
CD3CD28 beads (1 bead/cell) (middle plot) or Ionomycin and PMA (500 and 50 ng/ml) (right plot) for 
24 hours.  EGFP expression is shown as % cells expressing EGFP and mean fluorescence intensity 
(MFI). Jurkat cells transfected with control plasmid is represented with black lines. 
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% EGFP 

 

MFI 
 

 

% EGFP 

 

MFI 
 

 

% EGFP 

 

MFI 

 pIL-2 282UTR EGFP 36.4 15.0 
 

44.3 18.2 
 

44.5 24.8 

 Control plasmid 1.2 3.93 20.7 6.79 6.1 5.43 

  

Figure 73.  Flow cytometric analysis of  Jurkat cells transiently transfected with pNFATUTR EGFP.  

Jurkat cells were transiently transfected and  then either unstimulated (left plot) or stimulated with 
CD3CD28 beads (1 bead/cell) (middle plot) or Ionomycin and PMA (500 and 50 ng/ml) (right plot) for 
24 hours.  EGFP expression is shown as % cells expressing EGFP and mean fluorescence intensity 
(MFI). Jurkat cells transfected with control plasmid is represented with black lines.  

 

The same was found for the constructs encoding chemokine genes downstream of the IL-2 

promoters (data not shown). 

 

At this point, ELISA experiments on the frozen supernatants of the stimulated Jurkat cells 

with different passage numbers suggested that IL-2 secretion of the Jurkat cells were 

significantly reduced with increased passage numbers (Figure 15, page 144). Jurkat cells with 

high passage number were stained for IL-2 protein expression and observed that IL-2 

expression was lost (data not shown). 

 

A new Jurkat cell line (E-6.1 clone) was purchased from ECCAC and all the functional 

experiments were repeated on transiently transfected (microporated) Jurkat E6.1 cells. 

Functional experiments on the transfected Jurkat E6.1 cells also were negative (data not 

shown).  At this point it was postulated that the IL-2 promoters were not functioning and re-

assessment of promoters was undertaken. 
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5.1.6 Strategy: Part 3 

 

 

Figure 74. Schematic representation of the strategy of cloning into pEGFP-C1.  

 

With a similar strategy as explained before, CXCL9 and CXCL10 expressing constructs 

driven by longer IL-2 promoters or the NFATx3 promoter were created.  The strategy is 

shown schematically in Figure 74 and explained below. 

 

5.1.6.1 Creation of IL-2 and NFAT constructs with elongated IL-2 promoter 

sequences 

As it was mentioned in the introduction (section 1.9.1), some publications suggested that 

function of longer IL-2 promoters, in terms of reporter CAT gene expression could be 

superior to 275 bp IL-2 promoter. Having considered these publications, it was decided that a 

longer IL-2 promoter sequence was necessary for driving gene expression, therefore, the 
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outlined transcription sites were amplified and further various length IL-2 promoters all 

containing the 5‟UTR sites were created within pCMV-EGFP plasmid backbone.  

 

5.1.6.1.1 Creation of longer IL-2 promoter constructs 

Using a similar strategy, explained in the previous sections, 319, 331, 365, and 568 bp length 

IL-2 promoters  (all containing 5‟ UTR region) were amplified from Jurkat cell DNA using 

the forward primers pC1-AseI IL2 319 fwd, pC1-AseI IL2 331, pC1-AseI IL2 365 and pC1-

AseI IL2 568 and reverse primer pC1-IL2 UTR rev, as detailed in Table 2; and plasmids pIL-

2 320UTR EGFP, pIL-2 332UTR EGFP, pIL-2 367UTR EGFP and pIL-2 569UTR EGFP 

were created. Figure 75, Figure 76 and  

Figure 77 show the sequence of 5‟end of the IL-2 319, IL-2 331, IL-2 365 and IL-2 568 

promoters respectively in the corresponding constructs. 

 

 

Figure 75. Sequence of the 5’ end of the human IL-2 -319 promoter in pIL-2 320UTR EGFP.  

pIL-2 320UTR EGFP plasmid was sequenced using sequencing primer ‘CMV/IL2-EGFP seq fwd’. The 
chromatogram shows the part of sequencing of 5’ end of human IL-2 -319 promoter within pIL-2 
320UTR EGFP, preceded by an Ase I restriction site (shown in dotted black lines).  

 

 

Figure 76. Sequence of the 5’ ends of the human IL-2 -331 promoter in pIL-2 332UTR EGFP.   

pIL-2 332UTR EGFP plasmid was sequenced using sequencing primer ‘CMV/IL2-EGFP seq fwd’. The 
chromatogram shows the part of sequencing of the 5’ end of human IL-2 -331 promoter within pIL-2 
332UTR EGFP, preceded by an Ase I restriction site (shown in dotted black lines). Sequencing 
revealed that second nucleotide (T) at the 5’ end of the promoter was replaced by nucleotide G 
(shown in a black box). 
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Figure 77. Sequence of the 5’ and 3’ ends of the human IL-2 -568 promoter in pIL-2 569UTR EGFP  

pIL-2 569UTR EGFP plasmid was sequenced using sequencing primer ‘CMV/IL2-EGFP seq fwd’. The 
chromatogram shows the part of sequencing of 5’ end of human IL-2 -568 promoter within pIL-2 
569UTR EGFP, preceded by an Ase I restriction site (shown in dotted black lines).  

 

5.1.6.1.2 Modification of the NFAT promoter plasmids 

The original NFAT Z plasmid, containing the triple NFAT-1 attached to the minimal IL-2 

promoter is a LacZ expression plasmid. It has been shown in several publications that this 

plasmid is functional; therefore it was decided to test the NFAT Z plasmid using the LacZ 

assay to assess the ß galactosidase activity after transfection of the construct into Jurkat cells.  

 

Repeated LacZ experiments showed that the Jurkat cells transfected with NFAT Z plasmid 

failed to show LacZ expression suggesting that NFAT Z plasmid with triple NFAT-1 

attached to minimal IL-2 promoter failed to drive lac Z expression (data not shown). As 

explained before, there were difficulties sequencing the original plasmid and only 2 NFAT 

sequences in the promoter region were sequenced, one in the 5‟ to 3‟ orientation and a second 

one in reverse complimented order to the first one. The third NFAT was not sequenced. This 

was thought to be due to hairpin formation and possibly an unavoidable problem with any 

tandem repeats of short sequences. The formation of hairpins is a structural problem for 

sequencing but it might also prevent the binding of transcription factors and therefore might 

affect the function of the promoter. At the same time, the lack of a complete sequence meant 

that it was not possible to rule out mutations within the promoter region that could affect the 

function the promoter.  In an attempt to overcome this, NFAT-1 was amplified from the 

pNFAT-EGFP plasmid and with a strategy detailed below, attempts were made to re-create 

the NFAT promoter – with three tandem repeats of the NFAT-1 sequence.  The construct 

made was called pNFATx3-EGFP and was, like the other constructs, made using the pCMV-

EGFP backbone. 
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5.1.6.1.3 Creation of a triple tandem copy of NFAT-1 

Using a similar strategy described by Hooijberg et al. (Hooijberg et al., 2000), the NFATx3 

promoter, in which three tandem copies of NFAT-1 are attached to the minimal IL-2 

promoter, was created and inserted into pCMV-EGFP in place of the CMV promoter. 

 

The pNFAT-EGFP construct was digested with restriction endonucleases BamH I and Bgl II 

and re-ligated and re-digested again with the same restriction endonucleases. This re-ligation 

and re-digestion step was done to; eliminate the polylinker sequences of pCMV-EGFP by 

removing the sequences 1340 – 1390 from the original pCMV-EGFP plasmid backbone (See 

Figure 33) and; to remove the Sal I and Xho I sites which were required for later cloning 

steps. The linearized construct, called plasmid, pHat1, was then transformed into E. coli.   

 

pHat1   

                                                                   IL-2 promoter   

ATTAAT------messed up NFAT sequences---CTCGAGGACATTTTGACA-- TTCCCTAGCTAGCGCTACCGTCGCA 

   AseI                                                     XhoI                NheI  

 

The two oligonucleotides, TOP and BOTTOM were identified and annealed to form the 

duplex below.                   

          NFAT sequence 

 5‟-TAATCGGATCCTGTCGACGGAGGAAAAACTGTTTCATACAGAAGGCGTA-3‟  TOP 

   3‟-TAGCCTAGGACAGCTGCCTCCTTTTTGACAAAGTATGTCTTCCGCATAGCT-5‟ BOTTOM 

 

pHat1 was digested with Ase I and Xho I. The large vector piece was purified by ethanol 

precipitation and ligated in the annealed oligos, resulting in 1x NFAT upstream of the IL2 

promoter. This is called pHat2. 

 

pHat2 

                   IL-2 promoter 

ATTAATCGGATCCTGTCGACGGAGGAAAAACTGTTTCATACAGAAGGCGTATCGAGGACATTTTGACA---- 

AseI             BamHI    SalI                

TTCCCTAGCTAGCGCTACCGTCGCA 

          NheI 

 

Continued overleaf. 
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pHat2 was digested with Ase I and Sal I, the large vector piece was purified and ligated in 

the annealed oligos, putting in 2x NFAT upstream of the IL2 promoter. This is called 

pHat3. 

 

pHat3 

 5‟-

ATTAATCGGATCCTGTCGACGGAGGAAAAACTGTTTCATACAGAAGGCGTATCGACGGAGGAAAAACTGT 

  AseI           BamHI     SalI                  

TTCATACAGAAG GCGTATCGAGGACATTTTGACA------ TTCCCTAGCTAGCGCTACCGTCGCA 

           IL-2 promoter                                      NheI                                  -3‟         

 

pHat3 was digested with Ase I and Sal I, the large vector piece was purified and ligated in 

the annealed oligos, putting in 3x NFAT upstream of the IL2 promoter. This is called 

pHat4. 

 

pHat4 

ATTAATCGGATCCTGTCGACGGAGGAAAAACTGTTTCATACAGAAGGCGTATCGACGGAGGAAAAACTGT 

  AseI         BamHI    SalI                  

TTCATACAGAAGGCGTATCGACGGAGGAAAAACTGTTTCATACAGAAGGCGTATCGACGACATTTTGACA                        

            IL-2 promoter 

------ TTCCCTAGCTAGCGCTACCGTCGCA 

                  NheI 

 

The structure was designed in a way that any of pHat2 - 4 could be digested with BamH I 

and Nhe I to drop out a cassette of NFAT1-3 -IL2. 

 

pHat4 (NFATx3 promoter attached to minimal IL-2 promoter) was ligated into the pEGFP 

plasmid following digestion with Ase I and Nhe I restriction endonucleases. The sequence 

of the promoter region of the pNFATx3-EGFP construct is shown in Figure 78. 

 

 



Chapter 5.  Creation and testing of IL-2 promoter constructs 

 226 

 

Figure 78. Sequence of the 5’ and 3’ ends of the human NFATx3UTR promoter in pNFATx3UTR EGFP. 

pNFATx3UTR EGFP plasmid was sequenced using sequencing primers ‘CMV/IL2-EGFP seq fwd’ and 
‘CMV/IL2-EGFP seq rev’. The chromatograms show the parts of sequencing of the triple NFATx3UTR 
promoter within pNFATx3UTR EGFP. Top sequence: The 5’ end of the human NFATx3UTR promoter 
within pNFATx3UTR EGFP is preceded by an Ase I restriction site (shown in dotted black lines). The 
first NFAT sequence (shown in a red box) and part of the second NFAT sequence (shown in a green 
box) are shown, suggesting that a hair pin formed between the first and third NFAT sequence. The 
third NFAT sequence was complementary to the first NFAT, therefore sequencing is not complete. 
Bottom sequence: The 3’ end of human minimal IL-2, within pNFATx3UTR EGFP, containing 52 bp 
3’UTR region, shown in a blue box just before the Nhe I restriction site (shown with dotted black 
lines). Angled black arrow shows the transcription start site (+1).  

 

 

5.1.6.2 Summary  

The following constructs were created: pIL-2 320 CXCL9, pIL-2 320 CXCL10, pIL-2 332 

CXCL9, pIL-2 332 CXCL10, pIL-2 367 CXCL9, pIL-2 367 CXCL10, pIL-2 569 CXCL9, 

pIL-2 569 CXCL10 and pNFATx3 CXCL9 and pNFATx3 CXCL10.  Full details are given in 

the following tables (Table 21).  
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Table 21. List of the EGFP, CXCL9 and CXCL10 expressing constructs created in this section with 
pEGFP-C1 backbone. 

A. EGFP Expressing Constructs (pC1-EGFP backbone) 

pIL-2 NFATUTR EGFP Express reporter gene EGFP under human IL-2 promoter (triple tandem copy of NFAT attached to 
minimal IL-2 promoter containing 5’UTR region) 

pIL-2 320UTR EGFP Express reporter gene EGFP under human IL-2 promoter (319 bp from TSS containing 5’UTR region) 
 

pIL-2 332UTR EGFP Express reporter gene EGFP under human IL-2 promoter (331 bp from TSS containing 5’UTR region) 
 

pIL-2 367UTR EGFP Express reporter gene EGFP under human IL-2 promoter (366 bp from TSS containing 5’UTR region) 
 

pIL-2 569UTR EGFP Express reporter gene EGFP under human IL-2 promoter (568 bp from TSS containing 5’UTR region) 
 

pIL-2 NFATx3UTR EGFP Express reporter gene EGFP under human IL-2 promoter (triple tandem copy of NFAT attached to 
minimal IL-2 promoter containing 5’UTR region) 

 

B. CXCL9 Expressing Constructs (pC1-EGFP backbone) 

pIL-2 320UTR CXCL9 Express human CXCL9 under human IL-2 promoter (319 bp from TSS containing 5’UTR region) 
 

pIL-2 332UTR CXCL9 Express human CXCL9 under human IL-2 promoter (331 bp from TSS containing 5’UTR region) 
 

pIL-2 367UTR CXCL9 Express human CXCL9 under human IL-2 promoter (366 bp from TSS containing 5’UTR region) 
 

pIL-2 569UTR CXCL9 Express human CXCL9 under human IL-2 promoter (568 bp from TSS containing 5’UTR region) 
 

pIL-2 NFATx3UTR CXCL9 Express human CXCL9 under human IL-2 promoter (triple tandem copy of NFAT attached to minimal 
IL-2 promoter containing 5’UTR region) 

 

C. CXCL10 Expressing constructs (pC1-EGFP backbone) 

pIL-2 320UTR CXCL10 Express human CXCL9 EGFP under human IL-2 promoter (319 bp from TSS containing 5’UTR region) 
 

pIL-2 332UTR CXCL10 Express human CXCL9 under human IL-2 promoter (331 bp from TSS containing 5’UTR region) 
 

pIL-2 367UTR CXCL10 Express human CXCL9 under human IL-2 promoter (366 bp from TSS containing 5’UTR region) 
 

pIL-2 569UTR CXCL10 Express human CXCL9 under human IL-2 promoter (568 bp from TSS containing 5’UTR region) 
 

pIL-2 NFATx3UTR CXCL10 Express human CXCL9 under human IL-2 promoter (triple tandem copy of NFAT attached to minimal 
IL-2 promoter containing 5’UTR region) 

 

Following creation of longer IL-2 promoter constructs, expression of reporter gene was 

assessed with flow cytometry on gene-modified cells. Jurkat E6.1 cells did not expressed 

EGFP following stimulation. And qRT-PCR of Jurkat E6.1 cells following transfection of 

chemokine expressing constructs did not suggest expression of chemokines following 

stimulation of the cells.  Constructs with longer IL-2 promoters and NFATx3 promoter were 

also proved to be non-functional (data not shown).  At this stage, it was decided to change the 

reporter gene EGFP with luciferase, which could be less toxic to the T cells. Therefore the 

systems were transferred to a luciferase expressing plasmid; pGL3-Basic, a different plasmid 

backbone. The next Chapter describes these experiments and the functional studies carried 

out with the luciferase constructs. 
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Chapter 6. Creation and testing of IL-2 promoter 

constructs with a different backbone 

 

It was decided to change the backbone of the IL-2 promoter constructs as this may have been 

affecting the IL-2 promoters. A promoterless plasmid, pGL3-Basic, with a luciferase reporter 

gene, and a constitutionally luciferase reporter gene expressing pGL3-Control plasmid with 

an SV40 promoter and an enhancer region were obtained from Promega.  

 

6.1 pGL3-Basic  

Commercially available pGL3 Luciferase Reporter Vectors are used by laboratories for the 

quantitative analysis of factors that potentially regulate mammalian gene expression; cis-

acting factors, such as promoters and enhancers, or trans-acting factors, such as various 

DNA-binding factors. They contain a modified coding region for firefly (Photinus pyralis) 

luciferase, optimized for monitoring transcriptional activity in transfected eukaryotic cells.  

 

The pGL3-Basic vector lacks eukaryotic promoter and enhancer sequences thus expression of 

luciferase activity, in cells transfected with this plasmid, is dependent on insertion and proper 

orientation of a functional promoter upstream of the luciferase gene (luc
+
). This vector also 

contains an ampicillin resistance gene. Figure 79 shows the map of pGL3-Basic plasmid. 
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Figure 79. Map of pGL3-Basic plasmid.  

pGL3 basic is a promoterless plasmid with a multiple cloning site, just before the reporter gene (fLuc 
reporter), that allows insertion of a promoter before the reporter gene to enable testing of the 
promoter via monitoring of luciferase expression.   

  

The IL-2 promoters -282UTR, NFATx3UTR and the full length -568UTR were amplified 

with PCR, from the corresponding EGFP reporter constructs, using the forward and reverse 

primers containing Nhe I and Nco I restriction endonuclease recognition sites, respectively 

(Table 6). pGL3-Basic was digested with these same endonucleases to linearize it and to 

create sticky ends for ligation to the digested PCR products. Following agarose gel 

electrophoresis and purification of the digested plasmid, 1:3 and 1:5 molar ratio (plasmid to 

PCR fragment) ligations were made allowing the IL-2 promoters to be inserted into the 

plasmid to create pIL-2 282-LUC, pNFATx3-LUC and pIL-2 569-LUC. Competent bacteria 

were transformed with ligation products and colonies that grew on selection medium were 

screened with PCR as described previously. Figure 81 shows the strategy and Figure 80 maps 

of the plasmids created, alongside pictures of agarose gels used to separate the digested 

plasmids to check for the correct insert size.   
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6.2 Cloning into pGL3 backbone  

 

 

Figure 80. Schematic representation of the strategy of cloning into pGL3-basic plasmid. 

Following the successful cloning but failure of function of all IL-2 promoters in pEGFP-C1 plasmid, the 
backbone plasmid was changed to a promoterless vector, pGL-3-basic which was designed to 
express luciferase reporter gene once a promoter is inserted into the plasmid. Inducible IL-2 
promoters, -282UTR and -568UTR and the re-created NFATx3UTR promoters were cloned into pGL3-
basic. Reporter gene firefly luciferase was also replaced by target genes CXCL9 and CXL10. For all 
inducible promoter driven constructs, a luciferase reporter, CXCL9 and CXCL10 expressings plasmids 
were created.  
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Figure 81. Maps and restrictive digest products of pGL3 Luciferase constructs driven by the IL-2 
promoters  

Maps and restrictive digest products of pGL3 282-LUC (A and B), pGL3 NFATx3-LUC (C and D) and 
pGL3 569-LUC (E and F), respectively. Constructs were digested with restriction endonucleases; Nhe 
I, Nco I and Xba I (NNX) to separate both promoter and inserted gene; Nco I and Xba I (NX) to 
identify the inserted gene or; Nhe I and Nco I (NN) to separate the promoter region.  The digestion 
products were separated and analysed by agarose (1.5%) gel electrophoresis. Photographs of the 
resulting agarose gels are shown. The molecular weight markers used were Hyperladder IV and 
Hyperladder I (both from Bioline, UK), annotated as IV and I, respectively in the figure. 
Abbreviations: U; uncut plasmid. 
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6.2.1 CXCL9 and CXCL10 expression constructs driven by IL-2 

promoters within pGL3 backbone plasmid 

Following creation of luciferase constructs under various IL-2 promoters, the luciferase gene 

was replaced by either CXCL9 or CXCL10 following amplification of the chemokine genes 

from HUVEC cells with forward and reverse primers containing Nco I and Xba I restriction 

endonuclease recognition sites. Digestion and ligation of relevant plasmids and PCR products 

resulted in the constructs pGL3 282 CXCL9, pGL3-NFATx3 CXCL9, pGL3 569 CXCL9 and 

pGL3 282 CXCL10, pGL3 NFATx3 CXCL10 and pGL3 569 CXCL10. Figure 82 and Figure 

83 show the maps and digestion products of the pGL3 CXCL9 and pGL3 CXCL10 

constructs. 
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Figure 82. Maps and restriction digest products of plasmids pGL3-CXCL9 

Maps and digest products of pGL3 282-CXCL9 (A and B), pGL3 NFATx3-CXCL9 (C and D) and pGL3 
569-CXCL9 (E and F) respectively. The constructs were digested with restriction endonucleases; Nhe I 
and Nco I (NN) to seperate the promoter region; Nco I and Xba I (NX) to identify the inserted gene 
or; Nhe I, Nco I and Xba I (NNX) to separate both promoter and inserted gene. The digestion 
products were separated and analysed by agarose (1.5%) gel electrophoresis. Photographs of the 
resulting agarose gels are shown. The molecular weight markers used were Hyperladder IV and 
Hyperladder I (both from Bioline, UK), annotated as IV and I, respectively in the figure. 
Abbreviations: U; uncut plasmid. 
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Figure 83. Maps and restriction digest products of plasmids pGL3-CXCL10 

Maps and digest products of pGL3 282-CXCL10 (A and B), pGL3 NFATx3-CXCL10 (C and D) and pGL3 
569-CXCL10 (E and F) respectively. The constructs were digested with restriction endonucleases; Nhe 
I and Nco I (NN) to seperate the promoter region; Nco I and Xba I (NX) to identify the inserted gene 
or; Nhe I, Nco I and Xba I (NNX) to separate both promoter and inserted gene.  The digestion 
products were separated and analysed by agarose (1.5%) gel electrophoresis. Photographs of the 
resulting agarose gels are shown. The molecular weight markers used were Hyperladder IV and 
Hyperladder I (both from Bioline, UK), annotated as IV and I, respectively in the figure. 
Abbreviations: U; uncut plasmid. 
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6.2.2 Preparation of pGL3 backbone control plasmids 

6.2.2.1 pGL3-Control  

The construct called pGL3-Control encoding the firefly luciferase reporter gene downstream 

of the SV40 promoter, with an enhancer region (Figure 84) was used as a control promoter 

for luciferase expressing constructs under IL-2 promoters.  

 

 

Figure 84. pGL3-Control plasmid circle map and restriction digest products of pGL3-Control 
separated by electrophoresis.  

The construct was digested with; Nhe I, Nco I and Xba I to separate both promoter and insert gene 
(NNX); with Nco I and Xba I to separate the insert gene (Luciferase gene 1752 bp) (NX);  with 
restriction endonucleases Nhe I and Nco I to separate the promoter region (original SV 40 promoter 
202 bp) (NN); and separated on a 1.5% agarose gel alongside molecular weight ladders. IV: 
Molecular weight ladder – Hyperladder IV (1 kbp) I: Molecular weight ladder - Hyperladder I (5 kbp) 
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6.2.2.2 CXCL9 and CXCL10 expressing control plasmids 

As controls for the IL-2 promoter CXCL9 and CXCL10 constructs, plasmids were created in 

which the luciferase gene was replaced by CXCL9 or CXCL10 genes downstream of the 

pGL3-basic SV40 promoter and enhancer sequences. The expectation being that transfection 

of these constructs, into mammalian cells, would result in strong expression the chemokine 

genes. Plasmids in which the CXCL9 gene or CXCL10 gene were encoded downstream of 

the SV40 promoter were named pGL3-Control-CXCL9 and pGL3-Control-CXCL10 

respectively.  Maps and restriction digests of these constructs can be seen in Figure 85.  

 

 

Figure 85. Maps and restriction digest products of pGL3 CXCL9 and CXCL10 control plasmids  

The maps of constructs pGL3 Control CXCL9 (A) and pGL3 Control CXCL10 (B) and digestive products 
(B and D respectively) are shown. Constructs were digested with restriction endonucleases; Nhe I 
and Nco I (NX) to seperate the promoter region; Nco I and Xba I (NN) to identify the inserted gene 
or; Nhe I, Nco I and Xba I (NNX) to separate both promoter and inserted gene.  The digestion 
products were separated and analyzed by agarose (1.5%) gel electrophoresis. Photographs of the 
resulting agarose gels are shown. The molecular weight markers used were Hyperladder IV and 
Hyperladder I (both from Bioline, UK), annotated as IV and I, respectively in the figure. 
Abbreviations: U; uncut plasmid. 
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6.2.3 Summary 

Creation of pGL3-backbone constructs was straightforward; they were sequenced and DNA, 

from clones with the correct plasmid sequence, was amplified and purified for functional 

experiments. Table 22 lists the constructs created using pGL3 backbone. 

Table 22. List of Luciferase, CXCL9 and CXCL10 expressing constructs created in this study with pGL3-
basic backbone 

 
A. Luciferase expressing constructs (pGL3 backbone) 

 
pGL-3 basic A promoterless construct design to express reporter gene firefly luciferase 

pGL3-control (Control 
plasmid) 

Express reporter gene firefly luciferase under SV40 promoter and also contains an enhancer region 
 

pGL3 282- LUC Express reporter gene firefly luciferase under human IL-2 promoter (282 bp from TSS containing 
5’UTR region) 

pGL3 NFATx3- LUC Express reporter gene firefly luciferase under human IL-2 promoter (triple tandem copy of NFAT 
attached to minimal IL-2 promoter containing 5’UTR region) 

pGL3 569- LUC Express reporter gene firefly luciferase under human IL-2 promoter (568 bp from TSS containing 
5’UTR region) 

 

B. CXCL9 Expressing Constructs (pC1-EGFP backbone) 

pGL3-control-CXCL9 Express human CXCL9 under SV40 promoter and also contains an enhancer region 

pGL3 282- CXCL9 Express human CXCL9 under human IL-2 promoter (282 bp from TSS containing 5’UTR region) 

pGL3 NFATx3- CXCL9 Express human CXCL9 under human IL-2 promoter (triple tandem copy of NFAT attached to minimal 
IL-2 promoter containing 5’UTR region) 

pGL3 569- CXCL9 Express human CXCL9 under human IL-2 promoter (568 bp from TSS containing 5’UTR region) 

 

C. CXCL9 Expressing Constructs (pC1-EGFP backbone) 

pGL3-control-CXCL10 Express human CXCL10 under SV40 promoter and also contains an enhancer region 

pGL3 282- CXCL10 Express human CXCL10 under human IL-2 promoter (282 bp from TSS containing 5’UTR region) 

pGL3 NFATx3- CXCL10 Express human CXCL10 under human IL-2 promoter (triple tandem copy of NFAT attached to 
minimal IL-2 promoter containing 5’UTR region) 

pGL3 569- CXCL10 Express human CXCL10 under human IL-2 promoter (568 bp from TSS containing 5’UTR region) 
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6.3 Functional testing of Luciferase constructs 

6.3.1 Luciferase Expression Kinetics and Optimization in transiently 

transfected Jurkat E6.1 cells 

The kinetics of luciferase expression is tested with pGL3-Control transfected Jurkat cells. 

Jurkat E6.1 cells were microporated with 5 μg/ml pGL3-Conrol plasmid encoding firefly 

luciferase. Cells were lysed at 12 – 144 hours post-transfection and luciferase (firefly) 

expression was determined (Figure 86).  

 

  

Figure 86. Luciferase expression of Jurkat E6.1 cells transiently transfected by microporation with 
pGL3-Control.  

2 x 106 Jurkat E6.1 cells were nucleofected with 5 μg of pGL3-Control DNA and cells were lysed at 12, 
16, 24, 36, 48, 72, 96, 120 and 144 hours and luminescence were measured. Plot shows the 
Luminescence (RLU) of cell lysates at given time points. Data are the mean ± SD of duplicate 
transfection assays and are representative of three experiments. 

 

Luciferase (firefly) expression in microporated Jurkat E6.1 cells was detected at 12 hours 

(although earlier time points was not studied), was maximal at 24-48 hours, thereafter 

approaching baseline levels at day 6 (144 hours) post-transfection.  

 

Before carrying out experiments to test the IL-2 promoters and CXCL9 and CXCL10 genes, 

it was necessary to optimize luciferase assays.  In an attempt to overcome cell-dependent 

variations in gene expression and to increase experimental accuracy, a dual luciferase 

reporter (DLR) system was used.  For this, two vectors encoding distinct luciferase proteins 
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were used: PGL3-Control, encoding firefly luciferase, and pRL-TK, encoding Renilla 

luciferase.  Because of distinct evolutionary origins, these two luciferases‟ enzyme structures 

are not similar to each other and therefore their substrate requirements are also different, 

making it possible to discriminate between their luminescent activities thus allowing 

detection of simultaneous expression and measurement of two individual reporter enzymes 

within a single system. This was especially important in this study of inducible promoters 

where the expression levels change with the stimulation of the cells and cell-dependent 

variations can occur. The main reason a DLR assay was used (rather than a single reporter 

gene assay) in our inducible promoter reporter systems was that a second reporter gene, under 

a constitutive (but weak) promoter, would act as an internal control and allow inducible 

expression to be normalized for transfection efficiency and cell number therefore overcoming 

the cell-dependent variations.  

 

To this end, the co-transfection ratio of two constitutive promoter plasmids was optimized. E- 

6.1 Jurkat cells were co-transfected (using microporation) with pGL3-Control and pRL-TK 

plasmids in different concentrations (Figure 86). pGL3-Control, which has a „strong‟ SV40 

promoter and an enhancer region, was found to have higher expression of (firefly luciferase) 

luminescence in terms of Relative Light Units (RLU) than the pRL-TK plasmid which 

contains a „weaker‟ TK promoter and no enhancer region, with lower (Renilla Luciferase) 

luminescence (RLU) for the same amount of DNA. Figure 86 shows the optimization of the 

amount of DNA used during the co-transfection of the luciferase reporter constructs to 

achieve the similar orders of magnitude of luciferase expression from each plasmid.  
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Figure 87. Optimization of luciferase assay in E6.1 Jurkat cells.  

pGL3-Control and pTK-RL were co-transfected into E-6.1 Jurkat cells at the indicated ratios (shown as 
DNA concentrations). Cells were lysed 24 hours post-transfection and luciferase expression was 
determined with addition of Luciferase Assay Reagent II which initiates Firefly Luciferase 
luminescence and the Stop & Glo reagent which quenches the Firefly Luciferase luminescence 
consequntly with two injectors in a luminometer plate reader. The calculated ratio of luminesence 
Firefly to Renilla luciferase are plotted (y-axis) against the co-transfection ratio (x-axis). Data are the 

mean ± SD of duplicate transfection assays and are representative of three experiments. 

 

The Luminescence (RLU) of both plasmids was of similar magnitude when the co-

transfection ratio of the firefly: renilla plasmid was 1:5.  

 

With the required ratio of plasmids determined, experiments were carried out following 

activation of E-6.1 Jurkat cells to check if cell activation would had any effect on the 

constitutive promoters/the assay (because this study is looking at inducible promoters in 

activated cells). 
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6.3.2 The effect of activation on control plasmids 

Dual luciferase experiments were carried out using transiently transfected (microporated) E-

6.1 Jurkat cells with the control plasmids to determine the effect of activation on constitutive 

promoters SV40 and HSV TK. The second reason performing dual luciferase assays was to 

be able to identify whether the upregulation of GFP reporter gene was unique to CMV 

promoter (Figure 56) or upregulation of „constitutional promoters‟ was a more common 

feature to many constitutional promoters, suggesting this could be the result of  „cell stress‟ 

induced by cell stimulation rather than upregulation of promoter itself.  

 

Following co-transfection of pGL3-Control and pRL-TK in 1:5 ratio, 6 hours of post-

transfection, E-6.1 Jurkat cells, were either unactivated or activated with CD3CD28 beads or 

mitogens for 72 hours, and luciferase assays were performed. Results are shown in Figure 86.  

  

Figure 88. Dual luciferase expression in E 6.1 Jurkat cells transiently transfected with pGL3-Control or 
pRL-TK, or co-transfected with both plasmids. 

Jurkat E6.1 cells were either unstimulated or stimulated with CD3CD28 beads (1 bead/cell) or 
mitogens (Ionomycin and PMA, 500 and 50 ng/ml respectively) for 72 hours before cells were lysed 
and the firefly and renilla luciferase dual assay carried out.  Luciferase expression is measured with 
Luminescence (RLU=Relative Light Unit). Data are the mean ± SD of duplicate transfection assays and 
are representative of three experiments. 
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Luciferase gene expression in unstimulated cells, either singly transfected or co-transfected, 

was similar but, luciferase expression, in cells transfected with the SV40 promoter and/or the 

HSV TK promoter constructs, was significantly upregulated when Jurkat cells were 

stimulated with either CD3CD28 beads (p<0.0001) or mitogens (p<0.0001) (up to ~600x 

higher with 72 hours mitogen stimulation in the case of the SV40 promoter construct and up 

to ~10x higher with CD3CD28 bead stimulation in the case of the HSV TK promoter 

construct). This upregulation was unexpected because both pGL3-Control and pRL-TK 

contain „constitutive‟ promoters. Upregulation of both SV40 and „weak‟ HSV TK promoter 

with similar conditions that the host cells put into suggests that this could be more related to 

cell stress as similar results were also seen with CMV promoter (Figure 56, section 5.1.3.1.1).  

 

6.3.3 Luciferase expression nucleofected Primary T cells  

As a preliminary control experiment, to check that primary T cells could be transfected with 

pGL3-Control and express the luciferase gene, Primary T cells were transiently transfected 

(nucleofected) with pGL3-Control to assess luciferase expression in primary T cells over 

time. Primary T cells were isolated from PBMCs of peripheral blood. 1.5 x 10
6
 primary T 

cells were nucleofected with 1 μg of pGL3-Control DNA and cells were lysed at 12, 16, 24, 

36 and 48 hours and luminescence were measured. Figure 89 shows the luminescence of 

Primary T cells transfected with luciferase (firefly) expressing pGL3-control vector. 

 

Figure 89. Luciferase expression of primary T cells transfected by nucleofection with pGL3-Control.  

1,5 x 106 Primary T cells were nucleofected with 1 μg of pGL3-Control DNA and cells were lysed at 
12, 16, 24, 36 and 48 hours and luminescence were measured. Plot shows the Luminescence (RLU) 
of cell lysates at given time points. Data are the mean ± SD of duplicate nucleofection assays and is 

representative of two experiments. 
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Firefly luciferase expression, in Primary T cells transiently transfected with pGL3-Control, 

was maximal at 16 hours post-transfection and decayed rapidly between 16 and 48 hours 

post-transfection, reaching levels similar to the negative control by 48 hours (Figure 86). 

Transfection efficiency was determined by nucleofection of Primary T cells with pCMV-

EGFP in simultaneous experiments using the same conditions of nucleofection and it was 

approximately 70% (data not shown).  

 

Results suggest that kinetics of luciferase expression of Primary T cells is different both from 

the kinetics of luciferase expression of Jurkat E6.1 cells (although different transfection 

method, microporation, was used for transfection of Jurkat cells) and from the kinetics of 

EGFP expression (with the same method of transfection; nucleofection) of Primary T cells 

(Figure 28). While optimum analysis time for luciferase expression of Primary T cells is 12-

24 hours and it is 24-48 hours for EGFP expression. 

 

It is shown that control luciferase assay works in Primary T cells and inducible promoters 

could be tested. 

 

6.3.4 Testing Luciferase activity of Inducible promoters  

Once kinetics of luciferase expression was studied and both single and dual reporter assays 

with control luciferase were shown to be working, inducible promoters‟ luciferase expression 

were tested on Jurkat E6.1 cells. 2x10
6 

Jurkat E6.1 cells were co-transfected (microporated) 

either with 5:1 ratio with pRL-TK and pGL3 Control (control plasmids) or with 1:1 ratio with 

pRL-TK and inducible promoter constructs pGL3 282-LUC, pGL3 NFATx3-LUC or pGL3 

569-LUC. 4-6 hours post-transfection cells were either unstimulated or stimulated with 

CD3CD28 beads (1 bead/cell) or with Ionomycin and PMA (500 ng/mL and 50 ng/mL) for 

12, 24, 48 or 72 hours and  harvested and lysed. Dual luciferase expression of the plate was 

measured with luminometer with two injectors. Figure 90 shows both the single and dual 

luciferase assays for the luciferase constructs with IL-2 inducible promoters. 



Chapter 6.  Creation and testing of IL-2 promoter constructs with a different backbone 

 244 

 

Figure 90. Luciferase assays with Jurkat E6.1 cells transfected with IL-2 promoter constructs.  

Left hand side plots show single firefly luciferase assays of Jurkat E6.1 cells transfected with pGL3 
282-LUC (A), pGL3 NFATx3-LUC (C) and pGL3 569-LUC (E) either unstimulated or stimulated with 
CD3CD28 (beads) (1 bead/cell) or mitogens (Ionomycin 500 ng/mL and PMA 50 ng/mL) for 12, 24, 48 
and 72 hours. Right hand side plots are the ratio of firefly:renilla luciferase expression when Jurkat 
cells are co- transfected with the indicated constructs and the pRL-TK control plasmid at 1:1 ratio (B, 
D and F). Data are the mean ± SD of triplicate transfections and are representative of three 
independent experiments. 
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Luciferase expression in Jurkat E6.1 cells transfected with all the inducible constructs (pGL3 

282-LUC, pGL3 NFATx3-LUC and pGL3 569-LUC) was upregulated upon co-stimulation 

of the cells with Ionomycin and PMA (500 ng/ml and 50 ng/ml respectively) (p<0.0001). 

(Results of the positive control experiments with pGL3 Control plasmid were included in 

Figure 88). Parallel experiments in gene modified Jurkat E6.1 cells included IL-2 secretion 

by ELISA to check that cells were activated and secreting IL-2 upon stimulation (data not 

shown). Although parallel ELISA experiments confirmed the secretion of IL-2 following 

stimulation of the cells both with CD3CD28 beads and Ionomycin and PMA, interestingly, 

luciferase reporter gene upregulation was seen only when cells were stimulated with 

Ionomycin and PMA. 

 

Single luciferase assays suggested that following stimulation with Ionomycin and PMA, 

luciferase expression of pGL3 NFATx3-LUC construct was detected strongly at 12 hours, 

peaked at 24 hours, although slightly decreased after this time point, it was still strong at 48 

hours with a second but less prominent second peak at 72 hours. Similarly, luciferase 

expression of pGL3 569-LUC (with full length 568 bp IL-2 promoter) construct was detected 

strongly at 12 hours but with much lower magnitude compared to pGL3 NFATx3-LUC, 

peaked at 24 hours, slightly decreasing thereafter but still strongly induced expression 

detected at 72 hours. Lowest magnitude of induced expression was of with pGL3 282-LUC, 

which is detected at 12 hours, increasing gradually thereafter with the peak levels at 72 hours, 

although experiment was not continued after 72 hours.  

 

Dual luciferase experiments with pRL-TK plasmid expressing renilla luciferase with weak 

HSV TK promoter and IL-2 promoter constructs showed that ratio of firefly:renilla 

expression of pGL3 NFATx3-LUC was 8 fold higher at 12 hours, 6 fold higher at 24 hours, 

and 7 fold higher at 48 hours following stimulation of the dual transfected Jurkat cells with 

Ionomycin and PMA despite the fact that luciferase expression of pRL-TK plasmid was also 

upregulated upon stimulation with Ionomycin and PMA. The ratio of firefly:renilla luciferase 

expression was not prominent with pGL3 569-LUC construct, in fact both luciferase 

expression levels were of similar magnitude. In case of pGL3 282-LUC, the ratio was 

reversed, pRL-TK plasmid‟s renilla expression was higher in magnitude when Jurkat cells 

transfected with the co-transfection ratio of the firefly: renilla plasmid was 1:1 and stimulated 

with Ionomycin and PMA.  
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Results suggest that amongst the other IL-2 promoter constructs, the function of pGL3 

NFATx3-LUC construct is superior by means of luciferase expression when stimulated with 

Ionomycin and PMA in Jurkat E6.1 cells. Results also suggest that when this construct co-

transfected together with pRL-TK, to overcome the effects of cell and transfection condition 

variations, despite the fact that pRL-TK was also induced when stimulated with Ionomycin 

and PMA, the luciferase expression of pNFATx3-LUC is 6-8 fold higher than the (weak) 

constitutive promoter pRL-TK construct as well as the other IL-2 promoter constructs 

studied. It was also shown that all IL-2 promoter constructs have basal expression of 

luciferase in transfected Jurkat cells, and the highest baseline expression detected was with 

pGL3 NFATx3-LUC construct.  

 

6.3.5 Summary 

The kinetics of luciferase expression differed in Jurkat E6.1 cells and primary human T cells 

although different transfection methods were used for these cells, i.e. microporation for 

Jurkat cells and nucleofection for Primary T cells. Luciferase expression of both pGL3 

Control plasmid transfected Jurkat E6.1 and Primary T cells were detected at 12 hours but 

while in Jurkat cells luciferase expression was peaked at between 24-48 hours, returning to 

baseline levels at day 6; in Primary T cells peak expression levels was reached at a much 

earlier time point, at 16 hours and also lost more quickly, returning to baseline levels at 48 

hours. Difference in the kinetics of EGFP expression and luciferase expression of the Primary 

T cells, transfected by nucleofection were also identified which is important in determination 

of assay timelines with these reporter genes. 

 

All 3 inducible IL-2 promoter constructs (pGL3 282-LUC, pGL3 NFATx3-LUC and pGL3 

569-LUC) were shown to be functional in transfected Jurkat E6.1 cells with induced 

luciferase expression when the cells were stimulated with Ionomycin and PMA. pGL3 

NFATx3-LUC transfected cells expressed higher luciferase levels than cells transfected with 

the other two full-length IL-2 promoter constructs. Although this construct had a higher 

background activity compared to other constructs (as shown in the single assays), luciferase 

expression was highest in pGL3 NFATx3 transfected cells both in single firefly luciferase 

assay and compared to pRL-TK transfected cells in dual firefly and renilla assays amongst 
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other 2 full length IL-2 promoter constructs in spite of upregulation of pRL-TK plasmid on 

stimulation. 

 

6.4 Functional testing of CXCL9 and CXCL10 constructs 

6.4.1 CXCL9 and CXCL10 mRNA expression with inducible promoters in 

Jurkat E6.1 cells 

Following the optimization experiments with luciferase expressing constructs in Jurkat E6.1 

cells (Figure 90), chemokine CXCL9 and CXCL10 mRNA expression in Jurkat cells were 

quantified with qRT-PCR.  

 

Jurkat E6.1 cells were transfected with the constructs encoding CXCL9 or CXCL10 under the 

control of inducible IL-2 promoters, pGL3 282-CXCL9, pGL3 NFATx3-CXCL9 and pGL3 

569-CXCL9 or pGL3 282-CXCL10, pGL3 NFATx3-CXCL10 and pGL3 569-CXCL10. 

2x10
6
 Jurkat cells were transfected with 5 µg of DNA in each experiment and cells were 

incubated 6 hours before stimulation with CD3CD28 beads (1 bead/cell) or Ionomycin and 

PMA  (500 and 50 ng/ml) for 12, 24, 48 and 72 hours. CXCL9/10 mRNA expression was 

quantified at 12, 24, 48 and 72 hours with the primer pairs CXCL9 and CXCL10 (Materials 

& Methods). Results were normalized to hHPRT. Quantification of CXCL9 and CXCL10 

mRNA expression is shown in Figure 91 and Figure 92. 
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Figure 91. CXCL9 mRNA expression of transfected Jurkat E6.1 cells.  

2x106 Jurkat E6.1 cells were transfected with 5 ug of DNA of the constructs pGL3 282-CXCL9, pGL3 NFATx3-CXCL9, pGL3 569-CXCL9 or control transfected. 
Following 6 hours incubation, cells were either unstimulated (blue bars) or stimulated with CD3CD28 beads (1 bead/cell) (beads) (green bars) or Ionomycin 
and PMA (500 and 50 ng/mL respectively) (I/P) (purple bars) for 12, 24, 48 or 72 hours. RNA was extracted and converted to cDNA and CXCL9 mRNA 
expression was quantified for 12, 24, 48 and 72 hours with qRT-PCR.  Results were normalized to human HPRT expression. Positive control was the DNA of 
pCMV-CXCL9 and negative controls were Jurkat cells and  water (data not shown). Data are the mean of three individual transfections and are 
representative of two independent experiments.                                                                                       . 
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Results suggest that all inducible promoter constructs express CXCL9 following stimulation 

of the Jurkat E6.1 cells with both CD3CD28 beads (p<0.0001) (contrary to luciferase 

expression assays) and Ionomycin and PMA (p<0.0001) at all time points studied. There was 

a low magnitude baseline expression of CXCL9 mRNA of the all Jurkat cells transfected with 

all IL-2 inducible promoter constructs, highest basal expression with pGL3 NFATx3-CXCL9 

construct. CXCL9 mRNA expression was highest in the cells transfected with pGL3 

NFATx3-CXCL9 at 48 hours (p<0.0001) and with pGL3 569 CXCL9 at 12 and 24 hours 

following stimulation with CD3CD28 beads (p<0.0001). Ionomycin and PMA stimulation 

also resulted in CXCL9 mRNA expression but in a lower magnitude for these two constructs 

(p<0.0001), which is most probably due to higher proliferation rate and death of the Jurkat 

cells upon stimulation with mitogens especially at 72 hours (observations from cell culture 

plates) resulting in dilution of transfected DNA at 72 hours. Results also suggested that there 

was upregulation of CXCL9 mRNA from the cells transfected with pGL3 Conrol-CXCL9 

construct following stimulation with CD3CD28 beads at 72 hours (p<0.0001) and Ionomycin 

and PMA at 48 hours (p<0.0001), indicating the constitutive promoter SV40 upregulation is 

probably also on mRNA level, and may not be solely caused by cell stress as it was suggested 

earlier. Unstimulated Jurkat (E-6.1 cells) did not express CXCL9 mRNA but CD3CD28 bead 

stimulated or Ionomycin and PMA stimulated cells did. 
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Figure 92. CXCL10 mRNA expression of transfected Jurkat E6.1 cells.  

2x106 Jurkat E6.1 cells were transfected with 5 µg of DNA of the constructs pGL3 282-CXCL10, pGL3 NFATx3-CXCL10, pGL3 569-CXCL10 or Mock transfected. 
Following 6 hours incubation, cells were either unstimulated (blue bars) or stimulated with CD3CD28 beads (1 bead/cell) (beads) (yellow bars) or Ionomycin 
and PMA (500 and 50 ng/mL respectively) (I/P) (purple bars) for 12, 24, 48 or 72 hours. RNA was extracted and converted to cDNA and CXCL10 mRNA 
expression was quantified for 12, 24, 48 and 72 hours with qRT-PCR.  Results were normalized to human HPRT expression. Positive control was the DNA of 
pCMV-CXCL10 and negative controls were Jurkat cells and water. Data are the mean of three individual transfections and are representative of two 
independent experiments.        .
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Results suggest that although Jurkat cells were transfected with same the amount of DNA, 

CXCL10 mRNA expression is much higher magnitude than CXCL9 mRNA (p<0.0001). 

Similar to the baseline expression of CXCL9 mRNA, a low-level baseline expression of 

CXCL10 mRNA was also observed for all inducible promoters in transfected Jurkat cells. All 

inducible promoter constructs expressed CXCL10 on stimulation with both CD3CD28 beads 

(p<0.0001) (again contrary to luciferase expression assays) and ionomycin and PMA 

(p<0.0001) at all time points studied. CXCL10 mRNA expression was highest from the cells 

transfected with pGL3 282-CXCL10 especially at 48 hours following stimulation with both 

CD3CD28 beads (p<0.0001) and Ionomycin and PMA (p<0.0001)  (Contrary to CXCL9 

mRNA expression with pGL3 NFATx3-CXCL9 and pGL3 569-CXCL9). CXCL10 mRNA 

expression was higher with Ionomycin and PMA stimulation rather than beads for all 

constructs (p<0.0001). Results also suggest that there is upregulation of CXCL10 mRNA of 

the cells transfected with pGL3 Control-CXCL10 construct, similar to the results of pGL3 

Control-CXCL9 construct, following stimulation with Ionomycin and PMA especially at 72 

hours (p<0.0001). Neither unstimulated nor stimulated Jurkat E6.1 cells express CXCL10 

mRNA. 
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6.4.2 Cell Migration to Jurkat E6.1 cell supernatants transfected with 

CXCL9 and CXCL10 driven by inducible IL-2 promoter constructs  

Cell migration to the supernatants of the gene modified Jurkat E6.1 cells was assessed with 

chemotaxis assays. Supernatants of pGL3 282-CXCL9, pGL3 NFATx3-CXCL9, pGL3 569-

CXCL9 and pGL3 Control-CXCL9 or pGL3 282-CXCL10, pGL3 NFATx3-CXCL10, pGL3 

569-CXCL10 and pGL3 Control-CXCL10 transfected Jurkat E6.1 cells were collected 

following stimulation of the cells with either CD3CD28 beads and Ionomycin and PMA for 

24, 48 or 72 hours and migration assays were done as described in detail in Materials and 

Methods. Briefly, PBMCs from healthy individuals were isolated and 1.5x10
6
 cells in 100 μl 

of medium (same medium as the Jurkat cells) was placed to the upper chambers of transwells 

with 5 μm pore size and 600 μl of the supernantants of the transfected Jurkat E6.1 cells to the 

lower chambers. Transwells were incubated for 3 hours at 37°C and 5% CO2, and the cells 

both at the upper chamber and migrated cells in the lower chamber were counted with 

counting beads by flow cytometry. Results are represented as absolute number of migrated 

cells.  

 

Figure 93A and Figure 94A shows the number of CD4, CD8, CD56, CD14 and CD19 cells in 

the PBMCs (upper chamber), and  Figure 93B and Figure 94B shows the number of 

lymphocyte subsets in the lower chamber migrated towards the supernatants of Jurkat E6.1 

cells transfected with indicated constructs following stimulation with CD3CD28 beads or 

Ionomycin and PMA for 24, 48 or 72 hours.  
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Figure 93. Transmigration assay to Jurkat E6.1 cell supernatants transfected with IL-2 promoter-CXCL9 constructs.  

A. Plot of number of lymphocyte subsets in the upper chamber. PBMCs were isolated from healthy individuals and lymphocytes  were labelled with anti-
CD4, anti-CD8, anti-CD56, anti-CD14 and anti-CD19 antibodies and the subset numbers were identified by counting with the beads by flow cytometry 
before the PBMCs were placed in the upper chamber of transwells (1.5x106 cells in 100 μl of medium). B. Plot shows the lymphocyte subsets in lower 
chambers migrated towards 600 μl of the supernatants of the Jurkat E6.1 cells that were microporated with the indicated constructs and were either 
unstimulated or stimulated with CD3CD28 beads (1 bead/cell) (beads) or Ionomycin and PMA (500 and 50 ng/ml) (I/P) , for 24, 48 or 72 hours. Positive 
control was the rhCXCL9 (100 ng/ml). Negative controls were untransfected Jurkat cell supernatants treated with the same conditions of the transfected 
ones, medium and PBS. Bars represent the total number of migrated lymphocytes and the colours within the bars represent the migrated lymphocyte 
subsets. Blue: CD14; Red: CD8; Green: CD56; Purple: CD14 and Cyan: CD19. Data are the mean of three individual transmigration experiments with the 
supernantants harvested from three individual transfections and are representative of two independent experiments.  .
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Figure 94. Transmigration assay to Jurkat E6.1 cell supernatants transfected with pGL3-CXCL10 constructs.  

A. Plot of number of lymphocyte subsets in the upper chamber. PBMCs were isolated from healthy individuals and lymphocytes  were labelled with anti-
CD4, anti-CD8, anti-CD56, anti-CD14 and anti-CD19 antibodies and the subset numbers were identified by counting with the beads by flow cymetry before 
the PBMCs were placed in the upper chamber of transwells (1.5x106 cells in 100 μl of medium). B. Plot shows the lymphocyte subsets in lower chambers 
migrated towards 600 μl of the supernatants of the Jurkat E6.1 cells microporated with indicated constructs and were either unstimulated or following 
stimulation with CD3CD28 beads (1 bead/cell) (beads) or Ionomycin and PMA (500 and 50 ng/ml) (I/P) , for 24, 48 or 72 hours. Positive control was the 
rhCXCL10 (100 ng/ml). Negative controls were untransfected Jurkat cell supernatants treated with the same conditions of the transfected ones, medium 
and PBS. Bars represent the total number of migrated lymphocytes and the colours within the bars represent the migrated lymphocyte subsets . Blue: 
CD14; Red: CD8; Green: CD56; Purple: CD14 and Cyan: CD19. Data are the mean of three individual transmigration experiments with the supernantants 
harvested from three individual transfections and are representative of two independent experiments. 
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Results indicate that lymphocytes migrate towards the supernatants of stimulated Jurkat E6.1 

cells transfected with IL-2 promoter constructs, suggesting once the cells are stimulated with 

CD3CD28 beads or Ionomycin and PMA, they express CXCL9 or CXCL10 which results in 

chemotaxis of PBMCs (p<0.0001 for all constructs at all time points).  

 

pGL3 NFATx3 CXCL9 construct‟s function was superior and more consistent from 24-72 

hours compared to other IL-2 promoter CXCL9 constructs. CXCL9 mainly attracts the 

population of CD4, CD8, CD56 cells shown by the ratio of these cells within the migrated 

population being higher than the ratio of them in the original PBMCs. 

 

pGL3 NFATx3 CXCL10 construct‟s function was also superior to other IL-2 promoter 

CXCL10 constructs. But pGL3 282-CXCL10 and pGL3 569-CXCL10 were also functional 

when the cells were activated either with CD3CD28 beads or Ionomycin and PMA. CXCL10 

similar to CXCL9 also mainly attracts CD4, CD8 and CD56 population. 

 

 

6.4.3 Quantification of CXCL9 and CXCL10 expression of the transfected 

Jurkat E6.1 cells upon stimulation 

In order to quantify the CXCL9 and CXCL10 expressions, ELISA experiments were 

performed on the supernatants of pGL3 282-CXCL9, pGL3 NFATx3-CXCL9, pGL3 569-

CXCL9 and pGL3 Control-CXCL9 or pGL3 282-CXCL10, pGL3 NFATx3-CXCL10, pGL3 

569-CXCL10 and pGL3 Control-CXCL10 transfected Jurkat E6.1 cells that were also used in 

migration assays. ELISA was performed with anti-human CXCL9 or CXCL10 monoclonal 

antibodies paired with biotinylated anti-human CXCL9 or CXCL10 antibodies as described 

in Materials and Methods. Figure 95 and Figure 96 show the amount of chemokines secreted 

from the transfected Jurkat cells. 
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Figure 95. CXCL9 secretion by transfected Jurkat E6.1 cells microporated with CXCL9 constructs 
driven by inducible IL-2 promoters.   

2x106 Jurkat E6.1 cells were microporated with 5 µg of the indicated constructs and the cells were 
either unstimulated or stimulated with CD3CD28 beads (1 bead/cell) (beads) or Ionomycin and PMA 
(500 and 50 ng/ml) (I/P), for 24, 48 or 72 hours. Supernatants were collected and the quantity of 
CXCL9 in the supernatants was analysed with ELISA using CXCL9 antibodies. Data shown are the 
mean ± SD of three individual cultures (resulted from three individual transfections) and are 
representative of two independent experiments. 
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Results confirm and quantify the secretion of CXCL9 from gene modified Jurkat E6.1 cells. 

Jurkat E6.1 cells transfected with all three IL-2 promoter constructs produced CXCL9 upon 

stimulation with CD3CD28 beads and Ionomycin and PMA. A small amount of baseline 

activity was detected with all three constructs. CXCL9 secretion was higher following 

stimulation with CD3CD28 beads compared to Ionomycin and PMA stimulation.  

 

Although there was a baseline expression of CXCL9 from all transfected but unstimulated 

Jurkat E6.1 cells, significant production of CXCL9 was observed for all constructs at 24, 48 

and 72 hours upon stimulation with CD3CD28 beads and Ionomycin and PMA (p<0.0001). 

Highest amount of CXCL9 expression was detected in the supernatants of 2x10
6
 Jurkat cells 

microporated with 5 µg pGL3 NFATx3-CXCL9 construct following stimulation with 

CD3CD28 beads; 51.33 ng/ml (range 41-59) at 24 hours increasing to 84.5 ng/ml (range 63-

114.5) at 48 hours and 98.1 ng/ml (range 85.3-112 ng/ml) at 72 hours. Similarly, 97.2 ng/ml 

(range 97.6-116) CXCL9 was produced by the Jurkat E6.1 cells transfected with pGL3 569-

CXCL9 following stimulation with CD3CD28 beads for 24 hours but gradually reducing to 

baseline levels at 48-72 hours.  

 

CXCL9 secretion from the Jurkat E6.1 cells transfected with pGL3 Control-CXCL9 

construct, which contains constitutive promoter SV40, was also increased when the cells 

were stimulated with CD3CD28 beads (p<0.0001) and Ionomycin and PMA (p<0.0001). 

Jurkat E6.1 cells that are not gene modified also did secrete a small amount of CXCL9 

following stimulation with CD3CD28 beads (p<0.0001) or Ionomycin and PMA (p<0.0001). 
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Figure 96. CXCL10 secretion by transfected Jurkat E6.1 cells microporated with CXCL10 constructs 
driven by inducible IL-2 promoters.   

2x106 Jurkat E6.1 cells were microporated with 5 µg of the indicated constructs and the cells were 
either unstimulated or stimulated with CD3CD28 beads (1 bead/cell) (beads) or Ionomycin and PMA 
(500 and 50 ng/ml) (I/P), for 24, 48 or 72 hours. Supernatants were collected and the quantity of 
CXCL10 in the supernatants was analysed with ELISA using CXCL10 antibodies. Data shown are the 
mean ± SD of three individual cultures (resulted from three individual transfections) and are 
representative of two independent experiments. 
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Results confirm and quantify the secretion of CXCL10 from gene modified Jurkat E6.1 cells. 

Jurkat E6.1 cells transfected with all three IL-2 promoter constructs produced CXCL10 upon 

stimulation with CD3CD28 beads (p<0.0001) and Ionomycin and PMA (p<0.0001). A small 

amount of baseline activity was detected with all three constructs. CXCL10 secretion was 

significantly higher with Ionomycin and PMA stimulation at 48 hours for all three constructs 

compared to CD3CD28 bead stimulation (p<0.0001).  

 

Although there was a baseline expression of CXCL10 from all transfected but unstimulated 

Jurkat E6.1 cells, highest CXCL10 expression was detected in the supernatants of 2x10
6
 

Jurkat cells microporated with 5 µg pGL3 NFATx3-CXCL10 construct following stimulation 

with CD3CD28 beads; 84.67 ng/ml (range 78.6-89.4) increasing to 124.16 ng/ml (range 98-

140.3) at 48 hours and 126.67 ng/ml (range 119.1-135) at 72 hours. CXCL10 expression 

following stimulation with Ionomycin and PMA was 126 ng/ml (range 119-130) at 24 hours, 

increasing to 190.13 ng/ml (range 177.4-201 ng/ml) at 48 hours but decreasing to 148.96 

ng/ml (range 140-163.4) at 72 hours. Similarly Jurkat E6.1 cells transfected with pGL3 569-

CXCL10 produced 103.5 ng/ml (range 96-108.5) CXCL10 at 24 hours following stimulation 

with CD3CD28 beads for 24 hours increasing to 113.96 ng/ml (range 108-119.7) at 48 hours 

and decreasing slightly to 106.83 ng/ml (range 119-135) at 72 hours. CXCL10 expression 

following stimulation with Ionomycin and PMA was 52.8 ng/ml (range 38.4-70.8) at 24 

hours, increasing sharply to 129.26 ng/ml (range 102-157.4) at 48 hours but decreasing to 

56.8 ng/ml (range 49.2-63.4) at 72 hours. Amount of CXCL10 secretion from Jurkat cells 

transfected with pIL-2 282-CXCL10 was also prominent especially following stimulation of 

the cells (both with CD3CD28 beads and Ionomycin and PMA) at 48 hours with the levels of 

103.93 ng/ml and 146 ng/ml respectively but levels were decreased to 73.53 ng/ml and 

90.13ng/ml at 72 hours.  

 

CXCL10 secretion from the Jurkat E6.1 cells transfected with pGL3 Control-CXCL10 

construct was also increased when the cells were stimulated with CD3CD28 beads and 

Ionomcin and PMA (p<0.0001). Jurkat E6.1 cells that were not gene modified unstimulated 

or stimulated with CD3CD28 beads or Ionomycin and PMA did not secrete CXCL10. 
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6.4.4 Quantification of CXCL9 and CXCL10 mRNA expression in Primary 

T cells transfected with the pGL3-CXCL9 or pGL3-CXCL10 

constructs 

Following transfection and stimulation of primary T cells, quantification of CXCL9 and 

CXCL10 mRNA expression was carried out using qRT-PCR. Figure 97 and Figure 98 show 

the quantification of CXCL9 or CXCL10 expression, from the cells transfected with 

constructs encoding CXCL9 or CXCL10 under the control of an inducible IL-2 promoter, or 

the constitutive SV40 promoter, in primary T cells. To overcome the possible variation in 

expression levels due to cell factors and variations between donors, primary T cells, from the 

same donors, were used for the same chemokine experiments but different donors were used 

for different chemokines experiments. Following isolation from PBMCs, primary T cells 

were rested for 6 hours, then 1.5 x 10
6
 cells/nucleofection were transfected with 2 μg of 

DNA/nucleofection and rested for another 6 hours before the stimulation with either 

CD3CD28 beads (1 bead/cell) or mitogens (Ionomycin 500 ng/ml and PMA 50 ng/ml). 

Following 24 hours stimulation, supernatants and cells were harvested for experiments. 

 

Real time experiments were carried out with the primer pairs CXCL9 and CXCL10 

(Materials and Methods). Chemokine expression levels were normalized to hHPRT 

expression. Chemokine mRNA expression levels were calculated by ΔΔCT method. Figure 

97 and Figure 98 show the CXCL9 and CXCL10 mRNA expression levels of the 

nucleofected primary T cells following stimulation with CD3CD28 beads or Ionomycin and 

PMA for 24 hours.   
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Figure 97. CXCL9 mRNA expression of pGL3 282-CXCL9, pGL3 NFATx3-CXCL9, pGL3 569-CXCL9 and 
pGL3 Control-CXCL9 transfected primary T cells.  

Following nucleofection, T cells were either unstimulated or stimulated with CD3CD28 beads or 
mitogens for 24 hours. mRNA was extracted and converted to cDNA. CXCL10 mRNA expression was 
quantified by RT-PCR. Bars represent the CXCL10 mRNA expression normalized to HPRT. Positive 
control, pCMV-CXCL10 DNA; negative control water (data not shown). Data shown are the mean ± 
SD of three individual nucleofections and are representative of two independent experiments. 

 

Primary T cells do not express CXCL9 mRNA when they are unstimulated or stimulated with 

CD3CD28 beads or Ionomycin and PMA. Transfected primary T cells stimulated with 

CD3CD28 beads, or Ionomycin and PMA showed upregulated expression of CXCL9 mRNA, 

indicating all inducible IL-2 promoter constructs are induced and express CXCL9 mRNA 

when the T cells are stimulated (p<0.0001). Bead stimulation resulted in higher expression 

levels compared to stimulation with Ionomycin and PMA (p<0.0001).. Constructs pGL3 569-

CXCL9 and pGL3 NFATx3-CXCL9 showed the highest expression level amongst all 

constructs (including the constitutive SV40 promoter control CXCL9 construct) when the 

cells were stimulated with beads. Both pGL3 282-CXCL9 and pGL3 NFATx3-CXCL9 

showed baseline expression of CXCL9 when transfected into primary T cells. Results also 

suggest that constitutive (SV40) promoter control construct, pGL3 Control-CXCL9 was also 

induced when the transfected T cells are stimulated with CD3CD28 beads. 
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Figure 98. CXCL10 mRNA expression of pGL3 282-CXCL10, pGL3 NFATx3-CXCL10, pGL3 569-CXCL10 
and pGL3 Control-CXCL10 transfected primary T cells.  

Following nucleofection, T cells were either unstimulated or stimulated with CD3 and CD28 beads or 
mitogens for 24 hours. mRNA was extracted and converted to cDNA. CXCL10 mRNA expression was 
quantified by RT-PCR. Bars represent the CXCL10 mRNA expression normalized to HPRT. Positive 
control, pCMV-CXCL10 DNA; negative control water (data not shown). Data shown are the mean ± 
SD of three individual nucleofections and are representative of two independent experiments. 

Primary T cells do not express CXCL10 mRNA when they are unstimulated or stimulated 

with beads or mitogens. All IL-2 inducible promoter CXCL10 constructs showed a degree of 

baseline CXCL10 mRNA expression, when transfected into the primary T cells (pGL3 

NFATx3-CXCL10 with the highest baseline activity). Gene-modified primary T cells 

stimulated with Ionomycin and PMA showed higher levels of expression of CXCL10 mRNA, 

compared to CD3CD28 beads stimulation (p<0.0001). Construct pGL3 NFATx3-CXCL10 

showed the highest expression level of CXCL10 amongst all constructs (including the 

constitutive SV40 promoter control CXCL9 construct) when the cells were stimulated with 

Ionomycin and PMA. Results also suggested that constitutive (SV40) promoter control 

construct, pGL3 Control-CXCL10 was also induced when the cells were stimulated with 

CD3CD28 beads and mitogens (p<0.0001). 

 

6.4.5 Cell Migration to Primary T cell supernatants transfected with 

CXCL9 and CXCL10 driven by inducible  

qRT-PCR experiments with gene-modified primary T cells proved that CXCL9 and CXCL10 

mRNA were expressed following stimulation of the cells, and therefore, transmigration 

assays were performed with the supernatants of gene-modified primary T cells. 
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Figure 99A shows the number of CD4, CD8, CD56, CD14 and CD19 subsets in the PBMCs 

used in the corresponding transmigration assay, shown in Figure 99B.  Figure 99B shows the 

absolute number of transmigrated lymphocyte subsets in the lower chamber to the 

supernatants of primary T cells transfected with indicated constructs either unstimulated or 

stimulated with CD3CD28 beads or Ionomycin and PMA for 24 hours following 3 hours of 

transmigration. Primary T cells used in the transfections that produced the supernatants for 

the transmigration assays and the PBMCs which migrate towards supernatants in 

transmigration assays were isolated from the peripheral blood of the same individual.  

 

 

Figure 99. Transmigration assay to primary T cell supernatants transfected with pGL3-CXCL9 
constructs.  

A. shows the number of lymphocyte subsets in the upper chamber. PBMCs were isolated from 
healthy individuals and lymphocytes were labelled with anti-CD4, anti-CD8, anti-CD56, anti-CD14 
and anti-CD19 antibodies and the subset numbers were identified by counting labelled cells together 
with the counting beads by flow cytometry before the PBMCs were placed in the upper chamber of 
transwells (1.5x106 cells in 100 μl of medium).  

B. shows the number of lymphocyte subsets in lower chambers migrated towards 600 μl of the 
supernatants of the primary T cells nucleofected with indicated constructs either unstimulated or 
following stimulation with CD3CD28 beads (1 bead/cell) (beads) or Ionomycin and PMA (500 and 50 
ng/ml) (I/P) , for 24, 48 or 72 hours. Positive control was the rhCXCL9 (100 ng/ml). Negative controls 
were untransfected primary T cell supernatants treated with the same conditions as the transfected 
ones, and medium. Bars represent the total number of migrated lymphocytes and the colours within 
the bars represent the migrated lymphocyte subsets. Dark blue: CD14; Red: CD8; Green: CD56; 
Purple: CD14 and Cyan: CD19. Data are the mean ± SD of two individual transmigrations (with the 
supernantants from two individual transfection experiments) and are representative of two 
independent experiments. 
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Results showed that the lymphocytes migrate towards the supernatants of stimulated primary 

T cells transfected with CXCL9 constructs driven by IL-2 promoters only when the cells 

were stimulated with CD3CD28 beads or Ionomycin and PMA suggesting that chemokine 

CXCL9 was expressed when the cells were stimulated. All pGL3-CXCL9 constructs were 

functional when they were stimulated with CD3CD28 beads (p<0.0001). The number of 

PBMCs that were attracted in order of magnitude was: pGL3 569-CXCL9 > pGL3 NFATx3-

CXCL9 >pGL3 282-CXCL9. pGL3 NFATx3-CXCL9 also attracted PBMCs without 

stimulation, suggesting baseline activity of NFAT promoter without stimulation (p<0.0001).   

 

Figure 100A shows the number of CD4, CD8, CD56, CD14 and CD19 cells in the PBMCs  

used in the corresponding transmigration assay, shown in Figure 100B. Figure 100B shows 

the absolute number of transmigrated lymphocyte subsets within 600 μl in the lower chamber 

towards the supernatants of primary T cells transfected with indicated constructs (either 

unstimulated or stimulated with CD3CD28 beads or Ionomycin and PMA for 24 hours) 

following 3 hours of transmigration. Primary T cells used in the transfections that produced 

the supernatants for the transmigration assays and the PBMCs which migrate towards 

supernatants in transmigration assays were isolated from the peripheral blood of the same 

individual.  
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Figure 100. Transmigration assay to primary T cell supernatants transfected with pGL3-CXCL10 
constructs.  

A. shows the number of lymphocyte subsets in the upper chamber. PBMCs isolated from healthy 
individuals and lymphocytes  were labelled with anti-CD4, anti-CD8, anti-CD56, anti-CD14 and anti-
CD19 antibodies and the subset numbers were identified by counting with the beads by flow 
cytometry before the PBMCs were placed in the upper chamber of transwells (1.5x106 cells in 100 μl 
of medium).  

B. shows the number of lymphocyte subsets in lower chambers migrated towards 600 μl of the 
supernatants of the primary T cells nucleofected with indicated constructs either unstimulated or 
following stimulation with CD3CD28 beads (1 bead/cell) (beads) or Ionomycin and PMA (500 and 50 
ng/ml) (I/P) , for 24, 48 or 72 hours. Positive control was the rhCXCL10 (100 ng/ml). Negative 
controls were untransfected primary T cell supernatants treated with the same conditions as the 
transfected ones and medium. Bars represent the total number of migrated lymphocytes and the 
colours within the bars represent the migrated lymphocyte subsets Dark blue: CD14; Red: CD8; 
Green: CD56; Purple: CD14 and Light blue: CD19. Data are the mean ± SD of two individual 
transmigrations (with the supernantants from two individual transfection experiments) and are 
representative of two independent experiments. 

Results indicated that chemokine CXCL10 was expressed when the lymphocytes migrate 

towards the supernatants of stimulated primary T cells transfected with IL-2 promoter 

constructs, only when the cells were stimulated with CD3CD28 beads or Ionomycin and 

PMA (p<0.0001). The function of the pGL3 NFATx3 CXCL10 construct was superior to 

other inducible promoter constructs in terms of attracting higher number of cells once the 

cells were stimulated with CD3CD28 beads or Ionomycin and PMA. However, cells 

transfected with this construct also seemed to be expressing CXCL10 when the cells were not 

stimulated and the supernatants of these unstimulated cells also attracted lymphocytes 

(p<0.0001). Expression of the pGL3 569-CXCL10 construct also resulted in cell migration, 

towards the supernatant, when cells were stimulated with CD3CD28 beads or Ionomycin and 

PMA (p<0.0001).  

 

6.4.6 Quantification of CXCL9 and CXCL10 expression of the transfected 

Primary T cells upon stimulation 

In order to quantify the amount of secreted CXCL9 and CXCL10, ELISA experiments were 

performed on the supernatants of pGL3 282-CXCL9, pGL3 NFATx3-CXCL9, pGL3 569-

CXCL9 and pGL3 Control-CXCL9 or pGL3 282-CXCL10, pGL3 NFATx3-CXCL10, pGL3 

569-CXCL10 and pGL3 Control-CXCL10 transfected primary T cells that were also used in 

migration assays. ELISA were performed with anti-human CXCL9 or CXCL10 monoclonal 

antibodies paired with biotinylated anti-human CXCL9 or CXCL10 antibodies as described 
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in Materials and Methods. Figure 101 and Figure 102 show the concentration of chemokines 

CXCL9 and CXCL10 respectively secreted from the transfected primary T cells. 

 

      

Figure 101. CXCL9 secretion by primary T cells transfected with CXCL9 constructs driven by inducible 
IL-2 promoters.   

1.5x106 primary T cells were nucleofected with 2 µg of the indicated constructs and the cells were 
either unstimulated or stimulated with CD3CD28 beads (1 bead/cell) (beads) or Ionomycin and PMA 
(500 and 50 ng/ml) (I/P) for 24 hours. Supernatants were collected and the quantity of CXCL9 in the 
supernatants was analysed with ELISA using CXCL9 antibodies. Data shown are the mean ± (SD) of 
three individual cultures of three individual nucleofections and are representative of two 
independent experiments  

 

Results confirm the quantity of secretion of CXCL9 from gene modified primary T cells. 

Primary T cells transfected with all three IL-2 promoter constructs produced significant 

amounts of CXCL9 following stimulation with CD3CD28 beads (p<0.0001) and Ionomycin 

and PMA (p<0.0001). A small amount of baseline activity was also detected with the cells 

transfected with pGL3 282-CXCL9 and pGL3 NFATx3-CXCL9 constructs; pGL3 NFATx3-

CXCL9  > pGL3 282-CXCL9. CXCL9 secretion was much higher with CD3CD28 bead 

stimulation compared to Ionomycin and PMA stimulation for all primary T cells transfected 

with all three constructs.  

 

Although there was a baseline expression of CXCL9 from transfected but unstimulated 

primary T cells, 82.33 ng/ml, 67.96 ng/ml and 57.16 ng/ml CXCL9 expression was detected 
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in the supernatants of 1.5x10
6
 primary T cells nucleofected with 2 µg pGL3 NFATx3-

CXCL9, pGL3 569-CXCL9 and pGL3 282-CXCL9 constructs respectively following 

stimulation with CD3CD28 beads for 24 hours. 55.13 ng/ml CXCL9 production was 

determined from the cells transfected with pGL3 Control-CXCL9 construct and this was 

increased to 87.2 ng/ml following stimulation with CD3CD28 beads and 126.13 ng/ml 

following stimulation with Ionomycin and PMA for 24 hours. Primary T cells unstimulated 

or stimulated with CD3CD28 beads or Ionomycin and PMA did not secrete CXCL9. 

             

 

Figure 102. CXCL10 secretion by primary T cells transfected with CXCL10 constructs driven by 
inducible IL-2 promoters.   

1.5x106 primary T cells were nucleofected with 2 µg of the indicated constructs and the cells were 
either unstimulated or stimulated with CD3CD28 beads (1 bead/cell) (beads) or Ionomycin and PMA 
(500 and 50 ng/ml) (I/P), for 24 hours. Supernatants were collected and the quantity of CXCL10 in 
the supernatants was analysed with ELISA using CXCL10 antibodies. Data shown are the mean ± (SD) 
of three individual cultures of three individual nucleofections and are representative of two 
independent experiments. 

 

CXCL10 ELISA confirms and quantifies the secretion of CXCL10 from gene modified 

primary T cells.  

 

Primary T cells transfected with all three IL-2 promoter constructs produced CXCL10 

following stimulation with CD3CD28 beads (p<0.0001) and Ionomycin and PMA 

(p<0.0001). A small amount of baseline activity was also detected with the cells transfected 
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with pGL3 569-CXCL10 and pGL3 NFATx3-CXCL10 constructs, pGL3 NFATx3-CXCL10 

> pGL3 569-CXCL10. CXCL10 secretion was much higher with CD3CD28 bead stimulation 

from the cells transfected with pGL3 569-CXCL10 compared to ionomycin and PMA 

stimulation in contrast, Ionomycin and PMA stimulation resulted in higher amount of 

CXCL10 secretion from the cells transfected with pGL3 NFATx3-CXCL10.  

 

Although there was a baseline expression of CXCL10 from transfected but unstimulated 

primary T cells, 180.66 ng/ml CXCL10 was detected in the supernatants of 1.5x10
6
 primary 

T cells nucleofected with 2 µg pGL3 569-CXCL10 following stimulation with CD3CD28 

beads and 167.06 ng/ml following stimulation with Ionomycin and PMA for 24 hours. 210.13 

ng/ml CXCL10 expression was produced by primary T cells transfected with pGL3 NFATx3-

CXCL9 construct following stimulation with CD3CD28 beads and 242.18 ng/ml following 

stimulation with Ionomycin and PMA for 24 hours. 171.8 ng/ml CXCL10 production was 

determined from the cells transfected with pGL3 Control-CXCL10 construct following 24 

hours post-transfection and this was increased to 223.86 ng/ml (p<0.0001) and 242.08 ng/ml 

(p<0.0001) upon stimulation with CD3CD28 beads and Ionomycin and PMA for 24 hours 

respectively. Primary T cells unstimulated or stimulated with CD3CD28 beads or Ionomycin 

and PMA did not secrete CXCL10. 

 

 

6.4.7 Quantification of CXCL9 and CXCL10 mRNA expression in 

activated Primary T cells transfected with the pGL3-CXCL9 or 

pGL3-CXCL10 constructs 

Following transfection of activated primary T cells, quantification of CXCL9 and CXCL10 

mRNA expression was carried out using qRT-PCR. Figure 103 and Figure 104 show the 

quantification of CXCL9 and CXCL10 expression, from cells transfected with constructs 

encoding CXCL9 or CXCL10 under the control of an inducible IL-2 promoter, or the 

constitutive SV40 promoter, in activated primary T cells. To overcome the possible variation 

in expression levels due to cell factors and variations between individuals, experiments, 

looking at each chemokine, were repeated twice with primary T cells from the same 

individual for the same chemokine but from different individuals for each chemokine. 

Following isolation from PBMCs, primary T cells were activated with CD3CD28 beads for 5 
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days, then (1.5 x 10
6
 cells/nucleofection) cells were transfected with 2 μg of 

DNA/nucleofection and incubated for 24 hours before supernatants and cells were harvested 

for RNA extraction, ELISA and transmigration experiments. 

Real time experiments were carried out with the primer pairs CXCL9 and CXCL10. 

(Materials and Methods Table 17). Chemokine expression levels were normalized to hHPRT 

expression and calculated with ΔΔCT method.  

 

 

Figure 103. CXCL9 mRNA expression of pGL3 282-CXCL9, pGL3 NFATx3-CXCL9, pGL3 569-CXCL9 and 
pGL3 Control-CXCL9 transfected primary activated T cells . 

Following activation with CD3CD28 beads for 5 days, T cells were nucleofected with constructs 
encoding CXCL9 under inducible IL-2 promoters. Bars represent the level of CXCL9 mRNA expression 
compared to mock transfected primary T cells, activated with CD3CD28 beads for 5 days. Data 
shown are the mean ± SD of three individual nucleofections and real time PCR experiments using the 
primary T cells from the same individual and are representative of two independent experiments.  

 

qRT-PCR results showed that inducible promoters expressed the target gene CXCL9 when 

the constructs were transfected into activated primary T cells (p<0.0001 for all constructs). T 

cells activated with CD3CD28 beads for 5 days did not express CXCL9 mRNA. Activated T 

cells (and transfected with various CXCL9 constructs) all expressed CXCL9 mRNA, similar 

to transfected and then stimulated primary T cells (data shown in Figure 97), activated 

primary T cells transfected with pGL3 569-CXCL9 resulted with the highest CXCL9 mRNA 

expression level compared to all other inducible IL-2 promoter constructs as well as the 

control construct, pGL3 Control CXCL9, which contains constitutive (SV40) promoter.  
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Figure 104. CXCL10 mRNA expression of pGL3 282-CXCL10, pGL3 NFATx3-CXCL10, pGL3 569-CXCL10 
and pGL3 Control-CXCL10 transfected primary activated T cells. 

Following activation with CD3CD28 beads for 5 days, T cells were nucleofected with constructs 
encoding CXCL10 under inducible IL-2 promoters. Bars represent the level of CXCL10 mRNA 
expression compared to mock transfected primary T cells, activated with CD3CD28 beads for 5 days. 
Data shown are the mean ± SD of three individual nucleofections and real time PCR experiments 
using the primary T cells from the same individual and are representative of two independent 
experiments. 

T cells activated with CD3CD28 beads for 5 days did not express CXCL10 mRNA. 

Activated T cells transfected with various CXCL10 constructs, all expressed CXCL10 

mRNA (p<0.0001), similar to transfected and then stimulated primary T cells (data shown in 

Figure 98). CXCL10 mRNA expression of the activated cells transfected with construct 

pGL3 NFATx3-CXCL10 was the highest compared to all other inducible IL-2 promoter 

constructs as well as the control construct, pGL3 Control CXCL10 which contains 

constitutive (SV40) promoter. Results indicate that inducible promoters express the target 

gene CXCL10 when the constructs transfected into activated primary T cells. Results are 

similar to CXCL10 mRNA expression of primary T cells that are transfected and then 

stimulated with CD3 and CD28 beads (Figure 98). 
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6.4.8 Cell Migration to activated Primary T cell supernatants transfected 

with CXCL9 and CXCL10 driven by inducible IL-2 promoters 

qRT-PCR experiments with gene modified activated primary T cells showed that CXCL9 and 

CXCL10 mRNA were expressed following stimulation of the cells, and therefore, 

transmigration assays were performed with the supernatants of gene modified activated 

Primary T cells. 

 

Figure 105A shows the number of CD4, CD8, CD56, CD14 and CD19 cells in the PBMCs  

used in the corresponding transmigration assay, shown in Figure 105B.  Figure 105B shows 

the absolute number of transmigrated lymphocyte subsets within 600 μl in the lower chamber 

to the supernatants of the gene modified activated primary T cells transfected with indicated 

CXCL9 constructs for 24 hours following 3 hours of transmigration. Primary T cells used in 

the transfections that produced the supernatants for the transmigration assays and the PBMCs 

which migrate towards supernatants in transmigration assays were isolated from the 

peripheral blood of the same individual.  
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Figure 105. Transmigration assay to activated primary T cell supernatants transfected with pGL3-
CXCL9 constructs.  

A. shows the number of lymphocyte subsets in the upper chamber. PBMCs were isolated from 
healthy individuals and lymphocytes  were labelled with anti-CD4, anti-CD8, anti-CD56, anti-CD14 
and anti-CD19 antibodies and the subset numbers were identified by counting with the beads by 
FACS before the PBMCs were placed in the upper chamber of transwells (1.5x106 cells in 100 μl of 
medium).  

B. shows the lymphocyte subsets in lower chambers migrated towards 600 μl of the supernatants of 
activated primary T cells nucleofected with indicated constructs. Bars represent the total number of 
migrated lymphocytes and the colours within the bars represent the migrated lymphocyte subsets. 
Dark blue: CD14; Red: CD8; Green: CD56; Purple: CD14 and Light blue: CD19. Results represent the 
average values from 2 independent transmigration assays with supernatants produced also from 
two independent transfections of activated primary T cells. Data are the mean ± SD of two individual 
transmigrations (with the supernantants from two individual transfection experiments) and are 
representative of two independent experiments. 

Results indicated that secreted chemokine CXCL9, in the supernatants of gene-modified 

activated primary T cells, attracted lymphocytes (p<0.0001): The level of CXCL9 secreted by 

activated primary T cells was highest in the cells transfected with pGL3 569-CXCL9 and 

decreased in the following order; cells transfected with pGL3 Control-CXCL9, cells 

transfected with pGL3 NFATx3-CXCL9 and then cells transfected with pGL3 282-CXCL9. 

The pGL3 569-CXCL9 construct, driven by the IL-2 568 bp promoter, seems to be 

functionally superior to the other constructs in term of attracting higher number of cells 

towards the supernatant of activated primary T cells transfected with this construct.  
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Figure 106A shows the number of CD4, CD8, CD56, CD14 and CD19 cells in the PBMCs  

used in the corresponding transmigration assay, shown in Figure 106B.  Figure 106B shows 

the absolute number of transmigrated lymphocyte subsets (within 600 µl) in the lower 

chamber towards the supernatants of the gene modified activated primary T cells transfected 

with indicated CXCL10 constructs for 24 hours following 3 hours of transmigration. Primary 

T cells used in the transfections that produced the supernatants for the transmigration assays 

and the PBMCs which migrate towards supernatants in transmigration assays were isolated 

from the peripheral blood of the same individual. 

 

 

Figure 106. Transmigration assay to activated primary T cell supernatants transfected with pGL3-
CXCL10 constructs.  

A. shows the number of lymphocyte subsets in the upper chamber. PBMCs were isolated from 
healthy individuals and lymphocytes  were labelled with anti-CD4, anti-CD8, anti-CD56, anti-CD14 
and anti-CD19 antibodies and the subset numbers were identified by counting with the beads by 
FACS before the PBMCs were placed in the upper chamber of transwells (1.5x106 cells in 100 μl of 
medium). 

B. Plot shows the lymphocyte subsets in lower chambers migrated towards 600 μl of the 
supernatants of activated primary T cells nucleofected with indicated constructs. Bars represent the 
total number of migrated lymphocytes and the colours within the bars represent the migrated 
lymphocyte subsets. Dark blue: CD14; Red: CD8; Green: CD56; Purple: CD14 and Light blue: CD19. 
Data are the mean ± SD of two individual transmigrations (with the supernantants from two 
individual transfection experiments) and are representative of two independent experiments. 
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Results indicated that secreted chemokine CXCL10, in the supernatants of gene-modified 

activated primary T cells, attracted lymphocytes (p<0.0001), CXCL10 was secreted by 

activated primary T cells at the highest levels in cells transfected with pGL3 NFATx3-

CXCL10 and in decreasing amounts by cells transfected with pGL3 Control-CXCL10, pGL3 

569-CXCL10 or pGL3 282-CXCL10, respectively. The pGL3 NFATx3 CXCL10 construct, 

driven by NFATx3 promoter‟s function, seems to be superior to the other constructs, in terms 

of attracting higher number of cells towards the supernatant of activated primary T cells 

transfected with this construct.  

 

6.4.9 Quantification of CXCL9 and CXCL10 expression of transfected 

activated Primary T cells 

In order to quantify the amount of secreted CXCL9 and CXCL10 in activated primary T cells 

transfected with the corresponding constructs, ELISA experiments were performed on the 

supernatants of pGL3 282-CXCL9, pGL3 NFATx3-CXCL9, pGL3 569-CXCL9 and pGL3 

Control-CXCL9 or pGL3 282-CXCL10, pGL3 NFATx3-CXCL10, pGL3 569-CXCL10 and 

pGL3 Control-CXCL10 transfected activated primary T cells that were also used in migration 

assays. Anti-human CXCL9 or CXCL10 monoclonal antibodies paired with biotinylated anti-

human CXCL9 or CXCL10 antibodies were used for ELISA as described in Materials and 

Methods. Figure 107 and Figure 108 show the amount of chemokines CXCL9 and CXCL10 

respectively secreted from the transfected activated primary T cells. 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6.  Creation and testing of IL-2 promoter constructs with a different backbone 

 275 

 

Figure 107. CXCL9 secretion by activated primary T cells transfected with CXCL9 constructs driven by 
inducible IL-2 promoters.  

1.5x106 activated primary T cells were nucleofected with 2 µg of the indicated constructs and the 
cells were incubated for 24 hours. Supernatants were collected and the quantity of CXCL9 in the 
supernatants was analysed with ELISA using CXCL9 antibodies. Data shown are the mean ± (SD) of 
three individual cultures of three individual nucleofections and are representative of two 
independent experiments. 

 

 

Figure 108. CXCL10 secretion by activated primary T cells transfected with CXCL10 constructs driven 
by inducible IL-2 promoters.  

1.5x106 activated primary T cells were nucleofected with 2 µg of the indicated constructs and the 
cells were incubated for 24 hours. Supernatants were collected and the quantity of CXCL10 in the 
supernatants was analysed with ELISA using CXCL10 antibodies. Data shown are the mean ± (SD) of 
three individual cultures of three individual nucleofections and are representative of two 
independent experiments. 
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Results confirm and quantify the secretion of CXCL9 and CXCL10 from gene modified 

activated primary T cells. Activated primary T cells stimulated with CD3CD28 beads for 5 

days did not secrete CXCL10 but the ELISA assay detected a small amount of CXCL9 

secretion. Activated primary T cells transfected with all three IL-2 promoter constructs 

produced CXCL9 (p<0.0001) and CXCL10 (p<0.0001).  

 

53.33 ng/ml CXCL9 expression was detected in the supernatants of 1.5x10
6
 activated primary 

T cells nucleofected with 2 µg pGL3 569-CXCL9 construct, 43.83 ng/ml with pGL3 

NFATx3-CXCL9 and 18.63 ng/ml with pGL3 282-CXCL9 and 57.86 ng/ml with control 

construct pGL3 Control-CXCL9 at 24 hours post-transfection. The amount of CXCL9 

produced by activated primary T cells was negligible (5.06 ng/ml).  

 

213.83 ng/ml CXCL10 production was determined in the supernatants of 1.5x10
6
 activated 

primary T cells nucleofected with 2 µg pGL3 NFATx3-CXCL10, 162.33 ng/ml with pGL3 

569-CXCL10, and 37 ng/ml with pGL3 282-CXCL10 and 178.86 ng/ml with control 

construct pGL3 Control-CXCL10 at 24 hours post-transfection.  

 

6.4.10 Summary 

Functional experiments were performed with the chemokine expressing constructs driven by 

IL-2 promoters initially in Jurkat cells, then on primary T cells and later on activated primary 

T cells. Functional experiments on Jurkat cells proved that constructs expressing the 

chemokines CXCL9 and CXCL10 driven by IL-2 promoters were functional. CXCL9 and 

CXCL10 mRNA was expressed from the gene-modified Jurkat cells following activation 

with CD3CD28 beads and Ionomycin and PMA. Furthermore, chemotaxis assays with the 

supernatants of cells transfected with the constructs suggested presence of chemokines in the 

supernatants as they attracted the CD4, CD8, CD56 positive populations from the PBMCs. 

ELISA experiments quantified the amount of chemokines secreted to the cell supernatants for 

each construct. In Jurkat cell experiments, CXCL9 mRNA expression was highest in the cells 

transfected with pGL3 NFATx3-CXCL9 at 48 hours and with pGL3 569 CXCL9 at 12 and 

24 hours following stimulation with CD3CD28 beads, CXCL10 mRNA expression was 

highest from the cells transfected with pGL3 282-CXCL10 especially at 48 hours following 

stimulation with both CD3CD28 beads and Ionomycin and PMA, but CXCL10 mRNA 
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expression was higher with Ionomycin and PMA stimulation rather than beads for all the 

other constructs. Chemotaxis assays suggested that PBMCs were attracted to the supernatants 

of the cells transfected with the indicated constructs following stimulation, pGL3 NFATx3 

CXCL9 construct function being superior and more consistent from 24-72 hours compared to 

other IL-2 promoter CXCL9 constructs. Although following stimulation CXCL10 mRNA 

levels were higher in the cells transfected with pGL3 282-CXCL10 (compared to other IL-2 

constructs), chemotaxis assays and ELISA suggested that pGL3 NFATx3 CXCL10 and pGL3 

569-CXCL10 constructs, function were superior to pGL3 282-CXCL10 construct and so the 

amount of CXCL10 secreted from the cells transfected with this construct.  

 

Primary T cell studies suggested that cells transfected with pGL3 NFATx3-CXCL9 or pGL3 

NFATx3-CXCL10 following stimulation showed the highest mRNA expression level, and 

the magnitude of chemotaxis were higher towards the supernatants of pGL3 569-CXCL9 and 

pGL3 NFATx3-CXCL10 transfected cells. Results were similar in activated T cells, pGL3 

569-CXCL9 transfected cells yielding the highest CXCL9 mRNA expression, and stronger 

chemotaxis followed by pGL3 NFATx3-CXCL9 and for CXCL10 expression, pGL3 

NFATx3-CXCL10 transfected cells yielding the highest CXCL10 mRNA and transmigration. 

ELISA quantified the amount of secreted chemokines. 
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Chapter 7. Discussion 

7.1 Summary of the Results and the Strategy 

One of the aims of this study was to be able to deliver a potentially therapeutic gene in an 

antigen-specific manner. In order to develop a system to do this, we first compared the 

transcriptional potency of two T cell activation-dependent promoters; the IL-2 promoter and; 

a three tandem repeat of the NFAT sequence attached to a minimal IL-2 promoter. Plasmids 

were created in which one or the other promoter was upstream, and therefore controlling 

expression of, the EGFP reporter gene. These plasmids were transiently transfected into 

Jurkat cells (a T cell line) or primary T cells and the potency of the promoters was assessed 

following stimulation of the cells with CD3CD28 beads or Ionomycin and PMA. Stimulation 

with CD3CD28 antibodies induced the antigen-specific stimulation of the T cells whereas 

stimulation with Ionomycin and PMA induced a non-specific T cell activation by causing a 

direct and rapid increase in intracellular calcium. 

 

Initial experiments showed that the plasmid systems, created with the above described IL-2 

promoters, were not functional. In an attempt to overcome this problem, The IL-2 promoters 

were expanded, initially with the addition of 5‟ UTR regions and later with different lengths 

of IL-2 promoters. These were also tested for their functionality with the same plasmid 

system but, again proved to be non-functional. 

 

The plasmid system was then changed to a luciferase-expressing vector and three IL-2 

promoters were selected to be tested; the shortest reported functional IL-2 promoter (-282 bp 

from the TSS); a 3 tandem repeat NFAT attached to minimal IL-2 promoter (NFATx3 

promoter), created in this study, and; a longer (-568 bp from TSS) IL-2 promoter. Both the 

function and fidelity of these promoters were tested and compared to each other in the Jurkat 

cell line, primary T cells and activated primary T cells. 

 

All three IL-2 promoters were shown to be functional when Jurkat E6.1 cells were transfected 

with the IL-2 promoter constructs and stimulated with Ionomycin and PMA; the NFATx3 

promoter being the strongest inducer of the luciferase reporter gene expression. A degree of 

basal level luciferase expression was seen with all three IL-2 constructs but was highest with 
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the NFATx3 promoter. The results suggested that, in the plasmid system using the luciferase 

reporter gene, all three IL-2 promoters were stimulation-dependent but, with a degree of 

baseline expression in unstimulated cells. 

 

Functional experiments on Jurkat E6.1 cells proved that the chemokine expressing constructs 

driven by IL-2 promoters constructs expressing chemokines CXCL9 and CXCL10 driven by 

IL-2 promoters were also functional. Contrary to luciferase expressing constructs, when 

Jurkat E6.1 cells were transfected with constructs expressing the potentially therapeutic 

genes, CXCL9 and CXCL10, driven by IL-2 promoters, qRT-PCR experiments showed that 

CXCL9 and CXCL10 mRNA were produced following both CD3CD28 and Ionomycin and 

PMA stimulation of the cells. Basal mRNA expression levels of both CXCL9 and CXCL10 

were noted, again most evident with NFATx3 promoter. Although in the case of CXCL9 this 

could be due to Jurkat E6.1 cells‟ expression of CXCL9 mRNA when the cells were activated 

with CD3CD28 beads or Ionomycin and PMA however in case of CXCL10, Jurkat E6.1 cells 

did not expressed CXCL10 mRNA under any conditions. qRT-PCR experiments with Jurkat 

E6.1 cells also suggested that CXCL9 and CXCL10 mRNA expression varied with different 

time points of stimulation as well as fidelity of the IL-2 promoters.  

 

CXCL9 mRNA expression was highest in the cells transfected with pGL3 NFATx3-CXCL9 

at 48 hours and with pGL3 569 CXCL9 at 12 and 24 hours following stimulation with 

CD3CD28 beads, compared to other CXCL9 expressing IL-2 promoter constructs, and 

chemotaxis assays with the supernatants from these cells showed that the function of pGL3 

NFATx3-CXCL9 construct to be superior and more consistent from 24-72 hours compared to 

other IL-2 promoter CXCL9 constructs. 

 

CXCL10 mRNA expression was generally higher with Ionomycin and PMA stimulation 

rather than CD3CD28 beads for CXCL10 expressing IL-2 promoter constructs. The highest 

level of CXCL10 mRNA was expressed from Jurkat E6.1 cells transfected with pGL3 282-

CXCL10 especially at 48 hours following stimulation with both CD3CD28 beads and 

Ionomycin and PMA. Despite this, chemotaxis assays suggested that the function of pGL3 

NFATx3 CXCL10 was superior to other IL-2 promoter CXCL10 constructs.  
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The amount of secreted chemokines from the corresponding constructs was quantified by 

ELISA experiments. The concentration of CXCL9 and CXCL10 in the supernatants from 

Jurkat E6.1 cells used in the chemotaxis assays was found to correlate with the results of 

chemotaxis assays. Jurkat E6.1 cells transfected with pGL3 NFATx3-CXCL9 construct 

secreted highest concentrations of CXCL9 at 48 and 72 hours following stimulation with 

CD3CD28 beads and cells transfected with pGL3 569-CXCL9 at 12 hours, but decreasing to 

baseline levels at 72 hours. In the case of CXCL10, Jurkat E6.1 cells transfected with pGL3 

NFATx3-CXCL10 produced the highest amount of chemokine at 48 and 72 hours following 

stimulation with CD3CD28 beads and Ionomycin and PMA. 

 

Therefore, studies in Jurkat E6.1 cells with IL-2 promoter constructs both at the level of 

reporter gene or potentially therapeutic genes, CXCL9 and CXCL10, showed that NFATx3 

promoter was the most functional promoter following stimulation of the cells with CD3CD28 

beads and Ionomycin and PMA but also with higher baseline expression levels. 

 

Studies using primary human T cells suggested similar results. Primary T cells transfected 

with CXCL9 and CXCL10-expressing constructs driven by IL-2 promoters, suggested that 

CXCL9 mRNA expression was highest from the cells transfected with pGL3 569-CXCL9 

following stimulation with CD3CD28 beads and with pGL3 NFATx3-CXCL10 stimulated 

with Ionomycin and PMA for 24 hours. Chemotaxis assays showed that cells were mostly 

attracted to the supernatants of primary T cells transfected with pGL3 569-CXCL9 and pGL3 

NFATx3-CXCL9 following stimulation with CD3CD28 beads for 24 hours. In case of 

CXCL10, the magnitude of chemotaxis was highest towards the supernatants of primary T 

cells transfected with pGL3 NFATx3-CXCL9 construct following stimulation with both 

CD3CD28 and Ionomycin and PMA for 24 hours. ELISA experiments suggested that the 

concentration of secreted chemokines was highest from primary T cells transfected with 

pGL3 NFATx3-CXCL9 construct following stimulation with CD3CD28 beads and with 

pGL3 NFATx3-CXCL10 construct following stimulation with CD3CD28 beads and 

Ionomycin and PMA.  Baseline chemokine expressions were detected from primary T cells 

transfected with all three IL-2 promoters, highest with NFATx3 promoter. Primary T cells 

did not express or secret CXCL9 and CXCL10 under any conditions tested. 
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When the constructs transfected in activated primary T cells, qRT-PCR, chemotaxis and 

ELISA experiments suggested the IL-2 568 (in case of CXCL9) and NFATx3 promoter (in 

case of CXCL10) most inducible promoters. 

 

In conclusion, the strategy of delivering a target gene (in this study, potentially therapeutic 

chemokines CXCL9 and CXCL10 by inducing inflammation) with a plasmid system using 

antigen-stimulated primary T cells which mimics an antigen-specific system was successfully 

created. Within this system, three different IL-2 promoters were tested and most inducible 

promoter is shown to be triple NFAT promoter attached to minimal IL-2 promoter, despite a 

higher degree of the baseline expression levels, followed by full length 568 bp length IL-2 

promoter, which is induced in a more strictly stimulation-dependent manner.  

 

7.2 Why were pEGFP-C1 based constructs with inducible IL-2 

promoters not functional? 

As explained in Chapter 5, EGFP or CXCL9 or CXCL10 expressing constructs under IL-2 

promoters, pIL-2 282 EGFP, pIL-2 282 CXCL9, pIL-2 282 CXCL10 and pNFAT EGFP, 

pNFAT CXCL9, pNFAT CXCL10 and control plasmids expressing CXCL9 and CXCL10 

under CMV promoter were created successfully. Although pEGFP-C1 backbone plasmids 

failed functionally both at reporter gene (EGFP) and target gene (CXCL9 or CXCL10) level, 

control plasmids expressing either EGFP or target genes CXCL9 and CXCL10 were 

functionally successful. The cloning strategy to create these constructs was straightforward 

and the reasons for the failure of function were not clear.  

 

The nucleotide sequence around the translation initiation codon and 5‟ and 3‟-untranslated 

regions (UTRs) are part of the translational control elements that are necessary for the 

optimal expression of eukaryotic cDNA. It was thought that one of the reasons that could 

affect the function of IL-2 promoter could be related to the fact that UTRs were not included 

in the promoters. UTRs of mRNA are the sections of mRNA before the start codon 5‟UTR 

and after the stop codon 3‟UTR that are not translated. Because this region is not translated, 

the 3‟ to 5‟ primer for the PCR amplification of IL-2 promoters did not include 5‟ UTR 

region. But untranslated regions are exonic and transcribed as they are present in mRNA and 
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could be important in gene expression; in mRNA stability, mRNA localization and in 

translational efficacy (Pesole et al., 2001).  

 

The stability of mRNA might be controlled by untranslated regions (5‟UTR more than 

3‟UTR) due to unstable or varying affinity of ribonucleases. Translation efficacy similarly 

can be controlled by UTRs through the proteins that bind to either of these regions and may 

affect translation by influencing ribosome‟s ability to bind to mRNA. Many proto-oncogenes, 

for example, c-Fos and c-Jun and many cytokine and chemokine genes produce mRNA 

which are unstable in unstimulated cells but become stabile upon cell stimulation and 

unstability of transcripts is usually determined by their 3‟UTR (Caput et al., 1986). 

Cytoplasmic localization is mainly a function of 3‟UTR and ARE-mediated decay occurs in 

the cytoplasm (Chen et al., 1998). Some structural elements contained in UTRs may also 

form characteristic secondary mRNA structures that when transcribed into RNA, become 

involved in self-regulation of mRNA; for example, riboswitches directly bind to small 

elements and change their fold to modify levels of transcription or translation.  

 

Intracellular signals that cause stabilization of ARE-RNA include elevation of intracellular 

Ca
2+

, activation of PKC and MAPKs, JNK and p38 (Wodnar-Filipowicz and Moroni, 1990). 

IL-2 mRNA stabilization is induced by costimulation of the TCR and the CD28 receptor 

(Lindstein et al., 1989). Chen et al., studied the signal transduction pathways involved in IL-2 

mRNA stabilization in CD3CD28 activated Jurkat cells and showed that it is mediated by two 

distinct cis elements and at least two signaling pathways. The first pathway requires 

activation of the JNK MAPKs and targets a cis element, the JNK response element JRE, 

within the 5′UTR of IL-2 mRNA (Chen et al., 1998). Two RNA binding proteins recognizes 

JRE,YB-1 and nucleolin, that both are required for optimal IL-2 mRNA stabilization but as 

they are not direct targets of phosphorylation and their RNA binding activity are not affected 

by T cell activating stimuli, they may function through a third protein of which RNA binding 

activity and stabilization functions are regulated by JNK-mediated phosphorylation (Chen et 

al., 2000). The second pathway impinge on the 3′UTR involves the activation of PKC and/or 

calcineurin which is largely dependent upon RNA binding protein, N90 (Chen et al., 1998). 

Not the 3‟UTR region but the 5‟UTR region is relevant in this project as only the promoter 

region of the IL-2 gene is used in the creation of constructs with inducible promoters. 
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To overcome the possibility that EGFP expression is not seen following transfection of these 

constructs into the cell and activation of the cell, new constructs were created with IL-2 

promoters -282 and NFAT including the 5‟UTRs. 

  

As shown in Chapter 5, functional experiments of new IL-2 constructs with 5‟UTR regions 

also failed to show EGFP or chemokine expression. At this point, fidelity of Jurkat cell line 

transfected with constructs was questioned and it was shown that the Jurkat cell line lost their 

IL-2 gene expression and therefore there was significant reduction in IL-2 production upon 

activation of the cells with increased passage numbers (Chapter 5). The cell line was changed 

to a new Jurkat cell line, E-6.1 with retention and no compromising of IL-2 secretion despite 

increased passage numbers upon activation (Chapter 5) and further transfections were carried 

out with the Jurkat E-6.1 cell line. Following re-addressing of transfection and cell activation 

optimizations (Chapter 5), it was thought that identified IL-2 promoters themselves may not 

have functioned. 

 

The original NFAT Z plasmid, containing the triple NFAT-1 attached to minimal IL-2 

promoter is a LacZ expression plasmid. Although it was shown in several publications that 

this plasmid was functional, repeated LacZ experiments showed that the plasmid failed to 

show LacZ expression (data not shown). As explained before, there were difficulties in 

sequencing the original plasmid and only 2 NFAT sequences in the promoter region were 

visualized, one 5‟ to 3‟ orientation and a second one in reverse complementary order to the 

first one. The third NFAT was not visualized. This was thought to be due to hairpin formation 

and possibly a non-avoidable problem with any tandem repeats of short sequences. 

Hairpinning is a structural problem but might prevent the binding of transcription factor and 

therefore might affect the function of the promoter. At the same time, due to hair-pinning 

causing incomplete sequencing, any possible mutations within the promoter region, which 

possibly could affect the function the promoter, could not be detected. 

 

Following creation of IL-2 promoter constructs and comparison of function of different 

lengths of promoters, a review of publications revealed that although a 275 bp long DNA 

segment of IL-2 promoter located just upstream of TSS contains numerous signaling 

pathways leading to IL-2 synthesis and activation and proliferation of T cells (Serfling et al., 

1995), a more detailed mapping of this region showed that the sequence elements necessary 
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for the optimal induction of IL-2 expression in Jurkat cells are localized within a 275 bp 

fragment spanning the nucleotides from -52 to -326. The start and end of these DNA 

segments were defined by referencing to TSS and the exact location of TSS was not 

described in this series of publications. Instead, presumed multiple sites of TSS were 

indicated based on the two groups of TSS, which mapped with Sp6-RNase protection assays 

shown in unpublished results from Bommhardt (Serfling et al., 1995). TSS for human IL-2 

promoter defined today is located 10 bp earlier than one of the TSSs described by Serfling. 

 

Moreover, further studies compared the various lengths of IL-2 promoter functions through 

CAT expression assays and, as discussed in the introduction, some longer DNA sequences of 

IL-2 promoter were shown to be superior in CAT expression compared to the 275 bp 

promoter. Therefore, longer IL-2 promoters containing the outlined transcription sites were 

amplified and further various length IL-2 promoters all containing the 5‟UTR sites were 

created within pEGFP-C1 plasmid backbone. At the same time, NFAT-1 was amplified from 

pNFAT-EGFP plasmid and with a strategy detailed in Chapter 5, 3 tandem repeats of the 

NFAT promoter were attempted and the construct pNFATx3-EGFP was created, again within 

the pEGFP-C1 backbone. Constructs with longer IL-2 promoters and NFATx3 promoter were 

also shown to be non-functional.  

 

At this point, it was decided to change the backbone of plasmid. At the same time, it was 

decided to change the reporter gene EGFP with luciferase that could be less toxic to the T 

cells, due to the possibility of EGFP being toxic to the Jurkat cells or primary T cells. In 

addition, once the cells are stimulated, extra stress and production of EGFP could be leading 

to death of transfected cells and therefore affecting the functionality of IL-2 promoter 

constructs. The construct systems with pGL3 backbone and luciferase reporter gene were 

proven to be functional. 

 

It was questioned whether the digestion and ligation process during the creation of constructs 

caused disruption in the Kozak consensus sequence, preventing the effective translation of 

the downstream gene, although puzzlingly, CMV driven constructs which were created in 

exactly the same manner, were fully functional.  
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The Kozak consensus sequence is the major role player in the initiation of the translation 

process. It was initially defined following an analysis of the effects of single mutations 

surrounding the initiation codon (AUG) on translation of the preproinsulin gene (Kozak, 

1986). The consensus sequence, (gcc)gcc[R]ccAUGG (Kozak, 1987) exists in the eukaryotic 

mRNA; [R] represents a purine (adenine or guanine) three bases upstream of the start codon 

(AUG), and start codon is followed by another 'G'. Ribosomes recognize and require this 

sequence on mRNA as the translational start site to initiate translation. In vivo, this site shows 

variations in different mRNAs and amount of translated protein from mRNA depends upon 

the strength of the sequence (Kozak, 1984), AUG being the most important of all nucleotides 

in the sequence as it is the actual initiation codon encoding the methionine at the N-terminus. 

Nucleotide A within the AUG is referred as +1. Nucleotides at positions +4 (i.e. G in the 

consensus) and -3 (i.e. either A or G in the consensus) also determine the strength of the 

consensus. If only one of these sites exist on mRNA, consensus is an adequate one, i.e. in the 

absence of -3, a G position at +4 is crucial (Kozak, 1987), but if neither of them exists, 

consensus is a weak one. (De Angioletti et al., 2004) The „CC‟ just before AUG contributes 

to the overall strength (Kozak, 1986) and the „G‟ at the -6 position is important in the 

initiation of translation (De Angioletti et al., 2004). 

 

The plasmid pC1-EGFP coding sequence contains more than 190 silent mutations to create 

an open reading frame comprised almost entirely of human codon preferences (Haas et al., 

1996) and sequences flanking EGFP have been converted to the Kozak consensus translation 

initiation site (Kozak, 1987) to increase the translational efficacy of the EGFP mRNA and 

consequently to increase the expression of EGFP in eukaryotic cells. 

 

Creation of EGFP expressing constructs driven by IL-2 promoters carried out by digesting 

the plasmid with restrictive enzymes Ase I and Nhe I to replace the CMV promoter with IL-2 

promoter. While this preserved the Kozak consensus sequence within the plasmids expressing 

the reporter gene EGFP, creation of CXCL9 or CXCL10 constructs following digestion of 

plasmid with Nhe I and downstream BsrG I enzymes destroyed the consensus. Figure 109 is 

the schematic representation showing the preservation or destruction of the Kozak consensus 

in pEGFP-C1 backbone constructs driven either by CMV or IL-2 promoter expressing 

reporter gene EGFP or target gene CXCL9/10.  
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Figure 109. A schematic representation of  5’ to 3’ segment of plasmids with either with pEGFP-C1 
backbone in reference to Kozak consensus sequence.   

The plasmid backbone contains the restrictive endonuclease sites, Nhe I just upstream of the Kozak 
consensus sequence and Nco I where the restrictive endonuclease site is integrated into the Kozak 
consensus and translation initiation site (ATG). Kozak consensus translation initiation site is indicated 
with red letters and marked with a black box and ATG with a smaller black box, within the Kozak 
consensus. Translation initiation A also indicated with +1 within the consensus. During the creation 
of pEGFP-C1 constructs with IL-2 promoters Kozak consensus sequence was preserved but during 
the replacement of EGFP with chemokines, this site was lost as the constructs were digested with 
Nhe I restrictive enzymes and re-ligated with chemokines containing the Nhe I at their 5’ end.  

 

The destruction of the Kozak consensus during creation of CXCL9 and CXCL10 constructs 

driven by the CMV promoter, did not influence the function of the construct but, IL-2 

promoter constructs with the same backbone did not express the target chemokine upon 

stimulation. In the case of the pGL3 backbone constructs, the Kozak consensus site was 

preserved both in reporter gene and chemokine constructs and both of these constructs were 

functional. 

 

CMV driven constructs expressing the EGFP gene, contained the Kozak consensus site, but 

this site was destroyed when creating chemokine-expressing CMV constructs. However, both 

constructs (EGFP and chemokine) were shown to function well; expressing the target genes. 

Therefore, in the case of the CMV „constitutive expression‟ promoter, the presence or 

absence of the Kozak consensus does not seem to be crucial for the translation of the target 

gene. In contrast, in the case of inducible promoters, the loss of Kozak consensus sequence 

from the promoter could be one of the factors directly contributing to the loss of function of 

the promoter - as was seen with the constructs encoding chemokine genes under the control 

of the IL-2 promoters, in which Kozak consensus was destroyed and no chemokine 

expression was observed.  
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pEGFP-C1 backbone plasmids, with the constitutive promoters, allowed proof of principle to 

be established; the idea that T cells could be transfected with these constructs and secrete 

chemokines and that these transfected cells could attract the favourable (tumour targeting) 

populations of inflammatory cells. After changing the plasmid backbone to pGL3, functional 

IL-2 promoter constructs were also created, allowing the comparison of function and fidelity 

of various inducible promoters. These modified constructs also allowed the concept of this 

project, antigen specific delivery of target gene, to be tested and validated; in this project 

transfected T cells were shown to secrete specific chemokines only when they are activated, 

i.e. only when they met with their antigen but, to remain dormant at other times.  

 

7.3 Strategies with IL-2 promoters for the delivery of genes in an 

activation dependent manner  

7.3.1 Full length IL-2 promoter vs. synthetic NFAT promoter 

Hughes et al., showed that in human primary T cells and Jurkat cells, transfected with 

luciferase expressing constructs driven by full length IL-2 promoter, luciferase expression 

and endogenous IL-2 expression were parallel to each other following T cell activation with 

PHA and PMA (Hughes and Pober, 1996). They also noted that in normal primary human T 

cells, there was a difference between stimulation of the cells with PHA and PMA or PHA 

alone. With the stimulation PHA only, the NFκB site was much more important in 

transcription. Mutations in several activation elements including dNFAT, NFκB and pAP-1 

sites within the IL-2 promoter suggested that transcription in PHA activated primary T cells 

(in the absence of PMA) were reduced, pAP-1 and NFκB sites being the most dominant sites 

(reducing the transcription by 85-95% in case of pAP-1 mutation). dNFAT and NFAT-1 site 

mutations reduced the transcription in Jurkat cells up to 75% whereas in 0-50% in primary 

human T cells, suggesting that differences between normal and tumour cells also do exist. 

Instead in normal primary T cells, the pNFAT site is more important than the dNFAT site and 

the NFκB and pAP-1 sites are quantitatively the most important; mutation of either element 

almost completely blocked transcription in PHA-stimulated normal T cells.  

 

T-cell activation is a complex process, which results in the induction of several genes; in turn 

induction of different types of transcription factors is responsible for the transcriptional 

activation of these immune response genes. NFκB binding sites have been identified in the 
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locus of several T cell specific genes (May and Ghosh, 1997). The NFκB (Rel) family is 

made of several members that either form homodimers or heterodimers. Some of these 

dimers are actually involved in higher order transcriptional complexes (Schmitz et al., 1995, 

Kerr et al., 1993). NFAT associates with the newly synthesized AP-1 complex, and acquires 

high transactivating potential once its binds to NFAT-binding sites and some of the NFAT-

binding sites shown to cooperate with AP-1, can resemble NFκB–binding sites and include 

the CD28RE element located in promoters of cytokine genes (Ghosh et al., 1993, Rooney et 

al., 1995). 

 

A similar strategy to our study compared the transcriptional potency of two T cell activation 

dependent promoters, full length IL-2 promoter with three repeats of NFAT promoter 

following non-specific activation of transiently transfected Jurkat T cells with Ionomycin and 

PMA (Jaalouk et al., 2006). They showed that IL-2 promoter driven luciferase expression 

was significantly increased with Ionomycin and PMA co-stimulation compared to 

unstimulated cells. The NFAT promoter resulted in stronger induction of the reporter gene 

luciferase but full length IL-2 promoter was more strictly controlled with activation (Jaalouk 

et al., 2006). These results were very similar to our study. 

 

Hooijberg et al., used another self-inactivating retroviral vector with multiple (3 or 6) repeats 

of NFAT elements attached to a minimal IL-2 promoter and GFP reporter gene and 

transduced Jurkat cells, primary T cell blasts and T cell clones to isolate viable antigen 

specific human T cells from a heterogenenous pool (Hooijberg et al., 2000). They reported a 

20-40% transduction efficacy and induced GFP expression (highest with NFATx6 promoter) 

following overnight stimulation with Ionomycin and PMA, also a small percentage of gene 

modified T cells expressing GFP constitutively, they presumed this was due to insertion of 

the GFP gene in a transcriptionally active region. They also reported that not all T cells in an 

antigen-specific clonal population had upregulated GFP expression following activation as 

well as bimodal expression pattern. This study proved that retroviral systems could be used to 

deliver reporter genes, under the control of inducible IL-2 promoters (tandem repeat NFAT 

promoter), to cells enabling genes to be expressed in an activation-dependent manner.  

 

Jalook et al., further studied the transcriptional activity of the full length IL-2 promoter by 

generating a self-inactivating retroviral vector, SINIL-2pr by replacing the retroviral 
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promoter and enhancer machinery by the full-length human IL-2 promoter that incorporated 

the EGFP fused to herpes simplex virus thymidine kinase as a reporter/suicide "bifunctional" 

gene. Vesicular Stomatitis Virus-G Protein pseudotyped retroparticles generated for SINIL-

2pr transduced Jurkat T cell line and ZAP-70-deficient P116 Jurkat T cell line with the virus. 

With the retrovirus system incorporating the full-length IL-2 promoter, EGFP expression was 

markedly enhanced following stimulation of the cells with Ionomycin and PMA. However, 

there was also measurable EGFP expression in unstimulated transduced Jurkat cells (Jaalouk 

et al., 2006). It was thought that the basal level EGFP expression may be due to the activation 

status of the Jurkat cells which is a constantly dividing tumour cell line. Therefore ZAP-70-

deficient P116 Jurkat T cell line was transduced, which lacks the ZAP-70, a kinase involved 

in early steps of TCR signaling, therefore the cells divide at a much slower rate. But 

transduction of these cells with SINIL-2pr also resulted in basal expression levels of EGFP, 

although it was much lower compared to Jurkat cells, which then thought to be due to co-

stimulation with Ionomycin and PMA bypassing the early steps of TCR activation. They 

suggested that because primary T cells are normal and not activated in the absence of 

stimulation, they might be quiescent. This study concluded that a self-inactivating retroviral 

vector could be used to deliver reporter genes to T cell lines.  

 

An earlier study by Zhang et al, successfully studied the gene transfer with an AAV-based 

luciferase reporter plasmid driven by IL-2 promoter where the rAAV integrated into Jurkat T 

cells and maintained gene expression from an activation-dependent (IL-2) promoter (Zhang 

and Fuleihan, 1999). Following transfection of the construct, an adenovirus free rAAV/IL-

2p/luc/neo into Jurkat cells, they have shown detectable luciferase expression only when the 

cells were stimulated with PMA and increasing concentrations of Ionomycin for 6 hours and 

no luciferase expression in the absence of activation, suggesting rAAV could be a useful 

vector for transfer of regulated gene expression into T cells. Luciferase expression was 

increased with increasing amounts of transfected DNA and increasing concentrations of 

Ionomycin. Stable transfections with the construct showed the maintenance of luciferase 

expression at least 180 days. This study therefore showed that a luciferase-expressing IL-2 

promoter adenovirus construct could be successfully created and transfected into Jurkat cells 

allowing activation-dependent gene expression. 

 



Chapter 7.  Discussion 

 290 

These studies suggest that plasmid or virus based vector systems are successful for the 

transfection of T cells and antigen-dependent delivery is possible.  There is basal expression 

of the reporter gene with IL-2 promoter constructs. Our results were similar. Although 

expression levels of both reporter and target gene is highest with NFATx3 promoter, the 

basal constitutive expression level is also high with the tandem repeat NFAT promoter 

suggesting the full-length IL-2 promoters may serve as more specific and stringent activation-

dependent promoters in primary human T cells.  

 

The differences in the mRNA expression levels of the target gene when the Jurkat cells are 

stimulated with CD3CD28 beads or Ionomycin and PMA could be due to activation of 

different transcription/activation elements within the IL-2 promoter, giving slightly different 

results in expression levels of target gene driven by IL-2 promoters with following 

stimulation with CD3CD28 beads or Ionomycin and PMA. The difference in gene expression 

levels between the Jurkat and primary cells also could be due to the differences in the 

activation of transcription sites in a tumour cell line and normal primary T cells.  

 

The aim of using Jurkat cells in this study was to establish proof of principle; delivery of 

target gene through antigenic stimulation. The results in means of delivery of target gene 

through stimulation with CD3CD28 beads both in primary T cells and activated primary T 

cells were consistent with each other, and the constructs proved to be consistent in functional 

experiments, pGL3 569-CXCL9 and pGL3 NFATx3-CXCL10, should be taken forward for 

the experiments with TILs. 

 

7.4 Genetic modification of T cell lines and Primary T cells 

7.4.1 Transfection  

For transfection of the plasmid system we used various electroporation techniques. 

Transfection efficiency of the Jurkat T cell line with control vector pCMV-EGFP was almost 

70% with microporotion and cells expressed reporter gene EGFP for 5 days.  Primary T cells 

and activated primary T cells were transfected with nucleofection, with the same vector, 

transfection efficiency was similar, approximately 70%, and reporter gene EGFP was 

expressed for 4 days. Kinetics was different with a different plasmid, pGL3-Control 

expressing luciferase, primary T cells transfected with this plasmid lost the expression of 
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luciferase at 3 days. We have shown that nucleofection is a suitable method for use with 

primary T cells and although this system should be suitable to use in vivo with sufficient 

expression levels for efficacy, we chose to look for a stable transfection method and therefore 

tested a self-inactivating lentivirus.   

 

7.4.2 Transduction 

We found that, in vitro, lentivirus could transduce both stimulated and unstimulated primary 

T cells with good levels of reporter gene expression. Unfortunately, due to time constraints 

we were not able to create or test inducible promoter lentiviral constructs.  

 

The choice of the lentiviral vector was made because it can transfect non-dividing cells and 

therefore is more effective at transducing postmitotic or slowly dividing cells, including 

hematopoietic stem cells and T cells.  Initial concerns about the safety of these vectors, were 

because they were derived from HIV-1 but, the HIV-1 genome has been deleted as much as 

possible to minimize the risk of generating recombinants that can replicate autonomously. 

Lentiviral vectors do not contain open reading frames from HIV-1 when integrated into 

genomes and should only express the transgene; thus making the possibility of inducing 

clinical problems a very low possibility.  Phase I clinical trials have shown good safety so far 

(Levine et al., 2006). If this project was translated to in vivo studies, in an adoptive 

immunotherapy model, genetic modification of T cells could be performed using the 

lentivirus to deliver genes under the control of inducible promoters. This would need to 

follow testing of the fidelity of the promoters in a lentivirus system.  

 

7.5 CXCR3 receptor 

This study aimed to deliver interferon-inducible angiostatic members of the CXC chemokine 

family, CXCL9 and CXCL10 to the tumour site in an antigen specific manner to induce 

inflammation at the tumour site. Receptor for CXCL9 and CXCL10, CXCR3 is expressed by 

a small percentage of microvascular endothelial cells in several human normal and 

pathological tissues. Prior to the discovery of CXCR3 split variants, a study by Romagnini et 

al., investigated the mechanisms that account for the angiostatic and anti-tumour activity of 

CXCL9 and CXCL10 on CXCR3; they showed that primary cultures of HMVECs express 

CXCR3 but limited to the S/G2-M phase of their cell cycle. CXCL9 and CXCl10 as well as 
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CXCL11 bind to CXCR3 with high affinity and block HMVEC proliferation in vitro, and this 

effect could be inhibited by an anti-CXCR3 antibody (Romagnani et al., 2001a).  Later on, it 

was shown that HMVECs specifically express the CXCR3B variant and not CXCR3A 

(Lasagni et al., 2003) and that endothelial cell proliferation and therefore the angiostatic 

effects of these chemokines were attributed to interaction of the ligands with the CXCR3B 

variant. 

 

CXCL9, CXCL10, and CXCL11 all block endothelial cell proliferation in a CXCR3-

dependent manner. CXCR3 exists as two alternatively spliced variants; CXCR3A and 

CXCR3B, which are significantly different in the NH2-terminus of the receptor. CXCR3B, in 

contrast to CXCR3A, mediates the angiostatic activity of IFN-γ induced ELR−CXC 

chemokines. The growth of human endothelial cells in primary cultures was shown to be 

inhibited by CXCL9, CXCL10, CXCL11, and CXCL4, where cells express CXCR3B, but 

not CXCR3A (Lasagni et al., 2003). The novel mRNA generated by an alternative splice site 

within the intron of the CXCR3 gene was identified and amplified by Lasagni using rapid 

amplification of cDNA ends (RACE) and Northern blot analysis. Lasagni provided the 

evidence for the existence of a previously unknown receptor, CXCR3B, by qRT-PCR and 

transfection of CXCR3B of the HMEC-1, which mediated the inhibitory activity of CXCL9, 

CXCL10, and CXCL11 on the growth of HMVEC. He also explained the overlap between 

the biological activities of CXCL10 and CXCL4 by showing that CXCR3B also acts as a 

functional receptor for CXCL4 through binding assays. Lasagni renamed the classic CXCR3 

receptor, as CXCR3A and showed that CXCR3A mediates the proliferation of HMC in 

response to CXCL9, CXCL10, and CXCL11, and therefore was responsible for both 

increased survival and angiogenic properties of transfected HMEC-1 cells, but CXCR3A did 

not react with CXCL4. Furthermore, specific neutralizing antibodies to CXCR3B that react 

with endothelial cells from neoplastic tissues provided the evidence that CXCR3B is also 

expressed in vivo and may account for the angiostatic effects of these CXC chemokines. 

These findings opened a new pathway for the development of new therapeutic strategies for 

the treatment of cancer by means of disturbing the angiogenetic pathways associated with 

cancer through targeting CXCR3. 

 

Even further, Romagnini et al. showed that opposite effects of CXCL10 and CXCL4 on 

production of Th1/Th2 cytokines are mediated by their interaction with CXCR3A and 
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CXCRB (Romagnani et al., 2005). CXCR3B expression may be related to the 

immunoangiostatic mechanism of ligands CXCL9 and CXCL10 and create a 

microenvironment which may inhibit tumour progression.  Their results showed that the 

splice variant CXCR3B was significantly downregulated by Ras, suggesting that activation of 

Ras also plays a critical role in modulating the expression of both CXCL10 and CXCR3B 

which may have implications in the development of tumours through cancer cell 

proliferation. 

 

A recent study from Campanella et al., showed that anti-proliferative effects of CXCL10 on 

murine endothelial cells were independent of CXCR3. They compared the anti-proliferative 

effects of CXCL10 on endothelial cells from the hearts of wild type and CXCR3-deficient 

mice with proliferation assays and showed that both wild type and CXCR3-deficient 

endothelial cell proliferation were inhibited by CXCL10, independent of CXCR3. 

Furthermore, they suggested that the splice variant CXCR3B does not exist in mice. 

Similarly, staining of HUVEC and HMVEC-L endothelial cells with different anti-CXCR3 

antibodies at different stages of development (for cell-cycle dependent expression) and at 

mRNA level by qRT-PCR suggested that endothelial cells that were inhibited by CXCL10 

had no detectable CXCR3 mRNA or protein expression. In contrary to Lasagni‟s study, 

neutralizing the CXCR3 with anti-CXCR3 antibodies did not affect HUVEC proliferation in 

the absence of CXCL10 and had no effect on the ability of CXCL10 to inhibit HUVEC 

proliferation. Finally they showed that glycosaminoglycan binding rather than CXCR3 is 

important for CXCL10‟s anti-proliferative effect (Campanella et al., 2010). They claimed that 

groups who previously reported the expression of CXCR3B in various cell types relied on the 

same CXCR3B primer pair that was initially used by Lasagni et al., and debated that 

CXCR3B primer pair used in these studies does not span an intron and therefore will also 

detect and produce the same sequence for unspliced RNA (Campanella et al., 2010). 

 

It was shown that CXCL10 and CXCR3 are expressed in colorectal adenocarcinomas, but the 

relation of expression of the chemokine or the receptor to the clinical prognosis or the stage 

of the tumour is still controversial. The controversy of the function of CXCL10 could be 

related to the fact that alternatively spliced variants of CXCR3 are expressed in colorectal 

cancer tissues or the microenvironment and while binding of CXCL10 to CXCR3A leads to 

cell proliferation and chemotaxis, binding to CXCR3B can mediate growth inhibition, 
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therefore expression of one or the other variant in the tumour tissue could determine or 

regulate the effect of CXCL10 on tumour growth and angiogenesis. 

 

We looked at the relationship between expression of CXCL9, CXCL10 and their receptors 

CXCR3A and CXCR3B in 50 metastatic liver lesions of colorectal adenocarcinomas, and 

compared the results with the matched normal liver tissue. Primer pairs to identify CXCR3A 

and CXCR3B were created independently of the previous publications and the strategy was 

explained in the Chapter 3. A strong and significant correlation existed between the 

expression of CXCL9 and CXCL10 in the liver tumour samples and between these ligands 

and CXCR3B. In contrast, we have not seen any correlation between the expression of these 

ligands and CXCR3A or between expression of two splice variants, CXCR3A and CXCR3B.  

 

The strong correlation between CXCL9 and CXCL10 although suggested, was not shown 

before in human tissue studies to our knowledge and the coexistence of these two chemokines 

may explain the parallel functions of the two IFN- induced immunoangiostatic chemokines.  

 

7.6 Therapeutic potential of CXCL9 and CXCL10 

Both CXCL9 and CXCL10 have been shown to have anti-tumour activity when injected 

directly into tumours: Sgadari et al., studied CXCL9 treatment of subcutaneous Burkitt‟s 

tumours in nude mice. They initially showed that the PCR products for murine CXCL9, 

CXCL10, IFN-, IL-12 p35 subunit and IL-6 to be more abundant in the regressing than in the 

progressive tumours in established Burkitt‟s tumours by inoculations with 10
7
 CA-46 cells in 

14 athymic mice. (Regressions were induced in 7 mice by weekly inoculations of 10
7
 

lymphoblastoid cells (LCL; VDS-O cell line), and tumours were removed from LCL-treated 

mice after development of tumour necrosis and scarring). Full length CXCL9 purified from 

culture supernatants of CHO cells overexpressing rhCXCL9 was injected daily for 30-40 

days at a dose of 400 ng into Burkitt‟s tumours established in athymic mice (≥0.3 cm
2
), or 

inoculated with human rCXCL10 (400ng/ml daily) or LCL (10
7
 cells weekly). Following 24-

35 injections, tumours injected with CXCL9 showed response with superficial necrosis and 

scarring as indistinguishable from LCL or CXCL10 (21-29 injections) treated mice. Although 

41% of the tumours were necrotic compared to 12-25% necrotic tumours of untreated mice, 

CXCL9 or CXCL10 treatment did not result in complete tumour regressions or halt tumour 
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growth. Interestingly the authors did not observe infiltration of the tumours with 

lymphocytes, neutrophils or monocytes to be significantly different from that observed in 

control animals. But they observed vascular injury within the viable tumour tissue with 

intimal thickening and intraluminal thrombosis (Sgadari et al., 1996a). This study is 

important in view of establishment of the fact that the functions of CXCL9 and CXCL10 are 

parallel and vascular damage in histopathological specimens of CXCL9 and CXCL10 treated 

mice supports the antiangiogenic effects of these chemokines. It also supported the previous 

reports of anti-tumour effects of CXCL10 in pre-clinical and murine models with murine 

cytoplasma and breast adenocarcinoma cell lines although in these studies anti-tumour effect 

of CXCL10 was considered T cell or endothelial cell dependent.    

 

In our study, we have explored whether CXCL9 or CXCL10 have cell killing properties in 

colorectal adenocarcinoma cell lines. 3 studied cell lines, HTC-116, Caco2 and DLD-1 did 

not show any significant cell death or apoptosis when treated 6 – 24 hours with 200 ng/ml 

rhCXCL9 or rhCXCL10 or cultured supernatants of primary T cells transfected with pCMV-

CXCL9 or pCMV-CXCL10. Although this experiment was limited to show any cell death 

happening with <6 hours or >24 hours treatment, it may still indicate that CXCL9 and 

CXCL10 do not cause apoptosis or cell death in these colorectal cell lines.  

 

Sun et al. studied the upregulation of CXCL9 and CXCL10 in IL-10 transduced murine 

mammary tumours. The murine mammary cell line 66.1, stably transfected with IL-10 or 

control vector, was transplanted to syngeneic BALB/cByJ female mice and total RNA from 

the tumours or from the mammary tumour cell lines cultured in the presence or absence of 

IFN-γ or LPS was isolated. CXCL9 expression in all IL-10 expressing tumours examined and 

it was found to be closely related to the expression of crg-2 (murine homolog of CXCL10). In 

cultured mammary epithelial tumour cell lines, combined treatment with IFN-γ and LPS 

enhanced CXCL9 expression but there was no difference in the level of CXCL10 induction in 

IL-10 expressing or control-transfected cells in vitro. CD8
+
 cell numbers were increased in 

IL-10 expressing tumours but they were further increased (2-4 fold) in CXCL9 and CXCL10 

expressing tumours, whereas there was no difference in the number of CD4
+
 cells - consistent 

with the chemoattractant activity of these chemokines (Sun et al., 2001).  
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Gorbachev et al. explored the role of tumour-produced CXCL9 in tumour-specific T cell 

responses that suppress tumour growth: in vivo growth of CXCL9 deficient tumour cells was 

significantly increased and not suppressed by NK or T cells when compared with tumour 

cells expressing CXCL9. Restoration of CXCL9 production in CXCL9 deficient variant 

reversed the high tumorigenicity of these tumour cells and resulted in T cell mediated 

suppression of tumour growth in immunocompetent mice. Also, mice that rejected the 

constitutively expressing CXCL9 tumour became resistant to rechallenge with the highly 

tumorigenic CXCL9-deficient tumour cells (Gorbachev et al., 2007).  

 

Several further studies on mice suggested the beneficial effects of combination treatments 

with CXCL9 or gene therapy with CXCL9 in cancer.  The study by Ruehlmann et al, showed 

that concurrent delivery of IL-2 and CXCL9 targeted to the tumour microenvironment, 

through chemoattraction and activation of T cells, prolonged the lifespan of mice. A 

recombinant antbody-IL-2 fusion protein (huKS1/4-IL-2) with the murine CXCL9 

transfected into murine colon carcinoma cell line CT26 (stably transfected with the human 

epithelial cell adhesion molecule EpCAM/KSA to provide a docking site for the huKS1/4-IL-

2 fusion protein) was subcutaneously injected into the BALB/c mice with lung metastasis of 

CT26-KSA colon carcinoma generated tumours.  Tumours formed were much smaller in size 

with CT26-KSA-MIG cells compared to control group, more importantly, with the 

combination treatment of humanized huKS1/4-IL-2 fusion protein, the effect of chemokine 

therapy was enhanced and volume of tumours was decreased significantly. The CD8
+
 and 

CD4
+
 depleted mice injected with CT26-KSA-MIG resulted in considerable increase in 

tumour volumes and subsequent treatment of CD8 depleted mice with huKS1/4-IL-2 fusion 

protein, resulted in decrease in volume of tumour, indicating the critical role of CD8
+
 T cells 

in the anti-tumour effects induced by mouse CXCL9 therapy. Similarly, CD4
+
 depleted mice 

treated with huKS1/4-IL-2 fusion protein, resulted in average tumour volume, indicating the 

critical point of CD4
+
 T cell help in the induction of CD8

+
 T cell mediated anti-tumour 

responses. CXCL9 therapy also led to a marked increase in number of CD8
+
 and CD4

+
 T 

lymphocytes infiltrating the Matrigel embedded colon carcinoma cells in comparison to wild 

type tumour cells but no significant differences was found in NK cell infiltrations. There was 

also additional evidence for the antiangiogenic effects of CXCL9 treatment (Ruehlmann et 

al., 2001).  
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7.7 Conclusion and Future Directions:  The strategy for delivering a 

target gene 

In this study, we developed a potential strategy for inducing inflammation at the tumour site 

by delivering the chemokines with antigen specific activated T cells. We have chose the 

chemokines CXCL9 and CXCL10 and showed that they attract inflammatory cells to the 

tumour site. The delivery system is novel, although the antigen-specific inducible promoters 

have been used within Jurkat T cell models systems before, previous applications were not 

aiming at delivering a target to gene to the tumour site. In this project, we have established 

our delivery system in an antigen specific activated T cells, the next step of these studies will 

be to include transfer of the strategy to isolated tumour infiltrating lymphocytes and show the 

effectiveness of the system in vitro before transferring the system in vivo with an adoptive T 

cell approach.  

 

To this end, we have shown that TILs can be isolated either from peripheral blood (results not 

shown) or the tumour site (in this project from a metastatic liver lesion of a patient with 

adenocarcinoma of the caecum) and cell populations can be expanded in culture in the 

presence of high concentrations of IL-2. TIL populations were identified by their size and 

granularity by flow cytometry following anti-CD4 and anti-CD8 staining of the cell 

population. It is envisaged that the antigen specificity and tumour reactivity of TILs could be 

determined by monitoring production of pro-inflammatory cytokines like IFN-γ or IL-17 

mediated by an overexpressed TAA and lysis of TAA-positive tumour cells upon encounter. 

CD4
+
CD8

+
 antigen and tumour-specific TILs could then be transfected with chemokine 

expressing constructs driven by the IL-2 promoter, which would result in the migration of 

inflammatory cells towards the secreted chemokine. 

 

In vivo experiments in a mouse model with an established tumour would allow harvesting of 

TILs either from peripheral blood, through leukopheresis, or from surgically excised tumours 

through isolation, expansion and culture of the cells with high concentration IL-2. Similar to 

the in vitro experiments described above, following ex-vivo expansion of antigen-specific, 

tumour-specific TILs, cells could be modified by transfection with the constructs described in 

this project. Repeated adoptive intravenous (i.v.) or intratail (i.t.) injection of modified T cells 

would then allow delivery of the chemokine to the tumour site as antigen-specific, tumour-
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specific T cells would naturally home to the tumour site and deliver to chemokine when T 

cells encounter tumour antigen. In vivo assessment of the resultant inflammation at the 

tumour site and shrinkage of the tumour mass could be done by for example FDG-PET 

imaging which would allow both the measurement of tumour size in live tissues and 

determination of the metabolic activity of the tumour. Quantification of inflammation and 

migration of subsets of inflammatory cells to the tumour site could also be done following 

removal of the tumour tissue from the animal. The controversy of the role of delivering Tregs 

in an adoptive T cell models could be avoided by selecting and excluding FOXP3
+
 CD4

+
 T 

cells before the delivery of T cells to the animal. The life-span of genetically modified T cells 

could be increased by low dose non-myelodepletive chemotherapy and/or low dose total body 

radiotherapy prior to transfer of the cells, to „create space for newly arriving T cells‟, 

although the efficacy of this treatment has been established in human trials, it has not shown 

in be effective in animal models.  

 

Long-term expression of a target gene would be possible in the systems where the target gene 

is integrated into the genome; such as in a Lentiviral systems. We have shown in T cell 

transduction experiments that both unstimulated and activated T cells could be transduced 

with Lentivirus. Therefore, long-term expression of chemokines in T cells could be achieved, 

through creation of Lentiviral systems where the chemokine is expressed under the IL-2 

promoter, by following the same principle used for the creation of plasmids in this project, 

and transduction of T cells by Lentiviral constructs.   

 

As a continuation of this project, before the establishment of an in vivo model, we would like 

to identify expression patterns of all known CXCR3 ligands and CXCR3 variants in liver 

metastasis of colorectal adenocarcinomas in an extended manner; CXCL9, CXCL10, 

CXCL11, CXCL4 and CXCL4L1 and CXCR3A, CXCR3B and CXCR3-alt expression will 

be quantified by qRT-PCR and validated by IHC following identification and confirmation of 

metastatic liver tissue and adjacent normal tissue through H&E staining. Infiltration of TILs 

to the tumour tissue will also be quantified with antibody staining and the data will be 

correlated to chemokine and receptor expression in the tumour. Finally, relevant statistical 

analysis will reveal how this reflects the histological stage of the tumour and the patient 

prognosis. 
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The antigen specific activated T cell delivery system, described in this project, is not limited 

to delivering chemokines to the tumour site but could be applied to different treatment 

modalities, for example, it could be used to deliver other genes or therapeutic reagents to the 

tumour site with the advantage of lessening the side effects of systemic treatments.   
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