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ABSTRACT

Background: Colorectal cancer is a common human malignancy with an incidence of 

approximately 35,000 new cases per year in the UK. Angiogenesis, the formation of 

new blood vessels, is important for the growth and metastasis of solid tumours and is 

influenced by the expression of growth factors, in particular by members of the vascular 

endothelial growth factor (VEGF) family. The occurrence of lymphangiogenesis and its 

relevance to metastasis in human cancer is debated and its role in colorectal cancer is 

not yet defined, VEGF-C and VEGF-D are members of the VEGF family with both 

angiogenic and lymphangiogenic actions. Altered expression of VEGF-A, VEGF-C and 

VEGF-D is noted in human malignancies with increased expression tending to correlate 

with negative clinicopathological features. Furthermore, VEGF receptors may be 

expressed by malignant epithelial cells in addition to endothelial cells. The hypothesis 

arises that the VEGF family is involved in the natural history of colorectal cancer by 

multiple routes and that the relative levels of expression of the growth factors and 

receptors influence tumour behaviour and metastatic potential.

Methodology: I) Immunohistochemical studies were performed to determine the 

expression and distribution of VEGF family members and receptors in primary and 

metastatic sites of colorectal cancer and to examine primary tumours for the presence of 

lymphatic vessels and determine lymphatic vessel density (LVD). II) Immunoassay 

experiments were performed to develop an enzyme-linked immunosorbent assay 

(ELISA) for the measurement of VEGF-C and assess its clinical potential in patients 

with colorectal cancer.

Results (I):

• The pattern of expression of the VEGF family members and VEGFR2 increased 

from normal tissue adjacent to colorectal cancer, throughout the tumour to a 

maximum at the invasive tumour edge.
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• Expression of VEGF-C and VEGFR2 correlated with one another and co­

localised throughout colorectal cancer and in metastatic lymph nodes, whilst 

expression of VEGF-C and VEGFR2 at the invasive tumour edge correlated 

with metastatic lymph node expression of the same antigens.

• VEGF-C and VEGF-D were expressed in the liver metastases of colorectal 

cancer. VEGFR2 expression was reduced in liver metastases in comparison to 

expression at the invasive edge of the primary tumour.

• The presence of deep intra-tumoural lymphatic vessels was associated with an 

altered balance of VEGF-C and VEGF-D at the invasive tumour edge.

• Although LVD could be measured there was no association with

clinicopathological stage.

Results (II):

• Plasma VEGF-C levels could be measured using the ELISA developed.

•  VEGF-C levels did not predict clinicopathological stage.

Conclusions: The variety of VEGF family expression in primary colorectal cancer

suggests a role for autocrine and paracrine interaction between VEGF family members 

and VEGFR2, VEGF-C/VEGFR2 interaction is noted in the presence of lymph node 

metastasis and may offer an opportunity for targeted anti-VEGF treatment.
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1. INTRODUCTION

1.1. CLINICAL BACKGROUND

1.1.1. Incidence of colorectal carcinoma

Colorectal carcinoma is a major public health problem in the Western world. In the 

United Kingdom, the incidence of colorectal cancer was 78.7 cases per 100,000 

population in 1997 (Commission for Health Improvement/Audit Commission, 2001) 

and 34,600 new cases were diagnosed in 1998 (Cancer Research UK, 2002). In the year 

2000, it accounted for 16,250 deaths and the UK five-year survival rate is currently in 

the region of 40% (Commission for Health Improvement/Audit Commission, 2001). It 

is the second most common cause of cancer death after lung cancer in the United 

Kingdom (Cancer Research UK, 2002).

The risk of developing colorectal cancer increases with age and is greatest in the 

seventh decade for both men and women. An increase in incidence has been reported, 

which is more pronounced in males: the incidence in men increasing from 45 per 

100,000 in the late 1970s to over 55 per 100,000 in the late 1990s. The incidence in 

women has remained stable over the last thirty years at around 35 per 100,000 (Cancer 

Research UK, 2002).

1.1.2. Aetiology of colorectal carcinoma

Colorectal carcinogenesis is a multifactorial process involving genetic and 

environmental influences. The vast majority of colorectal cancers are sporadic with only 

5% due to inherited conditions such as familial adenomatous polyposis (FAP), the
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polyposis syndromes and hereditary non-polyposis colorectal cancer (HNPCC). In 15- 

20% of sporadic cases, hereditary factors may contribute to susceptibility to malignancy 

(Feamhead et al., 2002). The inherited colorectal cancer syndromes, together with an 

easily identifiable precursor lesion, the adenomatous polyp, have aided research into the 

genetic mechanisms responsible for colorectal carcinogenesis.

The majority of colorectal cancers are thought to arise from pre-existing adenomatous 

polyps. The progressive genetic transformation from normal colonic epithelium, to 

adenoma, dysplasia and carcinoma, was first described by Fearon & Yogelstein in 1990 

(Fearon & Vogelstein, 1990). This adenoma-carcinoma sequence is a multistep process 

characterised by a random sequential acquisition of genetic somatic mutations offering a 

survival advantage and clonal expansion of the mutated cell population. Neoplastic 

(mutated) cells are not constrained by the normal control mechanisms for cell-cell/cell- 

extracellular matrix interactions, cell proliferation, growth, differentiation and 

apoptosis. This results in a cell population with progressively altered genetic material 

and increasing malignant features.

Key genetic regulators include proto-oncogenes, tumour suppressor genes and the mis­

match repair genes (Feamhead et ah, 2002). Proto-oncogenes eg. K-ras, are involved in 

cell proliferation mechanisms: abnormal activation results in uncontrolled cellular 

proliferation. Tumour suppressor genes eg. adenomatous polyposis coli (APC), deleted 

in colon cancer (DCC) and the p53 gene, are involved in the regulation of normal cell 

functions, are recessive, and require loss or inactivation of both alleles for neoplastic 

progression. The mis-match repair genes eg. MLH1, MSH2, correct cellular genetic 

abnormalities by binding mis-matched nucleotides. Mutations of these genes allow 

genomic genetic alterations to accumulate and instability to develop.

Discovery of the more frequent genetic alterations has been aided by study of the 

autosomal dominantly inherited cancer syndromes, FAP and HNPCC.
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FAP accounts for less than 1% of colorectal cancers and is characterised by the 

development of multiple (>102-3) colorectal adenomatous polyps. It is now known that 

autosomal dominant mutation of the APC gene on chromosome 5q is responsible for the 

development of FAP. The site of the gene mutation influences the disease phenotype 

(Caspari et al., 1994), which ranges from a severe to an attenutated phenotype. Inter­

individual variation in severity is also seen for the identical genetic site mutations 

suggesting that additional modifying genes and environmental influences can alter 

disease expression (Paul et al., 1993). The APC gene product is a protein involved in 

many cellular processes, including migration, adhesion and proliferation. The APC 

protein is vital for the maintenance of cytoplasmic p-catenin levels, which is achieved 

through the formation of complexes to target p-catenin for degradation via the ubiquitin 

pathway. In the absence of functional APC protein, p-catenin escapes degradation and 

translocates to the nucleus causing transcriptional upregulation of various genes 

including cyclin D1 (Shtutman et al., 1999) and the oncogene c-myc (He et al., 1998), 

promoting progression and development of colorectal cancer. APC mutations have been 

identified in adenomas (Powell et al., 1992) and in dysplastic aberrant crypt foci 

(precursors of adenomas) (Smith et al., 1994) supporting the proposal that this genetic 

alteration is one of the earliest events in the adenoma-carcinoma sequence.

HNPCC accounts for up to 5% of colorectal cancers (Vasen et al., 1991). This family of 

diseases is characterised by colorectal tumours occuring at a relatively young age (<45 

years), more commonly affecting the right side of the colon. Polyps are frequently 

multiple and are associated with multiple invasive cancers (both synchronous and 

metachronous). Histopathological characteristics include mucinous and poorly 

differentiated tumours, with signet ring cells and marked lymphocytic infiltration. 

Individuals affected have an improved survival in comparison with equivalent sporadic 

colorectal carcinomas. HNPCC can occur with (Lynch type II) or without (Lynch type
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I) extracolonic carcinomas of the ovaiy, endometrium, renal pelvis, ureter, small bowel 

and stomach (Lynch et al., 1988). The Amsterdam II criteria produced by the 

International Collaborative Group for HNPCC (ICG-HNPCC) are designed to predict 

families at risk of HNPCC (Vasen et al., 1999) (Table 1), in whom 50-60% have 

identifiable genetic mutations (Feamhead et al., 2002).

Table 1: Amsterdam II criteria for the identification of HNPCC families

At least 3 relatives with an HNPCC-associated cancer (colorectal, endometrial, small 
bowel, ureter, renal pelvis), one of whom should be a 1st degree relative of the other two

At least 2 successive generations should be affected

At least 1 should be diagnosed before the age of 50 years

FAP should be excluded in the colorectal cancer case(s) if any

Tumours should be verified by pathological examination

Mutations in the mismatch repair genes (MMR) that correct errors in base pair matching 

during DNA replication are responsible for the development of HNPCC. The most 

commonly affected MMR genes are hMLHl, hMSH2 and hMSH6. Correlations 

between genotype and phenotype have been recognised, for example, extracolonic 

tumours are more commonly found in association with hMSH2 mutations whilst women 

with HMSH6 mutations are more likely to develop double primary cancers of the 

colorectum and endometrium (Charames et al., 2000). However, as in FAP, identical 

genotypic abnormalities do not always produce identical phenotypes.

Individuals in HNPCC families are heterozygous for mismatch repair gene mutations in 

the germline, hence a further somatic mutation is required in the normal allele before 

gene function is lost [a phenomenon described in Knud son’s ‘two hit’ hypothesis 

(1971)]. Lack of DNA mismatch repair is seen particularly in poly-oligo tracts and base

18



pair repeat areas in the genome known as microsatellites, which are predominantly 

found in intronic (non-coding) areas. Disruption of microsatellite sequences is seen in 

more than 90% of colorectal cancers in HNPCC patients, and is known as microsatellite 

instability (MSI) or replication error (RER+) (Liu et al., 1996). MSI is also seen in about 

15% of sporadic colorectal cancers (Ionov et al., 1993; Lothe et al., 1993; Liu et al., 

1995).

Identification of individuals with HNPCC can be difficult due to the large number of 

mutations described. Individuals and families fulfilling the Amsterdam II criteria (Table 

1) can be tested for common HNPCC associated mutations. An alternative approach is 

to test colorectal cancers for microsatellite instability (bearing in mind the fact that 15% 

of sporadic tumours exhibit MSI) and proceed to germline testing in patients with 

marked MSI (MSI-H) and a family history. This approach is described in the Bethesda 

guidelines and is summarised in Table 2 (Rodriguez-Bigas et al., 1997).

Table 2: The Bethesda criteria for testing colorectal cancer for microsatellite instability

• Individuals with a family history that fulfils the Amsterdam criteria

• Individuals with 2 or more HNPCC-related cancers, including synchronous and 
metachronous colorectal cancer or associated extracolonic cancers

• Individuals with colorectal cancer and a 1st degree relative with colorectal cancer 
+/- HNPCC-related extracolonic cancer +/- a colorectal adenoma: one of the 
cancers diagnosed at age <45 years and the adenoma at age <40 years

• Individuals with colorectal cancer or endometrial cancer diagnosed <45 years of 
age

• Individuals with undifferentiated or right-sided colorectal cancer at <45 years of 
age

• Individuals with signet-ring type colorectal cancer at <45 years of age

• Individuals with colorectal adenomata diagnosed <40 years of age
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Sporadic colorectal cancer

In sporadic colorectal cancers, both APC and mismatch repair gene mutations can also 

arise (Mulcahy et al., 1997). The frequency of the commonly occurring genetic 

alterations are indicated in Table 3. Other important mutations include those in the Ki­

ras gene, which results in the stimulation of cell growth and occurs in large adenomas 

and carcinomas. Mutations in this gene are a later event than APC mutations. In 

addition, p53 mutations are commonly seen in colorectal cancer as late events and are 

associated with the invasive phenotype, these mutations are rarely seen in adenomas. 

The majority of patients with sporadic carcinomas have multiple genetic abnormalities 

within the cancer cells and no one event is seen in all tumours.

Table 3: Common genetic alterations in sporadic colorectal cancer

Pathway Gene (location) % of cases with 
mutation

Adenoma-carcinoma
sequence

p53(17p3) 70
DCC (18q21) 65
APC (5q21) 60
K-ras (12pl2) 50
Nm23 (17q21) 25

RER pathway Mismatch repair genes 15
Data from (Mulcahy et al., 1997)

Environmental factors and predisposing conditions

Since Burkitt’s observations of a low incidence of bowel cancer in South African 

populations (Burkitt et al., 1972), environmental factors have been thought to influence 

the progression of colorectal carcinogenesis and the expression of disease. These 

influences have centred around a protective effect of fibre and vegetables and a harmful 

effect of animal fat, although early epidemiological studies were methodologically 

flawed (Stubbs, 1983) and some of the evidence is inconsistent (Potter, 1999). The 

reported inconsistencies may be a result of the variable susceptibility of individuals to
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environmental influences as a consequence of genotype (Potter, 1999). The preventive 

role of fibre in particular is controversial. A recent population based study showed no 

evidence for lowered colorectal cancer risk with high cereal fibre intake (Teny et al., 

2001) and a Cochrane review of dietary fibre supplementation showed no benefit in 

terms of reduction in adenoma or carcinoma development (Asano & McLeod, 2002). 

Two large population based papers, however, have challenged this position, by 

demonstrating that dietary fibre consumption is inversely related to colorectal cancer 

risk (Bingham et al., 2003; Peters et al., 2003).

Predisposing conditions that increase the risk of colorectal cancer include long-standing 

inflammatory bowel disease (IBD), particularly ulcerative colitis, where the risk of 

carcinoma increases more with the severity and extent than duration of the disease 

(Ekbom et al., 1990a, b; Lennard-Jones et al., 1990).

1.1.3. Staging of colorectal cancer

Staging is the process by which objective data are assembled to try to define the 

progression of a disease (Northover, 1997). The overall prognosis for colorectal cancer 

is poor. Almost half the patients present with locally advanced or disseminated disease, 

but even in patients undergoing a curative resection, approximately half will die of a 

cancer-related death within five years (McArdle et al., 1990; Commission for Health 

Improvement/Audit Commission, 2001). The prognosis is influenced by numerous 

factors including age at presentation, gender, duration of symptoms, the presence of 

bowel obstruction, perforation and tumour location (Fielding et al., 1986). Tumour 

characteristics such as vascular and lymphatic invasion, DNA ploidy, and 

differentiation may also have prognostic significance. However, the simplest and most 

consistently reliable prognostic indicator is the presence or absence of lymph node
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metastasis in the surgical specimen (ie. the Dukes’ classification; see Pathological 

staging, page 22).

Preoperative staging

Staging systems have traditionally been pathological in nature but the acquisition of 

preoperative staging information allows planning of appropriate primary treatment. 

Accurate preoperative staging of colorectal cancer allows patient selection for neo­

adjuvant therapies, surgical interventions (including avoidance of surgery in patients 

with advanced disease) and adequate patient counselling concerning treatment options 

and probable outcomes. For example, preoperative assessment of T (Tumour) stage in 

rectal cancer patients allows selection for different regimens of neoadjuvant 

radiotherapy. Preoperative staging relies on a combination of modalities (Northover, 

1997):

- clinical -  history, examination, endoscopic assessment, laparoscopy and 

examination under anaesthetic (EUA)

radiological -  various imaging modalites are used for preoperative staging 

(reviewed in O'Dwyer et al., 2001), these include contrast studies, ultrasound 

scanning, cross-sectional imaging including computed tomography (CT) 

scanning and magnetic resonance imaging (MRI) (particularly for rectal cancer 

and recurrent disease). Functional imaging using modalities such as positron 

emission tomography (PET) is increasingly used for evaluation of cases where 

traditional imaging is equivocal.

Pathological staging

Pathological staging of colorectal cancer is crucial for predicting prognosis and 

planning further treatment. The well-established Dukes’ classification was described in

22



a series of 215 rectal cancer cases in 1932 (Dukes, 1932). The progression of disease 

noted was from an initial mucosal lesion, to local invasion and then lymph node 

metastases. Originally, a three-level classification was adopted:

• Dukes’ A - growth confined to the rectum, no extra-rectal spread, no 

lymphatic metastases

• Dukes’ B - spread into extra-rectal tissues by direct continuity, no lymphatic 

metastases

• Dukes’ C- lymphatic metastases present

Subsequent reports demonstrated significant survival differences between groups: 

patients with Dukes’ A rectal tumours had a 5-year survival rate of 98% compared with 

77% for Dukes’ B and 32% for Dukes C (Dukes & Bussey, 1958).

Modifications were made by Dukes based on the division of stage C into Cl (‘upward 

(lymph node) spread has not yet reached the glands at the point of ligature of the blood 

vessels’) and C2 (‘nodal spread up to the level of the point of ligature’) first described 

by Gabriel et al. (1935). A fourth stage of metastatic spread was mentioned initially by 

Dukes in 1949 (Dukes, 1949) but only named as Dukes’ D by Turnbull many years later 

(1967). Kirklin (1949) included colonic tumours and increased prognostic accuracy by 

dividing Dukes’ B into B1 and B2, where B1 tumours were contained within the 

muscularis propria while the B2 lesions extended through this layer. Astler and Coller 

(1954) used Kirklin’s modification of Dukes’ stage, but restricted stage A tumours to 

those involving the mucosa only and further subdivided Dukes’ stage C into Cl and C2, 

on a similar basis to Kirklin’s B1 and B2 in lymph node positive tumours. This 

subdivision gave additional prognostic information. The Dukes’ classification 

accurately predicts patient prognosis in large studies (Kune et al., 1990) and has the 

advantages of being simple and reproducible (Table 4). Multiple alterations to the 

original classification have been proposed in a bid to improve its prognostic accuracy in
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both colon and rectal cancer (Northover, 1997). Selection of patients for adjuvant 

treatment by Dukes’ stage still has limitations as it can only give a probability of 

survival for any given stage after surgical resection. Alternative systems to determine 

which patients would most benefit from adjuvant non-surgical treatments have been 

adopted over the last 2 decades.

The TNM system for cancer staging is widely used (UICC, 2002) (Table 4). This 

classification defines the tumour size and depth of penetration (‘T’), nodal involvement 

(‘N’) and the presence of distant metastases (‘M’). It is applicable to tumours at all sites, 

is reproducible and in colorectal cancer can be paralleled with Dukes’ staging to 

facilitate comparison between studies (Table 5). A further advantage of the TNM 

system is its versatility by separate categorisation of each of the primary, locoregional 

and distant components of the disease.

Other classifications eg. the Jass classification (1987) have not improved significantly 

on the Dukes’ or TNM classification (Deans et al., 1994). Both Dukes’ and TNM 

staging systems are dependent on the extent to which lymph nodes are searched for and 

examined. For example, the increased yield of lymph nodes from specimens using fat 

clearance techniques may result in stage migration, whereby patients who would have 

been classified conventionally as Dukes’ B are reclassified as Dukes’ C (Cawthom et 

al., 1986; Haboubi et al., 1992; Haboubi et al., 1998; Marks et al., 2000). The 

histopathological techniques employed and stage definitions have to be taken into 

consideration when comparing studies that address outcome.
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Table 4: Clinicopathological staging of colorectal cancer

Pukes’ staging (pathological examination of specimen)
A -  Invasive carcinoma not breaching muscularis propria
B -  Invasive carcinoma breaching muscularis propria, but not involving regional LN 
Cl -  Invasive carcinoma involving regional LN (apical node negative)
C2 -  Invasive carcinoma involving regional LN (apical node positive)
D - Presence of distant metastases 
TNM cHnicopathologieal staging 
T -  primary tumour

TX — Primary tumour cannot be assessed 
TO -  No evidence of primary tumour
Tis -  Carcinoma in situ: intraepithelial or invasion of the lamina propria
T1 — Carcinoma invades submucosa
T2 -  Carcinoma invades muscularis propria
T3 -  Carcinoma invades through muscularis propria into subserosa or into 

non-peritonealised peri-colic or peri-rectal tissues 
T4 -  Carcinoma perforates the visceral peritoneum &/or directly invades other organs

_________ or structures (including other segments of the colorectum via the serosa)________
N -  regional lymph nodes

NX -  Regional LN cannot be assessed 
NO -N o regional LN metastasis 
N1 -  Metastasis in 1 to 3 regional LN 
N2 -  Metastasis in 4 or more regional LN 

(A tumour nodule >3mm diameter in perirectal or pericolic fat without histological evidence of 
a residual LN in the nodule is classified as regional LN metastasis. A tumour nodule <3mm
diameter is classified in the T category as discontinuous extension ie. T3)________________
M -  distant metastases

MX -  Distant metastasis cannot be assessed 
MO -  No distant metastasis 
Ml -  Distant metastasis

Table 5: Stage grouping of colorectal cancer

T N M Dukes
Stage 0 Tis NO MO
Stage I T1 or T2 NO MO A
Stage IIA T3 NO MO B*
Stage HB T4 NO MO
Stage IDA T1 or 12 N1 MO C*
Stage 111B T3 or T4 N1 MO
Stage m C Any T N2 MO
Stage IV Any T AnyN Ml (D)
* Dukes B is a composite of better (T3N0M0) and worse (T4N0M0) prognostic groups, 
as is Dukes C (any TNI MO and anyTN2M0)
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Despite the widespread use of clinicopathological staging systems to predict prognosis 

and select patients for adjuvant treatments, there remain subsets of patients with 

apparently early stage disease who develop recurrence and/or metastasis and others with 

locally advanced disease who are cured by resection. For example, Moertel et al. (1995) 

reported the results of 929 patients with Stage III colon cancer undergoing surgical 

resection alone or surgery and chemotherapy with 5-fluorouracil (5-FU)/levamisole. Of 

the surgically treated patients, 45% were alive and disease-free at 5 years, compared 

with 65% treated with surgery and chemotherapy. This illustrates that, in retrospect, 

45% of the patients did not require chemotherapy, and that 35% died despite 

chemotherapy. The QUASAR (Quick And Simple And Reliable) study has reported 

similar results in 4927 colorectal cancer patients treated postoperatively with 5-FU and 

folinic acid. The three-year survival rates of 70% in patients treated with chemotherapy 

imply that 30% still die despite adjuvant treatment (QUASAR Collaborative Group, 

2000). Consequently, the use of clinicopathological staging systems to select patients 

for adjuvant therapy runs the risk of overtreating a significant proportion of patients and 

undertreating others. With improvements in adjuvant treatment and the introduction of 

newer agents there is a need for better prognostic markers to select patients at risk of 

recurrence and metastatic disease. The last decade has seen an explosion in studies 

exploring the potential of prognostic markers.

1.1.4. Prognostic factors and tumour markers

A prognostic factor is a variable that provides prospective information on patient 

outcome complementing the histopathology data and assisting future therapeutic 

decisions (McLeod & Murray, 1999). In order for a marker to be of widespread use, it 

must be reliable, valid, simple to apply and easy to assess. Numerous markers have been 

described and evaluated including oncogenes, tumour-suppressor genes, markers of
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apoptosis, cell proliferation and angiogenesis (McLeod & Murray, 1999; Diep et al., 

2003).

Tumour markers differ from prognostic factors. A tumour marker gives an indication of 

the presence or progression of disease and may be used to monitor for disease 

recurrence and treatment response. Many tumour markers have been evaluated for 

utility as prognostic factors, but have generally failed to show significant advantage 

over conventional components of staging systems. In 1998, the American Society of 

Clinical Oncology (ASCO) produced guidelines on the use of tumour markers for 

prevention, diagnosis, screening, treatment and surveillance in colorectal cancer 

(American Society of Clinical Oncology, 1998). These highlight a lack of solid 

evidence for the general use of tumour markers, with only carcinoembryonic antigen 

(CEA) measurements recommended for use in the detection of recurrence and/or 

metastasis and in the assessment of treatment response. More recently, the updated 

guidelines (Bast et al., 2001) have identified potential markers currently being 

investigated but not yet recommended for routine use, including serum interleukin (IL)- 

6, intra-tumoural expression of p27Kipl (a cell cycle inhibitor), the DCC gene, MSI and 

the enzyme thymidylate synthase whose expression/upregulation may be associated 

with response to 5-FU.

1.1.5. Treatment and prevention 

Surgery

Surgical resection is the mainstay of treatment for tumours of the colon and rectum. The 

anatomical challenges to the surgeon differ in the two sites. Oncological principles for 

colonic resection have remained similar for many years and involve ligation of the 

major vascular pedicle supplying the colonic segment for resection, wide excision of the 

lymphatic drainage, excision with tumour-free margins and en-bloc resection of organs
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involved in contiguous tumour spread. The surgical approach to rectal cancer has 

changed in the last 15 years with the adoption of anatomically based surgical resection 

in the form of total mesorectal excision (TME) (Heald et al., 1982; MacFarlane et al., 

1993) and recognition of the importance of circumferential margin clearance to achieve 

low rates of local recurrence (Quirke et al., 1986). Widespread use of TME is associated 

with improved outcomes both in terms of local recurrence rates and long-term survival 

(Kapiteijn et al., 2002).

Radiotherapy

A role for radiotherapy in the treatment of rectal cancer has evolved over the last 15-20 

years. A systematic overview including 8507 rectal cancer patients in 22 randomised 

trials of adjuvant radiotherapy (delivered both pre- and post-operatively) demonstrated a 

reduction in local recurrence for both methods of delivery and a marginal improvement 

in survival (Colorectal Cancer Colloborative Group, 2001). However, the trials included 

in this overview were performed prior to recognition of the importance of TME surgery. 

Confirmation of the continued benefit of radiotherapy in the TME era has been 

demonstrated in a large randomised trial by the Dutch Colorectal Cancer Group 

(Kapiteijn et al., 2001). TME surgeiy alone (937 patients) was compared with TME and 

adjuvant pre-operative radiotherapy (924 patients). The combined-treatment group had a 

reduced risk of local recurrence: 8.2% in the surgery alone group vs. 2.4% in the 

surgery and radiotherapy group (p<0 .0 0 1 ), although no differences in survival at 2  

years were observed (Kapiteijn et al., 2001). However, the local recurrence rate in the 

surgery alone arm of the Dutch study was substantially higher than that achievable by 

surgery alone in specialist centres (MacFarlane et al., 1993).
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Chemotherapy

Chemotherapy has a place in neoadjuvant and adjuvant colorectal cancer treatment and 

in the management of advanced disease. The adjuvant use of 5-FU and its modulator 

leucovorin is established in Stage Ill/Dukes’ C disease (Moertel et al. 5 1995; QUASAR 

Collaborative Group, 2000). The size of the survival benefit in this group is estimated to 

be around 6 % (The Association of Coloproctology of Great Britain and Ireland, 2001). 

The uncertain arm of the QUASAR study will define the benefits of 5-FU based 

chemotherapy for patients with Stage II/Dukes’ B disease.

Newer chemotherapeutic drugs that have demonstrated improvements in survival in the 

setting of advanced disease include the thymidylate synthase modulators (capecitabine 

and ralitrexed), the topoisomerase-I inhibitor, irinotecan and oxaliplatin. Equivalent 

survival benefits to 5-FU regimens or improved survival in combination with 5-FU or in 

5-FU refractory disease have been demonstrated. Irinotecan in combination with 5-FU 

is associated with a significant survival benefit when used as l st-line treatment for 

metastatic colorectal cancer (Douillard et al., 2000; Saltz et al., 2000). In the UK, the 

National Institute of Clinical Excellence (NICE) have only recommended irinotecan 

monotherapy in patients with advanced colorectal cancer who have failed to respond to 

5-FU treatment (NICE, 2002) -  although this has been questioned by a number of UK 

oncologists (Saunders & Valle, 2002).

Screening

Colorectal cancer fulfils the criteria for suitability of a disease for screening in that the 

disease is a major public health problem, the natural history of the condition is known, 

effective screening tests exist and early treatment of disease is associated with a better 

prognosis. Screening strategies evaluated in the UK include faecal occult blood testing 

(FOBT) and flexible sigmoidoscopy (FS). FOBT is aimed mainly at the detection of
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asymptomatic small cancers whereas FS has the advantage of detection and removal of 

pre-malignant lesions ie. adenomatous polyps with the potential for reducing future 

cancer incidence in the screened population (Atkin et al., 1993).

Randomised trials of FOBT screening to identify individuals for colonoscopic 

investigation have demonstrated a 15-30% reduction in colorectal cancer-related 

mortality (Mandel et al., 1993; Hardcastle et al., 1996; Kronborg et al., 1996). 

Consequently, large-scale pilot studies of FOBT screening have been undertaken in 

Coventry and the Grampian region in the UK. Data from the pilot sites were presented 

at the Annual Meeting of the Association of Coloproctology of Great Britain and 

Ireland in 2003. These data illustrated an uptake of 56.8% of the invited population 

(approximately 1 million people per site) and 2% test positivity. Of individuals with 

positive FOBT, 12% had cancer (552 cancers including 92 polyp cancers) and 30% had 

adenomatous polyps. The distribution of the cancers detected was 33% Dukes’ A, 32% 

Dukes’ B and 34% Dukes’ C. The preliminary conclusions were that FOBT was 

feasible although uptake needed to be increased and that a shift in stage distribution to 

earlier cancers had been noted.

An alternative approach to screening is reflected in the UK Flexible Sigmoidoscopy 

Screening Trial, which is examining the hypothesis that a single FS at 55-60 years, with 

polypectomy and colonoscopy for those with high-risk polyps (Atkin et al., 1992), can 

reduce the incidence and mortality of colorectal cancer (Atkin et al., 1993). The study 

commenced in 1996, it is anticipated that follow-up at 1 0  years will show a difference 

in colorectal cancer incidence and that 15 years will be required to demonstrate a 

reduction in mortality in the screened populations. Recent results demonstrate the 

safety, acceptability and feasibility of this technique (UK Flexible Sigmoidoscopy 

Screening Trial Investigators, 2002). Compliance rates of 71% were achieved. Distal 

adenomas were detected in 12.1% and distal cancer in 0.3%, 5% of the screened
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population went on to undergo colonoscopy at which 18.8% had proximal adenomas 

and 0.4% had proximal cancers. Of the cancers detected, 62% were Dukes’ A. 

Continuing follow-up will further define the effect of this screening intervention on 

incidence and mortality from colorectal cancer.

1.2. ANGIOGENESIS

Angiogenesis is the development of new blood vessels from the existing vasculature. 

Together with vasculogenesis ie. the formation of the primary vascular network in the 

embryo, it is a fundamental requirement for normal development. Angiogenesis occurs 

in the adult in both physiological eg. female menstrual cycle and pathological settings 

eg. tumour growth, wound healing.

The natural histoiy of tumour development is of a stepwise progression of events from 

local tumour growth, to invasion and distant metastases. A central process in this chain 

of events is the development of tumour blood vessels. The growth of primary tumours 

and their metastases is dependent on angiogenesis, without which tumour foci are 

unable to grow larger than l-2mm in diameter (Folkman, 1995). The acquisition of an 

angiogenic phenotype by a tumour is referred to as the ‘angiogenic switch’ (Hanahan & 

Folkman, 1996). This switch in tumour behaviour occurs as a result of increased 

production of angiogenic promoters and/or reduction of angiogenic inhibitors. 

Angiogenesis is a complex process involving degradation of pre-existing vessel 

basement membrane, endothelial cell proliferation, sprouting and migration, vessel 

lumen and loop formation, re-establishment of blood flow, in parallel with maturation 

and stabilisation of new vessels (Yancopoulos et al., 2000). This process supports 

tumour growth and haematogenous metastasis.
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Multiple growth factors, receptors and pathways are known to be important in the 

angiogenic process, including acidic and basic fibroblast growth factor (FGF), 

transforming growth factor-a (TGF-a), transforming growth factor-p (TGB-P), 

hepatocyte growth factor (HGF) and tumour necrosis factor-a (TNF-a) but the most 

studied and best understood is the vascular endothelial growth factor (VEGF) family 

(see sections 1.4 & 1.5, pages 47 & 68).

1.2.1. Assessment of microvascular density (MVD)

Since the ability of a tumour to induce angiogenesis is a crucial step in the successful 

establishment of metastases, measurements of tumour neovascularisation have been 

evaluated as prognostic indicators in a number of tumour types. First reports describing 

MYD as a prognostic indicator in malignant melanoma and breast cancer were 

published over a decade ago (Srivastava et al., 1988; Weidner et al., 1991). 

Unfortunately, numerous endothelial markers and scientific methods have led to 

confusing results when reporting MVD in different tumour types. An international 

consensus document discussed the methods and evaluation criteria for achieving 

accurate and reproducible MVD scores (Vermeulen et al., 1996). The proposed standard 

described the optimum methods of tissue processing, immunostaining, selection of 

quantification fields and scoring and also highlighted unresolved areas for further 

investigation. However, the continued proliferation of studies using various markers and 

methods of MVD measurement implies a lack of widespread use of this document, 

which is now seven years old.

1.2.2. MVD in colorectal cancer

Numerous studies have investigated the role of MVD in colorectal cancer with different 

conclusions (Table 6). The conflicting results reported may be explained by the use of
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different methodologies (including antibodies directed against a variety of antigens, 

different immunostaining and counting techniques) and varying specimen types (frozen 

tissue or formalin-fixed paraffin-embedded blocks; colonic or rectal cancer alone or 

both tumour types together; specific disease stages or all stages encompassed; polypoid 

or ulcerated tumours; different levels of inflammation in/around the tumour).

Few studies have addressed the optimum method of determining MVD in colorectal 

cancer specifically, Abdalla et al. (1996) investigated the use of different pre-treatment 

methods and different antibodies [directed against CD31, CD34 and von Willebrand 

factor (vWF)] for immunostaining blood vessels in paraffin embedded tissues. The 

authors concluded that in colorectal cancer, CD34 immunostaining of microwaved 

tissues produced intense, specific staining of endothelial cells and was the most 

sensitive method. However, other authors disagree; Tomisaki et al. (1996) found that 

although CD34 immunostaining on trypsinised tissues resulted in higher MVD counts 

compared to scores obtained with vWF staining, vWF staining was a more specific 

marker for microvessels. The use of pan-endothelial markers for the assessment of 

MVD has been questioned. Markers directed against activated endothelial cells, such as 

CD 105, may provide a better prognostic indicator than standard measures (Akagi et al., 

2002; Li et al., 2003). The best quantification method for MVD in colorectal cancer has 

also not been established. In breast cancer, Chalkley point counts are known to correlate 

closely with MVD hotspot counts, giving objective, rapid and reproducible prognostic 

information (Fox et al., 1995). This has been confirmed in colorectal cancer by Abdalla 

et al. (1996), whilst White et al. (2002) have demonstrated that Chalkley counts also 

correlate well with other MVD parameters.

The prognostic significance of MVD in colorectal cancer remains controversial with 

different studies demonstrating opposite prognostic correlation (Table 6).
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The majority of studies in colorectal carcinoma have found an association between 

higher MVD, more aggressive tumour behaviour and poorer clinicopathological 

variables (Table 6). In some studies, MVD was an independent prognostic indicator for 

survival (Takebayashi et al., 1996; Amaya et al., 1997; Tanigawa et al., 1997; Choi et 

al., 1998; Vermeulen et al., 1999b) or time to recurrence (Takahashi et al., 1997). In 

others, MVD was associated with poorer survival but lost significance in multivariate 

analysis (Engel et al., 1996; Galindo Gallego et al., 2000; Furodoi et al., 2002; Kaio et 

al., 2003).

Three studies have reported an association of increased MVD with better prognosis, 

which conflicts with most other publications including the majority of those on 

colorectal cancer (Lindmark et al., 1996; Abdalla et al., 1999; White et al., 2002). The 

earlier two of these studies included a large number of patients encompassing the full 

range of Dukes’ stages and assessed blood vessels with antibodies directed against 

CD31. Lindmark et al. (1996) employed frozen tissue specimens, whereas Abdalla et al. 

(1999) used formalin-fixed paraffin-embedded blocks in common with most other 

studies. The authors of these studies postulated that their unexpected results could have 

been due to methodological differences, which included selection of the area of greatest 

microvascular density (the ‘hotspot’) for counting rather than simply areas at the 

invading edge and the use of a mean of 5 field scores rather than a single field 

(Lindmark et al., 1996). It was also suggested that local tissue ulceration, inflammation 

and repair are common findings in colorectal cancer that may markedly influence MVD 

and alter the relation between MVD and prognosis in this particular tumour type 

(Abdalla et al., 1999). The most recent of these three studies (White et al., 2002) used 

both anti-CD31 and anti-FVIII antibodies to stain separate tumour sections and scored 

slides with both MVD counts and Chalkley grid methods. Elevated MVD above the 

median was associated with longer overall survival times in 84 colorectal cancer
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patients (White et al., 2002). A further report demonstrated a non-significant trend 

towards improved survival with increased MVD (Banner et al., 1998). Banner et al. 

(1998) assessed 9 short-term and 13 long-term survivors with Stage II colorectal cancer 

using anti-FVIII-related antigen as an endothelial marker. No differences in MVD were 

seen between the two different outcome groups in this small sample, although there was 

a trend towards improved survival with higher MVD.

Nanni et al. (2002) attempted to resolve the issue of prognostic use of MVD in 

colorectal cancer along with a number of other biological markers. This multicentre 

study used strict quality control measures for methodology, counting, scoring and 

patient follow-up, thus aiming to eliminate some of the recognised variables. The 263 

patients included were all participating in one of two randomised controlled trials of 5- 

FU based chemotherapy regimens and were pathologically staged as having Dukes’ B2, 

B3* or C tumours. MVD did not show any relationship with age, gender, tumour site, 

Dukes’ stage, lymphocytic infiltration or DNA ploidy. Nor was any relation found 

between high MVD and four-year disease-free and overall survival. The authors 

concluded that MVD was not a useful biological marker for prediction of behaviour and 

outcome of colorectal cancer.

In summary, although questions remain about antibody choice, methods for 

immunostaining and MVD quantification, the majority of studies in colorectal cancer 

show MVD correlates with poorer outcome in univariate analysis but that MVD often 

loses prognostic value on multivariate analysis. The most comprehensive and controlled 

study reported by Nanni et al. (2002) failed to identify MVD as a useful indicator in 

colorectal cancer, hence there is a need to evaluate more specific angiogenic markers 

such as the VEGF family.

* B2 and B3 refer to Astler-Coller disease stages, where B2 is tumour that extends through the muscularis 
propria and B3 is tumour that invades into adjacent structures, both lymph node negative
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1.2.3. MVD and VEGF-A in colorectal cancer

The relationship between VEGF-A expression and MVD in colorectal tumours is not 

clear cut Takahashi et al. (1995) demonstrated a correlation between MVD and VEGF- 

A expression at the invading edge and within colorectal cancer. Further positive 

associations between VEGF-A tumour expression and MVD have been documented by 

others (Amaya et al., 1997; Kang et al., 1997b; Takahashi et al., 1997; Kondo et al., 

2000a; Harada et al., 2001; Kaio et al., 2003), whereas two further groups have been 

unable to demonstrate such a relationship (Nanashima et al., 1998; Nanni et al., 2002). 

A possible reason underlying this discrepancy is that although VEGF-A is important for 

tumour angiogenesis, numerous additional angiogenic agents and pathways co-exist and 

vary in importance in differing circumstances, hence a specific relationship between 

VEGF-A expression and MVD is difficult to envisage.

1.3. VASCULAR ENDOTHELIAL GROWTH FACTOR 

RECEPTORS

The VEGF family is a group of related molecules [VEGF-A, placental growth factor 

(PIGF), VEGF-B, VEGF-C, VEGF-D and VEGF-E] that are crucial for vasculogenesis, 

angiogenesis and lymphangiogenesis [(Veikkola & Alitalo, 1999; Partanen & Paavonen,

2001) and section 1.4, page 47]. The family of VEGF receptors will be examined prior 

to fiirther discussion of the ligands. VEGF-A, VEGF-C and VEGF-D are considered in 

detail in sections 1.4 & 1.5, pages 47 & 68.

All VEGF family members are ligands for tyrosine kinase receptors of the VEGF-

receptor (VEGFR) family for which they have overlapping specificities and variable

affinity (Joukov et al., 1997b; Karkkainen & Petrova, 2000). The receptor family is a
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subgroup of the platelet derived growth factor (PDGF) receptor family. There are three 

main receptors, VEGFR1 (flt-1 or fins-like tyrosine kinase-1), VEGFR2 (KDR or 

kinase domain-containing receptor/flk-1 or fetal liver kinase-1) and VEGFR3 (flt-4) 

(Neufeld et at., 1999; Karkkainen & Petrova, 2000; Veikkola et al., 2000; Partanen & 

Paavonen, 2001) with differing sites of expression, functions and ligand specificity 

(Table 7). In the human foetus, expression of the three main VEGFRs show distinct but 

overlapping patterns of tissue expression suggesting that each have varying functions in 

the regulation of growth and differentiation of different vessel types (Kaipainen et al., 

1993).

The three VEGFRs are similar in structure, with seven extracellular immunoglobulin 

(Ig) homology domains and a split intracellular tyrosine kinase domain. These seven Ig- 

like domains define the VEGFRs as a subgroup within the PDGF receptor family, in 

which other group members are characterised by only five Ig-like extracellular domains. 

The 2nd and 3rd Ig-like domains are responsible for ligand binding and the 4th Ig-like 

loop contains a receptor dimerization domain (Neufeld et al., 1999).

Additional endothelial cell VEGF receptors also exist, such as the neuropilins (NRP), 

which modulate ligand binding to the main receptors and are important in blood vessel 

development (Soker et al., 1996). NRP- 1  acts as a co-receptor for VEGF 155 and P1GF- 2  

whilst NRP-2 is a co-receptor for VEGF 155. VEGFR2 binds VEGFRs more efficiently in 

cells expressing NRP-1 and this is translated into an enhanced migratory response 

(Soker et al., 1998). Neuropilins are also expressed on malignant cells and may have 

important roles in mediating VEGF-induced autocrine survival functions (Bachelder et 

al., 2001). Another group of molecules to which some VEGF family members 

(VEGF145, VEGFies, VEGF 189, VEGF-B167) bind are the heparan-sulfate proteoglycans 

(Neufeld et al., 1999).
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Ligand binding to VEGFRs leads to receptor dimerization and transphosphorylation, 

with recruitment of diverse adaptor and signalling molecules, initiating a complex 

sequence of intracellular pathways, finally activating a cascade of angiogenic programs 

in endothelial cells. The complexity of signalling is enhanced by the existence of 

differently spliced ligands, proteolytic processing and receptor heterodimerization 

(Karkkainen & Petrova, 2000). VEGFR-expressing cell proliferation and survival 

further depends on interactions with the extracellular matrix, which occurs via members 

of the integrin family, in particular avps (Friedlander et al., 1995).
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1.3.1. VEGFR1

VEGFR1 is expressed mainly on endothelial cells but is also present in other cells 

including trophoblast, monocytes, renal mesangial cells and some tumour cell types 

(Table 7). VEGFR1 has the highest affinity for VEGF-A of the VEGFRs, with a 

dissociation constant (Kd) of approximately 10-20 pM (de Vries et al., 1992).

Signalling via VEGFR1 is not responsible for the main angiogenic effects of VEGF-A 

in vascular endothelial cells (Bematchez et al., 1999), but is essential in embryogenesis. 

VEGFRl-null mice die in utero at embryonic day 8.5-9.5, when they possess abundant 

endothelial cells that fail to develop into an organised primary vascular network (Fong 

etal., 1995).

VEGF-A signalling via VEGFR1 stimulates the production of proteases, tissue factor 

and endothelial cell and monocyte migration responses, but not endothelial cell 

proliferation (Waltenberger et al., 1994; Clauss et al., 1996; Keyt et al., 1996; Gille et 

al., 2001). It is thought that VEGFR1 has a predominantly negative role, acting as a 

decoy receptor to sequester VEGF-A at the cell surface, regulating access to and thus 

suppressing signalling via the main signalling receptor, VEGFR2. Furthermore, a 

reciprocal relationship between VEGFR1 and VEGFR2 has been illustrated in a 

VEGFR-expressing epithelial cancer cell line, whereby VEGFR1 negatively regulates 

VEGFR2-mediated cellular proliferation through the production of nitrous oxide (NO) 

(Dunk & Ahmed, 2001). Additional evidence for the antagonistic role of VEGFR1 

comes from the existence of a truncated soluble form of VEGFR1 (sVEGFRl) that 

results from alternative splicing (Kendall & Thomas, 1993), This sVEGFRl lacks the 

7th immunoglobulin-like domain, transmembrane and intracellular parts of VEGFR1. It 

retains high affinity for VEGF-A binding and inhibits VEGF-A induced mitogenesis 

(Kendall & Thomas, 1993) and tube formation by human micro vascular endothelial
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cells (Koolwijk et al., 2001). This soluble form of VEGFR1 has recently been detected 

in the sera of some patients with malignancy but not normal controls (Kumar et al., 

2002b).

The predominantly negative role of VEGFR1 has been called into doubt recently by the 

discovery that P1GF (but not VEGF-A) signalling via VEGFR1 amplifies VEGF-A- 

induced angiogenic responses via VEGFR2 (Autiero et al., 2003). P1GF stimulated 

phosphorylation of different receptor tyrosine residues and and transcription of differing 

genes than those observed with VEGF-A stimulation of VEGFR1. This has raised the 

intriguing possibility that VEGFR1 can act both negatively and positively to regulate 

the functions of structurally similar growth factors (Autiero et al., 2003). Further 

investigation into the roles and mechanism of action of P1GF and VEGFR1 may provide 

therapeutic targets for augmentation of angiogenesis.

1.3.2. VEGFR2

VEGFR2 is expressed mainly on vascular endothelial cells but is also expressed on 

other cell types including haematopoietic cells, megakaryocytes, retinal progenitor cells 

and is increasingly recognised on a variety of malignant cell types (Table 7 and section

1.4.3, page 57). VEGFR2 has a lower affinity for VEGF-A than VEGFR1 (Terman et 

al., 1992).

Expression of and signalling via VEGFR2 is essential for the embiyonic differentiation 

of endothelial and haematopoietic cells and blood vessel formation (reviewed in 

Veikkola et al., 2000). VEGFR2-null mice fail to develop a vasculature and have a 

reduced number of endothelial cells (Shalaby et al., 1995) and the temporal and spatial 

correlation of VEGF-A/VEGFR2 in embryonic mice illustrates the major role for the 

ligand/receptor complex in vasculogenesis and angiogenesis (Millauer et al., 1993).
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VEGFR2 is the main signalling receptor for VEGF-A, responsible for angiogenic 

effects in endothelial cells, such as cell proliferation, tube formation, morphological 

changes, actin reorganisation, chemotaxis and vascular permeability (Waltenberger et 

al., 1994; Keyt et al., 1996; Bematchez et al., 1999; Gille et al,, 2001; Koolwijk et al., 

2001; Tille et al,, 2003). Transcription of VEGFR2 is upregulated by VEGF-A which 

triggers a positive feedback loop (Shen et al., 1998). Mature forms of VEGF-C and 

VEGF-D (see section 1.5.3, page 74) also activate VEGFR2 producing similar 

angiogenic responses to VEGF-A (Tille et al., 2003). Binding of VEGFRs to VEGFR2 

is potentiated by the co-receptor, NRP-1, a semaphorin receptor with a role in axonal 

guidance, that also potentiates the VEGFRs induced endothelial cell migratory response.

Cellular proliferation, survival and motility due to VEGFR2 signalling are mediated via 

multiple intracellular pathways. These include the phosphatidylinositol 3"-kinase (PI3- 

K)/Akt pathway which is crucial for cell survival (Gerber et al., 1998). Interactions are 

also observed with protein kinase C, mitogen activated protein kinase (MAPK), NO 

synthase (Ziche et al., 1997), Src kinases, focal adhesion kinases (Slack et al., 2001; 

Eliceiri et al., 2002) and integrin avps (Friedlander et al., 1995), all of which are 

important for VEGF-A induced angiogenic responses.

In the context of malignancy, the VEGF-A/VEGFR2 signalling pathway has been 

assumed to aid tumour growth by a paracrine action on endothelial cells, promoting 

angiogenesis and thereby allowing a permissive increase in tumour size. The recent 

Ending that VEGFR2 is expressed on various malignant cell types has raised the 

possibility that VEGF - A/VEGFR2 are involved in autocrine loops directly promoting 

malignant cell growth and survival (Masood et al., 2001; Harmey & Bouchier-Hayes,

2002) (see section 1.4.3, page 57).
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1.3.3. VEGFR3

VEGFR3 is crucial for embiyonic vascular development. This is demonstrated by gene 

disruption studies in mice, where in the primary vascular network vascular sprouting 

and endothelial cell differentiation develop normally, but impaired remodelling of the 

primary vascular plexus, large vessel disorganisation, pericardial effusion and 

cardiovascular failure cause death at embryonic day 9.5 (Dumont et al., 1998). VEGFR3 

is also important for the maintenance and function of the lymphatic system. In humans, 

inactivating mutations in the VEGFR3 gene, including mis-sense mutations and 

intragenic polymorphisms result in defective VEGFR3 signalling and are described in 

families suffering from primary lymphoedema (Irrthum et al., 2000; Karkkainen et al.,

2000). Understanding these genetic abnormalities was achieved through the creation of 

murine lymphodema models by inactivating mutations of YEGFR3 (Karkkainen et al.,

2001) and by the use of soluble VEGFR3 molecules to inhibit VEGFR3 signalling 

(Makinen et al., 2001a).

VEGFR3 is a highly glycosylated, relatively stable, cell surface associated kinase of 

approximately 180kDa. It is proteolytically cleaved in the fifth extracellular 

immunoglobulin-like domain and the resulting chains remain linked with disulfide 

bonds (Pajusola et al., 1994). Short and long isoforms of VEGFR3 are recognised, 

differing in length in the carboxyl terminus (Pajusola et al., 1993). The longer form 

predominates in human tissues and the two forms have different functional abilities, as 

only activation of the long form is able to sustain fibroblast cell growth in soft agar 

cultures (Borg et al., 1995). Downstream signalling from VEGFR3 is dependent on 

residues within the intracellular carboxyl tail. Site directed mutagenesis of tyrosine 

residues in the C-terminal of the long form of YEGFR3 abolishes this signalling 

capacity (Fournier et al., 1995),
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VEGFR3 is expressed on vascular endothelium in early development, but later becomes 

restricted mainly to the lymphatic endothelium (Kaipainen et al., 1995; Kukk et al., 

1996). This distinction may he used to define in culture subsets of endothelial cells as 

lymphatic in origin (Kriehuber et al., 2001). However, VEGFR3 is not solely expressed 

on lymphatic endothelium in all situations. Expression is increased on the endothelial 

cells of angiogenic vessels in and around tumours (Jussila et al., 1998; Valtola et al., 

1999; Niki et al., 2001; Witmer et al., 2001) and is also seen in some fenestrated 

endothelia (Partanen et al., 2000). However, VEGFR3 does not seem to be upregulated 

on the neovasculature of the acute healing wound, although it is present at low levels on 

the granulation tissue vascular endothelium in chronic wounds (Paavonen et al., 2000). 

VEGFR3 may be required to maintain endothelial cell integrity in angiogenesis, as 

VEGFR3 blocking monoclonal antibodies can inhibit tumour angiogenesis (Kubo et al., 

2000).

1.4. VASCULAR ENDOTHELIAL GROWTH FACTOR-A

VEGF-A (also known as VEGF) is the prototypic member of the VEGF family, it is one 

of the most potent angiogenic factors, strongly stimulating endothelial cell activity 

(Ferrara & Henzel, 1989; Dvorak et al., 1995; Ferrara & Davis-Smyth, 1997; Neufeld et 

al., 1999; Partanen & Paavonen, 2001; Dvorak, 2002). VEGF-A possesses numerous 

biological properties listed in Table 8 (Senger et al., 1983; Ferrara & Davis-Smyth, 

1997; Dvorak, 2002). The large spectrum of effects of VEGF-A illustrate that it is 

crucial at all stages of development, both in embryogenesis and in angiogenesis of later 

life.
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Table 8: Principle biological effects of VEGF-A

Target organ Effects of VEGF-A stimulation
Embryo Vasculogenesis and angiogenesis.

Heterozygotes die in utero, with multiple developmental 
abnormalities, including abnormal vasculature

Vascular endothelial 
cell

Increases vascular permeability, cellular proliferation and 
migration
Alters cell morphology and cytoskeletal structure 
Increases expression of proteins involved in fibrinolysis 
(serine proteases urokinase-type and tissue-type plasminogen 
activator (PA) and PA-inhibitor-1 (PAI-1) and uPA receptor) 
Increases expression of tissue factor (pro coagulant) and 
matrix metalloproteinases eg. collagenase 
Increases expression of the glucose transporter GLUT-1, NO 
synthase and integrin receptors eg. ICAM-1, VCAM-1 
Survival factor (via upregulation of mitogens and anti- 
apoptotic proteins)
Increases expression of VEGFRs

Antigen presenting cell Inhibition of maturation and differentiation
Monocyte/macrophage Chemotactic responses
Other cell types that 
express VEGFRs

Multifunctional effects on: immune, inflammatory and 
haematopoietic cells, retinal pigment epithelial cells, 
Schwann cells, mesangial cells, uterine smooth muscle and 
some VEGFR expressing tumour cells

1.4.1. VEGF-A genetics

The organisation of the VEGF-A gene provides a model for the other genes of the 

group. The gene for human VEGF-A is located on chromosome 6p21.3 (Vincenti et al., 

1996; Wei et al., 1996). It consists of 8 exons separated by 7 introns, with a coding 

region spanning about 14 kb. Potential specificity protein (Sp) 1, activator protein (AP) 

-1 and AP-2 transcription factor binding sites are found near a single transcription start 

site in the VEGF-A gene promoter region (Tischer et al., 1991). Gene expression is 

regulated by multiple mechanisms, which include upregulation by hypoxia (Pugh & 

Ratcliffe, 2003), cytokine stimulation [by epidermal growth factor (EGF), TGF-p, 

keratinocyte growth factor, IL-la, IL-6, prostaglandin E2 (PGE2), insulin-like growth
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factor (IGF)-l all of which increase VEGF-A expression in different cell types] and cell 

differentiation and transformation. Differentiation of cell types either increases or 

decreases VEGF-A production, whereas cell transformation in malignancy is associated 

with upregulation of VEGF-A expression as a result of oncogenic mutations (Ferrara & 

Davis-Smyth, 1997). Hypoxia is one of the most important stimuli for increased VEGF- 

A production. The main route to increased VEGF-A activity under hypoxic conditions 

is through hypoxia-inducible factor (HIF). In normoxia, HIF-a subunits are normally 

rapidly broken down by the oxygen-dependent activity of HIF-prolyl hydroxylase (HIF- 

PH) enzymes, which hydroxylate the subunit marking it for destruction by interaction 

with the Von Hippel Lindau ubiquitin ligase (Jaakkola et al., 2001). In hypoxia, oxygen 

becomes rate-limiting for the HIF-PH enzymes, the turnover of the HIF-a subunits is 

reduced, allowing the HIF-a and p subunits to associate and form the active transciption 

factor which leads to increased transcription of hypoxia-regulated genes including 

VEGF-A (Jaakkola et al., 2001). Further enhancement of VEGF-A activity in hypoxic 

conditions is achieved by interactions between different mechanisms and pathways, 

including stabilisation of mRNA via binding of proteins to specific motifs in the 3'- 

untranslated region, preservation of mRNA translation in the face of cellular hypoxia 

via internal ribosomal entry sites, and increased VEGFR expression (Pugh & Ratcliffe,

2003).

Alternative exon splicing of the single VEGF-A gene results in the production of 

different molecular forms of the protein, differing in the number of amino acids. Thus, 

loss of the residues encoded by exon 6 produces VEGFiss, while VEGFi2 i lacks the 

residues encoded by both exons 6 and 7 (Tischer et al., 1991).
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1.4.2. VEGF-A proteins

VEGF-A exhibits molecular heterogeneity, existing as one of a number of molecular 

species with different numbers of amino acids, generated by alternative splicing as 

described above. The predominant isoform is VEGF 165 which is a highly conserved, 

disulfide-bonded, basic, heparin-binding dimeric glycoprotein of 34-45kDa (Ferrara, 

1999; Dvorak, 2002). VEGF-A shares sequence homology with PDGF, and 

characteristically for this group, has highly conserved cysteine residues that are 

responsible for inter-chain and intra-chain bonds and vital for molecular structure. The 

determinants of VEGF-A which mediate binding to VEGFR1 and VEGFR2 have been 

described. VEGFR1 binding depends on the negatively charged residues Asp63, Glu64 

and Glu67 whereas VEGFR2 binding requires Arg82, Lys84 and His86 (Keyt et al., 1996). 

These binding domains are located at opposite ends of the VEGF monomer. In the 

VEGF-A dimer, the monomers are linked by disulfide bridges in a ‘head-to-tail’ 

fashion, so that the main binding domains for both VEGFR1 and VEGFR2 are at 

opposite ends of the molecule. This allows the dimeric form of VEGF-A to bind and 

link two VEGFRs together to form signalling homo- or heterodimers.

Other isoforms of VEGF-A include VEGF 121, VEGF (45, VEGF 139, and rarely, VEGF206. 

The isoforms have different isoelectric points by virtue of their different amino acid 

compositions, which affects their biological availability. The shortest isoform is weakly 

acidic and non-heparin binding, whereas the longer isoforms are more basic and bind 

heparin strongly. These properties are important because they determine isoform tissue 

location and behaviour. VEGF121 is a freely soluble protein, VEGF *35 is secreted but 

some remains bound at the cell surface and in the extracellular matrix, while the larger 

isoforms are almost fully sequestered in the extracellular matrix bound to proteoglycans 

containing heparin-like moieties. Cleavage of the longer forms of VEGF-A from the 

extracellular matrix can be achieved by plasmin, which may be particularly relevant in



the context of the tumour microenvironment where increased protease expression is 

found.

The biological activity of the isoforms varies. A reduction in mitogenic activity is 

associated with loss of heparin-binding ability, so that VEGF165 has greater potency to 

induce endothelial cell growth in comparison with VEGFm. This may be due to 

enhanced signalling efficiency as a result of the formation of VEGF-A/heparan 

sulfate/VEGFR complexes.

As a result of variable VEGF-A molecular size and biological properties, VEGFR 

distribution pattern and relative levels of cellular and soluble receptor expression, 

VEGF-A molecules are able to induce a huge range of graduated responses in VEGFR 

expressing cells. The complexity of this pathway is increased still further by novel 

family members, generated by alternative splicing, that are endogenous inhibitors of 

VEGF-A signalling. For example, VEGF 155b is an endogenous antagonist of VEGF-A, 

inhibiting VEGF-A-induced endothelial cell proliferation, migration and haemodynamic 

effects, this isoform is expressed at high levels in the normal kidney but is down- 

regulated in renal cell carcinoma (Bates et al., 2 0 0 2 ).

1.4.3. Expression of VEGF-A and VEGFRs in colorectal cancer

There is a large but contradictory published literature on the subject of VEGF-A and 

VEGFR expression in colorectal cancer. A wide range of detection techniques are now 

used including in situ hybridisation (ISH), reverse transcription-polymerase chain 

reaction (RT-PCR) and immunohistochemistry (IHC), making comparison between 

studies difficult. Furthermore, the existence of endogenous antagonistic forms of 

VEGF-A eg. VEGFig5b, complicates the assessment of VEGF-A mRNA and protein 

expression in clinical specimens. Current anti-VBGF-A antibodies detect all VEGF-A 

isoforms and fail to discriminate between agonist and antagonistic types of VEGF-A.
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Consequently, relationships between the expression of VEGF-A proteins and 

clinicopathoiogical factors may be obscured and observed associations confounded. An 

overview of current knowledge is summarised in order to determine those areas that 

require further clarification with relevance to the VEGF family interactions.

The contribution of VEGF-A to colorectal tumour progression has been thought to be 

due to its effect on endothelial cells and tumour angiogenesis rather than by direct 

action on the tumour cells themselves. This concept was supported by transfection 

studies of a human colon cancer cell line, LoVo, with VEGF121. No increased cell 

proliferation was seen in vitro, but increased blood vessel development occurred in the 

animal tumours produced, thus leading indirectly to enhanced tumour growth and 

metastatic potential (Kondo et al., 2000b). More recently, the recognition of VEGFRs 

on cell types other than endothelial cells has opened wider debate on the influence of 

VEGF-A on tumour growth (Harmey & Bouchier-Hayes, 2002) (see page 57).

Role in the development and progression of colorectal cancer

Authors concur that VEGF-A expression is increased in the progression from normal 

colonic mucosa, to adenoma development and carcinoma. However, the stage at which 

upregulation of VEGF-A expression occurs is a subject of debate. Brown et al. (1993) 

argued that VEGF-A upregulation occurred after the premalignant stage, as VEGF-A 

mRNA was increased in colonic tumour epithelial cells but not adjacent normal 

epithelium or polyps. A further study also investigated mRNA expression in 72 paired 

colorectal cancers/normal colonic mucosa specimens and 6 adenomas. Expression of 

VEGF-A mRNA transcripts was increased by 1.4-fold in tumours compared to their 

adjacent normal mucosa and tumours at all stages exhibited higher mRNA levels than 

adenomas, without any change during neoplastic progression (Andre et al., 2000). Using 

RT-PCR methods, significantly elevated VEGF-A mRNA was also found in 70
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colorectal cancers, but not in 20 adenomatous polyps compared to their corresponding 

normal mucosal specimens (George et al., 2001b).

Earlier upregulation of VEGF-A in the premalignant stage has been demonstrated in late 

adenomatous polyps by Kondo et al. (2000a), with increased VEGF-A mRNA and 

protein expression identified in severely dysplastic adenomas and early carcinomas. 

Mild to moderately differentiated polyps, however, did not express increased VEGF-A 

mRNA or protein (Kondo et al., 2000a). Further evidence for earlier upregulation of 

VEGF-A was found in a study by Wong et al. (1999). Using RT-PCR and ISH, Wong et 

al. found significantly increased VEGF-A mRNA expression in adenomatous polyps 

compared to normal colonic mucosa, but no difference between adenomas and 

carcinomas. In situ and invasive components of tumours had similar VEGF-A mRNA 

expression levels. Recently, using ribonuclease protection assay techniques, Hanrahan 

et al. (2003) have added further to the evidence for early upregulation of VEGF-A. 

VEGF-A transcripts were higher in adenomas and carcinomas than normal colonic 

mucosa.

Whether VEGF-A expression may be even further increased in advanced tumours is 

argued by different authors. Takahashi et al. (1995) found elevated VEGF-A protein 

expression in colorectal tumours that were metastatic in comparison to non-metastatic 

tumour and adenomas. Others however, have found similar mRNA transcript levels in 

colorectal tumours at different Dukes’ stages (Andre et al., 2000; Hanrahan et al., 2003). 

The lack of consistency of these results may be explained partly by the existence of 

endogenous antagonistic VEGF-A isoforms and by individual tumour heterogeneity. 

Hypoxia is a major upregulator of VEGF-A expression, hence, hypoxic tumours will 

demonstrate increased VEGF-A expression at an earlier stage than those with lower 

levels of hypoxia. The level of hypoxia existing within a tumour is determined by many 

factors including the tumour size, site and relative expression of other angiogenic
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agents. None of the reports have commented on whether the colorectal tumours assessed 

were ulcerative or polypoid in nature. The tissue microenvironment in these 

macroscopically different tumour types is likely to alter in terms of levels of hypoxia, 

inflammation and concurrently expressed growth factors. A ‘switch’ for increased 

VEGF-A expression seems to occur at a variable time point during the pre-invasive 

phase of tumour development, this level of expression may then increase further in 

advanced disease.

Stromal expression of VEGF-A in colorectal cancer

The importance of stromal expression of VEGF-A lies in the potential for its 

contribution to evasion of immunosurveillance by the tumour. Stromal cell expression 

of upregulated VEGF-A mRNA is seen in fibroblasts and smooth muscle cells (Brown 

et al,, 1993), whilst tumour associated macrophages show both increased VEGF-A 

mRNA (Wong et al., 1999) and protein expression (Khorana et al., 2003).

VEGF-A inhibits the maturation of antigen-presenting cells, such as dendritic cells 

(Gabrilovich et al., 1998) whilst anti-VEGF-A treatment reverses this effect allowing 

enhanced responses to cancer immunotherapy and anti-angiogenic treatment in animal 

cancer models (Gabrilovich et al., 1999). In human gastric and non-small cell lung 

cancers (NSCLC), levels of dendritic cell infiltration and VEGF-A expression are 

inversely related and dendritic cell infiltration was an independent prognostic factor in 

both tumour types (Saito et al,, 1998; Inoshima et al., 2002).

The presence of VEGF-A expressing tumour associated macrophages (TAM)/stroma in 

Stage II and HI colon carcinoma patients (in 42% of 131 cases) was an independent 

predictor of improved survival (Khorana et al., 2003) which contradicts the above 

findings. This is likely to be due to an abundance of tumour-derived VEGF-A mediating 

macrophage chemotaxis and infiltration via VEGFR 1. These activated macrophages are
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capable of producing a variety of cytokines with both tumouricidal and angiogenic 

actions, hence the relationship between the presence of TAM and outcome is complex.

Expression in metastatic disease

The liver is the main site for colorectal cancer metastases. The liver is well oxygenated 

deriving its blood supply from the hepatic artery and portal vein, consequently the 

hypoxic stimulus for VEGF-A expression in liver metastases is not as pronounced as 

that of the primary site. That the liver metastases of colorectal cancer can express 

VEGF-A is not in doubt. Increased VEGF-A mRNA transcripts were found in 

neoplastic cells compared with surrounding normal liver parenchymal levels, although 

the levels varied between individuals and stromal cell expression was not seen (Warren 

et al., 1995). Protein expression of VEGF-A is also found in liver metastases at a higher 

level in neoplastic cells in comparison with normal hepatic parenchyma (Nanashima et 

al., 1998; Cascinu et al., 2001).

Local conditions of the tumour microenvironment can exert influence over tumour 

growth factor production so that metastases at different sites may express different 

levels of VEGF-A with implications for anti-VEGF therapies. In an animal tumour 

model of colorectal cancer with metastases at orthotopic (liver) and ectopic 

(subcutaneous) sites, VEGF-A mRNA was found at higher levels in subcutaneous 

metastases in comparison to metastases within the well-vascularized liver (Fukumura et 

al., 1997). Similar findings occur in human studies. Cascinu et al. (2001) have shown 

that intra-abdominal metastases are significantly more likely to express VEGF-A 

protein than liver metastases (68% vs. 21%, /?=0.02). These findings can be accounted 

for by the differing hypoxic level of the microenvironment of the metastases, although 

tumour biology may also differ between the metastatic sites.
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The influence of the tumour microenvironment is reflected again in the difference in 

VEGF-A expression levels between primary and metastatic tumour sites. Primary 

colorectal tumours express higher levels of VEGF-A protein than their corresponding 

liver metastases. This is likely to be due to the relative normoxic conditions found 

within the liver, resulting in a local down-regulation of VEGF-A expression (Berney et 

al., 1998). These findings have been contradicted in a study by Barozzi et al. (2002), 

who studied 49 liver metastases and primary tumours, finding no significant difference 

in VEGF-A protein expression between sites, although it was noted that the MVD in the 

liver metastases was lower than that of the primary in 39% of patients. The conflicting 

results of these studies may be explained by methodological differences, genuine 

biological differences of the tumours and potential confounding by endogenous 

antagonistic VEGF-A isoforms.

VEGF-A expression and prognosis

VEGF-A influences tumour progression indirectly by enhancing angiogenesis and thus 

allowing tumour growth but may also contribute in other ways, such as increasing 

production of molecules involved in tumour invasion and metastasis and evasion of 

tumour immunosurveillance. The use of tumour VEGF-A expression as a biological 

marker has been suggested by various authors. Reports frequently show association of 

increased VEGF-A expression with negative clinicopathological factors (Kang et al., 

1997a; Kang et al., 1997b; Landriscina et al., 1998; Nakata et al., 1998; Lee et al., 

2000a; Ono & Miki, 2000; Kaio et al., 2003) and risk of recurrence and overall survival 

(Kang et al., 1997a; Kang et al., 1997b; Ishigami et al., 1998; Tokunaga et al., 1998; 

Harada et al., 2001; Kaio et ah, 2003). This is exemplified by Cascinu et al. (2000) who 

examined the VEGF-A expression status of 121 Stage II colon cancers, finding an 

increased recurrence rate in patients with VEGF-A positive tumours and increased

56



VEGF-A immunoreactivity. The authors concluded that VEGF-A status could be used 

as a marker to select Stage II patients at risk of relapse for consideration of 

chemotherapy. However, in direct contrast, a lack of association with 

clinicopathological factors (Nanashima et al., 1998) and lack of independent association 

of VEGF-A expression with risk of recurrence and overall survival has also been 

reported (Takahashi et al., 1997; Bemey et al., 1998; Nanashima et al., 1998; Lee et al., 

2000a; Barozzi et al., 2002; Khorana et al., 2003).

In an attempt to resolve this issue, a large study set out to define the clinical use of 

VEGF-A expression as a biological marker in colorectal cancer (Nanni et al., 2002). 

This prospective study included 263 patients, followed within the context of two 

randomised controlled trials of chemotherapy, wherein VEGF-A expression was 

determined using strict quality control measures and assessment criteria limiting 

variability and maximising reproducibility. VEGF-A expression showed no relationship 

to the clinicopathological markers, including MVD, disease-free and overall survival. 

Different levels of VEGF-A expression (or different levels of agonist and antagonistic 

isoforms) may be partly responsible for the better prognosis associated with tumours 

expressing microsatellite instability. These tumours have a lower level of VEGF-A and 

p53 mutations in comparison with microsatellite-intermediate or microsatellite-stable 

tumours. These results are consistent with the role of wild-type p53 in downregulation 

of VEGF-A, although this does not fully explain the observed associations (Wynter et 

al., 1999).

Expression of VEGF receptors

Endothelial cells are the main sites of expression for the VEGFRs (Table 7, page 42) 

but increasingly, it is becoming apparent that all three of the principal VEGFRs can be 

expressed on malignant cell types, where they are found both on human cancer cell lines
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in vitro and human malignant tissues ex vivo. Co-expression of functional VEGFRs with 

their corresponding ligands in tumours raises the possibility of autocrine loops, whereby 

a tumour is capable of stimulating its own growth, progression and survival.

Upregulated expression of all three main VEGFRs and evidence for autocrine paths via 

VEGF-A signalling has been reported in various human cancer cells. This includes 

increased VEGFR1 expression in VEGF-A producing malignant prostate cell lines 

(Soker et al., 2001), VEGFR1 and VEGFR2 in prostate cancer specimens (Jackson et 

al., 2002) and pancreatic cancer (von Marschall et al., 2000), VEGFR2 expression in a 

bladder cancer cell line (Wu et al., 2003), ovarian cancer (Boocock et al., 1995), 

melanoma (Gitay-Goren et al., 1993), renal cell carcinoma (Tsuchiya et al., 2001), 

neuroblastoma (Fukuzawa et al., 2002) and squamous cell carcinomas of the head and 

neck (Neuchrist et al., 2001). Increased VEGFR3 expression has been identified in 

NSCLC (Arinaga et al., 2003), endometrial carcinoma (Yokoyama et al., 2003) and 

head and neck squamous cell malignancies (Neuchrist et al., 2003). Upregulation of 

NRP receptors on malignant cells may also provide a route for autocrine signalling and 

cell survival (Miao et al., 2000; Bachelder et al., 2001). These findings have 

implications for the development of novel anti-VEGF and anti-VEGFR compounds that 

could have potential anti-angiogenic and direct anti-tumour effects in human 

malignancy (Harmey & Bouchier-Hayes, 2002)

In colorectal cancer, there is little evidence of tumour epithelial VEGFR expression. In 

animal tumour models of colorectal cancer liver metastasis, upregulation of VEGFR 

mRNA expression has been reported in endothelial but not neoplastic cells (Warren et 

al., 1995). Similar findings have been described in human primary tumours, with 

upregulated VEGFR1 and VEGFR2 mRNA in endothelial cells within colorectal cancer 

stroma, but not in endothelial cells distant from the tumour or in tumour epithelium 

(Brown et al., 1993). Studies examining human tumour specimens by RT-PCR, are
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unable to determine the precise tissue source of increased mRNA expression. However, 

Andre et al. (2000) have shown general upregulation of colorectal tumour VEGFR1 

mRNA without upregulation of VEGFR2 or VEGFR3 mRNA. Similarly, George et al. 

(2001b) demonstrated equivalent levels of VEGFR2 and VEGFR3 mRNA in colonic 

tumour epithelium and normal mucosa. More recently, using ribonuclease protection 

assays and RT-PCR, Hanrahan et al. (2003) have found increased VEGFR1 and 

VEGFR2 mRNA in adenomas and carcinomas in comparison with normal tissue, and a 

relative decrease in VEGFR3 mRNA in adenomas and carcinomas. This investigation 

concluded that VEGFR1 and VEGFR2 are upregulated at the same time as YEGF-A in 

the pre-malignant phase of colorectal tumourigenesis, but was unable to draw 

conclusions as to the precise site of receptor expression.

Using immunohistochemical techniques, enhanced VEGFR2 protein expression has 

been identified in tumour endothelial cells (Ono & Miki, 2000), particularly in VEGF-A 

expressing and metastatic tumours but was not found on tumour epithelial cells 

(Takahashi et al., 1995). One study has identified VEGFR2 protein expression in both 

vascular endothelial cells and colorectal tumour cells in 65% of 136 colorectal cancer 

specimens (Amaya et al., 1997). A study examining malignancy within gastrointestinal 

tract endocrine organs also reported VEGFR2 upregulation on tumour cells. Normal 

cells within endocrine organs of the gastrointestinal tract, particularly gastrin-producing 

cells and pancreatic polypeptide cells in the head of the pancreas, express YEGF-A, but 

not VEGFR2. Malignant endocrine cells in these organs upregulate VEGF-A and also 

express VEGFR2 de novo (La Rosa et al., 2003). Such observations indicate that 

VEGF-A/VEGFR2 interaction is important in normal endothelial cell function and 

influences tumourigenesis by paracrine/autocrine mechanisms (La Rosa et al., 2003).

The presence of VEGFR3 in colorectal cancer cell lines has been demonstrated by 

Western blot analysis. That this is also the case in vivo has been confirmed by
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immunohistochemical staining of 56 colorectal cancer specimens, all of which 

expressed VEGF-C; 46 cases expressed VEGFR3 and expression in >25% of the cancer 

cells was associated with reduced overall survival (Witte et al., 2002). Similar 

upregulation of VEFGR3 protein expression on colorectal cancer cells has been 

demonstrated by Kawakami et al. (2003), in association with VEGFR3 and VEGF-C 

mRNA over-expression in quantitative RT-PCR testing. Co-expression of VEGFR3 and 

its specific ligands, VEGF-C and VEGF-D, within tumours raises the possibility of 

autocrine and paracrine circuits between these tumour-produced ligands and their 

receptors.

In summary, upregulation of all VEGFR types has been identified on cells of various 

malignancies. In gastrointestinal malignancy, there is evidence for VEGFR2 

upregulation in endocrine cells (La Rosa et al., 2003) and some limited evidence for 

upregulation of VEGFR2 (Amaya et al., 1997) and VEGFR3 in colorectal 

adenocarcinoma cells (Witte et al., 2002; Kawakami et al., 2003). The expression of 

VEGFRs on tumour endothelial cells allows for the existence of paracrine circuits, 

whereby tumour and stroma derived VEGF family members can influence tumour 

angiogenesis. Tumour epithelial co-expression of VEGFRs and one or more of their 

ligands would also allow autocrine/paracrine enhancement of tumourigenesis.

1.4.4. Detection of circulating VEGF-A

The use of circulating growth factor levels as tumour and/or prognostic markers has 

been widely investigated (Poon et al., 2001). Circulating cytokine levels are detectable 

by immunoassay in various body fluids. The measurement of circulating VEGF-A for 

diagnostic and therapeutic use in a variety of cancers has revealed elevated levels in 

serum (Yamamoto et al., 1996; Dirix et al., 1997; Salven et al., 1997; Fujisaki et al., 

1998; Kumar et al., 1998), plasma (Hyodo et al., 1998; Duque et al., 1999; Fuhrmann-
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Benzakein et al., 2000; Tamura et al., 2001) and malignant effusions (Kraft et al., 1999). 

It is noteworthy that until very recently there had been no report of the measurement or 

implications of circulating VEGF-C (Tamura & Ohta, 2003) and a single comment on 

serum levels of VEGF-D (George et al., 2001b).

There are many difficulties associated with the use of circulating VEGF-A as a tumour 

marker (Jelkmann, 2001). Circulating VEGF-A is not only derived from the tumour, but 

from many blood components including platelets (Mohle et al., 1997; Verheul et al., 

1997; Banks et al., 1998; Maloney et al., 1998; Wartiovaara et al., 1998; Nielsen et al., 

1999; Salgado et al., 2001), megakaryocytes (Mohle et al., 1997; Banks et al., 1998), 

leucocytes (Gaudry et al., 1997; Salven et al., 1999), monocytes and lymphocytes 

(Wartiovaara et al., 1998). Platelet derived VEGF-A is localised to the a  granules and is 

released on degranulation (Mohle et al., 1997; Wartiovaara et al., 1998). Consequently, 

in matched serum and plasma sample pairs of both patients and controls, serum VEGF- 

A levels are consistently higher than those in plasma (Verheul et al., 1997; Banks et al., 

1998; Hyodo et al., 1998; Webb et al., 1998; George et al., 2000; Lee et al., 2000b; 

Salgado et al., 2001; Werther et al., 2002). It has also been noted that serum VEGF-A 

levels increase with clotting time (Hyodo et al., 1998; Webb et al., 1998) and are 

influenced by the platelet count (Verheul et al., 1997; Salgado et al., 1999; Vermeulen 

et al., 1999a). A wide range of inter-individual variation is seen in the ratio between 

serum VEGF-A and platelet count, whereas intra-individual variation is much lower 

(Vermeulen et al., 1999a) suggesting that platelet-derived VEGF-A varies between 

individuals. If platelets are scavengers of VEGF-A, endocytosis of tumour-derived 

circulating VEGF-A would result in elevated levels of intra-platelet VEGF-A in cancer 

patients and could localise and concentrate the angiogenic action of VEGF-A to sites of 

platelet activation such as tumours (Pinedo et al., 1998). Such an effect is supported by 

various authors having confirmed that the platelets of cancer patients do contain an
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increased level of VEGF-A in comparison with normal controls (Salven et al., 1999; 

George et al., 2000; Salgado et al., 2001). Recently, Poon et al. (2003) have provided 

strong evidence for the central role of platelets in the storage of tumour-derived VEGF- 

A. In 60 patients undergoing resection of hepatocellular carcinoma, the platelet VEGF- 

A load correlated positively with tumour VEGF-A mRNA, cytosolic levels and protein 

expression (Poon et al., 2003).

Thrombocytosis is a common occurrence in cancer patients which contributes further to 

the increased serum VEGF-A levels observed. Tumour-produced IL-6 stimulates 

platelet production and is therefore partly responsible for cancer-related thrombocytosis 

(Ishibashi et al., 1989; Salgado et al., 1999; Salgado et al., 2000; Salgado et al., 2002). 

Increased circulating IL-6 levels and increased platelet VEGF-A load have been shown 

to have a significant negative impact on prognosis (O'Byme et al., 2000; Bachelot et al., 

2003). Platelet activation also releases thrombopoietin, which contributes to 

megakaryocyte stimulation resulting in increased platelet number thereby creating a 

vicious circle (Verheul 8c Pinedo, 2003).

Although extensive debate exists about the optimal sample and method for measuring 

circulating VEGF-A, no internationally accepted measure is agreed. For comparative 

studies, therefore, circulating VEGF-A offers little advance in diagnosis and prognosis. 

Individual researchers must standardise their methods for comparison within groups. In 

addition, similar problems apply to current ELISA systems for the detection of VEGF- 

A, namely that the antibodies utilised are unable to discriminate between agonist and 

antagonistic isofomis of VEGF-A.

Potential clinical uses for circulating VEGF-A as a tumour marker in colorectal cancer 

have been studied and a summary of current knowledge is provided in Table 9.
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The potential clinical uses of circulating VEGF-A measurements have included use:

- as a diagnostic marker (Kumar et al., 1998; Broil et al., 2001)

as a marker for disease extent, progression and to predict clinicopathological 

variables (Dirix et al., 1996; Fujisaki et al., 1998; Kumar et al., 1998; 

Landriscina et al., 1998; Chin et al., 2000; Davies et al., 2000; George et al., 

2000; Takeda et al., 2000; Werther et al., 2000; Broil et al., 2001; George et al., 

2001a; Werther et al., 2001; Gunsilius et al., 2002; Karayiannakis et al., 2002; 

Minagawa et al., 2002; Salgado et al., 2002; Werther et al., 2002)

- as a prognostic marker (Chin et al., 2000; Werther et al., 2000; Broil et al., 2001; 

Akbulut et al., 2002; Karayiannakis et al., 2002; Werther et al., 2002)

- to predict the completeness of surgical resection (Fujisaki et al., 1998; 

Karayiannakis et al., 2002; Kumar et al., 2002a)

- to predict VEGF-A expression in the primary tumour (George et al., 2001a; 

Minagawa et al., 2002)

- and as a predictor of the response to therapy (George et al., 2001a; Berglund et 

al., 2002)

In summary, multiple studies have investigated the use of serum or plasma VEGF-A 

measurements in examining the different facets of colorectal malignancy (Table 9). 

Diagnostic use of VEGF-A levels may be limited on a population scale due to the broad 

range of overlapping values between cancer patients and controls. However, intra- 

individual measurements on a longitudinal scale over time may have potential for 

monitoring the development of recurrence (Chin et al., 2000; George et al., 2001a). Use 

of elevated VEGF-A measurements to select patients for adjuvant treatments and 

measurement of postoperative levels do not seem to offer additional advantages over
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conventional clinicopathological staging systems. In large analyses, elevated serum and 

plasma VEGF-A levels may give independent prognostic information, which seems to 

be more important in colon cancer as opposed to rectal cancer (Werther et al., 2002).

1.4.5. Anti-VEGF-A treatments in colorectal cancer

Anti-angiogenic treatment is a novel approach to control the growth of cancer. The 

advantages include applicability to a wide range of solid tumours, ease of access of 

endothelial cells to intravenously administered treatments, possible avoidance of the 

side effects of cytotoxic chemotherapy and the potential to reduce tumour growth to a 

state of dormancy. The genetic stability of endothelial cells would also avoid the 

problem of tumour heterogeneity, which results in acquisition of resistance to 

chemotherapy. A number of anti-angiogenic agents are currently being developed and 

are at various stages of clinical trials (Longo et al., 2002).

The efficacy of an anti-VEGF approach as an anti-angiogenic therapy was first 

demonstrated by Kim et al. (1993), who showed that anti-VEGF-A monoclonal 

antibodies inhibited the growth of human xenografts in nude mice by inhibiting tumour 

angiogenesis. In colorectal cancer, monoclonal antibodies directed against VEGF-A 

have been used in a mouse model to assess tumour growth in both subcutaneous sites 

and liver metastases created by VEGF-A expressing tumour cell lines. A dose- 

dependent reduction in subcutaneous tumour growth and a reduction in the number and 

size of liver metastases were observed in the anti-VEGF-A treated animals. The 

reduction in liver metastatic growth was due to almost complete inhibition of 

angiogenesis, 91% of the liver metastases remained smaller than 1mm in the antibody 

treated group (Warren et al., 1995). The production of a humanized anti-VEGF-A 

monoclonal antibody has allowed human trials to be initiated (Presta et al., 1997).
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Recent results of a phase III trial using bevacizumab, a monoclonal antibody to VEGF- 

A, in metastatic colorectal cancer have now been reported (Hurwitz et al., 2003). In this 

large study, 815 patients with previously untreated metastatic disease were randomised 

to standard treatment (bolus irinotecan, 5-FU, leucovorin; n=412) and placebo or 

standard treatment plus bevacizumab (5mg/kg every two weeks; n=403). The addition 

of bevacizumab to chemotherapy resulted in a significant increase in median survival 

(20.3 months vs. 15.6 months, /?=0.00003), progression-free survival (10.6 months vs. 

6.24 months,/K0.00001), overall response rate (45% vs. 35%, p=0.0029) and duration 

of response (10.4 months vs. 7.1 months,/?=0.0014). Increased side effects noted in the 

bevacizumab treated group over the controls were grade III hypertension (10.9% vs. 2.3 

%,/?<0.01) and gastrointestinal perforations [0 vs. 1.5% (n=6)j, although the reason for 

these increased adverse effects was not clear. Despite these complications, this is the 

first phase III study of an anti-angiogenic strategy in human metastatic disease that has 

been associated with a survival advantage and has resulted in the fast-tracking of 

bevacizumab (Avastin™, Genentech) in the USA for development for use as first-line 

treatment in metastatic colorectal cancer.

1.5. VASCULAR ENDOTHELIAL GROWTH FACTORS -C & -D

Although the role of VEGF-A and its receptors in angiogenesis is now well described 

(Karkkainen & Petrova, 2000; Veikkola et al., 2000) much less is known about VEGF- 

C and VEGF-D.
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1.5.1. Discovery of VEGF-C and VEGF-D

Appreciation of the importance of VEGF-A in angiogenesis and the lack of a known 

ligand for VEGFR3 led to the search for additional VEGF family members. VEGF-C 

was identified as a specific activator for VEGFR3 isolated from the conditioned media 

of the PC-3 human prostate cancer cell line and was also found to stimulate VEGFR2 

by causing tyrosine autophosphorylation of the receptors (Joukov et al., 1996). At the 

same time, Lee et al. (1996) identified the identical growth factor from a cDNA library 

of the human glioma cell line G61, naming this protein vascular endothelial growth 

factor-related protein (VRP), which has since been renamed VEGF-C, The mouse 

equivalent of VEGF-D, c-yhs-induced growth factor (FIGF), was discovered by 

differential mRNA screening of fibroblasts obtained from c-fos deficient and wild type 

mice (Orlandini et al., 1996). The human form of VEGF-D is 85% identical to murine 

FIGF and was identified by computer-based homology searching for VEGF-A-related 

sequences and is now known to be a ligand for VEGFR2 and VEGFR3 (Achen et al., 

1998).

1.5.2. VEGF-C and VEGF-D genes

The gene for murine VEGF-C maps to chromosome 8 and in humans to chromosome 

4q34 (Fitz et al., 1997). A high degree of conservation is seen in the organisation of the 

gene between mouse and man. The human gene is composed of more than 40 kb of 

genomic DNA and comprises seven exons, separated by introns varying in length from 

301 base pairs to over 10 kb pairs. The intron-exon boundaries are highly conserved and 

all the exons contain coding sequences (Chilov et al,, 1997) (Figure 1). Exons 2 - 4  

code for a VEGF-A-homology domain.

Transcription of the VEGF-C gene begins 523 base pairs upstream from the 

translational start site, resulting in a long 5'-untranslated region of mRNA. The
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promoter sequence contains putative Sp-1, AP-2 and nuclear factor-kappaB (NF-icB) 

transcription factor binding sites but no hypoxia-regulated element binding sites (Chilov 

et al., 1997). The lack of hypoxia-response elements in the gene promoter may explain 

why some authors have found that VEGF-C production, unlike VEGF-A, is unaffected 

by hypoxia (Enholm et al., 1997; Ristimaki et al., 1998). Recent work on seminoma cell 

lines in culture however, demonstrates upregulation of VEGF-C and VEGF-D gene 

expression in response to hypoxic culture by unexplained mechanisms (Fujii et al.,

2002). The transcription factor NF-kB is induced by hypoxia and may be a potential 

contributor to this upregulation. The lack of a definite relationship between hypoxia and 

VEGF-C expression implies that VEGF-A and VEGF-C have distinct functions in the 

vascular system. The transcription factor NF-kB is also induced by various 

inflammatory stimuli and may partly account for the increase in VEGF-C production 

seen in response to inflammatory cytokines (Ristimaki et al., 1998). Recently, IGF-1 

acting via the IGF-1 receptor has been shown to upregulate the expression of VEGF-C 

(Tang et al., 2003). Upregulation via the IGF-1/IGF-1R axis is likely to be mediated 

through the AP-2 and Spl transcription factors and depends on intracellular signalling 

through phosphatidylinositol 3'-kinase (PI3-K) and, to a lesser extent, mitogen-activated 

protein kinase (MAPK) (Tang et al., 2003). Other factors stimulating the production of 

VEGF-C include PDGF, epidermal growth factor (EGF) (both of which also activate 

PI3-K signalling), TGF-p, serum, the tumour promotor phorbol myristate 12,13-acetate 

(PMA) (Enholm et al., 1997) and FGF (Kubo et al., 2002).
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The main form of human VEGF-C mRNA found in human tissues is 2.4 kb, although a 

200-400 bp shorter minor mRNA species has been identified (Joukov et al., 1996; 

Chilov et al., 1997), The shorter species lacks the nucleotides of exon 4, which 

corresponds to the VEGF-homology domain. Consequently, the shorter transcript is 

unlikely to have biological function or relevance (Chilov et al., 1997). The 3' region of 

human VEGF-C mRNA contains a single AUUUA motif, compared with 3 similar 

regions in murine VEGF-C mRNA. This motif is implicated in the rapid turnover of 

many cytokine mRNAs and the presence of only a single motif may explain the greater 

stability of VEGF-C mRNA, compared with that of VEGF-A.

The gene for VEGF-D maps to human chromosome Xp22 (Yamada et al., 1997; 

Rocchigiani et al., 1998), spans about 50 kb and possesses similar organisation to the 

VEGF-C gene with 7 exons and 6 introns. The promoter region has no TATA box but 

contains an AP-1 binding site at -54 from the translational start site. This site provides 

binding for members of the c-jun/c-fos family of transcription factors, consistent with 

evidence that mouse FIGF expression is stimulated by c-fos expression (Orlandini et al., 

1996). Hypoxia may play a role in upregulation of VEGF-D promoter activity in rat 

pulmonary microvascular smooth-muscle cells, which is regulated within a 523-bp 

fragment of the rat VEGF-D promoter (Teng et al., 2002).

VEGF-D mRNA is a 2.3 kb transcript in the majority of human tissues and is most 

abundant in heart, lung, skeletal muscle, colon and small intestine. The mRNA is also 

found as an additional less abundant 2.8 kb transcript in skeletal muscle (Achen et al., 

1998).

Despite their structural similarities, VEGF-C and VEGF-D expression are regulated 

differently. VEGF-D expression is not induced by cytokines but by activation of the 

proto-oncogene, c-fos (Orlandini et al., 1996) and VEGF-D mRNA expression is
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induced in mouse fibroblasts by cell-cell contact mediated by cadherin-11 (Orlandini & 

Oliviero, 2001) (Table 10).

Table 10: Comparison between the molecular biology of VEGF-C and VEGF-D

VEGF-C VEGF-D

Chromosome 4q34 Xp22
Gene 40 kb, 7 exons 50 kb, 7 exons

AP-2, Sp-1, NK-kB binding sites AP-1 binding sites
Upregulation Inflammatory stimuli

IGF, PDGF, EGF, TGF-0, FGF,
serum, phorbol myrisate

c-fos expression 
Cell-cell contact mediated by 
cadherins 
? hypoxia

mRNA 2.4 kb 2.3 and 2.8 kb
Protein Produced as pre-proprotein and 

proteolytically processed
Produced as pre-proprotein and 
proteolytically processed

-30% and 61% identity to 
VEGF-A & VEGF-D 
respectively in VEGF homology 
domain

31 % and 61 % identity to 
VEGF-A & VEGF-C 
respectively in VEGF homology 
domain

-C terminal extension, 37% 
identical to VEGF-D

-C terminal extension, 37% 
identical to VEGF-C

-N terminal extension, 25% 
identical to VEGF-D

-N terminal extension, 25% 
identical to VEGF-C

3 potential glycosylation sites, 2 
of which are conserved with 
VEGF-D

3 potential glycosylation sites, 2 
of which are conserved with 
VEGF-C

Open reading frame encodes a 
protein of 419 amino acids

Open reading frame encodes a 
protein of 354 amino acids

Receptor
binding

VEGFR3 in all forms

VEGFR2 in proteolytically 
processed mature form

VEGFR3 in all forms

VEGFR2 in proteolytically 
processed mature form

73



1.5.3. VEGF-C and VEGF-D proteins

Within the VEGF family, VEGF-C and VEGF-D form a subgroup because of their 

structural and functional similarity and receptor specificity (Table 10 & Figure 2). 

Unlike VEGF-A, no alternative splicing of VEGF-C or VEGF-D mRNA occurs to 

produce various molecular species of different molecular weights. However, both 

VEGF-C and VEGF-D are subject to extensive proteolytic processing which results in 

the production of proteins that vary in size (Joukov et al., 1997b; Stacker et al., 1999). 

Overall, VEGF-D is 48% identical to VEGF-C (Achen et al., 1998) and structurally, the 

subgroup is characterised by:

a) production as a pre-proprotein (Joukov et al., 1997b)

b) similarity to VEGF-A in the central part of the protein within the VEGF 

homology domain in which the cysteine knot structure typical to the family is 

conserved. Within the VEGF homology domain, VEGF-C is -30% identical 

(Joukov et al., 1996; Lee et al., 1996) and VEGF-D is 31% identical to VEGF-A 

(Achen et al., 1998). The two cytokines are 61% identical to one another within 

this region (Achen et al., 1998).

c) Amino (N) and carboxy (C) terminal extensions. The C terminal extension is 

unique in this subgroup of the VEGF family and rich in cysteine residues. The N 

and C terminal extensions are related in sequence between VEGF-C and -D, 

sharing 25% and 37% sequence identity respectively (Achen et al., 1998).

d) three potential N-linked glycosylation sites, 2 of which are conserved between 

VEGF-C and VEGF-D (Lee et al., 1996; Achen et al., 1998).

e) progressive proteolytic cleavage of the N and C terminal extensions to generate 

the mature forms of cytokine with increased receptor affinity (Joukov et al., 

1997a; Joukov et al., 1997b). Proteolytic processing occurs both within and 

outside the secreting cell. The protein convertase (PC) group of enzymes, in
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particular furin, PC 5 and PC 7, are responsible for some of the proteolytic 

processing of VEGF-C (Siegfried et al., 2003) and the serine protease plasmin is 

also implicated (McColl et al., 2003). Immature and partially proteolytically 

processed forms bind to VEGFR3 (IQ 130 pM) but full proteolytic cleavage is 

required for VEGFR2 activating ability (IQ 410 pM) (Joukov et al., 1997b; 

Stacker et al., 1999). Mature VEGF-C consists of the VEGF-homology domain, 

MW ~21kDa, dimerised with non-covalent bonds, whereas the partially 

processed forms have a wide variety of molecular masses (Joukov et al., 1997b). 

The open reading frame of VEGF-C encodes a protein of 419 amino acids, 

whereas VEGF-D is 354 amino acids in length.

Figure 2: VEGF-C protein structure

102/103

I------------------------1------------------------ 1-------------------------1-----------------------1
1 100 200 300 400

I | Signal sequence 

| N-terminal extension 

[~Q~I VEGF homology domain, containing conserved cysteine residues 

I C-terminal extension

The VEGF-C protein consists of a signal sequence, N-terminal extension, VEGF homology domain and 

C-terminal extension. The cleavage sites are marked by arrowheads and the numbers of the flanking 

amino acid residues. The diagram beneath the VEGF-C structure shows the scale in amino acid residues. 

The 8 conserved cysteine residues in the VEGF homology domain are indicated by open circles.
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1.5.4. VEGF-C and VEGF-D signalling

In common with the other members of the VEGF family, ligand binding is responsible 

for receptor dimerization, intracellular tyrosine kinase activity and autophosphorylation, 

leading to the activation of various intracellular signalling pathways. Proteolytic 

processing of the ligands and heterodimerization of VEGF family members influence 

the affinity of binding and outcome of receptor activation (reviewed in Karkkainen & 

Petrova, 2000). VEGF-C and -D are ligands for VEGFR2 and VEGFR3, but cannot 

activate VEGFR1 (Joukov et al., 1996; Achen et al., 1998). Mature VEGF-C and -D 

bring about functions mediated through VEGFR2, while all forms of VEGF-C and -D 

mediate the effects of VEGFR3 (Table 7, page 42).

VEGFR3 signalling, through VEGF-C or -D ligand binding, is crucial for the 

development of the vascular system and for maintenance and function of the lymphatic 

system (see section 1.3.3, page 46).

1.5.5. VEGF-C and VEGF-D function: in vitro studies

As VEGF-C and VEGF-D activate both VEGFR2 and VEGFR3, they are consequently 

implicated in both angiogenic and lymphangiogenic pathways (Table 7, page 42). Both 

growth factors exhibit mitogenic effects for vascular and lymphatic endothelial cells and 

promote survival of lymphatic endothelial cells through VEGFR3 (Lee et al., 1996; 

Joukov et al., 1997b; Achen et al., 1998; Marconcini et al., 1999; Makinen et al., 2001b; 

Veikkola et al., 2001), Angiogenic pathways involving endothelial cell migration and 

activation, are stimulated by VEGF-C but with much less efficiency than by VEGF-A 

(Joukov et al., 1996; Joukov et al., 1997b; Cao et al., 1998). In three-dimensional 

culture systems VEGF-D stimulates angiogenesis (Marconcini et al., 1999).
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1.5.6. VEGF-C and VEGF-D function: in vivo studies

The role of VEGF-C and -D in angiogenic and lymphangiogenic pathways has been 

investigated in a variety of animal models. Fully processed VEGF-C acts like VEGF-A, 

promoting blood vessel permeability in guinea pig skin in a dose-dependent manner 

(Joukov et al., 1997b) and inducing angiogenesis in ischaemic tissues (Witzenbichler et 

al., 1998). In the corneal assay, both VEGF-C and -D induce angiogenesis (Cao et al., 

1998; Marconcini et al., 1999).

The lymphangiogenic potential of VEGF-C has been examined in the differentiated 

chorioallantoic membrane (CAM) (Oh et al., 1997). Lymphatic vessels were identified 

by various methods including ISH with probes for VEGFR2 and VEGFR3. The 

application of recombinant VEGF-C to the CAM induced lymphangiogenesis but not 

angiogenesis and caused proliferation of lymphatic endothelial cells as detected by 

bromodeoxyuridine labelling (Oh et al., 1997).

The roles of VEGF-C and VEGFR3 in dermal lymphatic development have been 

demonstrated using transgenic mouse models. These models use the keratin promoter 

K14 to control expression of the transgene and localise its expression to the basal layer 

of the epidermis. An increase in K14-driven transgene expression is seen from 

embryonic day 14.5 and transgenic mice producing VEGF-C in the skin manifest 

dermal lymphatic vessel enlargement and lymphatic endothelial cell proliferation 

without any alteration in blood vasculature (Jeltsch et al., 1997). Similar effects have 

been shown using transgenic VEGF-D and a mutant form of VEGF-C possessing 

VEGFR3 activating ability only (Veikkola et al., 2001).

Transgenic mice producing the soluble fusion protein VEGFR3-Ig in the skin under the 

control of the same promoter, demonstrate inhibition of lymphatic development 

(Makinen et al., 2001a). Dermal lymphatics developed in early fetal life but regressed 

after E l4.5 and were absent by birth. The transgenic mice were characterised by
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swollen feet at birth and older mice showed thickened dermal and subcutaneous layers 

of the skin and a complete lack of dermal lymphatics but again, no effect was seen on 

the development of the vascular system (Makinen et al., 2001a).

Combination of the models to produce a double transgenic mouse expressing both 

mutant VEGF-C or VEGF-D in the skin and soluble VEGFR3-Ig fusion protein showed 

inhibition of lymphatic hyperplasia although transgene expression remained high 

(Veikkola et al., 2001). Consequently, dermal lymphangiogenesis is stimulated by 

VEGF-C and VEGF-D and is mediated via VEGFR3 (Veikkola et al., 2001). Animal 

models of lymphoedema have been created by inactivating mutations of VEGFR3 in the 

germline (Karkkainen et al., 2000; Karkkainen et al., 2001) and will be useful in the 

study of therapeutic interventions for this condition.

Novel animal models of lymphoedema have been constructed in the rabbit ear (Szuba et 

al., 2002; Yoon et al., 2003), the mouse tail (Boardman & Swartz, 2003; Yoon et al.,

2003) and the regenerating lizard tail (Daniels et al., 2003). These models will provide 

an exciting arena in which to investigate the actions of the lymphangiogenic cytokines 

in greater detail. Using the rabbit ear and mouse tail models, Yoon et al. (2003) have 

confirmed that VEGF-C naked plasmid DNA is capable of ameliorating lymphoedema 

and has a lymphangiogenic effect.

Tumour models in which overexpression of VEGF-C or VEGF-D is demonstrated have 

been constructed in melanomas (Skobe et al., 2001a), breast cancer (Karpanen et al., 

2001; Skobe et al., 2001b; Stacker et al., 2001; Mattila et al., 2002), pancreatic islet cell 

tumours (Mandriota et al., 2001) and gastric tumours (Yanai et al., 2001). These studies 

show increased aggressiveness of the transfected cancer cell lines, intra-tumoural 

lymphangiogenesis, dilated and increased numbers of peri-tumoural lymphatics, lymph 

node metastases and tumour angiogenesis. In some studies, these effects have been
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abrogated by antibodies directed against VEGFR3 (Karpanen et al., 2001) or VEGF-D 

(Stacker et al., 2001).

Although VEGF-C and VEGF-D cause developmental lymphangiogenesis acting 

through VEGFR3, whether lymphangiogenesis occurs within spontaneously arising 

tumours has been questioned. The presence of lymphatics within VEGF-C 

overexpressing animal tumour models has been demonstrated immunohistochemically 

in xenograft studies (Karpanen et al., 2001; Skobe et al., 2001b; Stacker et al., 2001). In 

a transgenic model, mice expressing VEGF-C driven by the rat insulin promoter (RIP) 

targeted to the (3-cells of the endocrine pancreas were crossed with RiplTag2 mice who 

develop non-lymphangiogenic, non-metastatic pancreatic p-cell tumours. The 

consequent VEGF-C overexpressing tumours developed lymphatics that were located 

around and in the peripheries of the developing tumour (Mandriota et al., 2001). It is 

possible that in xenograft models, the injection of tumour cell suspensions to create 

tumours entraps pre-existing lymphatics within the developing tumour mass, whereas 

transgenic animal models may more accurately reflect the situation in spontaneously 

arising human tumours (Karpanen & Alitalo, 2001).

The question of whether immunohistochemically detected intra-tumoural lymphatics are 

functional has also been hotly debated (Jain & Fenton, 2002). Previously, functional 

lymphatics have only been found within 100pm of the edge of murine sarcoma 

xenografts, increased interstitial pressure within the tumour contributing to the lack of 

functioning lymphatics within the tumour mass (Leu et al., 2000). More recently, 

Padera et al. (2002) demonstrated a lack of viable intra-tumoural lymphatics and the 

presence of functional peri-tumoural lymphatics in mouse xenografts, which showed 

clearly that peripheral peri-tumoural lymphatics were sufficient to enable metastasis via 

the lymphatic route. This mirrors the situation in the transgenic mouse pancreatic 

tumour model (Mandriota et al., 2001).
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1.5.7. VEGF-C and VEGF-D function: ex vivo studies

From the in vitro and animal studies, it is clear that VEGF-C induces the development 

of new lymphatic vessels (Oh et al., 1997) and hyperplasia of pre-existing lymphatics 

(Jeltsch et al., 1997), acts as a survival factor for lymphatic endothelial cells (Makinen 

et al., 2001b; Veikkola et al., 2001) and influences angiogenesis (Cao et al., 1998). 

However, the precise lymphangiogenetic involvement of VEGF-C, VEGF-D, and 

VEGFR3 in human malignancy is not fully understood (reviewed in Clarijs et al., 

2001a; Pepper, 2001; Jain & Fenton, 2002; Van Trappen & Pepper, 2002).

In human cutaneous melanoma, lymphatics, but not lymphangiogenesis, were observed

at the tumour margin; these peripheral lymphatics were pre-existing and trapped within

the expanding tumour mass (de Waal et al., 1997), more recent studies however, support

a case for lymphangiogenesis (Dadras et al., 2003; Straume et al., 2003). Dadras et al.

(2003) studied a retrospective series of metastatic and non-metastatic melanomas and

demonstrated proliferating intra- and peri-tumoural lymphatic vessels. Furthermore, the

number of intra-tumoural, peri-tumoural lymphatics, average lymphatic vessel size and

lymphatic vessel area was higher in metastatic melanomas than in matched non-

metastastic tumours. Further evidence for tumour-derived lymphangiogenesis is gleaned

from work by Beasley et al. (2002). These authors demonstrated the existence of

proliferating lymphatics within head and neck cancer stroma and an association of intra-

tumoural lymphatic vessel density (LVD) with neck node metastases (Beasley et al.,

2002). These studies have raised the possibility of intra- or peri-tumoural LVD as a

potential prognostic indicator of poor outcome. However, the presence of proliferating

lymphatic endothelial cells within a tumour may not equate with functional lymphatic

channels, and no assessment of function was possible in these studies. Different tumour

types may vary with respect to the relative importance of lymphangiogenesis as a means
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of lymphatic metastasis. Recent work has shown a lack of proliferating lymphatics in 

and around breast cancer, despite active angiogenesis, and a low LVD in comparison to 

MVD (Williams et al., 2003). Despite these findings, breast cancer was still able to 

spread to the regional lymph nodes, presumably through pre-existing peri-tumoural 

lymphatics (Williams et al., 2003).

In summary, these studies have demonstrated the existence and proliferation of intra- 

tumoural lymphatic vessels and endothelial cells within some tumour types, a possible 

differing importance of intra-tumoural/peri-tumoural lymphatics with varying tumour 

types and a potential role for LVD as a prognostic marker. These recent studies have all 

employed antibodies to lymphatic vessel endothelial hyaluronan receptor (LYVE)-1 

(see section 1.6.1, page 82). It is not clear whether similar findings will be shown with 

other lymphatic markers nor what the clinical relevance of these findings will be in the 

context of other human malignancies, particularly those which spread predominantly via 

the lymphatic route. No investigations have focussed on this area in colorectal cancer. 

Additional studies are required to examine the relationship of LVD and 

lymphangiogenesis to tumour expressed lymphangiogenic growth factors.

1.6. THE STUDY OF LYMPHATIC VASCULATURE

Study of the lymphatic vasculature has been difficult until recently and hampered by a 

lack of specific lymphatic markers and commercially available antibodies, the lack of 

lymphatic endothelial cells for culture and limited animal models. Discrimination of 

lymphatic from blood vessels on morphological appearance alone is difficult and
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subjective. Lymphatics typically appear as thin-walled, single cell lined, irregular 

vessels that lack a continuous basement membrane and pericytes, and hence are 

characterised by wide inter-endothelial gaps (Ryan, 1989). To improve the accuracy of 

detection of lymphatic vessels from blood vessels, immunohistochemical techniques 

using various novel antibodies and antibody combinations have recently been used in an 

attempt to exploit differences between the two vessel types (Sleeman et al., 2001).

1.6.1. Lymphatic vessel markers

Traditional methods of identification of lymphatic vessels included the absence of 

Weibel-Palade bodies in the lymphatic endothelial cell cytoplasm, lack of 

immunostaining for vWF (Ryan, 1989) and an absence of basement membrane 

components such as laminin, collagen IV and fibronectin (Nerlich & Schleicher, 1991). 

Recent advances have included the production of new antibodies directed against 

antigens that are differentially expressed between lymphatic and vascular endothelial 

cells. However, all methods for lymphatic vessel staining described to date have 

limitations some of which will now be explored and summarised in Table 11.

Enzyme histochemistry is described to detect lymphatic endothelial cells using 5'- 

nucleotidase (5'-NA). 5'NA activity varies in different types of endothelial cells being 

very high in lymphatic endothelial cells and low or absent in blood vessel endothelia. 

However, whether activity is upregulated in new vessels undergoing angiogenesis is 

unclear. The method involves partial inhibition of 5fNA activity by paraformaldehyde 

fixation of cryostat sections, followed by an enzyme reaction induced by the addition of 

substrate materials, to identify optimally the excess activity in lymphatics compared to 

blood vessels (Ohta et al., 1999). Unfortunately, this technique is difficult, subjective 

and small changes to methodology may significantly alter the results.
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Single antibody immunostaining methods are described using antibodies that bind to 

podoplanin, Prox-1, VEGFR3 or LYVE-1. Podoplanin is a glomerular podocyte 

membrane mucoprotein identified in rats, which is also expressed on endothelial cells of 

normal lymphatics (Breiteneder-Geleff et al., 1997; Bimer et al., 2000; Birner et al., 

2001a; Bimer et al., 2001b). Prox-1 is a homeobox gene product essential for the 

regulation of early development of a variety of tissues including the lens, heart, liver, 

pancreas, central nervous system and the lymphatic system (Wigle & Oliver, 1999). 

Prox-1 null mice fail to develop a lymphatic system but vasculogenesis and 

angiogenesis remain unaffected (Wigle & Oliver, 1999). Immunohistochemical staining 

for Prox-1 demonstrates lymphatic but not blood vessels (Carreira et al., 2001).

Although VEGFR3 is restricted to lymphatics in the normal adult circulation (Kaipainen 

et al., 1995; Jussila et al., 1998; Lymboussaki et al., 1998), it is upregulated on tumour 

neovasculature. Consequently, VEGFR3 immunostaining lacks specificity for 

lymphatics in tumours (Partanen et al., 1999; Valtola et al., 1999; Niki et al., 2001). 

Monoclonal antibodies to VEGFR3 are reported to show specific endothelial cell 

staining, but problems associated with the use of polyclonal antibodies include high 

background staining and unreliable, irreproducible vascular staining (Bimer et al., 2000; 

Bimer et al., 2001b; Clarijs et al., 2002; Moller et al., 2002).

LYVE-1 is a lymphatic endothelial cell receptor for the extracellular matrix 

glycosaminoglycan hyaluronan. It is closely related to CD44, the major receptor for 

hyaluronan in epithelial, mesenchymal and lymphoid cells (Baneqi et al., 1999). 

Staining for LYVE-1 highlights lymphatic vessels specifically (Jackson et al., 2001; 

Mattila et al., 2002) but LYVE-1 is also found on hepatic blood sinusoidal endothelial 

cells (Carreira et al., 2001) and may be expressed in up to 10% of tumour 

neovasculature (Padera et al., 2002).
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The use of double staining techniques has been used to demonstrate lymphatic and 

blood vessels selectively and enhance the accuracy of detection. These methods have 

included combinations of PAL-E/CD31 (de Waal et ah, 1997) and PAL-E/VEGFR3 (de 

Waal et al., 1997; Clarijs et al., 2001b). PAL-E is a monoclonal antibody that recognises 

an unknown human endothelial cell antigen that only stains blood vessel endothelia. In 

combination with CD31, PAL-E obscures the CD31 stain on blood vessels. 

Consequently PAL-E positive vessels are defined as blood vessels and CD31 positive 

vessels as lymphatics (de Waal et al., 1997; Clarijs et al., 2001a). In a similar fashion, 

PAL-E staining hides the stain derived from VEGFR3 on angiogenic blood vessels 

leaving PAL-E positive vessels defined as blood vessels and VEGFR3 positive vessels 

as lymphatic in origin (Valtola et al., 1999). Unfortunately, studies using PAL-E are 

limited to frozen tissue specimens. Anti-LYVE-1 antibodies have also been used in 

combination with anti-endothelial cell markers. Beasley et al. (2002) used a LYVE- 

1/CD34 antibody cocktail to illustrate the two different cell populations of blood vessel 

(CD34 positive/LYVE-1 negative) and lymphatic endothelial cells (CD34 

negative/LYVE-1 positive) in human head and neck cancers. With this technique they 

could demonstrate ‘hotspots’ of intra-tumoural proliferating lymphatics and correlation 

between the density of intra-tumoural lymphatics and neck node metastases. Antibodies 

to LYVE-1 have also been used in combination with CD31 antibodies by Dadras et al. 

(2003) in cutaneous melanomas, identifying ‘hotspots’ of intra- and peri-tumoural 

lymphatic vessels. Finally, the combined use of Prox-1/CD31 has been reported by 

Wilting et al. (2002). Prox-1 is a specific lymphatic endothelial marker in the fetal 

lymphatic circulation and in adult lymphatics in both healthy and diseased tissue. Prox- 

1 co-localised with VEGFR3 and CD31 in lymphatics. In blood vessel endothelial cells, 

Prox-1 and PAL-E were mutually exclusive and Prox-1 was not found on the blood 

vessel endothelium. Specificity of Prox-1 for lymphatic endothelium was higher than
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that of VEGFR3, which was upregulated in some blood vessel endothelia in 

haemangiomas (Wilting et al., 2002).

In summary, anti-LYVE-1 antibodies have been well studied and appear to offer the 

most specific staining for lymphatic endothelial cells. Studies comparing the specific 

lymphatic endothelial cell antibodies alone and in combination are required to confirm 

the best antibody or antibody combination for specific lymphatic endothelial cell 

discrimination.
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1.6.2. Lymphatic endothelial cell lines in vitro

The study of lymphatic endothelial cells in culture has been hampered by the lack of 

available cells from the lymphatic microvasculature. Most studies have used endothelial 

cells from large lymphatic vessels such as the thoracic duct but these cells tend to alter 

in culture, losing the expression of known lymphatic antigens (Pepper et al., 1998) and 

may not reflect the characteristics of the microvascular lymphatic endothelial cell in 

vivo. Recent studies have clarified the origin of subtypes of cells contained within 

cultured cell lines and this should provide a source of lymphatic endothelial cells for 

future work. For example, the human dermal microvascular endothelial cell (HDMEC) 

line has been shown to consist of a mixture of two separate, stable lineages of vascular 

and lymphatic endothelial cells that could be separated using antibodies to exploit their 

differential expression of the cell surface receptor VEGFR3 (Makinen et al., 2001b). 

Consistent expression of VEGFR3 was seen on the lymphatic endothelial cells in vitro, 

in contrast to other novel lymphatic cell markers, such as podoplanin and LYVE-1, 

which were heterogeneously expressed. The blood vascular endothelial cells in culture 

also showed heterogeneity of expression of the pan-endothelial markers, von 

Willebrand factor (vWF) and CD31, reflecting their likely origin from different sized 

blood vessels (Makinen et al., 2001b). Similar methodology exploiting the differential 

expression of podoplanin on lymphatic and blood vessel endothelial cells has been used 

to separate the two cell populations from dermal cell suspensions (Kriehuber et al., 

2001). This study reported that podoplanin positive cells (ie. lymphatic endothelial 

cells) were also positive for VEGFR3 and LYVE-1 and the expression of podoplanin 

was stable after repeated passages of the lymphatic endothelial cells. Exploitation of the 

differential expression of VEGFR3, podoplanin and LYVE-1 on lymphatic endothelial 

cells in comparison to vascular endothelial cells in vitro, together with flow cytometry, 

may provide a reliable source of these cells to allow further investigation of lymphatic
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endothelial cell biology. Hirakawa et al. (2003) have used a further modification of this 

immunomagnetic technique to separate human skin blood and lymphatic endothelial 

cells by their differential expression of CD34 and CD31, as lymphatic endothelial cells 

were consistently CD34 negative and CD31 positive. Lymphatic endothelial cells 

obtained in this way and maintained in culture, exhibited stable expression of the novel 

lymphatic specific cell markers over repeated passages, hence validating the use of 

these specific antigens for the detection of lymphatic vessels in tissues (Hirakawa et al., 

2003). Furthermore, the identification of differential expression of lineage-specific 

genes in blood vascular and lymphatic endothelial cells confirmed the close relationship 

between the two cell types, in that only relatively small differences were found between 

their expression profiles, although these differences provided insights into the 

specialised functions of the cells as well as pinpointing further molecular targets for 

investigation of vascular development, regulation of the immune response and 

lymphangiogenesis (Hirakawa et al., 2003).

Culture of human microvascular endothelial cells, consisting of both blood and 

lymphatic endothelial cells, in three-dimensional systems shows the development of 

tubular structures that wrap around one another (Kriehuber et al., 2001) resembling the 

in vivo arrangement of blood and lymphatic vessels. The same study also demonstrated 

the secretion of the chemokine receptor 7 ligand, secondary lymphoid tissue chemokine 

(SLC)/CCL21 from the basolateral surface of lymphatic endothelial cells. This 

chemokine is implicated in the regulation of dendritic cell migration and may be 

involved in chemotaxis of chemokine receptor positive malignant cells towards the 

lymphatic vessel (Kriehuber et al., 2001). This observation may be of great relevance 

for the treatment of human malignancy, as chemokine receptor blockade could provide 

a new strategy to inhibit the invasion of lymphatic vessels and hence the metastatic 

potential of neoplastic cells.
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1.6.3. Animal models for lymphatic vessel research

With the upsurge of interest in lymphangiogenesis research, animal models have 

become increasingly sought. Animal assays to study the process of lymphangiogenesis 

have been described and use techniques adapted from the field of angiogenesis research 

such as the CAM (Oh et al., 1997) and corneal angiogenesis assay (Kubo et al., 2002). 

Transgenic mouse models expressing lymphangiogenic growth factors or soluble 

receptor fusion proteins have demonstrated the developmental functions of VEGF-C 

and VEGF-D and provide tools for further investigation (Jeltsch et al., 1997; Makinen et 

al., 2001a) (see section 1.5.6, page 77). Genetic knock-out models have shown the 

importance of VEGFR3 in the development of the embryonic vascular system (Dumont 

et al., 1998) as well as in maintanence and function of the lymphatic system. Animal 

lymphoedema models created by inactivating mutations of VEGFR3 in the germline 

(Karkkainen et al., 2000; Karkkainen et al., 2001), the rabbit ear, mouse tail and 

regenerating lizard tail models discussed in section 1.5.6 (page 77) will be useful in the 

study of therapeutic interventions for this condition. The combination of VEGF-C and 

VEGF-D overexpressing animal tumour models in conjunction with specific lymphatic 

vessel markers allows more thorough investigation of the process of lymphatic 

metastasis.
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1.7. VEGF-C AND VEGF-D IN HUMAN GASTROINTESTINAL 

MALIGNANCIES

The expression of VEGF-C mRNA is increased in a variety of human malignancies 

(Salven et al., 1998). Positive associations have been found between the expression of 

VEGF-C in multiple types of malignant tissue with negative clinicopathological 

features including lymphatic invasion and lymph node metastasis. These associations 

have been made in breast, cervical, colorectal, gallbladder, gastric, oesophageal, 

pancreatic, prostate, thyroid, NSCLC, lung adenocarcinoma, oral and laryngeal cancers. 

Clinically important areas of interest are the association between VEGF-C and -D 

expression, intra- and peri-tumoural LVD, lymphatic and venous invasion, lymph node 

metastasis and survival.

1.7.1. Methodological considerations

Many published reports conflict in their outcomes and conclusions. This may be partly 

explained by the use of different methodologies between studies.

Immunohistochemical techniques and microvessel counting examine the tissue as near 

its condition in vivo as possible. Even so, results obtained evaluating malignant tissue at 

the invasive edge of tumours may not concur with results from central and superficial 

parts of the tumour (Furodoi et al., 2002). As with MVD evaluation, scoring methods 

for transcript quantification and immunohistochemical staining vary between studies, 

with consequent difficulties in extrapolation of results.

As RNA extraction necessarily entails tissue disruption, studies examining mRNA 

levels provide an estimate of overall expression in the tissue fragment analysed, 

including tumour cells, stroma and normal mucosa. Consequently, analysis of global
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cellular mRNA levels may miss subtleties of tissue expression that are key to 

understanding tumour behaviour.

Current knowledge of the role of VEGF-C and VEGF-D in gastrointestinal tumours has 

been summarised in Tables 12,13 and Appendix I (Duff et al., 2003b).

1.7.2. Oesophageal cancer

Oesophageal cancer has an extremely poor prognosis defined by the existence of lymph 

node metastases at presentation. Limited and conflicting evidence exists for the role of 

VEGF-C in oesophageal cancer and no data are available for VEGF-D. Kitadai et al. 

(2001) analysed the relationship between the expression of VEGF-C and 

clinicopathological characteristics in oesophageal squamous cell carcinoma. In vitro 

RT-PCR and immunocytochemical analysis demonstrated that 4 of the 5 oesophageal 

carcinoma cell lines studied expressed VEGF-C mRNA, but only one cell line 

expressed VEGFR3 mRNA. Ex vivo analysis of 12 human oesophageal squamous 

carcinoma tissues showed the presence of VEGF-C mRNA in 67% of cases. In 48 

archival specimens, 40% showed positive immunohistochemical staining for VEGF-C. 

Positive VEGF-C expression in the cancer cells correlated with stage of disease, 

lymphatic invasion, venous invasion and lymph node metastasis and with depth of 

tumour invasion. Interestingly, the number of blood vessels detected by 

immunohistochemical staining for CD34 was significantly higher in the VEGF-C 

positive tumours when compared with the VEGF-C negative tumours (Kitadai et al.,

2001). This indicates that VEGF-C may be involved in both angiogenic and 

lymphangiogenic processes, via VEGFR2 and VEGFR3 in angiogenic vessels and 

VEGFR3 on lymphatic endothelial cells. However, angiogenic vessels in the 

oesophageal squamous cell carcinoma specimens could not be identified by positive 

staining for VEGFR3. Positive VEGFR3 immunoreactivity was detected in the
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cytoplasm of lymphatic endothelial cells, defined as such by their morphological 

appearance only (Kitadai et al,, 2001). However, a similar study examining larger 

numbers of oesophageal squamous cell carcinomas failed to detect significant 

associations between expression of VEGF-C protein and any clinicopathological 

variable other than histological grade (Noguchi et al., 2002) (Table 12).

The human model of neoplastic progression from Barrett’s oesophageal epithelium to 

dysplasia and adenocarcinoma offers an insight into VEGF-C involvement in the 

development of adenocarcinoma as opposed to squamous cell carcinoma. Normal 

squamous oesophageal mucosa does not express VEGF-C whilst expression is increased 

in Barrett’s epithelium, dysplasia and invasive adenocarcinoma. This is paralleled by a 

similar increase in VEGFR3 on lymphatic vessels (Auvinen et al., 2002).

1.7.3. Gastric cancer

Gastric cancer is an important cause of death from cancer worldwide, with lymph node 

status an important predictor of survival. The incidence in the UK is 10,000 new cases 

per year, with a 5-year survival rate in the order of 20%. The role of VEGF-C, 

lymphatic invasion and lymph node metastasis in gastric cancer has been investigated in 

several studies (Table 12). To date, only a single study has assessed the role of VEGF- 

D in gastric malignancy (Ishikawa et al., 2003) (Table 12).

Immunohistochemical analysis of tumour tissues has demonstrated that VEGF-C 

immunoreactivity is restricted to the cytoplasm of gastric cancer cells (Yonemura et al., 

1999; Ichikura et al., 2001; Yonemura et al., 2001). By contrast, VEGFR3 

immunoreactivity is restricted to endothelial cells of mucosal and submucosal lymphatic 

vessels and to a very few small blood vessels. Consequently, the majority of VEGFR3 

positive vessels in gastric cancer are thought to be lymphatics (Yonemura et al., 1999; 

Yonemura et al., 2001). The percentage of gastric tumours that are positive for VEGF-C
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protein expression varies in different studies from 26% to 51% (Table 12) (Yonemura 

et a l, 1999; Ichikura et al., 2001; Kabashima et al., 2001; Takahashi et al., 2002). This 

may be a function of variable scoring methods that are semi-quantitative based on the 

number (Takahashi et al., 2002), or percentage (Yonemura et al., 1999; Ichikura et al., 

2001; Kabashima et al., 2001; Amioka et al., 2002), of positive cells in varying numbers 

of high-power fields.

Lymphatic invasion and lymph node status in gastric cancer are correlated positively 

with tissue expression of VEGF-C (Yonemura et al., 1999; Ichikura et al., 2001; 

Kabashima et al., 2001; Amioka et al., 2002; Takahashi et al., 2002; Ishikawa et al., 

2003) (Table 12). In early gastric cancer (confined to the mucosa), positive VEGF-C 

tissue expression was significantly associated with lymphatic invasion, potentially 

predicting a subset of patients where minimal surgical resection might be inappropriate 

(Kabashima et al., 2001). Similar associations are demonstrated with the expression of 

VEGF-C and VEGFR3 mRNA in gastric cancer tissue. Malignant tissue expressed 

increased VEGF-C mRNA compared with adjacent normal mucosa [47% vs. 13% 

(Yonemura et al., 1999); 55% vs. 13% (Yonemura et al., 2001)] and this correlated with 

expression of VEGFR3 mRNA (Yonemura et al., 1999; Yonemura et al., 2001). VEGF- 

C mRNA expression was significantly associated with positive lymph node status and 

lymphatic and venous invasion (Yonemura et al., 1999).

Microvessel counts for VEGFR3 positive vessels showed a non-significant increase in 

vessel count in tumour stroma compared with normal gastric mucosa (4.62 +/-5.85 vs. 

2.48 +/- 1.64, p=0.067), but a significant increase in VEGF-C mRNA positive tumours 

compared to VEGF-C mRNA negative tumours (6.96 +/-6.05 vs. 2.16 +/- 2.00, 

p<0.001) (Yonemura et al., 2001). Similar increases in VEGFR3 positive vessel counts 

are seen in gastric cancers that are lymph node positive, show lymphatic invasion or are
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poorly differentiated (Yonemura et al., 2001). These results suggest that VEGF-C and 

VEGFR3 act together in a paracrine fashion in the gastric tumour microenvironment.

The association between VEGF-C expression and prognosis however is not clear cut 

(Table 12). Non-significant trends towards reduced survival in VEGF-C expressing 

gastric cancers have been found (Ichikura et al., 2001). Yonemura et al. (1999) have 

shown a significant difference in survival in 117 patients with gastric cancer where high 

levels of VEGF-C expression were associated with poorer prognosis. Further significant 

differences in survival with VEGF-C status have been reported by Takahashi and 

colleagues (2002) in a group of 65 cancer patients. An additional finding highlighted by 

this study was that the density of dendritic cells in the tumour correlated inversely with 

VEGF-C expression. The effect of VEGF-C on survival may be due, in part, to its 

regulatory function on dendritic cells and potential enhancement of evasion of 

immunosurveillance by the tumour (Kabashima et al., 2001). This mirrors the situation 

for VEGF-A expression in gastric cancer and NSCLC, where VEGF-A influences the 

number of infiltrating dendritic cells and has a negative impact on prognosis (Saito et 

al., 1998; Inoshima et al., 2002) (see section 1.4.3, page 54).

Ishikawa et al. (2003) investigated the role of VEGF-D and VEGF-C in 105 early 

gastric carcinomas (Table 12) and found that the overall rate of tumour positivity for 

VEGF-D was lower than that of VEGF-C (22/105 vs. 83/105, j!?<0.001). Lymph node 

metastasis was significantly related to expression of VEGF-C and VEGF-D in 

adenocarcinomas of undifferentiated type, but not in differentiated tumours.

To summarise, in gastric cancer, expression of VEGF-C mRNA is seen in the majority 

of tumour cell lines, and at higher levels in gastric cancer than normal mucosa. VEGF-C 

mRNA and protein expression in gastric cancer correlates with lymphatic invasion and 

lymph node metastasis, and in some studies correlates with venous invasion and 

reduced five-year survival. There is limited evidence available for VEGF-D aside from
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the observation that expression of this growth factor may predict lymph node metastases 

in early undifferentiated gastric carcinomas.

1.7.4. Colorectal cancer

The role of VEGF-C and VEGF-D in colorectal carcinoma is less well understood than 

in that of gastric carcinoma. Recent publications illustrate conflicting results regarding 

protein and gene expression in relation to clinicopathological features (Duff & Jayson, 

2003) (Table 13).

Several authors have demonstrated associations between VEGF-C expression and less 

favourable clinicopathological outcomes (Akagi et al., 2000; Furodoi et al., 2002). 

Furodoi et al. (2002) showed that the microanatomical location of VEGF-C within a 

tumour is relevant. This group studied 152 cases of advanced colorectal cancer 

demonstrating immunohistochemical detection of VEGF-C in 47% at the deepest 

invasive site of colorectal carcinoma. Expression correlated with lymphatic and venous 

invasion, lymph node status, Duke’s stage, liver metastasis, depth of invasion, poorer 

histological grade and MVD. In contrast, positive correlations were not seen on 

examination of the central and superficial parts of the tumour. VEGF-C expression and 

lymph node metastasis were prognostic factors for five-year survival on multivariate 

analysis (odds ratio (OR) 9.10, /?=0.0272 and OR 8.52, p=0.0322 respectively). The 

study emphasised the paracrine nature of the interaction between VEGF-C and the 

tumour microenvironment and the positive relationship between VEGF-C and tumour 

angiogenesis (Furodoi et al., 2002). Similar associations between tissue VEGF-C 

expression and clinicopathological factors have been described in colorectal cancer by 

Akagi et al. (2000), but with a non-significant trend towards decreased survival in 

VEGF-C positive groups (p=0.3227) and the additional finding of concordant patterns 

of VEGF-C expression in involved lymph nodes and primary tumours. Unfortunately,
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no attention has been paid to whether the tumours assessed in these studies exhibited 

ulcerative or polypoidal phenotypes. These tumour types differ in their 

microenvironments and hence, the factors driving growth factor expression will possess 

varying levels of importance in the different tumours.

Contradictory evidence exists concerning the role of VEGF-C in lymphatic metastasis 

in colorectal cancer. Studies examining the mRNA levels of various VEGF family 

members tend to show variable associations between such levels and 

clinicopathological factors. George et al. (2001b) showed an increase in VEGF-A and 

VEGF-C mRNA in carcinomas (p=0.006 and p=0.004, respectively) but not in colonic 

polyps (p=0.22 and p=0.5, respectively). However, no association was found between 

the increased level of VEGF-C mRNA and lymph node status, although a relationship 

existed between positive lymph nodes and VEGF-A mRNA expression. Patterns of 

VEGF-C mRNA expression were similar in the primary tumour and lymphatic 

metastases, reflecting the findings for protein expression described by Akagi et al. 

(Akagi et al., 2000). The mRNA findings for VEGF-A and VEGF-C were confirmed by 

immunohistochemistry, demonstrating no correlation between positive staining for 

VEGF-A, VEGF-C or VEGF-D and lymphatic spread (George et al., 2001b). Further 

analyses of VEGF family mRNA levels in the adenoma-carcinoma sequence showed 

that only VEGF-A mRNA levels were consistently raised in malignant tissues and this 

became apparent early on in disease progression (Andre et al., 2000).

There are few studies on the role of VEGF-D in colorectal malignancy, but the 

published literature mirrors the areas of disagreement that are seen for VEGF-C 

expression (Table 13), The tumour expression of VEGF-D mRNA and protein has been 

found to be both lower (George et al., 2001b) and higher (White et al., 2002; Funaki et 

al., 2003) than normal mucosa by different authors.
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Funaki et al. (2003) showed that 4 of 8 colorectal cancer cell lines expressed increased 

levels of VEGF-D mRNA on real-time quantitative RT-PCR analysis, which translated 

into increased protein levels in 5 of 8 cell lines. The authors proceeded to examine 83 

colorectal cancer cases immunohistochemically, showing a significant association 

between VEGF-D expression and lymph node metastasis (p<0.01), although no 

statistically significant relationship with survival (5 year survival rates: 66% VEGF-D 

positive cases vs. 79% VEGF-D negative cases, ^7=0.15). A further study of 84 

colorectal cancer specimens confirmed an increased level of VEGF-D protein 

expression in colorectal cancer (colorectal cancer vs. adenomatous polyps and normal 

mucosa, pO.OOl), which was associated with lymph node involvement (p=0.02) and 

reduced overall- and disease-free survival (White et al., 2002).

On the other hand, lower VEGF-D mRNA expression in colorectal cancer specimens 

was demonstrated by George et al. (/?=0.002, colorectal cancer vs. normal mucosa; 

/?=0.0002, colonic polyps vs. normal mucosa). However, in this study, despite the lower 

level of VEGF-D mRNA in the tumours, the number of tumours demonstrating 

immunohistochemically detected VEGF-D protein expression was paradoxically higher 

than that seen in normal mucosa or polyps (31% cancers vs. 0% normal mucosa and 

18% adenomas) (George et al., 2001b). The authors postulated that the reduction in 

VEGF-D levels in the progression of malignancy may act permissively, allowing the 

more potent angiogenic cytokines VEGF-A and VEGF-C, to bind to the signalling 

receptors. However, this seems unlikely, because despite a reduction of tumour VEGF- 

D mRNA, there was an actual increase in VEGF-D protein detected 

immunohistochemically. Consequently, reduced VEGF-D mRNA levels in tumours 

may not reflect a real decrease in expressed protein, and is likely to be a fundamental 

problem of the methodology used. For example, because VEGF-D is expressed by
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vascular smooth muscle cells, the tissue homogenates required for RNA extraction may 

not appropriately quantify VEGF-D levels in carcinoma and normal mucosa.

Recently, Hanrahan et al. (2003) have examined the mRNA levels of all the VEGF and 

VEGFR family members by ribonuclease protection assay, RT-PCR and 

immunohistochemistry in normal colorectal tissue, adenomas and carcinomas. This is 

the only study to examine the differential expression patterns of all the growth factors 

and receptors at different stages of the adenoma-carcinoma sequence and has illustrated 

that the growth factors are switched on and off at different stages of progression. An 

increase in VEGF-A and VEGF-B mRNA was found in adenomas over normal mucosa, 

an increase in VEGF-A and VEGF-C mRNA in carcinomas over normal mucosa and a 

decrease in VEGF-D mRNA in adenomas and carcinomas in comparison to normal 

tissue. These mRNA findings were confirmed by immunohistochemistry. The authors 

postulated that VEGF-A and VEGF-B act as initiators, important in early tumour 

development at the stage of adenoma formation, VEGF-A and VEGF-C sustain tumour 

progression and play a role in advanced disease and that loss of VEGF-D may be 

important in some tumour subsets (Hanrahan et al., 2003).

In conclusion, in colorectal malignancy, conflicting reports exist for the precise roles of 

VEGF-C and VEGF-D in tumour behaviour and there are no studies that have examined 

the expression of the growth factors in the liver metastases of colorectal cancer. The 

areas of controversy noted may be partly explained by methodological issues and 

differences in tumour biology. Methodological issues include the importance of 

appropriate sampling from the invasive edge of the tumour, the choice of appropriate 

examination techniques, consistent methods for assessment for immunohistochemical 

staining and scoring, all of which are fundamental to interpretation and comparison 

across studies. Differences in individual tumour biology and behaviour relate to the 

balance between various members of the VEGF family, their relative levels within a
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tumour, the extent of proteolytic processing and receptor availability. Individual levels 

alter with different stages of tumour progression and interaction between VEGF family 

members and their receptors may hold some clues to the microenvironmental balance of 

lymphangiogenic and angiogenic influences in the progression of colorectal cancer.
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1.8. SUMMARY AND PROPOSED STUDIES

The relative balance of YEGF family member expression and receptor availability could 

explain the conflicting associations that are reported for clinicopathological variables, 

MVD and growth factor expression in colorectal malignancy and offer valuable insights 

into the potential role for anti-VEGF/anti-VEGFR agents in adjuvant therapy. The 

hypothesis arises that the VEGF family may influence the natural history of colorectal 

cancer by affecting angiogenic, lymphangiogenic and autocrine/paracrine pathways, 

altering the growth and metastatic potential of a tumour.

Areas that are unresolved in the literature include:

•  the topographical location and pattern of distribution of VEGF family 

member/receptors throughout the primary tumour

• the relationship between VEGF family member/receptor expression in the 

primary site and metastases of colorectal cancer

• evaluation of lymphangiogenesis and lymphatic vessels within colorectal cancer 

and their quantification

• relationships between primary tumour LVD/MVD, expression of VEGFs and 

patterns of metastasis

Additional information in these areas may provide insight into the functional roles of 

the VEGF family in colorectal cancer and tumour biology.

To investigate and clarify the roles played by the VEGF family and lymphangiogenesis 

in colorectal cancer, studies were designed to determine whether the topographical 

distribution of the angiogenic and lymphangiogenic VEGF proteins and their receptors
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influenced metastatic potential in colorectal cancer. The following investigations were 

performed:

I -  Expression of VEGF family members and receptors in the primary and 

metastatic sites of colorectal cancer

• To extend and define observations regarding the topographical distribution of 

VEGF-A, VEGF-C, VEGF-D, VEGFR2, VEGFR3 in primary colorectal cancer 

specimens and determine patterns of tissue expression.

• To examine the expression of the above growth factors/receptors in metastatic 

sites (hepatic and lymph node) and explore the relationship between primary and 

secondary site expression and the potential for prediction of metastatic 

behaviour from expression at the primary site.

• To determine whether lymphatic vessels are present within and around 

colorectal cancer and to assess LVD of the primaiy tumour, using a specific 

lymphatic vessel marker, LYVE-1.

• To analyse the relationship between primary tumour LVD/MVD and VEGF 

family member expression and patterns of metastasis.

In addition, it can be hypothesised that circulating VEGF-C and VEGF-D are tumour 

markers that can identify patients with cancer and potentially identify those with or at 

risk of lymph node involvement or lymphatic invasion. Studies were designed to 

investigate whether circulating VEGF-C could be measured and whether circulating 

VEGF-C and VEGF-D levels held any prognostic significance in colorectal cancer. In 

order to answer these questions, the following studies were performed:
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II -  The role of circulating VEGF-C and -D in the prediction of tumour behaviour

• To develop and validate an enzyme-linked immunosorbent assay (ELISA) for 

the measurement of VEGF-C in body fluids.

• To perform a pilot study to investigate VEGF-C levels in cancer patient and 

control serum and plasma.

•  To determine the clinical potential of the VEGF-C ELISA by performing 

prospective studies utilising the ELISA, in conjunction with commercially 

available assays for VEGF-D and VEGF-A, in colorectal cancer patient and 

control groups.

104



2. MATERIALS AND METHODS

2.1. IMMUNOHISTOCHEMISTRY

The aims of this section of the study were to:

a) develop immunostaining protocols for formalin fixed, paraffin embedded 

colorectal tumour specimens, to stain for blood vessel endothelial cells (CD31, 

CD34, CD 105), lymphatic endothelial cells (LYVE-1), tumour-expressed 

growth factors (VEGF-C, VEGF-D, VEGF-A) and their receptors 

(VEGFR2/flk-1 /KDR and VEGFR3/flt-4).

b) define the tissue distribution pattern and investigate relationships between and 

differences in patterns of growth factor/receptor expression in primaiy colorectal 

adenocarcinomas and their metastases and quantify tumour LVD and its 

relationship with MVD, growth factor and receptor expression and mode of 

metastasis.

2.1.1. Development of immunohistochemical methods 

Slide preparation

Plain glass slides were prepared by coating with 3-aminopropyl triethoxysilane (APES; 

Sigma, St Louis, MO). Plain glass slides were degreased in 95% industrial methylated 

spirit (IMS; Genta Medical, York) for 2 minutes, rinsed three times in tap water, once 

each in distilled water and 99% IMS. After drying in an incubator at 37°C for one hour, 

the slides were immersed in a solution of 3% APES in acetone (BDH, Poole) for 2 

minutes in a fume cupboard, rinsed in acetone, washed in distilled water and dried in a
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50°C incubator overnight. The APES coated slides were stored in slide boxes until 

required.

Tissue selection and preparation

Formalin-fixed paraffin embedded blocks from 21 cases of colorectal cancer were 

obtained from the histology archives of Withington Hospital. These cases had 

previously undergone detailed histopathological staging with intensive pathological 

examination of lymph nodes as part of a xylene clearance study of pathological staging. 

Paraffin blocks containing the invading edge of the tumour and when present, involved 

lymph nodes, were selected following review of haematoxylin and eosin (H & E) 

stained slides.

The blocks were cooled in a fieezer at -20°C for a minimum of one hour prior to 

sectioning and kept cool in a freezing waterbath during each sectioning session. Five 

pm sections were cut using a Leitz microtome (Leitz Wetzlar Microtome, Model 1512), 

floated in a warm water bath and mounted either onto plain glass slides for H & E 

staining or onto APES coated slides for immunohistochemistry.

The sections for immunohistochemistry were dried in a 37°C incubator for a minimum 

of 24 hours.

H & E staining

A single slide from each tissue block was stained using haematoxylin (Harris’s 

haematoxylin, RA Lamb Ltd, Eastbourne) and eosin (BDH). The mounted tissue section 

was dried on a hot plate at 50°C for 30 minutes and stained as follows:

• Dewaxed by immersion in a series of 4 xylene solutions, 2 minutes in each pot, 

rehydrated through a series of 4 IMS solutions, with a few seconds in each pot 

and washed in running tap water
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• Immersed in haematoxylin for 5 minutes and washed in running tap water until 

the water ran clear

• Differentiated by dipping 3-4 times into 1% acid/alcohol (1% hydrochloric acid 

(BDH), 75% IMS) solution and then washed in cold running water then hot 

running water to ‘blue’ the slides

• Immersed in eosin for 2 minutes

• Dehydrated back up through the series of IMS solutions and cleared through the 

series of xylene solutions

• The slides were wiped dry and mounted in a drop of XAM mountant (BDH) 

which was applied to a glass coverslip and the stained slide placed face down on 

the coverslip. Air bubbles were expelled with direct pressure and the slides were 

left to dry in a fume cupboard for a minimum of 30 minutes.

Buffers

Buffer solutions for washing and antigenic retrieval were employed throughout the 

immunostaining procedures described and can be summarised here:

- Tris buffered saline (TBS) -  0.05M Tris (BDH)/sodium chloride (BDH), pH 7.6

- TBS-Tween 0.01 % (Tween 20, Sigma)

- Citrate buffer (trisodium citrate, BDH), 0.01M, adjusted to pH 6.0

- Tris/EDTA buffer, lOmM Tris and ImM EDTA (BDH), pH 9.0

Antigen retrieval

Tissue sections were obtained from formalin fixed, paraffin embedded specimens. 

Tissue fixation inactivates endogenous lysosomal activity and bacterial attack in tissue 

but results in cross-linking of proteins that can mask tissue antigens. Antigen unmasking 

and retrieval may be necessary prior to antigen immunostaining. Methods of antigen
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retrieval that may be utilised include proteolytic enzyme digestion (eg. trypsin or 

pepsin), microwave antigen recovery (Shi et al., 1991), pressure cooker antigen retrieval 

and combination methods (eg. microwave and proteolytic digestion).

Where particular methods for the primary antibody were recommended by the 

manufacturer, these were employed. If no particular treatment method was endorsed, 

different retrieval methods were evaluated for each specific antibody.

Immunostaming procedures

The immunostaining procedures employed in these studies were based on the indirect 

immunoperoxidase technique, with the sequential application of primary antibody, 

incubation overnight at 4°C, application of a biotinylated secondary antibody directed 

against the species of the primary antibody, followed by horseradish peroxidase (HRP) 

conjugated streptavidin then chromogenic substrate (Figure 3). The basic procedure 

followed was:

• Dewaxed through 4 changes of xylene, for 10 minutes/pot, rehydrated

through 4 changes of alcohol, for 2 minutes/pot, then washed briefly three

times in tap water and once in distilled water

• Pretreatments for antigen retrieval (if required, see page 107), followed by

washing three times for 5 minutes in distilled water (if antigen retrieval was

performed)

• Blockade of endogenous peroxidase by quenching in 3% hydrogen peroxide 

(Sigma) solution for 15-30 minutes at room temperature, shaking, followed 

by washing three times for 5 minutes in distilled water. Endogenous 

peroxidase has a physiological role in numerous cells and tissues and has the 

ability to oxidise the chromogen producing unwanted signal. Prior 

incubation of the tissue section with hydrogen peroxide exhausts or
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‘quenches’ endogenous enzyme activity and prevents such non-specific 

signal production.

• Serum block with 1:10 normal serum, diluted in TBS, for 15-30 minutes. 

The serum used was that of the species in whom the secondary antibody for 

that run was raised. This step was employed to reduce non-specific staining 

which can result from hydrophobic interaction between proteins, such as 

tissue protein and primary antibody. Proteins within the blocking serum 

competitively bind to and block the hydrophobic binding sites on tissue 

sections.

• Primary antibody application, using primary antibodies diluted in 1:20 

normal serum. Slides were incubated in a refrigerator at 4°C overnight then 

washed in TBS-Tween, three times for 5 minutes.

• Biotinylated secondary antibody application (DAKO, Denmark) at 1:500 

dilution in TBS. Incubated at room temperature for 45 minutes, shaking, 

then washed in TBS-Tween, three times for 5 minutes.

• Application of HRP-streptavidin (DAKO) at 1:500 dilution in TBS. 

Incubated at room temperature for 45 minutes, shaking then washed in TBS- 

Tween for 3 times for 5 minutes, then distilled water once for 5 minutes.

• Addition of chromogen, 3 '-diaminobenzidine tetrahydrochloride (DAB) 

(Sigma)

• Finally, washed in distilled water, counterstained lightly with Meyer’s 

haematoxylin (BDH), dehydrated through the alcohol series, cleared through 

the xylene series and mounted.
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Immunostaining for vascular endothelial cells

Three primary antibodies were investigated for immunostaining vascular endothelial 

cells. The antibodies were monoclonal and directed against the antigens CD31, CD34 

and CD 105. The aim was to determine the best antibody to achieve maximum 

endothelial cell detection with clean, specific immunostaining in paraffin embedded 

colorectal cancer tissues. CD31 is a 130 kD glycoprotein located on the surface of 

endothelial cells, platelets, monocytes and granulocytes that acts as a surface adhesion 

molecule. CD34 is a llOkD glycosylated protein present in endothelial and 

lymphopoietic cells. Different studies have recommended both of these endothelial 

markers for use in determining MVD in colorectal cancer (see section 1.2.2, page 32). 

CD 105 is a 180 kD protein preferentially expressed on angiogenic endothelial cells 

(reviewed in Duff et al., 2003a). It has been suggested that determination of MVD using 

CD 105 immunostaining predicts prognosis better than that obtained with conventional 

antibodies (Wang et al., 1994a; Brewer et al., 2000; Tanaka et al., 2001; Akagi et al.,

2002), although this may rely on the specific anti-CD 105 antibody used for 

immunostaining (Balza et al., 2001).

a) Immunostaining for CD31

The primary antibody used was a mouse anti-human monoclonal antibody (clone JC/70; 

DAKO) (Parums et al., 1990).

An indirect immunostaining procedure was followed as outlined above (page 108 & 

Figure 3). Pretreatment of slides for antigen retrieval was performed using heating in a 

microwave (Matsui M196T) in Tris/EDTA buffer, pH 9.0 for 5 minutes (as 

recommended by the manufacturer) at high power. Endogenous peroxidase was blocked 

for 30 minutes, 1:10 goat serum was used as a blocking agent for 30 minutes and 

biotinylated goat antimouse IgG (DAKO) employed as the secondary antibody.
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Negative control slides were incubated with equivalent concentration of irrelevant 

mouse IgG in place of primary antibody and with omission of primary antibody. 

Antibody dilution runs determined the optimum dilution of the primary antibody to be 

1:100 (4.5pg/ml).

b) Immunostaining for CD34

The primary antibody used was a mouse monoclonal antibody, clone QBEnd/10 

(DAKO), Pretreatment of tissue sections for antigen retrieval was recommended by the 

manufacturer but no specific method endorsed.

Indirect immunostaining procedures were followed as outlined above. The optimal 

antigen retrieval method was determined by testing various methods at a primary 

antibody concentration of 1:25 (1.6pg/ml) (Table 14).

Table 14: Pre-treatment methods evaluated for CD34 immunostaining

Pre-treatment method H202 block 
(minutes)

Blocking
agent

Primary 
antibody 
(overnight at 
4°C)

1 None 30 1:10 goat 
serum

Omission of
primaiy
antibody

2 None 30 1:10 goat 
serum

Diluted in 1:20 
goat serum

3 lOmmol citrate buffer, 1 x 
5 min, high power

30 1:10 goat 
serum

Diluted in 1:20 
goat serum

4 lOmmol citrate buffer, 2 x 
5min, high power

30 1:10 goat 
serum

Diluted in 1:20 
goat serum

5 lOmmol Tris/1 mmol 
EDTA buffer, 1 x 5  min, 
pH 9, high power

30 1:10 goat 
serum

Diluted in 1:20 
goat serum

6 Trypsinisation, 37°C, 
15min (lmg/ml, Sigma)

30 1:10 goat 
serum

Diluted in 1:20 
goat serum

Optimisation of immunostaining was achieved using Tris/EDTA buffer, pH 9.0 and 

microwave pre-treatment for 5 minutes (5th method in Table 14). Negative control
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slides were incubated with equivalent concentration of irrelevant mouse IgG in place of 

primary antibody and with omission of primary antibody. The optimal antibody titration 

was achieved with a dilution of 1:50 (0.8pg/ml).

c) Immunostaining for CD105

The primary antibody used was a mouse monoclonal antibody, SN6h (DAKO).

Initial staining runs employed an indirect immunohistochemical technique and four 

different pre-treatment methods at a primary antibody concentration of 1:10 as 

recommended by the manufacturer (Table 15).

Table 15: Pre-treatment methods evaluated for CD 105 immunostaining

Pretreatment H202 block 
(minutes)

Serum block

No pre-treatment 30 1:10 goat serum
Trypsinisation - 15 minutes 
at 37°C

30 1:10 goat serum

Citrate buffer, pH 6.0 -  2 x 5 
minutes, high power

30 1:10 goat serum

Tris/EDTA buffer, pH 9.0 -  
1 x 5  minutes, high power

30 1:10 goat serum

Lack of endothelial cell staining for CD 105 using any of the above pre-treatment 

protocols led to the use of two signal amplification techniques to enhance specific 

staining for CD 105; the Envision System and the Catalysed Signal Amplification 

System (CSA) (DAKO).

The Envision System is an indirect method of immunostaining, utilising a secondary 

antibody conjugated to a polymer backbone to which many enzyme (HRP) moieties are 

attached. Slides to be stained with the Envision System were pretreated with citrate 

buffer, pH 6.0 in a microwave for 2 x 5 minutes at high power. The SN6h antibody 

dilutions used were 1:25 and 1:50,
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The CSA system is an indirect method of immunostaining using biotinyl tyramide to 

enhance the signal. No pre-treatment of sections is necessary and much higher antibody 

dilutions can be used. Varying antibody dilutions from 1:100 -1:2000 were employed 

and a dilution of 1:500 was selected as optimum.

In both cases negative controls used nonimmune mouse IgG at the equivalent 

concentration to the lower antibody dilution. In both cases using signal enhancement, 

commercial protein blocking and antibody diluent solutions were utilised (DAKO).

Immunostaining for lymphatic endothelial cells

The primary antibody used for lymphatic endothelial cell staining was rabbit anti­

human LYVE-1 IgG (a gift from Dr D Jackson, Oxford), This was a polyclonal affinity 

purified antibody raised against an IgGi fusion protein of the human lymph vessel 

endothelial hyaluronan receptor, LYVE-1. This antibody has been demonstrated to be 

lymphatic endothelial cell specific (see section 1.6.1, page 82 and Jackson et al., 2001). 

An indirect immunostaining procedure was followed using the Envision detection 

system (DAKO). Antigen retrieval was performed by heating in a microwave in 0.01M 

citrate buffer, pH 6.0, at medium power for 2 x 5 minutes. Endogenous peroxidase was 

blocked for 30 minutes, 1:10 swine serum used as a blocking agent (for 30 minutes) and 

the secondary antibody of the Envision kit employed. Negative control slides were 

incubated with equivalent concentrations of irrelevant rabbit IgG in place of primary 

antibody. Antibody dilution runs determined the optimum dilution of the primary 

antibody to be 1:60 (7 jag/ml).
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Immunostaining for growth factors

Immunohistochemical protocols were developed to stain for VEGF-A, VEGF-C and 

VEGF-D.

a) Immunostaining for VEGF-A

The primary antibody used was an affinity-purified polyclonal rabbit anti-human 

VEGF-A IgG (Santa Cruz), raised against a peptide mapping at the amino terminus of 

VEGF-A of human origin. It was reactive with the 165, 189 and 121 amino acid splice 

variants of VEGF-A.

Indirect immunostaining was performed using 1:10 swine serum as blocking agent, 1:20 

swine serum as antibody diluent and biotinylated swine antirabbit IgG (DAKO) as the 

secondaiy antibody. Positive tissue control was skin and internal positive control was 

tissue macrophages. Negative controls used irrelevant rabbit IgG at equivalent 

concentration to the primary antibody. The primary antibody was used at a dilution of 

1:400 (0.5pg/ml).

b) Immunostaining for VEGF-C

The following three different primary polyclonal antibodies were assessed for VEGF-C 

staining:

- goat anti-human VEGF-C IgG, (SC-1881, Santa Cruz), an affinity-purified 

antibody raised against a peptide mapping at the carboxy terminus of VEGF-C 

of human origin (amino acid residues 135-155).

- goat anti-human VEGF-C IgG, (SC-7133, Santa Cruz), an affinity-purified 

antibody raised against a peptide mapping at the amino terminus of the precursor 

form of VEGF-C of human origin
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- rabbit anti-human VEGF-C IgG (18-2255, Zymed, South San Francisco, CA), 

an affinity-purified antibody raised against a peptide mapping to the carboxy 

terminus of human VEGF-C.

Problems with immunostaining were encountered with both goat antibodies (see section

3.1.3, page 142), hence, the Zymed rabbit anti-human VEGF-C IgG was used for 

definitive immiinostaining. Positive tissue controls were normal colonic epithelium, 

negative tissue controls included muscle and skin. Procedural controls included the 

omission of primary antibody and use of irrelevant rabbit IgG at equivalent antibody 

concentration. Indirect immunostaining was performed as outlined above. Pre-treatment 

of the slides for antigen retrieval was performed by microwave heating in citrate buffer 

pH 6.0 for 2 x 5 minutes at medium power, according to the manufacturers5 

recommendation. Endogenous peroxidase was blocked for 30 minutes. Serum blocking 

used 1:10 normal swine serum and biotinylated swine antirabbit IgG (DAKO) was used 

as the secondary antibody.

Antibody titration studies determined the optimal dilution of primaiy antibody as 1:50 

(lpg/ml).

c) Immunostaining for VEGF-D

The primaiy antibody employed was mouse monoclonal anti-human VEGF-D IgG (R & 

D Systems), produced from a murine hybridoma elicited from a mouse immunized with 

purified, NSO-derived, recombinant human VEGF-D.

Indirect immunostaining was performed using 1:10 goat serum as blocking agent, 1:20 

goat serum as antibody diluent and biotinylated goat antimouse IgG (DAKO) as the 

secondary antibody. Positive tissue control was skin and internal positive control was 

the normal colonic mucosa. Negative controls used irrelevant mouse IgG as the primary 

antibody. The primary antibody was used at a dilution of 1:500 (2pg/ml).
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Immunostaining for VEGF receptors

a) VEGFR3 (flt-4)

Two polyclonal antibodies directed against VEGFR3 were assessed for 

immunostaining:

- goat anti-human VEGFR3 IgG (R & D Systems, Abingdon), an affinity-purified 

antibody, raised against purified, NSO-derived, recombinant human VEGFR3 

extracellular domain

- rabbit anti-human VEGFR3 IgG (sc-321: Santa Cruz), an affinity-purified rabbit 

antibody raised against a peptide mapping at the carboxy terminus of VEGFR3 

of human origin

Initial immunostaining used the goat anti-human VEGFR3 antibody (R & D Systems) 

with antigen retrieval by microwave heating for 2 x 5 minutes in citrate buffer, pH 6.0 at 

medium power. Rabbit serum at a dilution of 1:10 was used for serum blocking and 

commercial antibody diluent (DAKO) used to dilute the primary antibody to 1:6.66 as 

recommended by the manufacturer (15pg/ml). Negative control slides used irrelevant 

goat IgG at equivalent concentration to the primary antibody and omission of primary 

antibody.

Due to problems with background staining and negative control section staining (see 

section 3.1.4, page 147), an alternative anti-human VEGFR3, rabbit anti-human 

VEGFR3 IgG (Santa Cruz) was evaluated. Indirect immunostaining was performed 

using 1:10 swine serum as a blocking agent, 1:20 swine serum as the primary antibody 

diluent and biotinylated swine antirabbit IgG (DAKO) as the secondary antibody. Slides 

were stained with and without pre-treatment using either trypsin for 15 minutes at 37°C 

or microwave antigen retrieval using citrate buffer, pH 6.0 at medium power for 2 x 5
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minutes. The primary antibody concentration used was 5pg/ml. Negative controls used 

nonimmune rabbit IgG at equivalent concentration.

b) VEGFR2

The primary antibody used was mouse monoclonal anti-VEGFR2 (Santa Cruz), an IgGi 

antibody raised against a recombinant protein corresponding to amino acids 1158-1345 

mapping at the carboxy terminus of Flk-1 of mouse origin. It was reactive with Flk-1 of 

mouse, rat and human origin.

Indirect immunostaining was performed employing 1:10 goat serum as blocking agent, 

1:20 goat serum as the antibody diluent and biotinylated goat antimouse IgG (DAKO) 

as the secondary antibody. Antigen retrieval was recommended by the manufacturer but 

no specific method endorsed. Various pre-treatment methods were assessed, including 

microwave treatment in citrate buffer, pH 6.0 and trypsinisation. Best results were 

achieved by pre-treatment with microwave heating in citrate buffer, pH 6.0 at medium 

power for 2 x 5 minutes. The primary antibody was used at a dilution of 1:50 (4pg/ml). 

Negative control slides used irrelevant mouse IgG at equivalent concentration to the 

primary antibody.

In order to confirm the results obtained with the above antibody, another antibody [a 

polyclonal rabbit anti-VEGFR2 antibody (Abeam, Cambridge, UK)] was used. This 

antibody is raised against a synthetic peptide derived from the C-terminus of the 

precursor form of mouse VEGFR2 and cross-reacts with human VEGFR2. Indirect 

immunostaining was performed using 1:10 swine serum as blocking agent, 1:20 swine 

serum as antibody diluent and biotinylated swine antirabbit IgG as the secondary 

antibody. Antigen retrieval by microwave heating in a citrate buffer, pH 6.0 at medium 

power for 2 x 5 minutes was performed as recommended by the manufacturer. The 

primary antibody was used at a dilution of 1:50 and negative control slides used
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irrelevant rabbit IgG at a similar dilution. A section of human placenta was used as a 

positive tissue control.

Double staining for VEGF-C and VEGFR2

To demonstrate the relative locations of two different antigens, a double 

immunoperoxidase technique was utilised. This technique relied on the sequential 

application of a primary/secondary antibody combination, followed by HRP- 

streptavidin and chromogen, followed by a second primaiy and secondary antibody, 

then HRP-streptavidin and an alternative chromogen of different colour. Here, the 

methods used for immunostaining VEGF-C using rabbit polyclonal IgG were followed 

with DAB as the chromogen which was followed by the addition of monoclonal anti- 

VEGFR2 IgG as the second primary antibody as described above. The second 

chromogen used was Vector® Very Intense Purple (VIP; Vector Laboratories, 

Burlingcame, CA) which produces a purple colour. Light counterstaining was 

performed with methyl green (Vector) at 37°C for a few seconds.

Four consecutive sections of colorectal tumours were stained: as a negative control, for 

VEGF-C alone (DAB as chromogen), for VEGFR2 alone (VIP as chromogen) and for 

VEGF-C/VEGFR2 (both DAB and VIP).

2.1.2. Primaiy colorectal cancer and metastases immunostaining study 

Tissues from patients

Specimens from two cohorts of patients were studied:

a) 21 colorectal carcinoma cases (see section 2.1.1, page 106): primary tumours (n=21) 

and their lymphatic metastases (n=9)

b) 9 matched pairs of primary colorectal cancer specimens, involved lymph nodes (n=3) 

and their subsequent resected hepatic metastases (n=9). (These patients were the
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subjects of a study approved previously by the North Manchester Ethics Committee). 

For this study, informed consent was sought from those subjects still alive at the time of 

the study as requested by the Ethics Committee. Representative formalin fixed, paraffin 

embedded tissue blocks of the primary colorectal cancer specimen, any involved lymph 

nodes and the subsequently resected hepatic metastases were obtained from the 

departments of pathology at North Manchester General Hospital and the original 

referring hospitals. The reported pathological findings were confirmed by a specialist 

consultant colorectal pathologist.

Clinicopathological details were available for both sets of patients,

Immunostaining

Sections of the tissue blocks were cut and mounted for H & E staining or 

immunohistochemistry (see section 2.1.1, page 105). Immunostaining was performed 

for CD34, CD31, CD105, VEGF-A, VEGF-C, VEGF-D, VEGFR3 and VEGFR2. Each 

individual antibody run was performed under optimised conditions, at a single sitting, 

for all the tumour samples in each set (primary tumours/lymph node metastases or 

primary tumours/liver metastases/lymph node metastases). Adjacent sections were used 

for different runs and all staining runs included previously defined positive and negative 

controls.

Immunostaining runs for liver metastases included the addition of biotin blockade in the 

staining protocols in order to block endogenous biotin and diminish non-specific 

background staining. This was performed using a Biotin Blocking Kit (DAKO), 

between the endogenous peroxidase block and serum blocking steps.

The LYVE-1 staining was performed for all the primary tumours in both sets in a single 

staining run. No biotin blockade was required as the Envision system used for detection 

eliminated the need for a biotinylated secondary antibody.
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Scoring

Slides were reviewed independently by two reviewers blinded to clinical details.

Intensity of tissue staining was scored on a semi-quantitative scale from 0-5 (0: no stain; 

5: strongest stain). Assessment was made at different areas of the tissue, including the 

normal colonic mucosa (N), mucosa at the junction between normal and malignant 

tissue (J), superficial tumour (TS), central tumour (TC) and tumour at the invading edge 

(TI).

The percentage of cells staining at particular intensities was determined for the liver 

metastases and the majority percentage determined the score given for the intensity of 

liver metastasis staining.

The presence or absence of LYVE-1 positive vessels in the superficial, central and deep 

areas of the tumour was assessed on an all or none basis.

In the event of discrepancies between the scorers, the slides were reviewed and scoring 

agreed by consensus.

Counting vessels

Both blood and lymphatic vessels were counted in the same way. Sets of slides were 

counted independently using a Chalkley point grid on two separate occasions with the 

assessor blinded to clinical details (Chalkley, 1943; Fox et al., 1995). The slide was 

scanned at low power x40 (xlO ocular, x4 objective) to identify four separate vascular 

hotspots within the tumour itself or in its immediate vicinity. Identification of vessels 

was performed using the method specified by Weidner (1991), in which ‘any brown 

staining endothelial cell or cell cluster that was clearly separate from adjacent 

microvessels, tumour cells and other connective tissue elements was considered a 

single, countable micro vessel’. All positively stained endothelial cells in contact with
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the points on the Chalkley grid were counted. Vessels were counted at x200 (xlO 

ocular, x20 objective). Four x200 fields were scored and the results averaged to give a 

mean score. Scoring was repeated for the whole set of slides at a different sitting to 

quantify the reproducibility of the method and the mean score of the two counts used for 

analysis.

Statistical analysis

Advice on statistical analysis was taken from Dr D. Ryder, Medical Statistics 

Department, Christie Hospital. All statistical analyses were performed using the 

Statistics Package for the Social Sciences (SPSS) Version 10.1 (SPSS Inc, Chicago, 

Illinois). Non-parametric statistical tests were employed. Differences in median location 

were assessed with Mann-Whitney U tests for two independent groups and Kruskall- 

Wallis tests for more than two groups. Repeated measures of related variables within 

individuals were compared with the Wilcoxon signed rank test (for 2 variables) and the 

Friedman test (for greater than 2 variables). Correlations between variables were 

examined with Spearman’s rank correlation coefficients. A p  value of less than 0.05 was 

taken as significant and all statistical tests were two-sided.

2.2. IMMUNOASSAYS

2.2.1. Development of indirect ELISA for VEGF-C

Since VEGF-A and VEGF-D in the circulation can be detected using immunoassays, it 

seemed reasonable to postulate that VEGF-C could also be quantified by an ELISA 

system.
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VEGF-C present in plasma and serum samples was captured using goat polyclonal anti­

human VEGF-C antibody (R & D Systems, Abingdon, UK). This antibody is produced 

in goats immunized with purified, E.coli-derived, recombinant human VEGF-C 

(rhVEGF-C) peptide, corresponding to amino acid residues 104 to 330. The detection 

antibody used was rabbit polyclonal anti-human VEGF-C antibody (Zymed 

Laboratories Inc, CA), raised against a synthetic peptide corresponding to the carboxyl 

terminal of human VEGF-C. A standard curve could not be created on the ELISA plate 

using the aforementioned rhVEGF-C (R & D Systems) as this peptide was not 

recognised by the detection antibody (see section 4.1.4, page 187), consequently a 

known human plasma with high levels of VEGF-C was used to form a standard curve. 

Ninety-six well white microtiter plates (Dynex Technologies, Worthing, UK) were 

coated with lOOpl/well goat anti-human VEGF-C antibody (lpg/ml in 0.1M carbonate 

buffer, pH 9.6). The coated plates were incubated overnight in a humidified chamber at 

4°C then blocked with lOOpl/well of 1% BSA (w/v) in 0.1M PBS and 0.1% Tween 20 

(Sigma-Aldrich Ltd; PBS-Tween) for three hours at room temperature. Test samples 

diluted 1 in 2 in PBS-Tween were added to the plates in duplicate. Plasma taken from a 

patient with a multisystem autoimmune disorder known to have a high level of VEGF-C 

by immunoprecipitation (see sections 2.2.3, page 125 & 4.1.4, page 187) was serially 

diluted to generate a standard curve on each plate. The concentration of VEGF-C was 

defined as 100 units/ml in the standard plasma. After overnight incubation in a 

humidified chamber at 4°C, lOOpl/well of rabbit anti-human VEGF-C antibody was 

added at a final concentration of 0.5pg/ml diluted in PBS-Tween and incubated at 4°C 

for three hours. Amplification of the signal was achieved by the addition of lOOpl/well 

of biotinylated goat-antirabbit IgG (DAKO Ltd, Cambridgeshire, UK) at 1/1000 

dilution in 1% BSA (w/v) and PBS-Tween, and incubated with shaking at room 

temperature for 1 hour. Horseradish peroxidase (HRP)-streptavidin (DAKO) was
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diluted at 1/2000 in 1% BSA (w/v) and PBS-Tween and lOOpl/well added. The plates 

were incubated with shaking at room temperature for 30 minutes. Three washes with 

PBS-Tween were carried out between each of the procedures. Finally, lOOpl/well signal 

reagent (Orthoclinical Diagnostics, Bucks, UK) was added and the light emission 

immediately measured at 420nm in a plate reader (Kodak Clinical Diagnostics, 

Aylesbury, UK) (Figure 4).

Figure 4: ELISA for the detection of circulating human VEGF-C
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2.2.2. Validation of indirect ELISA for VEGF-C 

Intra- and inter-assay variation

To evaluate the reproducibility of the assay, the intra-assay coefficient of variation (CV) 

was measured using the same quantity of standard plasma in 22 wells on a single plate 

and the inter-assay CV measured using the same quantity of standard plasma across 8
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separate experiments. The CV values were calculated by dividing the standard deviation 

by the mean and multiplying by 100. All other steps in the assay were the same as 

described above.

Specificity

The specificity of the system was determined by the substitution of the standard plasma 

for known concentrations of recombinant VEGF-A, VEGF-D, TGF-pl, TGF-P3 and IL- 

6 (all from R & D Systems) to assess for any evidence of cross-reactivity.

Specificity was further verified by substitution of the capture antibody with alternative 

antibodies (all monoclonal antibodies directed against human TGF-pi, TGF-P3, 

CD 105, CD31 and CD34), mid addition of standard plasma and detection antibody as 

detailed above.

2.2.3. Immimoprecipitation and Western blotting of VEGF-C

To confirm the presence and reveal the molecular forms of VEGF-C present in the 

standard plasma and validate its use to create a standard curve, immunoprecipitation and 

immunoblotting were performed. To eliminate non-specific binding of plasma proteins, 

the plasma sample was pre-cleared with Protein L-agarose (Santa Cruz Biotechnology 

Inc, Santa Cruz, CA) by mixing 1/10 diluted standard plasma (2pi plasma plus 18pl 

PBS) with lOpl Protein L-agarose at 4°C for 4 hours. The beads were pelleted by 

centrifugation for 5 minutes at lOOOg and the supernatant collected. VEGF-C was 

specifically precipitated from the pre-cleared supernatant with goat anti-human VEGF- 

C antibody coupled to Protein L-agarose. Goat anti-human immunoglobulins (Sigma- 

Aldrich Ltd) coupled to Protein L-agarose were used as a negative control. The pre­

cleared plasma samples were made up to 1ml with PBS, lOpl of protease inhibitor 

cocktail (Calbiochem Biosciences UK, Nottingham, UK) was added followed by lOpg
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goat anti-human VEGF-C antibody or negative control antibody. Following one hour of 

rotation at 4°C, 10 pi Protein L-agarose was added and incubation continued overnight. 

Immunoprecipitates were isolated by centrifugation at lOOOg for 5 minutes, 500pl NET 

buffer (50mM Tris-HCl, 150mM sodium chloride, 0.5M EDTA (Sigma-Aldrich), 1% 

Igepal CA-630 (Sigma-Aldrich)) and lOpl of protease inhibitor cocktail were added and 

the mixture centrifuged again. This process was repeated twice and finally, the bead 

pellet was washed with PBS, centrifuged, the supernatant discarded and the beads dried. 

Reducing sample buffer [0.5M Tris-HCl, pH 6.8, 10% SDS, 0.05% bromophenol blue 

in 20% glycerol solution (Sigma) in distilled water] was added to the tube, which was 

boiled for 10 minutes followed by cooling on ice, briefly centrifuged and loaded into a 

4-10% SDS-PAGE gel and electrophoresed at 100V for 90 minutes at room 

temperature. Electrophoretic transfer onto a PVDF membrane (Hybond-C Super, 

Amersham) at 100V followed for one hour. Molecular weight markers were run on the 

gel to aid detection of the molecular weights of the species observed (BioRad, Hercules, 

CA). Filters were washed with PBS-Tween and blocked with 4% Marvel-PBS-Tween 

for 2 hours at room temperature. To detect VEGF-C, the filters were divided and 

incubated overnight at 4°C with goat anti-human VEGF-C antibody at 1/1000 dilution 

or rabbit anti-human VEGF-C antibody at 1/500 dilution in blocking solution. Finally, 

the blots were incubated with rabbit anti-goat antibody (1/1000) or mouse anti-rabbit 

antibody (1/1000) conjugated with HRP (both from DAKO), for 2 hours at 4°C. The 

precipitated VEGF-C was detected using an enhanced chemiluminescence (ECL) 

system (Orthoclinical Diagnostics, Amersham, UK).
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2.2.4. Evaluation of ELISA in human blood samples 

Plasma and serum of healthy controls

VEGF-C was measured in serum (n=40) and plasma (n=31) of healthy volunteer staff 

members of the University of Manchester (19 paired serum and plasma samples). Blood 

samples were collected in EDTA or serum separator Vacutainer® (Becton Dickinson, 

Oxford, UK) tubes, plasma was harvested following centrifugation for 5 minutes at 

lOOOg at 4°C, serum tubes were allowed to clot for 20-30 minutes at room temperature, 

then centrifuged for 5 minutes at lOOOg at 4°C and the serum separated. Plasma and 

serum samples were aliquoted and stored at -80°C until required.

Plasma of colorectal cancer patients and controls

VEGF-C was measured in the plasma from 31 normal controls (described above) and 41 

patients with colorectal cancer. Patients with colorectal cancer were diagnosed 

histologically, blood samples, taken prior to resectional surgeiy were collected into an 

EDTA Vacutainer® bottle and plasma was harvested following centrifugation for 5 

minutes at lOOOg at 4°C. Plasma samples were aliquoted and stored at -80°C until 

required. The samples from colorectal cancer patients had been stored frozen for a 

period of at least 2 years from the time of sampling. Blood samples were taken with the 

permission of the South Manchester Research Ethics Committee (Reference 

No:SOU/00/001).

Statistical analysis

All statistical calculations were carried out using SPSS 10.1 statistical software. Unless 

specified, the data were expressed as median and range. The distribution of the data was 

examined and parametric and non-parametric tests applied as appropriate. The control 

group data were normally distributed, so parametric tests were applied for initial
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evaluation. Paired and independent sample two tailed t-tests were used to examine 

differences within and between groups of controls. The combined data for VEGF-C 

levels in the cancer patients and controls was not normally distributed, which 

necessitated the use of the non-parametric Mann-Whitney U and Kruskall-Wallis tests 

to examine the differences between groups of cancer patients and controls. A level of 

p<0.05 was accepted as statistically significant.

2.3. IMMUNOASSAYS IN COLORECTAL CANCER

To investigate whether circulating levels of VEGF-C and VEGF-D could provide 

clinical information and act as tumour markers predicting advanced disease and risk of 

developing lymphatic involvement, based on initial promising results from the pilot 

study described above (section 2.2.4, page 127 & section 4.1.6, page 190), a 

prospective study to measure VEGF-C, VEGF-D and VEGF-A levels in colorectal 

cancer patients and controls was designed.

The ELISA for the detection of VEGF-C described above and measurement of VEGF-D 

and VEGF-A was evaluated in two cohorts of colorectal cancer patients with respective 

controls to assess their clinical utility. The patient cohorts comprised:

a) a large cohort of pre-operative colorectal cancer patients and controls, in whom 

assessment was made of the use of the immunoassays in the prediction of 

clinicopathological factors and

b) a cohort of patients undergoing liver resection for colorectal cancer metastases and 

controls undergoing laparotomy for non-malignant conditions. This phase of the study 

examined the pre-operative, peri-operative and post-operative levels of plasma growth 

factor profiles in the malignant and non-malignant disease groups and changes of
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growth factor levels with time following surgery. This phase of the study also 

investigated whether plasma levels of growth factors were reflected in the expression of 

the same proteins in the resected tumour metastases (section 2.1.2, page 119).

2.3.1. Pre-operative colorectal cancer patients and controls

Based on the preliminary data obtained from the initial evaluation study detailed above 

(section 2.2.4, page 127 & section 4.1.6, page 190), a sample size calculation was 

made to allow an 80% power of detecting a difference of 0.1 in the logio mean VEGF-C 

level, between early and advanced cancer patients (see section 4.1.7, page 195). This 

required the recruitment of 120 colorectal cancer patients and 50 controls.

Recruitment

Colorectal cancer patients were recruited at the Christie Hospital and South Manchester 

University Hospitals NHS Trusts. Patients at the Christie Hospital were those with 

histologically diagnosed rectal cancer undergoing pre-operative radiotherapy. 

Recruitment was made at the time of attendance for a planning CT scan. Patients at 

South Manchester Hospital were those with histologically confirmed colorectal cancer 

admitted for cancer resection surgery. Patients were given an information sheet and 

written informed consent obtained. Inclusion and exclusion criteria were as detailed in 

Table 16.
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Table 16: Inclusion and exclusion criteria for cytokine study

Inclusion criteria Exclusion criteria

Histologically confirmed colorectal cancer Previous cancer within last 5 years
No previous radiotherapy Age less than 18 years
No previous chemotherapy Unable to give written informed consent
Performance status 0-2
Able to give written informed consent

Control patients were recruited from those undergoing flexible sigmoidoscopic or 

colonoscopic evaluation of the lower gastrointestinal tract for investigation of 

symptoms, family history of bowel cancer or surveillance for and polyp follow-up. All 

patients had an endoscopic examination clear of cancer, polyps or inflammatory bowel 

disease.

Written informed consent was obtained for the study which had been approved by South 

Manchester Ethics Committee (LREC Ref: 02/SM/128).

Data collection

The age and gender of the control patients were recorded. For the cancer patients, 

additional details were collected including haematological variables (pre-operative 

platelet counts and CEA level) and pathological information, in particular:

- Dukes’ stage

- tumour size

- tumour differentiation

- presence of lymphatic invasion

- presence of venous invasion

- presence of lymph node metastases

- number of lymph nodes identified and number of positive lymph nodes
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presence of marginal involvement 

- TNM stage

All patient details were recorded on a case record form (CRF) and into an anonymised 

computer database (Excel, Microsoft).

Sample collection and processing

Venous blood was taken from control patients prior to their lower gastrointestinal 

endoscopic examination and from cancer patients prior to their surgery or planning CT 

scan. Blood was collected, processed and stored as previously described.

Plasma samples were assayed in the ELISA for VEGF-C according to the method 

described (section 2.2.1, page 122). Plasma samples were assayed by ELISA for 

VEGF-D and VEGF-A using Quantikine® ELISA kits (R & D Systems, Inc., 

Minneapolis, USA) according to the manufacturer’s instructions. All samples were 

assayed in duplicate. These ELISA kits use the quantitative sandwich enzyme 

immunoassay technique and are colorimetric in nature.

The VEGF-D Quantikine ® ELISA kit (catalogue number DVEDOO) uses a monoclonal 

antibody specific for VEGF-D pre-coated onto a microplate. Standards and samples are 

added to the wells and any VEGF-D present is bound by the immobilized antibody. 

After washing away unbound substances, an enzyme-linked monoclonal antibody 

specific for VEGF-D is added to the wells. After further washing, a substrate solution is 

added to the wells and colour develops in proportion to the amount of bound VEGF-D. 

The colour development is stopped and the intensity of the colour measured in a 

microplate reader at 450nm, with a correction wavelength of 540 or 570nm. The 

standard contained in the kit is Sfl 1 -expressed, recombinant human VEGF-D against 

which the monoclonal antibodies are raised. The, intra-assay variation is reported by the
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manufacturer as a maximum of 6.2% and the inter-assay variation as a maximum of 

8.0%. The mean minimum detectable amount of VEGF-D varies from 4.7-31.3 pg/ml. 

The VEGF-A Quantikine ® ELISA kit (catalogue number DVE00) is similar to that for 

VEGF-D. It utilises S/21-expressed, recombinant human VEGF165 as a standard and 

antibodies raised against it. The capture antibody pre-coated onto the microplate is a 

specific anti-VEGFi65 monoclonal antibody and detection is by a polyclonal anti- 

VEGF165 antibody. The intra-assay variation is reported by the manufacturer as a 

maximum of 6.7% and the inter-assay variation as a maximum of 8.8%. The minimum 

detectable amount of VEGF-A in plasma and serum is typically less than 9.0 pg/ml. No 

significant cross-reactivity or interference is seen with either ELISA kit for multiple 

related and unrelated recombinant cytokines.

Statistical analysis

Derivation of the values of VEGF-C, VEGF-D and VEGF-A in the samples was made 

using the standard curve created on each ELISA plate (for VEGF-C, section 4.1.3, page 

185 & Figures 37-38). For VEGF-D and VEGF-A, the duplicate values for each 

standard sample were averaged and the value of the well containing no cytokine 

subtracted to correct for background. Linear logistic regression analysis was performed 

using SPSS 10.1 computer software on the logarithmically transformed standard 

concentrations and corrected optical density values obtained, to calculate the equation of 

a regression line (see section 4.2.1, page 200 & Figure 43). This equation was then 

used by interpolation to calculate the concentrations of the test samples corrected for 

background (by subtraction of the value of the zero pg/ml well as above).

Statistical analyses were performed using the %2 test for categorical variables. 

Assessment of normality of distribution of data was performed with the Kolmogorov- 

Smimov test. The levels of growth factors were not normally distributed, so further data
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analysis was performed using the Mann-Whitney U test to compare medians between 

two independent groups and the Kruskal-Wallis test to compare the medians of greater 

than two groups. A p  value of less than 0.05 was considered significant and all tests 

were two-tailed.

2.3.2. Hepatic resection and control laparotomy patients 

Recruitment

Patients were those who had participated in a previous study at North Manchester 

General Hospital, entitled ‘Impact of laparotomy and liver resection on serum and 

peritoneal fluid concentrations of basic fibroblast growth factor, vascular endothelial 

growth factor and hepatocyte growth factor’ (see also section 2.1.2, page 119). The 

continuation/extension of the study was approved by the North Manchester Ethics 

Committee. Ten patients undergoing resectional surgery for colorectal cancer hepatic 

metastasis were recruited. All patients had confirmation of their diagnosis by pre­

operative imaging. 10 patients undergoing laparotomy for non-malignant conditions 

were recruited. All patients were given a study information sheet and signed a consent 

form.

Data collection

Patient demographics, operative details, histological details and follow-up were 

recorded on a case record form.

Sample collection and processing

Venous blood was taken from subjects into an EDTA Vacutainer bottle pre-operatively, 

intra-operatively and 1, 6 12, 24, 48, 96 hours and 7 days post-operatively. The blood
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was transported on ice, centrifuged at 4°C at lOOOg for 5 minutes and the plasma 

separated and stored at -80°C until analysis.

Plasma samples from the seven time points were assayed for VEGF-C levels as 

described above (section 2.2.1, page 122).

Analysis of plasma samples from the pre-operative and seven day post-operative time 

points were assayed for VEGF-D and VEGF-A concentrations using Quantikine® 

ELISA Kits as detailed above.

Statistical analysis

Calculation of VEGF-C, VEGF-D and VEGF-A values were made from the standard 

curve on each ELISA plate as described.

Statistical analyses were performed using %2 and Fisher’s exact test for categorical 

variables where appropriate. Time series data for VEGF-C were normalised to the pre­

operative value to examine changes in levels with time free of interference from 

different individual baseline levels. Data were analysed with two-tailed non-parametric 

tests and ap  value of <0.05 was considered significant.
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3. RESULTS: IMMUNOHISTOCHEMISTRY

The results in this chapter are presented in two sections. The first discusses the 

methodology, the second details the application of the optimised protocols in patients 

with primary colorectal cancer and metastases.

3.1. METHODOLOGY

Protocols were developed to immunostain for vascular and lymphatic endothelial cells, 

VEGF family members and VEGFRs. The development of protocols in each of these 

areas will be discussed in turn.

3.1.1. Vascular endothelial cells

Three anti-endothelial cell antibodies, directed against CD31, CD34 and CD 105, were 

evaluated to determine which was optimal for staining vascular endothelial cells in 

paraffin embedded colorectal cancer specimens.

Immunostaining for CD31

Initial immunostaining runs used 15 minute steps for blocking endogenous peroxidase 

and serum blocking. Slides stained in this way contained some weak non-specific 

background staining. An increase in the length of both steps to 30 minutes eliminated 

this background staining and thus were employed for all subsequent 

immunohistochemical staining runs.
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Serial primary antibody dilutions (1:20 — 1:300) demonstrated optimal blood vessel 

staining at 1:100 (4.5 pg/ml) and hence this dilution was selected for staining the tissue 

sections.

No staining was identified on the negative control slides using equivalent concentration 

of irrelevant mouse IgG or omission of primary antibody. The immunostained sections 

showed specific endothelial cell staining, indicated by the brown staining in Figure 5a.

Immunostaining for CD34

Optimisation of pre-treatment methods for antigen retrieval showed that the clearest 

most intense staining was in the slides pre-treated by microwave heating for 5 minutes 

at high power in Tris/EDTA buffer, pH 9.0. Little background staining and intense 

positive staining of endothelial cells was seen as illustrated in Figure 5b.

Serial antibody titration runs used dilutions of 1:25 - 1:100. Optimal staining was 

achieved with 1:50 (0.8pg/ml) (Figure 5b). Higher dilutions (1:100) gave 

heterogeneous vessel staining and lower dilutions (1:25) resulted in excessive positive 

staining of stromal constituents such as fibroblasts and collagen.

No staining was identified on the negative control slides using equivalent concentration 

of irrelevant mouse IgG or omission of primary antibody.

Immunostaining for CD105

Use of the routine pre-treatment methods for antigen retrieval showed no endothelial 

cell staining at a primary antibody concentration of 1:10. Consequently, signal 

amplification techniques were employed. Slides stained with the Envision System 

showed no positive endothelial cell staining. However, sections stained with the CSA 

System did show specific vascular endothelial cell staining without background staining 

with positive endothelial cells seen predominantly at the invading edge of the tumour.
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Optimal staining signal was achieved using the CSA system at a primaiy antibody 

dilution of 1:500 (0.584pg/ml). Lower dilutions gave strong staining of vascular 

endothelial cells with peri-cellular blurring of the signal. No staining was seen in the 

negative control sections.

Assessment of MVD

The optimal staining protocol for highlighting colonic tumour blood vessels in paraffin 

embedded tissue was obtained with anti-CD34, which identified all sizes of blood vessel 

within the section with the greatest intensity (Figure 5b). Anti-CD31 staining produced 

a much weaker stain, which was harder to identify, in comparison with the staining 

associated with anti-CD34 (Figure 5a), Anti-CD 105 staining only produced endothelial 

cell staining in half the cases, mainly at the invading margin of the tumour. While anti- 

CD 105 immunostaining may be useful for the determination of prognosis as discussed 

above (see section 2.1.1, page 111), the limited number of specimens available for 

study necessitated the use of a more reliable endothelial cell marker. Thus, MVD was 

assessed in anti-CD34 stained sections.

MVD of CD34 stained sections was assessed using a Chalkley point grid as described in 

section 2.1.2, page 121. The level of correlation between the two counts was high, with 

a Spearman’s rank correlation coefficient of 0.72, / k 0.001 (Figure 6).
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Figure 5: Immunostaining of vascular endothelial cells in colorectal
cancer
a

mm

■mmi
Sections of a moderately differentiated colonic adenocarcinoma 
immunostained for CD31 (a) and CD34 (b). Endothelial cells are 
immunostained with DAB (brown colour) and the tissue has been 
counterstained with haematoxylin. Original magnification x40.
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Figure 6:

M i c r o v e s s e l  d e n s i t y  ( 2 )

A high level of correlation was seen between the two sets of MVD counts in primary colorectal 

tumours, Spearman’s rank correlation coefficient, 0.72, /?<0.001

3.1.2. Lymphatic endothelial cells

Lymphatic endothelial cells were highlighted with rabbit anti-LYVE-1 antibody, using 

microwave antigen retrieval in 0.01M citrate buffer, pH 6.0 and the Envision detection 

system. Serial antibody dilution runs demonstrated lymphatic endothelial cell staining 

with primary antibody diluted to l-10pg/ml. The concentration of 7pg/ml was selected 

for the definitive staining run of tissue sections. No staining was identified on the 

negative control sections.

Correlation between microvessel density counts
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Figure 7: Immunostaining of lymphatic endothelial cells 
a

Normal tissue adjacent to a moderately differentiated colonic 
adenocarcinoma immunostained for LYVE-1. Positive LYVE-1 
staining highlights lymphatic vessels (arrows), with adjacent LYVE-1 
negative blood vessels (arrowheads). The tissue was counterstained 
with haematoxylin. Original magnification xlOO.

Normal musculature adjacent to a moderately differentiated colonic 
adenocarcinoma immunostained for LYVE-1. Positive lymphatic 
vessels can be seen between the layers of the muscularis propria. The 
tissue was counterstained with haematoxylin. Original magnification 
xlOO.
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LYVE-1 positive vessels were easily identified in the normal colonic tissue, in 

particular in the submucosa. The morphology of these vessels were typical of 

lymphatics (thin-walled, irregular, large lumen, lacking red blood cells and pericytes, 

accompanying blood vessels) and were frequently seen in close proximity to arteries 

and veins, both of which were LYVE-1 negative (Figure 7a). Thus, in paraffin 

embedded colorectal cancer specimens, anti-LYVE-1 antibody produced specific 

staining of lymphatic vessels.

Assessment of LVD

LVD was measured with a Chalkley point grid. The level of correlation between the two 

sets of LVD counts was high, with a Spearman’s rank correlation coefficient of 0.86, 

p<0.001 (Figure 8).

Figure 8: Correlation of lymphatic vessel density counts
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A high level of correlation was seen between the two sets of LVD counts, Spearman’s rank 

correlation coefficient, 0.86, /?<0.001.
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3.1.3. Growth factors 

Immunostaining for VEGF-A

Initial staining methods that did not use antigen retrieval pre-treatment demonstrated 

strong immunostaining of tissue macrophages, with staining also observed on 

inflammatory cells, colonic and tumour epithelial cells (Figure 9) and some vascular 

endothelial cells. The optimal concentration of primary antibody was found to be 1:400 

(0.5pg/ml) which gave strong positive staining of tissue macrophages and a high 

signal:background ratio. No immunostaining was seen on the negative control slides.

Immunostaining for VEGF-C

Initial attempts to stain colorectal tumours for VEGF-C utilised the two goat antibodies 

(SC-1881, SC-7133, Santa Cruz). However, problems were encountered with both the 

antibodies. The antibodies were assessed at the manufacturers’ recommended dilutions 

and at lower dilutions, with and without methods for antigen retrieval, with longer 

peroxidase quenching times, with and without commercial protein blocking solutions 

and antibody diluents (in place of 1:10 and 1:20 rabbit serum). Staining was either 

intense and non-specific over the entire tissue section including the negative control or 

negligible, with some focal weak endothelial cell and scattered malignant cell staining. 

Known positive tissue controls (placenta) exhibited weak and inconsistent staining.

Attempts to use the goat antibodies were abandoned and an alternative rabbit primary 

antibody was substituted, rabbit anti-human VEGF-C IgG (18-2255, Zymed). The 

cytoplasm of malignant epithelial cells stained positively for VEGF-C, with weaker 

staining seen in the normal colonic epithelium while no staining was seen in the 

negative control sections (Figure 10).
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Figure 9: Immunostaining for VEGF-A in colorectal cancer

a

Wa s  /W its / *, 4

Wiil "■
Moderately differentiated sigmoid adenocarcinoma, a, negative control; 
b, immunostained for VEGF-A, both counterstained with haematoxylin. 
Original magnification x40.
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Figure 10: Immunostaining for VEGF-C in colorectal cancer

e

Primary colorectal cancers immunostained for VEGF-C. a, moderately 
differentiated rectal adenocarcinoma, negative control; b, moderately 
differentiated rectal adenocarcinoma; c, moderately differentiated 
rectal adenocarcinoma; d, moderately differentiated colonic carcinoma; 
e, moderately differentiated colonic carcinoma; f, moderately 
differentiated colonic carcinoma. All sections were counterstained with 
haematoxylin with the exception of e) which was counterstained with 
methyl green. Original magnifications x40.
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Antibody titration studies were performed using the primary antibody at dilutions of 

1:10 - 1:200. The optimal concentration giving the highest signalrbackground ratio was 

1:50 (1 pg/ml).

Immunostaining for VEGF-D

Initial staining procedures without specific antigen retrieval pre-treatment demonstrated 

strong tumour epithelial, normal colonic mucosa, muscle and stromal staining at the 

manufacturers5 recommended concentration of lOpg/ml (1:100). Antibody dilution runs 

demonstrated an optimal concentration for immunostaining when used at 2pg/ml 

(1:500). Positive VEGF-D staining was found in normal colonic mucosa, particularly in 

the upper third of the colonic crypts, tumour epithelial cells (Figure II a), inflammatory 

cells and fibroblasts. Intense positive staining was seen in the smooth muscle cells of 

medium and large-sized arterial vessels (Figure lib ). No immunostaining was seen on 

the negative control slides.
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Figure 11: Immunostaining for VEGF-D in colorectal cancer

a

Tissue sections immunostained for VEGF-D. a, moderately 
differentiated colonic adenocarcinoma; b, poorly differentiated rectal 
carcinoma with vascular permeation, note positively stained tumour 
cells within a vessel and positive staining of the smooth muscle of an 
arteriolar wall (arrow). Slides counterstained with haematoxylin. 
Original magnifications: a, x40; b, xlOO.
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3.1.4. VEGF receptors 

Immunostaining for VEGFR3 (flt-4)

Immunostaining for VEGFR3 was performed in an attempt to define whether 

VEGFR3/VEGF-C/VEGF-D autocrine circuits exist in colorectal cancer (Witte et al., 

2002; Kawakami et al,, 2003) and if LVD could be quantified by counting VEGFR3 

positive vessels. Two anti-VEGFR3 antibodies were evaluated. The first antibody 

assessed was goat anti-human VEGFR3 IgG. Pre-treatment by microwave heating in 

citrate buffer, pH 6.0 gave better immunostaining results than pre-treatment with 

trypsinisation, which produced widespread non-specific staining. Results obtained with 

citrate pre-treatment demonstrated staining of the endothelial cells of vessels that were 

typical of lymphatics from their morphological appearance. These positively stained 

vessels were seen in and around the tumour, in some cases with tumour cells within the 

vessel (Figure 12). Positive staining was also observed on smooth muscle cells, 

fibroblasts and tumour epithelial cells. Non-specific positive staining was also 

encountered throughout the control sections where irrelevant goat IgG at equivalent 

concentration to the primary antibody was used (although not on the control sections 

where primary antibody was omitted). The non-specific staining of the negative control 

was considered to be due to the high concentration of antibody used (15pg/ml). This 

staining did not diminish even when the time of endogenous peroxidase blocking or 

serum blocking was increased, or by using proprietary agents such as protein blocking 

solutions, antibody diluents and biotin blocking kits.

147



Figure 12: Immunostaining for VEGFR3 
a b

Immunostaining for VEGFR3 with goat anti-human VEGFR3 IgG, in a 
poorly differentiated rectosigmoid adenocarcinoma. Note positively 
stained malignant epithelial cells within positively stained vessels (a & 
b), note also however, stromal staining (a), limiting the usefulness of 
this antibody for discrimination of specific VEGFR3 positive staining. 
Slides were counterstained with haematoxylin. Original magnifications 
xlOO.

Figure 13: Immunostaining for VEGFR2

Immunostaining for VEGFR2 with monoclonal anti-VEGFR2 IgG, in a 
moderately differentiated colonic adenocarcinoma. Note weak positive 
staining of endothelial cells (arrows) and stronger positive staining of 
malignant epithelial cells (arrowheads).
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Comparisons of paired tumour and control sections illustrated that more intense staining 

was present in the tumour in the test section compared to the non-specific staining of the 

negative control and this was particularly intense at the invading edge of the tumour. 

Endothelial cell staining was only observed on the test sections. Thus, tumour epithelial 

and endothelial cell immunostaining for VEGFR3 in the test sections was specific, in 

that it did not occur in the negative controls. This specificity was confirmed by the use 

of shorter antibody incubation times in order to reduce the overall staining. Slides were 

incubated with primary antibody for just 1.5 horns at room temperature when 

endothelial cells just began to stain in the test sections with little background staining. 

The implication may be that the endothelial cell staining observed was specific as these 

cells were the first structures to acquire a positive stain.

Use of the alternative polyclonal rabbit anti-human VEGFR3 antibody showed strong 

staining throughout the whole of the test sections with and without pre-treatments for 

antigen retrieval. Tumour epithelium, muscle, inflammatory cells, fibroblasts and all 

vascular structures (blood vessels and lymphatic vessels) stained positively. No staining 

was seen in the negative control sections. Serial antibody dilutions were performed at 

low concentrations of primary antibody (0.1-2 pg/ml), however, a similar positive 

staining pattern of multiple structures was also seen at these concentrations. 

Consequently, this rabbit anti-human VEGFR3 IgG was less specific than the goat anti­

human YEGFR3 IgG previously tested. Neither of these two polyclonal antibodies 

provided immunostaining results that allowed the clear distinction of positively stained 

endothelial cells and hence the possible discrimination of lymphatic vessels, nor 

clarification of whether malignant colorectal epithelial cells express VEGFR3. Similar 

problems have been encountered by others with the use of currently available polyclonal 

anti-human VEGFR3 antibodies (Bimer et al., 2000; Bimer et al., 2001b; Clarijs et al., 

2002; Moller et al., 2002).
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Immunostaining for VEGFR2

Using the monoclonal anti-VEGFR2 antibody, antigen retrieval method assessment 

showed that microwave pre-treatment in 0.01M citrate buffer gave excellent results, in 

contrast to poor staining without pre-treatment or with trypsinisation. Positive staining 

was found on endothelial cells, tumour epithelial cells and some stromal constituents 

(Figure 13). Serial antibody dilution runs used dilutions of 1:20 -  1:100 and optimal 

results were encountered with an antibody dilution of 1:50 (4pg/ml). No 

immunostaining was seen on the negative control slides.

The immunostaining results obtained and reported below using the monoclonal anti- 

VEGFR2 antibody were unexpected, consequently, an additional rabbit polyclonal anti- 

VEGFR2 antibody was used to confirm and verify the findings. Microwave pre­

treatment in citrate buffer with a primary antibody dilution of 1:50 was used as 

recommended by the manufacturer. Positive staining was identified in a similar 

distribution to the first antibody (see Figure 19) and no staining was seen on the 

negative control slides.

3.1.5. Summary

In summary, using paraffin embedded colorectal cancer tissue:

i) protocols were developed to immunostain for vascular and lymphatic endothelial 

cells, using CD34 and LYVE-1 antibodies,

ii) MVD and LVD counts obtained were reproducible.

iii) immunostaining techniques for the growth factors VEGF-A, VEGF-C, VEGF-D and 

the receptor VEGFR2 were developed.
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iv) immunostaining for VEGFR3 with available polyclonal antibodies was non-specific 

and could not be used to evaluate LVD nor to clarify whether malignant epithelial cells 

express this receptor specifically.

3.2. VEGF MEASUREMENTS IN COLORECTAL CANCER AND 

METASTASES

The optimised immunostaining protocols were used to examine the patterns of VEGF 

family member and receptor expression in primary and metastatic colorectal cancer 

specimens.

3.2.1. Clinical details of patient groups

Two groups of cases were studied whose demographic and clinicopathological details 

are summarised in Table 17. Group 1 patients (n=21) were those that participated in a 

previous study examining the use of xylene clearance methods to increase the lymph 

node yield in routine pathological specimens, whereas all Group 2 patients (n=9) had 

undergone hepatic resections for colorectal cancer liver metastases (see sections 2.1.1, 

page 106 & 2.1.2, page 119). In group 1, 12 patients had lymph node metastases (11 

Dukes5 C, 1 Dukes5 D) and 1 patient had synchronous liver metastases at the time of 

primary resection. In group 2, 4 patients had lymph node metastases at the time of 

primary resection and all went on to have liver metastases resected. Consequently, 16 of 

the 30 cases assessed had lymph node metastases associated with their primaiy tumour 

and 10 had synchronous or metachronous liver metastases.
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Table 17: Clinicopathological details of patients studied

Parameter Group 1 (n=21) Group 2 (n=9)

Age (years)8 71 (49-86) 53 (39-76)
Gender (male:female) 10: 11 7 :2
T stage 
T1 1 0
T2 4 0
T3 13 8
T4 3 1
N stage 
NO 9 5
N1 7 3
N2 5 1
Differentiation 
Well differentiated 0 0
Moderately differentiated 13 9
Poorly differentiated 8 0
Dukes’ stage 
Dukes’ A 1 0
Dukes’ B 7 4
Dukes’ C 11 4
Dukes’ D 2 1

8 Median (range)

Representative formalin fixed paraffin embedded tissue blocks were available from the 

following:

- primary colorectal cancers: n=30

- lymph node metastases: 9 from Group 1 and 3 from Group 2

- liver metastases: all 9 from Group 2

Blocks of the primary tumour specimens were selected to include, where possible, 

adjacent normal tissue, junctional mucosa at the area between normal mucosa and 

tumour epithelium, and a full section through the tumour encompassing the invading 

edge.
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3.2.2. Distribution of growth factors in primary tumours

Assessment of staining intensity for VEGF-A, VEGF-C and YEGF-D was made at 5 

different sites: normal mucosa (N), junctional mucosa (J), superficial tumour (TS), 

central tumour (TC) and invasive edge of tumour (TI). Assessment was made in a semi- 

quantitative manner, scoring the intensity of immunostaining from 0-5 at each site, so 

that 0 represented no staining and 5 represented maximum staining. Representative 

photomicrographs illustrating the different staining intensities are shown in Figure 14. 

Assessment of staining intensity was made by two observers and discrepancies agreed 

by consensus.

Agreement between the two observers was examined over 100 separate assessments. 

Complete agreement was seen on 61 occasions, the two scores were within 0.5 intensity 

units in 15 assessments and within 1.0 unit in 19 assessments. The two scores correlated 

closely with a Spearman’s rank correlation coefficient of 0.92 (p<0.001).

The results of growth factor intensity staining are summarised in Table 18 and Figures 

15-16.

153



Figure 14: Immunostaining intensity scores

Negative control

Intensity grade 1 Intensity grade 4

Intensity grade 3

Intensity grade 2 Intensity grade 5

Examples of different scoring intensities for VEGF-C. a, moderately 
differentiated rectal adenocarcinoma, negative control, x40; b, poorly 
differentiated colonic adenocarcinoma, xlOO; c, moderately 
differentiated mucus secreting colonic adenocarcinoma, xlOO; d, 
moderately differentiated mucus secreting colonic adenocarcinoma, 
xlOO; e, moderately differentiated colonic adenocarcinoma, xlOO; f, 
moderately differentiated rectal adenocarcinoma, xlOO. All sections 
counterstained with haematoxylin.
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Table 18: Growth factor staining intensity in epithelial cells at primary tumour sites

Sites stained in primary tumours
Growth factor N J TS TC TI
VEGF-C
Number 25 23 29 30 30
Median (range) 0 (0-2) 1 (0-4) 2(0-4) 3 (0-5) 4 (0.5-5)**
VEGF-D
Number 23 23 29 30 30
Median (range) 0 (0-2) 1 (0-3) 0.5 (0-2.5) 1 (0-3) 1.75 (0-4)**
VEGF-A
Number 25 22 30 30 30
Median (range) 0 (0-0.5) 0 (0-1.5) 0(0-1) 0.5 (0-3) 0.5 (0-3)**

N, normal mucosa; J, junctional mucosa; TS, superficial tumour; TC, central tumour; TI, invasive tumour 
edge. The full set of 30 primary tumours could not be assessed at all sites for all cases, due to the 
limitations of tissue availability on the slides assessed.
** /?<0.001 (Friedman test) for difference in median staining intensity across the sites examined (see 
Figure 15).

Figure 15: VEGF-C, VEGF-D and VEGF-A staining intensity in primary tumours

p < 0 .0 0 1 p < 0 .0 0 1 p < 0 .0 0 1

N J TS TC TI

V E G F -C V E G F -D V E G F -A

N, normal mucosa; J, junctional mucosa; TS, superficial tumour; TC, central tumour; TI, invasive tumour 
edge. The p  values refer to the Friedman test for related variables, which examines differences in median 
score across the 5 tumour sites assessed within individual cases.
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The pattern of growth factor expression was broadly similar for the three members of 

the VEGF family assessed in that the median intensity of expression was maximal at TI 

(Figure 15 above and Figure 16). The differences in expression intensity across the 5 

tumour sites examined were statistically highly significant for all three growth factors 

[Friedman test for related variables, /KO.OOl for VEGF-C, VEGF-D and VEGF-A 

(Figure 15)]. In order to identify the significant differences between different tumour 

sites assessed, the Wilcoxon signed rank test was used to examine pairs of related data. 

The use of multiple comparisons in this way (10 for each growth factor) increased the 

risk of a Type I error, to avoid this pitfall, compensation was made by adjusting the 

level of statistical significance to p<0.001. Significant differences (p<0.001) were 

identified for VEGF-C between N vs TS, TC and TI, J vs TC and TI, TS vs TC and TI, 

TC vs TI, for VEGF-D between N vs TI and TS vs TI and for VEGF-A between N vs 

TC and TI, TS vs TC and TI.
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Figure 16: Expression of growth factors throughout primary tumours

a

VEGF-C expression in a moderately differentiated colonic 
adenocarcinoma: a, normal mucosa, N; b, central tumour, TC; c, 
invasive edge of tumour, TI. All sections counterstained with 
haematoxylin and original magnifications x40.

a b

VEGF-D expression in a poorly differentiated rectal adenocarcinoma: 
a, superficial tumour, TS; b, invasive edge of tumour, TI. Sections were 
counterstained with haematoxylin, original magnification x40

VEGF-A expression in a moderately differentiated sigmoid 
adenocarcinoma: a, superficial tumour, TS; b, central tumour, TC; c, 
invasive edge of tumour, TI. Sections were counterstained with 
haematoxylin, original magnification x40.
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3.2.3. VEGFR2 in primary tumours

Primary tumours were stained for VEGFR2 using a monoclonal anti-VEGFR2 antibody. 

Weak staining was identified on vascular endothelial cells (Figure 17) and strong 

immunostaining was seen on malignant colorectal epithelium (Figure 18). The pattern 

of immunostaining was similar to that of the VEGF family members, increasing in 

intensity throughout the tumour to TI (Table 19 & Figure 18). There was a significant 

difference in the intensity of expression of VEGFR2 across the different tumour sites 

assessed (Friedman test for related variables, ̂ <0.001; using Wilcoxon signed rank test 

for pairs of related data, p<0.001 for N and TS vs TC and TI). Such intense expression 

of VEGFR2 on colorectal epithelial cells was unexpected, so in order to confirm this 

finding immunostaining was repeated using a different antibody, a rabbit polyclonal 

anti-VEGFR2 antibody, and results agreed with the initial findings (Figure 19).

Table 19: VEGFR2 staining in primary tumours

1 . . . .  ................................ Sites stained in primary tumours |
Growth factor N J TS TC TI |
VEGFR2
Number 26 20 30 30 30
Median (range) 0 (0-3) 0.75 (0-4) 0.5 (0-4) 3 (0-5) 4(1-5)**

N, normal mucosa; J, junctional mucosa; TS, superficial tumour; TC, central tumour; TI, invasive tumour 
edge. The full set of 30 primary tumours could not be assessed at all sites for all cases, due to the 
limitation of tissue availability.
** /KO.OOl (Friedman test) for difference in median staining intensity across the sites examined (see 
Figure 18).
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Figure 17: VEGFR2 immunostaining in vascular endothelial cells

A moderately differentiated colonic adenocarcinoma immunostained 
for VEGFR2 with mouse monoclonal anti-human VEGFR2 
antibody, counterstained with haematoxylin at magnification x200. 
Positive immunostaining is seen on endothelial cells (arrowheads) 
and on tumour epithelial cells (arrows).

Figure 18: VEGFR2 immunostaining in colorectal cancer cells throughout 
primary tumours

a b e

VEGFR2 expression in a moderately differentiated colonic 
adenocarcinoma immunostained with mouse monoclonal anti-human 
VEGFR2 antibody: a, superficial tumour, TS; b, central tumour, TC; c, 
invasive edge of tumour, TI. Sections counterstained with 
haematoxylin and original magnification xlOO.
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Figure 19: Immunostaining for VEGFR2 in colorectal cancer with two 
different antibodies

Two moderately differentiated colonic adenocarcinomas (a-d and e-h) 
stained for VEGFR2. Serial sections were stained with mouse 
monoclonal anti-human VEGFR2 antibody (a-b, e-f) and rabbit 
polyclonal anti-human VEGFR2 antibody (c-d, g-h) and counterstained 
with haematoxylin. Magnifications: a, c, e, g, xlOO; b, d, f, h, x200.
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3.2.4. Growth factor/receptor expression in primary tumours

Correlations between the expression of VEGF-C, VEGF-D, VEGF-A and VEGFR2 at 

the different tumour sites were examined using Spearman’s rank correlation 

coefficients. The expression intensity of VEGF-C and VEGFR2 in epithelial cells 

correlated consistently at four of the five assessed locations. Spearman’s rank 

correlation coefficients for J, TS, TC and TI were 0.50, 0.41, 0.58, and 0.42, with 

corresponding ^-values of 0.03, 0,028, 0.001 and 0.019, respectively. The intensity of 

epithelial cell expression of VEGF-C, -D and -A did not correlate with one another, nor 

did epithelial cell expression intensity of VEGF-D or VEGF-A correlate with that of 

VEGFR2 within the tumour sites examined.

The similarity of the expression pattern (increasing throughout the tumour to TI) and the 

correlation between the expression intensity of VEGF-C and VEGFR2 may be 

important in colorectal cancer biology. Proteolytically processed VEGF-C can activate 

VEGFR2, consequently the expression of both molecules by the same cell populations 

highlights a potential autocrine circuit within the colorectal tumour. To further 

investigate the relationship between VEGF-C and VEGFR2, a double-staining 

technique was employed. Four consecutive sections were stained: a negative control, 

VEGF-C alone (DAB as chromogen), VEGFR2 alone (VIP as chromogen) and VEGF- 

C/VEGFR2 (both DAB and VIP). Serial sections stained for either antigen alone, 

clearly demonstrated co-localisation of VEGF-C and VEGFR2 within the same 

population of colorectal cancer cells (Figures 20-21). In colorectal cancer cells stained 

with both chromogens, the intensity of the DAB stain overwhelmed the pale purple 

colour of the V P.
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Figure 20: Co-localisation of VEGF-C and VEGFR2 in colorectal cancer

Serial sections of a moderately differentiated rectal adenocarcinoma 
immunostained for VEGF-C (a & b) and VEGFR2 (c & d) and 
counterstained with methyl green. The chromogen was DAB for 
sections a & b and VIP for sections c & d. Immunolocalisation of both 
antigens is to the cytoplasm of the malignant colonic epithelial cells. 
Original magnifications: a, c, x40; b, d, xlOO.
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Figure 21: Co-localisation of VEGF-C and VEGFR2 in colorectal cancer 

a d

Serial sections of a moderately differentiated rectal adenocarcinoma 
immunostained for VEGFR2 (a-c) and VEGF-C (d-f), counterstained 
with methyl green. The chromogen was VIP for sections a-c and DAB 
for sections d-f. Original magnifications: a, d, x40; b, e, xlOO; c, f, 
x200.
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3.2.5. Growth factor expression and disease stage

To investigate whether the patterns of growth factor and receptor expression differed in 

primary tumours at different stages, the group of 30 cases was divided into those with 

early disease (Dukes’ A and B, n=12) and late disease (Dukes’ C and D, n=l 8).

No obvious differences in expression of VEGF-C, VEGF-D, VEGF-A or VEGFR2 

between cases with early and late stage disease were observed (illustrated in Figure 22 

for VEGF-C). This lack of difference in expression between early and late stage disease 

was confirmed by between group comparisons of expression at the TI site using the 

Mann-Whitney U test (early vs. late disease: VEGF-C, /?=0.55; VEGF-D, /?=0.67; 

VEGF-A,/?=0.33; VEGFR2,/?=1.0).

Figure 22: VEGF-C expression in early and late stage primary tumours
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The boxplot illustrates the intensity of VEGF-C expression at the differing sites within and 
around colorectal cancers. There were no differences in median intensities at each of the sites 
assessed between early and late stage disease. Comparison of medians at TI by the Mann- 
Whitney U test, p=0.55.
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3.2.6. Primary tumour growth factor expression and pattern of metastasis

To investigate whether the patterns of growth factor and receptor expression differed in 

primaiy tumours that spread by different routes, the group was examined with respect to 

the mode of metastasis. The group was divided into those with (n=16) or without (n=T4) 

lymph node metastases, with (n=10) or without (n=20) liver metastasis and with either 

no metastases (n=9), lymph node metastases only (n=ll), liver metastases only (n=5) or 

both lymph node and liver metastases (n=5).

For the lymphatic route of tumour spread, no obvious differences in expression of 

VEGF-C, VEGF-D, VEGF-A or VEGFR2 at different sites were identified (illustrated 

in Figure 23 for VEGF-C). This lack of difference was confirmed by between group 

comparisons of expression at the TI site using the Mann-Whitney U test (lymph node 

metastasis vs. no lymph node metastasis: VEGF-C, p =0.29; VEGF-D, p=0.67; VEGF- 

A, /?=0.95; VEGFR2, p=0J9). Similarly, for the haematogenous route of tumour 

spread, no differences in expression for VEGF-D, VEGF-A or VEGFR2 at different 

sites were identified. However, the expression of VEGF-C decreased in tumours that 

went on to develop liver metastases (Figure 24). The observed patterns were confirmed 

by between-group comparisons of expression at the TI with the Mann-Whitney U test 

(liver metastasis vs, no liver metastasis: VEGF-C, /?=0.005; VEGF-D, p=0.29; VEGF- 

ASjp=0.09; VEGFR2, j?=0.06).

When groups were compared by their combined route of metastatic spread -  no 

metastases, lymph node metastases only, liver metastases only or both lymph node and 

liver metastases, similar findings of reduced TI expression intensity of VEGF-C 

emerged. Comparison of growth factor and receptor expression at the TI site between 

the four groups was made using the Kruskall-Wallis test. No differences were seen in 

expression by different modes of metastasis for VEGF-D (p=0.55), VEGF-A (p=0.31)
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or VEGFR2 (p=0.16) but a significant difference was seen in VEGF-C expression 

(p=0.020) (Figure 25).

In summary, primary colorectal cancer expression intensity of VEGF-C, VEGF-D, 

VEGF-A and VEGFR2 at the TI did not differ between tumours that did and did not 

spread to lymph nodes. In primary colorectal cancers that spread to the liver, VEGF-C 

expression intensity at the TI was reduced, whereas no differences were seen for TI 

expression of VEGF-D, VEGF-A and VEGFR2.

Figure 23: VEGF-C expression in primary tumours with lymphatic metastasis 
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The boxplot illustrates the intensity of VEGF-C expression at the differing tumour sites. There 
were no differences in median intensities at each of the sites assessed between tumours with and 
without lymph node metastases. Comparison of medians at the TI by the Mann-Whitney U test, 
p=0.29.
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Figure 24: VEGF-C expression in primary tumours with haematogenous metastasis
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The boxplot illustrates the intensity of VEGF-C expression at 5 tumour sites. A significant 
difference was seen in median VEGF-C expression at the TI in tumours that did and did not 
develop liver metastases, Mann-Whitney U test, p = 0.005. No such differences were seen for 
expression of VEGF-D, VEGF-A or VEGFR2.

Figure 25: VEGF-C expression in primary tumours with different metastatic routes
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The boxplot illustrates the intensity of VEGF-C expression at 5 tumour sites. A significant 
difference was seen in median VEGF-C expression at the TI in tumours that spread by different 
metastatic routes, Kruskall-Wallis test,/? =0.02 No such differences were seen for expression of 
VEGF-D, VEGF-A or VEGFR2.
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3.2.7. Growth factors and receptors in metastatic sites

The expression of VEGF-C, VEGF-D, VEGF-A and VEGFR2 was examined in lymph 

node and liver metastases. The intensity of expression was assessed using the same 

scoring system that was used to study the primary tumours. The results are summarised 

in Table 20 and Figure 26.

Table 20: Growth factor and receptor expression in metastatic sites and invasive 
tumour edge

Growth factor TI
(n=30)

Lymph node 
metastases 

(n=12)

Liver metastases 
(n=9)

VEGF-C
Median (range) 
VEGF-D

4 (0.5-5) 3 (0.75-5) 2 (0.25-4)_______

Median (range) 1.75 (0-4) 1.5 (0.25-4) 1 (0-3)
VEGF-A
Median (range) 0.5 (0-3) 1.25 (0.25-3.5) 0.5 (0-1.5)
VEGFR2
Median (range) 4(1-5) 3.5 (0-5) 0 (0-1.5)**

TI, invasive tumour edge.
** p = 0.007, TI vs. liver met (Wilcoxon signed rank test)

168



Figure 26: Expression of growth factors/receptor in metastatic sites and at TI

TI, invasive tumour edge; LN, metastatic lymph node; LM, liver metastases

There were no statistically significant differences between median expression intensity 

of VEGF-C, VEGF-D, VEGF-A and VEGFR2 at the TI and in lymph node metastases. 

Nor were there any statistically significant differences between median expression 

intensity of VEGF-C, VEGF-D or VEGF-A at the TI and in liver metastases. However, 

VEGFR2 expression intensity was reduced in liver metastases in comparison to TI 

expression (Wilcoxon signed rank test,/?=0.007).
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3.2.8. Primary and metastatic site growth factor expression

The relationship between the intensity of expression of growth factors and receptors in 

the TI of primary tumours and metastatic sites were examined with Spearman rank 

correlation coefficients.

VEGF-C and VEGFR2 TI expression correlated with their corresponding expression 

intensity in metastatic lymph nodes (Spearman’s rho, 0.72, p=0.009 and 0.66, p=0.02 

respectively) (Figures 27-28) but not with expression in liver metastases. Neither 

VEGF-D nor VEGF-A expression in the primary TI site correlated with expression in 

metastatic lymph node or liver.

Just as VEGF-C and VEGFR2 expression correlated significantly at different sites 

within the primary tumour (section 3.2.4, page 161), expression between VEGF-C and 

VEGFR2 in metastatic lymph nodes also correlated (Spearman’s rho, 0.72, p=0.009) 

(Figure 29). No correlation was seen between the expression of the two variables in 

liver metastases.

Figure 27: VEGF-C expression in TI and metastatic lymph nodes
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Figure 28: VEGFR2 expression in TI and metastatic lymph nodes
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Figure 29: Relationship between VEGF-C and VEGFR2 in metastatic lymph nodes
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3.2.9. Lymphatic distribution in primary colorectal cancer and LVD

LYVE-1 immunostaining was used to highlight lymphatic vessels in the histological 

sections, in order to obtain a LVD score, to examine the relationship between LVD and 

primary tumour growth factor/receptor expression and to detail any differences in LVD 

scores in tumours with different metastatic behaviour.

LYVE-1 positive lymphatic vessels in the normal colonic mucsoa were easily identified 

on morphological grounds and were frequently seen in close proximity to arteries and 

veins, which were both LYVE-1 negative (Figure 7a, page 140). Thus, in paraffin 

embedded colorectal cancer specimens, anti-LYVE-1 antibody gave specific lymphatic 

vessel staining. In normal colonic mucosa, lymphatic vessels were prominent in the 

submucosa just beneath the muscularis mucosa. Lymphatic vessels were also frequently 

seen throughout the muscularis propria, clustering in particular between the muscle 

layers (Figure 7b, page 140). In a few colorectal cancers, tumour foci were seen within 

intra-tumoural or peri-tumoural lymphatic vessels (Figure 30 b-f). In the majority of 

cases, lymphatic vessels were located in the peri-tumoural area rathef than within the 

tumour itself.
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Figure 30: Colorectal cancer within LYVE-1 positive lymphatic vessels

Sections were immunostained for LYVE-1 and counterstained with 
haematoxylin. a, moderately differentiated colonic adenocarcinoma, 
negative control, xlOO; b-f, malignant cells within LYVE-1 positive 
lymphatic vessels - b-e, poorly differentiated rectal carcinomas, xlOO; 
f, a poorly differentiated mucinous adenocarcinoma, mucinous 
adenocarcinoma cells can be seen within LYVE-1 positive lymphatics 
(arrowed), sandwiched between normal colonic mucosal crypts 
(arrowheads), xlOO.
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LVD was determined by Chalkley grid counting in lymphatic vessel hotspots within the 

tumour (if present) or in the immediate tumour vicinity. In addition, tumours were 

examined closely for the presence or absence of LYVE-1 positive lymphatic vessels 

w ithin the three tumour areas -  superficial (TS), central (TC) and invasive edge (TI) 

(Table 21).

Table 21: Frequency of LYVE-1 positive lymphatic vessels within primary colorectal 
tumours

LYVE-1 
positive vessels

TS (%) TC (%) TI (%)

Absent 19 (63) 25 (83) 21 (70)
Present 11 (37) 5 (17) ^ 9(30)

Lymphatic vessels were present in the TS (37%) and TI (30%) areas of the tumour more 

frequently than the TC (17%). The sites where lymphatic vessels were present within 

the superficial tumour were typically at the border between normal tissue and tumour, 

these lymphatics could conceivably have been pre-existing vessels which had been 

incorporated into the tumour margin. It was noteworthy that LYVE-1 positive intra- 

tumoural lymphatics were small with closed or narrow lumens in comparison to the 

larger lymphatic vessels identified outside the tumour boundaries.
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3.2.10. LVD, MVD, clinicopathological variables and route of metastasis

The median LVD count was significantly lower than the median MVD count (median 

LVD, 1.125 (range 0-2.75) vs. median MVD 4.0 (1.5-7.375); Wilcoxon signed rank 

test, /?<0.001) but the two scores correlated within individual primary tumours 

(Spearman’s rank correlation coefficient, 0.41, p=0.025) (Figure 31). The relationship 

between LVD, MVD and clinicopathological variables is summarised in Table 22. No 

significant differences between LVD and any variable or route of metastasis was 

identified. In particular, no differences were observed for median LVD between 

tumours with and without lymph node involvement (p=0.82) or lymphatic invasion 

(p=0.57). MVD was higher in tumours of more advanced Dukes’ stage (early disease 

vs. late disease: Mann-Whitney U test, p=0.023) (Figure 32), but no other significant 

differences between MVD and clinicopathological variables were noted.

Figure 31: Correlation of LVD and MVD in primary colorectal cancers
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Table 22: LVD, MVD and clinicopathological variables

Parameter I Number 
| of cases

LVD />-
value

MVD 17-
value

1 Dukes’ stage
Dukes’ A & B 12 1.0 (0-1.75) 0.58 3.0(1.5-6.75) 0.023*
Dukes’ C & D 18 1.125(0-2.75) 4.5 (2.75-7.38)
N stage
NO 14 1.125 (0-1.88) 0.82 3.69(1.5-6.75) 0.13
N1 &N2 16 1.125 (0-2.75) 4.06 (2.75-7.38)

■-------  —1,1 '
Differentiation
Moderately
differentiated

22 1.2 (0-2.13) 0.32 4.31 (1.5-6.75) 0.45

Poorly
differentiated

8 0.69 (0-2.75) 3.0(2.63-7.38)

9 Lymphatic 
invasion
Present 8 0.94 (0-2.75) 0.57 4.1 (2.5-7.38) 0.32
Absent 10 1.2 (0.5-1.88) 3.3 (1.5-5.25) |
Vascular invasion
Present 9 0.875 (0-2.75) 0.65 4.375 (2.5-7.38) °-19

1 Absent 12 1.125 (0.5-1.88) 3.19(1.5-5.25)
1 Liver metastases

Present | 10 1.06 (0-1.88) 0.45 4.68 (3.25-6.25) 0.18 1
Absent | 20 1.14(0-2.75) 3.25(1.5-7.38)
Route of 
metastasis^
None 9 0.94 (0-1.88) 0.71§ 2.875(1.5-6.75) 0.0985
LN 11 1.33 (0-2.75) 4.81 (3-7.38)
Liver 5 1.25 (0.5-1.63) 4.9 (4.25-5.25)
LN & liver 5 1.0 (0-1.88) 3.75 (3.25-6.25)
Values are median (range). Except where stated, all /7-values relate to Mann-Whitney U tests. Kruskall-

Wallis test. LVD, lymphatic vessel density; MVD, microvessel density; N, nodal stage; LN, lymph node. 

Within each subgroup, the number of cases varied between 18 and 30, this was due to lack of some 

aspects of pathological data for all cases.

* denotes a significant p  value of <0.05.
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Figure 32: MVD and Dukes' stage
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Horizontal lines represent the median values. MVD scores were significantly different 

between early and late disease; Mann-Whitney U test, p = 0.023.



3.2.11. Lymphatic vessel presence, LVD, MVD & VEGF family expression

The relationship between lymphatic vessel presence, LVD, MVD and expression of 

VEGF-A, VEGF-C, VEGF-D and VEGFR2 at the TI site was explored using 

Spearman’s rank correlation coefficients. Although statistically significant, albeit weak, 

correlations between the TI expression of VEGF-C and LVD (Spearman’s rho, 0.36, 

p=0.048) and VEGF-A and MVD (Spearman’s rho, -0.42, p=0.022) were found, the 

scatterplots showed wide variation that limited the interpretation of these findings 

(Figures 33-34),

To examine whether the presence of LYVE-1 positive lymphatic vessels in the deep 

part of the tumour was associated with particular patterns of growth factor expression, 

the group was assessed with respect to the presence or absence of these vessels (see 

Table 21, page 174). No differences were seen in TI expression of VEGF-A or 

VEGFR2 in relation to the presence of lymphatic vessels within the TI. Median TI 

VEGF-C expression was higher (Mann-Whitney U test, ^?=0.028) and VEGF-D 

expression was lower (p=0.011) in tumours with deep intra-tumoural lymphatic vessels 

present (Figures 35-36).

In the group as a whole, expression of both VEGF-C and VEGF-D increased towards 

the deep part of the tumour, the presence of deep intra-tumoural lymphatics however, 

was associated with lower VEGF-D and higher VEGF-C expression at the TI site.
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Figure 33: VEGF-C expression at TI and LVD
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Figure 34: VEGF-A expression at TI and MVD
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Figure 35: VEGF-C expression at TI and presence of deep intra-tumoural lymphatics
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Horizontal lines represent the median values. Median VEGF-C expression at the TI was higher in the 

presence of deep intra-tumoural lymphatics; Mann-Whitney U test, p=0.028.

Figure 36: VEGF-D expression at TI and presence of deep intra-tumoural lymphatics
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Horizontal lines represent the median values. Median VEGF-D expression at the TI was lower in 

the presence of deep intra-tumoural lymphatics; Mann-Whitney U test, /?=0.011.
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3.3. SUMMARY OF RESULTS

This series of immunohistochemical experiments demonstrated that;

i) the pattern of expression of the VEGF family members, VEGF-C, VEGF-D and 

VEGF-A, increased from normal tissue adjacent to colorectal cancer, through the 

junctional mucosa and throughout the tumour to a maximum at the invasive tumour 

edge.

ii) VEGFR2 was expressed in colorectal cancer cells and the pattern of expression 

reflected that of its ligands, increasing to a maximum at the invasive tumour edge.

iii) the expression of VEGF-C and VEGFR2 correlated with one another and co­

localised throughout colorectal cancer and in metastatic lymph nodes but not in liver 

metastases.

iv) the expression of VEGF-C and VEGF-D did not correlate within colorectal cancer.

v) no differences in the pattern of expression of VEGF-C, VEGF-D, VEGF-A or 

VEGFR2 in primary tumours were seen in early or late colorectal cancers or in those 

cancers that spread to the lymph nodes.

vi) colorectal cancers that spread to the liver had a lower level of VEGF-C expression at 

the invasive tumour edge in the primary tumour in comparison to tumours that did not 

spread to the liver.

vii) VEGF-C and VEGFR2 expression in the invasive edge of primary colorectal 

cancers correlated with expression of the same antigens in metastatic lymph nodes.

viii) the expression of VEGFR2 was reduced in liver metastases in comparison to 

expression at the invasive edge of the primary tumour.

ix) LYVE-1 antibodies clearly stained lymphatic vessels in and around colorectal cancer 

specimens and LVD scores could be determined using this method of staining.

181



x) lymphatic vessels within colorectal cancers were an uncommon finding and the 

presence of deep intra-tumoural lymphatics was associated with increased expression of 

VEGF-C and decreased expression of VEGF-D in the invasive edge of the tumour.

xi) no associations between LVD and clinicopathological factors were identified.
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4. RESULTS: IMMUNOASSAYS

4.1. DEVELOPMENT OF VEGF-C ELISA

The possibility of detection of VEGF-C in body fluids has only been addressed recently 

(Tamura & Ohta, 2003). However, in common with VEGF-A, VEGF-C is contained 

within platelets (Wartiovaara et al., 1998) and therefore may be detectable in serum and 

plasma. Since VEGF-C expression in colorectal cancer is associated with negative 

clinicopathological characteristics (Akagi et al., 2000; Furodoi et al., 2002), 

measurement of circulating levels of VEGF-C may provide a surrogate marker for these 

variables and predict patients with or at risk of lymphatic involvement. The following 

results describe the development and validation of an ELISA for VEGF-C (Appendix 

II, Duff et al., 2003c).

4.1.1. Detection of VEGF-C

The ELISA for VEGF-C was performed as described in section 2.2.1, page 122. The 

optimum signal detected was achieved with a coating antibody concentration of 1 pg/ml 

and a detection antibody concentration of 0.5pg/ml. Use of the biotin-avidin system 

directed against the detection antibody doubled the light emission signal detected. The 

approximate sensitivity of the assay was 0.4 units/ml, which represented twice the 

background level and the linear detection range for VEGF-C was up to 100 units/ml.
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4.1.2. Quality assessment 

Intra-assay and inter-assay variation

The intra-assay variation was assessed using the same quantity of standard plasma in 22 

wells on a single plate. The inter-assay variation was measured using the same quantity 

of plasma over eight separate experiments. The coefficient of variation (CV) was 

calculated by dividing the standard deviation by the mean and multiplying by 100. The 

intra-assay and inter-assay CV measured 5.2% and 7.7% respectively (Table 23). These 

CV values are comparable with those obtained for serum/plasma assays with 

commercially available ELISA kits eg. VEGF-A Quantikine® ELISA (R & D 

Systems), intra-assay CV up to 6.7% and inter-assay CV up to 8.8% and VEGF-D 

Quantikine® ELISA (R & D Systems), intra-assay CV up to 6.2% and inter-assay CV 

up to 8.0%.

Table 23: Intra- and inter-assay variations for the VEGF-C ELISA

N Mean ± SD (U/ml) CV (%)

Intra-assay 22 33.57 ±1.74 5.2

Inter-assay 8 25.91 ±2.00 7.7

CV, coefficient of variation

Specificity

Specific binding of the antibodies to VEGF-C in standard plasma was demonstrated by 

substitution tests. Substitution of standard plasma by recombinant VEGF-A, VEGF-D, 

TGF|31, TGFp3 or IL-6 showed no detectable signal above background. Substitution of 

the capture antibody, goat anti-human VEGF-C, by alternative capture antibodies
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(mouse monoclonal antibodies directed against human TGFpi, TGFp3, CD 105, CD31 

and CD34) resulted in no detectable signal above background.

4.1.3. Standard curve for VEGF-C

In order to calculate the concentrations of VEGF-C in test plasma, a standard curve was 

included on each plate by serial dilution of the standard plasma (Figure 37). In most of 

the assays, the curve fit was 100% and was never less than 99%. Logarithmic 

transformation of the concentration and optical emission data produced a straight line 

plot (Figure 38). From these reference curves, the measured values of light emission of 

the test samples were automatically converted into concentrations in units per milliliter 

using regression techniques by an in-house computer attached to the plate reader 

(courtesy of Dr Philip Wilson, Department of Immunology, St Mary’s Hospital, 

Manchester).

Figure 37: Standard curve of VEGF-C concentration in standard plasma
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Standard plasma (100 units/ml) was serially diluted and the curve of concentration against 

light emission plotted.
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Figure 38: Standard curve linearised by logio conversion
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Conversion of the VEGF-C concentration and light emission variables by logarithmic 

transformation produced a straight line (Pearson’s correlation coefficient, r2 =0.998, /?<0.001). The 

mean of the duplicate light emissions of each sample was converted into units/ml according to the 

standard curve on each plate.
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4.1.4. Molecular forms of VEGF-C in standard plasma

In order to increase the signal detected by the ELISA, a biotin-avidin amplification step 

was used. It was essential to use antibodies derived from different species for both 

capture and detection steps. As the detection antibody, rabbit anti-human VEGF-C IgGi 

was unable to detect the only currently available recombinant human VEGF-C peptide 

(R & D Systems, Abingdon, UK), it was not possible to create a standard curve on each 

plate using this peptide. To validate the use of standard plasma to create the standard 

curve, this plasma was subjected to immunoprecipitation and immunoblotting in an 

attempt to analyse the molecular forms of VEGF-C detected in plasma and ensure that 

these forms were recognised by both antibodies used in the ELISA.

Goat polyclonal anti-human VEGF-C antibody (the ELISA capture antibody) was used 

for immunoprecipitation. Negative controls employed goat anti-human IgG as the 

antibody for immunoprecipitation. Detection of the precipitated species on the gel was 

made by goat anti-human VEGF-C or rabbit anti-human VEGF-C antibodies. 

Recombinant human VEGF-C (R & D) was also run on the gel (as a positive control) to 

demonstrate reactivity with the goat but not the rabbit anti-human VEGF-C (further 

demonstrating the lack of effectiveness of recombinant human VEGF-C as a standard in 

this sandwich ELISA). The results of immunoprecipitation and immunoblotting with 

goat anti-human VEGF-C antibody are shown in Figure 39. Recombinant VEGF-C 

(lane 1), had a major band of ~45 kDa, and weaker bands of approximately 15, 23 and 

80 kDa. Standard plasma from the immunoprecipitation experiment with goat anti­

human VEGF-C antibody is seen in lane 2. Two bands had a molecular weight of 40 

and 80 kDa, no bands were present in lane 3 where the negative control goat anti-human 

IgG was used as the antibody for immunoprecipitation. Lanes 4 and 5 show the results 

of immunoblotting with rabbit anti-human VEGF-C antibody, recombinant VEGF-C 

was not detectable in lane 4 (as this does not react with the rabbit antibody used in
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detection) and standard plasma was seen in lane 5 as a band of approximately 40 kDa 

and a weaker band of ~80 kDa. These bands were identical in size to those detected 

using goat anti-human VEGF-C antibody for immunoprecipitation and detection (lane 

2), demonstrating that both the goat and rabbit anti-human VEGF-C antibodies used in 

the indirect sandwich ELISA detect the same species of VEGF-C in plasma.

Figure 39: Immunoprecipitation and immunoblotting of VEGF-C in standard plasma 
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Samples were immunoprecipitated with goat anti-human VEGF-C antibody (lanes 2, 5) or negative 

control antibody (goat anti-human IgG, lane 3). Lanes 1-3, VEGF-C was recognised by goat anti­

human VEGF-C antibody and revealed by rabbit anti-goat antibody conjugated to HRP. Lanes 4-5, 

VEGF-C was recognised by rabbit anti-human VEGF-C antibody and revealed by goat anti-rabbit 

antibody conjugated to HRP. The blots were developed with ECL and the exposure time was 15 

seconds.

• Lane 1 - recombinant VEGF-C loaded separately onto the gel, with a main band of -45 

kDa, and weaker bands of -15, 23 and 80 kDa.

• Lane 2 - standard plasma, VEGF-C is detected as 2 bands of —40 and -80 kDa.

• Lane 3 - standard plasma immunoprecipitated with goat anti-human IgG as a negative 

control, no bands are visualised.

• Lane 4 - recombinant VEGF-C loaded separately onto the gel, no bands are detected (as 

the rabbit anti-human VEGF-C antibody does not recognise the recombinant protein).

•  Lane 5 - standard plasma, a strong band of -40 kDa and a weaker band of -80 kDa is 

detected.

188



This experiment confirmed the reactivity of the goat anti-human VEGF-C IgG (capture 

antibody) with the recombinant VEGF-C against which it was raised and showed that 

the rabbit anti-human VEGF-C IgG (detection antibody) failed to react with this protein 

(Figure 39, lanes 1 and 4). This is likely to be due to differences in protein structure 

between the native and recombinant forms that are required for antibody binding. 

However, both capture and detection antibodies recognised VEGF-C species of similar 

molecular weights in the standard plasma (Figure 39, lanes 2 and 5), thus validating its 

use for creation of a standard curve on the ELISA plate.

4.1.5. VEGF-C in serum and plasma from normal controls

The immunoassay was employed to measure the levels of VEGF-C in serum and plasma 

samples from healthy individuals. Plasma samples were available for 31 individuals and 

serum samples from 40 individuals. Matched pairs of plasma and serum were available 

in 19 cases. The results are shown in Table 24.

Table 24: Serum and plasma VEGF-C levels in normal controls

Serum VEGF-C Plasma VEGF-C
Number of cases 40 31
Median age (range) 39 (22-69) 37 (20-71)
Gender 13 male, 27 female 12 male, 19 female

Mean value U/ml 
(± S.D.)

28.2 (± 19.1) 12.2 (±4.1)**

Median value U/ml 
(range)

22.7 (6.3-81.4) 11.5 (5.4-21.5)

** p<0.001, paired t-test

The values of serum and plasma VEGF-C obtained in controls fitted a normal 

distribution (Kolmogorov-Smimov test, Z=1.29, p~0.07 and Z=0.62, /?=0.083
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respectively). Consequently, the difference in means within and between groups was 

made with the paired and independent samples t-tests and correlations between 

continuous data made with the Pearson correlation coefficient.

The mean levels of plasma VEGF-C were significantly lower than serum VEGF-C in 

matched pairs of samples (paired t-test, t = -4.318, df =18, p<0.001). There was no 

significant difference in mean levels of plasma or serum VEGF-C with gender 

(independent samples t-test, £?=0.486 and £>=0.328 respectively) and there was no 

correlation between plasma or serum VEGF-C levels and age (p=0.277 and p=0.761 

respectively).

4.1.6. VEGF-C in plasma from cancer patients and normal controls

The immunoassay was employed to measure the levels of VEGF-C in plasma samples 

from 41 colorectal cancer patients and 31 healthy controls as a preliminary investigation 

of the assay. The values of plasma VEGF-C obtained in the group as a whole were not 

consistent with a normal distribution (Kolmogorov-Smimov test, Z= 1.41, £>=0.039). 

Consequently, differences between groups were examined with non-parametric tests. 

The Mann-Whitney U test was used to compare medians between two independent 

groups and the Kruskal-Wallis test to compare medians of more than two groups.

The median age of the colorectal cancer patients was 65 years (range, 36-87 years). 

There were 23 females and 18 males. The levels of VEGF-C were significantly elevated 

in plasma from colorectal cancer patients, 35.0 units/ml (17.4 -  75.9 units/ml) compared 

to normal controls 11.5 units/ml (5.4 -  21.5 units/ml) (p<0.001) (Figure 40). The 

colorectal cancer patients were divided into groups of early [n=14, Dukes’ A (n=5) and 

B (n=9)] and advanced disease [n=27, Dukes’ C (n=5) and D (n=22)]. The median 

VEGF-C levels increased from 24.25 U/ml in the early disease group to 35.8 U/ml in
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the advanced disease group, but this was not statistically significant (p=0.083) (Figure 

41).

Figure 40: Plasma levels of VEGF-C in cancer patients and controls
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Plasma levels of VEGF-C in normal individuals (n=31) and colorectal cancer patients (n=41) 

were determined by ELISA. Significantly elevated levels were found in cancer patients (p<0.001, 

Mann-Whitney U test). Horizontal lines indicate the medians.
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Figure 41: Plasma levels of VEGF-C in controls and early and late stage colorectal
cancer groups
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Plasma levels of VEGF-C in normal individuals and colorectal cancer patients divided into early 

disease (Dukes’ A and B, n=14) and advanced disease (Dukes’ C and D, n=27). Significant 

differences were found between the controls and the cancer groups (Kruskall-Wallis test, p<0.001), 

but not between early vs. advanced disease (Mann-Whitney U test, p=0.083, NS. Horizontal lines 

indicate the medians.
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4.1.7. Discussion - VEGF-C ELISA development

Development of ELISA

The sensitivity of the newly developed indirect ELISA was optimised by the use of an 

amplification step based on the avidin-biotin system and the enhanced 

chemiluminescence method substituted for conventional colorimetric ELISA. Intra- and 

inter-assay variations were minimal and compared well with other similar assays (Wang 

et al., 1994b; Li et al., 1998). Immunoprecipitation and immunoblotting confirmed the 

presence and detection of VEGF-C in standard plasma using the two antibodies 

employed in the ELISA system. The two main bands detected were likely to represent 

circulating dimers and tetramers of mature VEGF-C and partially processed forms of 

the parent molecule.

Plasma versus serum samples

Plasma levels of VEGF-C were found to be lower than their paired serum levels in a 

control group. This is analogous to the situation found in the measurement of VEGF-A, 

where serum levels of VEGF-A are consistently higher than plasma levels due to release 

from platelets and other cellular components (see section 1.4.4, page 60). The increased 

serum level of VEGF-C observed is also likely to be due to cytokine release secondary 

to platelet activation and degranulation (Wartiovaara et al., 1998).

Potential for clinical use

The potential clinical use of the VEGF-C ELISA was assessed in a small group of 

colorectal cancer patients and controls. Increased VEGF-C levels were found in the 

plasma of colorectal cancer patients in comparison to controls, although levels were not 

significantly different between groups of patients with early and advanced disease.
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Problems associated with ELISA development

Problems were encountered with the absolute quantitation of cytokine levels, the 

comparability between groups and handling of samples.

The ELISA expressed levels of VEGF-C in relative rather than absolute units. The 

antibody combination used in the sandwich ELISA had to be derived from different 

species to allow the addition of an amplification step using a biotinylated secondary 

antibody to increase the sensitivity of detection. The only recombinant VEGF-C peptide 

available was that to which the goat anti-VEGF-C antibody used for capture in the 

ELISA was raised. This recombinant peptide was not recognised by the detection anti- 

VEGF-C antibody. Consequently, although the antibody pair recognised the same 

VEGF-C forms in the standard plasma, as demonstrated by immunoprecipitation and 

immunoblotting (see Figure 39, page 188), they were unable to recognise the 

recombinant peptide when used as a pair. The ELISAs therefore used standard plasma 

to create a standard curve and VEGF-C levels were expressed as units/ml.

In the control group, no significant correlations were seen between age and plasma or 

serum VEGF-C levels; nor were any significant differences found between the mean 

VEGF-C levels between males and females in this group. However, the control and 

cancer groups differed in important ways, which may have limited their comparability 

and relevance to the general population. The healthy controls had a median age of 39 

years, whereas, the median age of the colorectal cancer patients was 65 years. The 

gender distribution of both groups was similar (61% female in control group, 56% in 

cancer group). However, this was not reflective of the general colorectal cancer 

population, which tends to have more males affected.

Sample handling was different between the groups. The colorectal cancer patient 

samples had been stored frozen at -80°C for 2 years prior to use and had been thawed a
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variable number of times (ranging from 0 to 2). The influence that this may have had on 

the plasma levels of VEGF-C was not investigated.

Further evaluation and clinical assessment of VEGF-C ELISA

In view of the promising initial results observed for the measurement of VEGF-C in 

colorectal cancer patients and controls, a prospective study was planned. This study 

aimed to eliminate the confounding issues discussed of age and sex discrepancy 

between groups and differences in sample handling. Based on the pilot data above, a 

sample size calculation was undertaken for a prospective study (Medical Statistics 

Department, Christie Hospital). Assuming that the difference between patients and 

controls was as large as that seen in the pilot study, 50 controls were needed and to 

detect a difference in the log10 means between early and advanced cancers of 0.1 

(common standard deviation 0.182), 120 patients would be required, split approximately 

into 1/3 early disease and 2/3 advanced disease. This number of patients would give the 

study an 80% power to detect such a difference between the means of early and 

advanced disease, in a two-tailed test at the 5% level of significance.

The prospective study selected plasma rather than serum as the optimal sample for 

VEGF-C level assessment. The rationale for this selection was that the preliminary pilot 

study had demonstrated differences between cancer patients and controls based on 

plasma samples, and that evaluation of serum levels would be complicated by the 

contribution of platelet VEGF-C to the overall level.
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4.2. IMMUNOASSAYS IN COLORECTAL CANCER

The aim of this group of studies was to assess prospectively:

1) pre-operative plasma growth factor levels in primary colorectal cancer and controls 

as predictors of disease stage and clinicopathological characteristics, particularly 

lymphatic involvement.

2) pre-operative plasma growth factor levels in patients with hepatic colorectal cancer 

metastases and controls, any alteration with time in patients undergoing hepatic 

metastatectomy and the relationship between circulatory and tissue growth factor 

expression.

Immunoassays for plasma levels of VEGF-A, VEGF-C and VEGF-D were performed.

4.2.1. Pre-operative colorectal cancer patient/control group

One hundred and twenty colorectal cancer patients and 50 controls were recruited (see 

section 4.1.7, page 195). The patient and control groups were comparable in their age 

and gender distributions (Table 25).

Table 25: Demographics of pre-operative colorectal cancers and controls

Control group Cancer group p-value

Number of cases 50 120

Mean age (range) 62 years (40-79) 65 years (25-84) 0.103 §

Gender 29 male, 21 female 81 male, 39 female 0.238 A

§ independent samples t-test 
A x2 test
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Referral patterns and types of radiotherapy received by cancer patients

The 120 colorectal cancer patients originated from 16 NHS Trusts, with a range of 1-18 

patients per Trust (Figure 42). Of the 120 patients, 111 (93%) were referred to the 

clinical oncology services at the Christie Hospital NHS Trust for consideration of pre­

operative short-course radiotherapy for rectal cancer. The remaining 9 patients were 

recruited from South Manchester University Hospitals NHS Trust prior to undergoing 

surgery for colon or rectal cancer and did not undergo radiotherapy (Table 26). The 

type of radiotherapy treatment that patients eventually received was dependent on the 

full results of staging investigations. Consequently, a few patients referred for short- 

course radiotherapy received long-course or palliative treatment, when their disease 

stage was found to be more advanced than that expected from the initial assessment.

Figure 42: The source of colorectal cancer patients
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Table 26: Radiotherapy received by cancer patients

Type of radiotherapy Number of cases (%)

Short-course radiotherapy 104 (86.7)

Long-course radiotherapy 4(3.3)

Palliative radiotherapy 3 (2.5)

No radiotherapy 9(7.5)
- 3 rectal cancers
- 3 hepatic flexure cancers
- 3 sigmoid cancers

Short-course radiotherapy was given as a 4-field brick and consisted of a total dose of 

20 Gy (4 fractions of 5 Gy on consecutive days) (Marsh et al., 1994). Long-course 

radiotherapy was administered in the same manner to a total dose of 45 Gy (25 fractions 

of 1.8 Gy each over 5 weeks, followed by a delay of at least 4 weeks until surgery). 

Palliative treatment was individually tailored to each patient but usually consisted of 8 

consecutive fractions of 2 Gy each.

Surgical procedures undergone by colorectal cancer patients

Surgical procedures undergone by the 120 colorectal cancer patients are listed in Table 

27, The majority of patients underwent anterior resections or abdominoperineal 

excisions of the rectum for rectal cancer.
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Table 27: Surgical procedures performed

Type of surgery Number of procedures (%)

Anterior resection 70 (58.3)

Abdominoperineal excision of rectum 35 (29.2)

Hartmann’s procedure 2(1.7)

Sigmoid colectomy 1 (0.8)

Defunctioning colostomy 2(1.7)

No surgery 4(3.3)

Other 6(5)
- 2 subtotal colectomies 

2 right hemicolectomies 
1 panproctocolectomy 
1 bypass procedure

Total 120(100)
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Calculation of growth factor levels from standard curves

Calculation of the concentration of VEGF-C in the duplicate patient samples is 

described above in section 4.1.3, page 185 and Figures 37-38. Levels of VEGF-D and 

VEGF-A were calculated using the standard curve created on each ELISA plate and 

linear regression analysis using SPSS 10.1 statistical software (Figure 43).

Figure 43: Data obtained from standard curve in VEGF-D ELISA kit
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For each VEGF-D and VEGF-A ELISA kit used, the log10 values of the mean optical density 

readings of the duplicate standard samples, corrected for background signal, were plotted 

against the logJ0 converted standard sample concentrations.

For each data set on each ELISA plate, linear regression analysis was used to calculate the 

equation of the regression line for the logged data, using the formula for a straight line: 

y = a + b(x), where a is a linear constant and b is the regression coefficient (slope of the line). 

For the data shown above in the figure, the relationship between the data sets is linear, 

r2=0.9990, p<0.001. The equation of this line is:

Logio VEGF-D = 3.220 + 0.797 (logi0 optical density)

Where a = 3.220 (t=240.7,/?<0.001) and b = 0.797 (t=63.2,p<0.00l)

Using this equation, the mean optical density readings of the duplicate standard samples, 

corrected for background signal, were used to calculate the logio VEGF-D values, which were 

then converted back into values of VEGF-D.
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Comparison of VEGF-C, VEGF-D and VEGF-A levels between groups

The values for plasma VEGF-C, VEGF-D and VEGF-A levels did not fit a normal 

distribution (Kolmogorov-Smimov Z statistics, 2.52, 1,71, 2.04 and p-values, <0.001, 

0.006 and <0.001, respectively), hence data were evaluated using non-parametric tests. 

Differences between median levels of VEGF-C, VEGF-D and VEGF-A in cancer and 

control groups and between the sexes were compared with the Mann-Whitney U test. 

Correlations between VEGF-C, VEGF-D and VEGF-A and age were examined with 

Spearman rank correlation coefficients.

The range of values was wider in the cancer group than the control group for all three 

growth factors. There were no significant differences in median values between cancer 

cases and controls for VEGF-D or VEGF-A, but the controls had a higher median 

VEGF-C level than cancer patients (Table 28).

Table 28: Plasma VEGF-C, VEGF-D and VEGF-A levels in control and cancer groups

Control group Cancer group p-value

Number of cases 50 120

VEGF-C (U/ml) 15.2 (5.2-34) 10.5 (4.4-93.4) 0.001 **

VEGF-D (pg/ml) 370 (75-926) 329.5 (0-1343) 0.093

VEGF-A (pg/ml) 36.5 (4-230) 39.0 (7-273) 0.988

Data are presented as median (range). ** Mann-Whitney U test
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There were no significant differences in median VEGF-D or VEGF-A level between the 

sexes (/?=0.179 and p=0.280, respectively). The median VEGF-C level was slightly 

lower in men than in women (12.0 vs.14.2,/?=0.045).

There were no significant correlations of VEGF-C or VEGF-A level with age 

(Spearman’s rho, 0.087 and 0.03, /7-values, 0.262 and 0.702, respectively) (Figures 44- 

45). A statistically significant, but weak, correlation was seen with VEGF-D and age 

(Spearman’s rho, 0.181,/?=0.018) (Figure 46).

Figure 44: Correlation of VEGF-C levels with age
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Figure 45: Correlation of VEGF-A levels with age
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Figure 46: Correlation of VEGF-D levels with age
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Comparison between clinicopathological factors in cancer patients

The cancer patient group was separated by clinicopathological factors, and any 

differences in growth factor levels assessed in the subgroups. The variables assessed 

were T, N and M stage, histological grade, vascular invasion, lymph node involvement, 

marginal involvement, Dukes’ stage and merged Dukes’ stage (where early disease was 

defined as Dukes’ A and B disease and late disease as Dukes’ C & D disease) (Table 

29).

No significant differences in median plasma levels were seen for VEGF-C, VEGF-D or 

VEGF-A with any clinicopathological variable assessed, with the exception of a 

statistically significant difference 09=0.041), of limited clinical relevance, in VEGF-A 

levels between different tumour T stages (Table 29 & Figure 47). In particular, no 

significant differences were found in median plasma VEGF-C or VEGF-D levels 

between patients with and without lymph node involvement (Table 29, Figures 48-49).

No correlation between plasma VEGF-C, VEGF-D or VEGF-A levels and the number 

of positive lymph nodes identified was found (Spearman’s rank correlation p-values, 

0.602, 0.731 and 0.460, respectively).
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Table 29: VEGF-C, VEGF-D and VEGF-A and clinicopathological variables

Parameter Number of 
cases

VEGF-C

p-values § 

VEGF-D VEGF-A

T stage 116 0.053 0.18 0.041*
TO 2
T1 5
T2 25
T3 69
T4 15
N stage 113 0.968 0.757 0.473
NO 57
N1 31
N2 25
M stage 120 0.473 0.206 0.087
MO 111
Ml 9
Histological grade 111 0.147 0.388 0.730
Well differentiated 8
Moderately differentiated 77
Poorly differentiated 23
Other 3
Vascular invasion 113 0.515 0.242 0.145
Absent 81
Present 20
Not known 12
Lymph node involvement 113 0.895 0.675 0.410
Absent 57
Present 56
Marginal involvement 113 0.332 0.176 0.231
Negative 104
Positive 9
Dukes’ stage 113 0.541 0.776 0.587
No tumour 2
Dukes’ A 15
Dukes’ B 39
Dukes’ C 52
Dukes’ D 5
Merged Dukes’ stage
(Dukes’ A & B vs. C & D) 118 0.912 0.699 0.206
Early disease 54
Late disease 64

§ Comparisons between two groups (M stage, lymph node involvement, marginal involvement, merged 

Dukes’ stage) were made with the Mann-Whitney-U test. Comparisons between more than two groups (T 

stage, N stage, histological grade, vascular invasion, Dukes’ stage) were made with the Kruskal-Wallis 

test.

Within each subgroup, the number of cases varied between 111 and 120, this reflects inability to complete 

surgical resection in all cases due to the extent of disease discovered at the time of surgery and 

consequent lack of pathological specimen for assessment.

* Statistically significant, p<0.05.
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Figure 47: Plasma levels of VEGF-A with different T stages
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Differences between median plasma VEGF-A levels at different T stages were evaluated with the 

Kruskall-Wallis test, p=0.041.

Figure 48: Plasma levels of VEGF-C with lymph node status
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Horizontal lines represent median values. Median VEGF-C value of lymph node negative group, 

9.9 U/ml and median of lymph node positive group, 11.2 U/ml (Mann-Whitney U test,p=0.90)
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Figure 49: Plasma levels of VEGF-D levels with lymph node status

1400

1200 -

1 0 0 0 -

E
D) 800 -

OI
UL
O  600- 
LU >

400-

2 0 0 -

Lymph node involvement presentLymph node involvement absent

Horizontal lines represent medians. Median VEGF-D value of lymph node negative group, 316.5 

pg/ml and median of lymph node positive group, 335 pg/ml (Mann-Whitney U test, /?=0.68)

Correlations of growth factors, CEA and haematological variables.

Plasma levels of VEGF family members did not correlate with one another (Spearman’s 

rank correlation /7-values; VEGF-C with VEGF-D, p=0.956; VEGF-C with VEGF-A, 

/7=0.09; VEGF-D with VEGF-A, /?=0.855). Neither VEGF-C nor VEGF-D levels 

correlated with levels of the tumour marker CEA (/?=0.08 and p=0.938, respectively). 

However, a correlation was identified between plasma VEGF-A levels and CEA level 

(Spearman’s rho, r=0.206,/?=0.039).

Plasma VEGF-A levels correlated with platelet count (Spearman’s rho, r=0.25, 

/7=0.007) (Figure 50), a possible trend towards a positive correlation was seen for 

VEGF-C (/?=0.063) (Figure 51) but no correlation was observed between VEGF-D 

level and platelet count (/?=0.793).
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Figure 50: Correlation between plasma VEGF-A levels and platelet counts
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Figure 51: Correlation between plasma VEGF-C levels and platelet count
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Summary - immunoassays in colorectal cancer

In summary, despite the promising results of the pilot study illustrating significant 

differences in plasma VEGF-C levels between colorectal cancer and control patients 

and a trend towards higher values in advanced disease (see section 4.1.6, page 190, and 

Appendix II, Duff et al., 2003c), this was not confirmed in a larger prospective study. 

Plasma levels of VEGF-C, VEGF-D and VEGF-A were not higher in cancer patients 

than controls and analysis of growth factor levels by clinicopathological subgroups 

showed no extensive differences in circulating levels between groups.

4.2.2. Hepatic resection and control laparotomy patients

As well as their lymphangiogenic effects, VEGF-C and VEGF-D have angiogenic 

potential via their interaction with the endothelial cell receptor VEGFR2. Therefore, 

VEGF-C and VEGF-D may influence the haematogenous spread of cancer to the liver. 

It is not known whether VEGF-C and VEGF-D are expressed in the hepatic metastases 

of colorectal cancer, nor whether circulating levels of the growth factors are detectable 

and/or vary during and after surgical resection of metastases. Pre-operative, intra­

operative and post-operative levels of plasma growth factors were determined in a group 

of patients undergoing resection of hepatic metastases (n-10) and compared with those 

undergoing laparotomy for non-malignant disease (n=10).

The cancer group consisted of 8 men and 2 women, with a median age of 58 (33-68) 

years. The control group consisted of 4 men and 6 women, with a median age of 56.5 

(39-77) years. There was no significant difference in age (independent samples t-test, 

j9=0.854).
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The length of operations ranged from 60-280 minutes (mean, 122 minutes) in the 

control group and 90-320 minutes (mean, 181 minutes) in the cancer group and there 

was no significant difference between groups (independent samples t-test,/?=0.106).

Table 30: Patient characteristics and operative details

Gender 1 Age Surgical procedure Length of 
operation 
(minutes)

Control patients
1 Female 55 Hepaticojejunostomy for biliary injury 75
2 Female 63 Aorto-bifemoral bypass graft 270
3 Female 68 Marsupialisation of liver cyst and 

cholecystectomy
60

4 Female 57 Right hemicolectomy for Crohn’s disease 75
5 Male 63 Aorto-bifemoral bypass graft 280
6 Male 49 Choledochojejunostomy, cholecystectomy and 

Pustow’s procedure for chronic pancreatitis
150

7 Female 33 Partial splenectomy 90
8 Male 50 Cystogastrostomy for pancreatic psuedocyst 

and cholecystectomy
80

9 Female 67 Marsupialisation of liver cyst 60
10 Male 57 Cystogastrostomy for pancreatic psuedocyst 

and cholecystectomy
75

Cancer patients
1 Female 43 Extended left hemihepatectomy 320
2 Male 48 Right hemihepatectomy 240
3 Male 76 Right hemihepatectomy 180
4 Male 61 Left hemihepatectomy 210
5 Male 52 Right hemihepatectomy and cryotherapy to 

segment IV
150

6 Male 39 Left hemihepatectomy 90
7 Male 77 Right hemihepatectomy 140
8 Male 61 Right hemihepatectomy 150
9 Female 73 Extended right hemihepatectomy 150
10 Male 53 Right hemihepatectomy 180
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Calculations of growth factor levels

Plasma samples were obtained and processed as described in section 2.3.2, page 133. 

ELISAs were performed on all samples in duplicate and the growth factor levels 

calculated as described in sections 4.1.3, page 185 and 4.2.1, page 200 & Figure 43.

Plasma VEGF-C levels between groups and alterations with time from surgery

Plasma VEGF-C levels were measured at 9 time points in each patient: pre-operatively, 

intra-operatively, at 1, 6, 12, 24, 48 and 96 hours and 7 days post-operatively and 

plotted against time (Figures 52-53). In the hepatic resection group, an unusual outlying 

value was found in one patient in their intra-operative measurement (86.7 U/ml, Figure 

52) and a single control patient (control 2, see Table 30) had much higher levels than 

the rest of the group (Figure 53). These two samples were checked by repetition of the 

ELISA with similar results. Consequently, in order to eliminate undue influence from 

these patients, the VEGF-C values of each patient were normalised to their pre­

operative baseline value and the intra-operative value of the single liver resection 

patient excluded. The mean of the normalised values for each group was then plotted 

against time (Figure 54).
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Figure 52: Variations in plasma VEGF-C levels with time in hepatic metastasis
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-24 0 24 48 72 96 120 144 168

Time (hours)

211



Figure 54: Normalised plasma VEGF-C levels over time
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A tendency towards reduced VEGF-C levels in the peri-operative period in comparison 

with pre-operative baseline levels, followed by an increase at a week post-operatively 

was observed in both colorectal cancer liver resection patients and control laparotomies 

(Figure 54). However, there were no statistically significant differences in levels at 

different time points in the group as a whole (Friedman test, 5^= 13.2, /?=0.106), nor 

when split into cancer and control groups (Friedman test, ^=6.5, p=0.59 and 

p=0.06 respectively).

Plasma VEGF-D and VEGF-A levels between groups and changes over time from 

surgery

Plasma VEGF-D and VEGF-A levels were measured at two time points: pre-operatively 

and at 7 days post-operatively. A wide range of VEGF-D and VEGF-A levels were seen 

in each group of patients (Table 31).
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Table 31: Comparison of plasma VEGF-D and VEGF-A levels between groups at 
different time points

Time point VEGF-D
(pg/ml)

P~
value

VEGF-A
(pg/ml)

/;-value

Whole group Pre-operative 
7 days after surgery

557 (105-3537) 
677 (288-2091) 0.47

26 (6-553) 
117(8-432) 0.018*

Hepatic
metastasis
group

Pre-operative 
7 days after surgery

403 (105-1387) 
1073 (294-2091) 0.028*

26 (6-119) 
120 (8-415) 0.005**

Control
laparotomy
group

Pre-operative 
7 days after surgery

1540 (117-3537) 
547 (288-1828) 0.37

40 (15-553) 
102 (20-432) 0.68

Values are median (range). *p<0.05, **/?<0.01, Wilcoxon signed rank tests.

In the group as a whole (both hepatic metastasis and control laparotomy patients), no 

significant differences were found between the pre-operative and seven day plasma 

VEGF-D level (Wilcoxon signed rank test, p=0.47), but plasma VEGF-A levels were 

elevated at seven days (p=0.018) (Table 31).

Alterations in VEGF-D and VEGF-A levels with time within each group are illustrated 

graphically in Figures 55-58. Changes in growth factor levels between the two time 

points were subject to individual variation in cancer and control groups; for a given 

individual, plasma levels of VEGF-D were seen to either increase or decrease at one 

week post-operatively (Figures 55-56). Similar variation was seen for plasma VEGF-A 

levels in the control patient group (Figure 58), but all cases in the hepatic metastasis 

resection group demonstrated elevated VEGF-A levels with time (Figure 57).
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Figure 55: Pre-operative and 7 day post-operative plasma VEGF-D levels in hepatic
metastasis
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VEGF-D levels showed both increases and decreases at 7 days within individuals. The median 
pre-operative level was 403 pg/ml (range, 105-1387) and median 7 day level was 1073 pg/ml 
(294-2091). These levels were significantly different (Wilcoxon signed rank test, p=0.028, Table 
31).

Figure 56: Pre-operative and 7 day post-operative plasma VEGF-D levels in 
laparotomy controls
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VEGF-D levels showed both increases and decreases at 7 days within individuals. The median 
pre-operative level was 1540 pg/ml (range, 115-3537) and median 7 day level was 547 pg/ml 
(288-1828). These levels were not significantly different (Wilcoxon signed rank test, p=0.37, 
Table 31).

214



Figure 57: Pre-operative and 7 day post-operative plasma VEGF-A levels in hepatic
metastasis
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VEGF-A levels all increased at 7 days within individuals. The median pre-operative level was 26 
pg/ml (range, 6-119) and median 7 day level was 120 pg/ml (8-415). These levels were significantly 
different (Wilcoxon signed rank test, p=0.005, Table 31).

Figure 58: Pre-operative and 7 day post-operative plasma VEGF-A levels in 
laparotomy controls
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VEGF-A levels showed both increases and decreases at 7 days within individuals. The median 
pre-operative level was 40 pg/ml (range, 16-553) and median 7 day level was 102 pg/ml (20- 
432). These levels were not significantly different (Wilcoxon signed rank test, p = 0.68, Table 
31).
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In order to eliminate the effects of the intraindividual variation noted previously and to 

identify the direction of any systematic differences in plasma growth factor levels with 

time between groups, the difference in plasma values at the two different time points 

was calculated for each individual and the median values of each group compared 

(Mann-Whitney-U test) (Table 32, Figures 59-60).

Table 32: Differences in YEGF-D and VEGF-A levels with time

Hepatic 
metastasis group

Control 
laparotomy group p-value

Median difference in VEGF-D 
values (pre-operative -  7 day 
value)

-492 (-1986-710) 169 (-660-2896) 0.043*

Median difference in VEGF-A 
values (pre-operative -  7 day 
value)

.54 (-404-(-2)) 3 (-372-140) 0.243

Values are medians (range). */?<0.05, statistically significant result

An increase in plasma VEGF-D levels at 7 days post-operatively was seen in the cancer 

group over the controls in comparison to the pre-operative values (hence producing a 

negative value for the difference between the observations at different time points, 

j9=0.043, Table 32) but no significant systematic differences were observed in plasma 

VEGF-A levels between groups with time from surgery (p=0.243, Table 32). Increased 

VEGF-A levels at one week post-operatively were observed in both cancer and control 

groups (although the median level was not significantly increased in the control 

laparotomy group, Table 31).
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Figure 59: Difference in pre-operative vs. 7 day post-operative plasma VEGF-D levels
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Figure 60: Difference in pre-operative vs. 7 day post-operative plasma VEGF-A levels

p=0.243
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To summarise, no significant differences in pre-operative plasma VEGF-C levels were 

identified between hepatic metastasis and control laparotomy patients, nor were any 

changes observed with time from surgery. Plasma VEGF-A levels but not VEGF-D 

levels increased to 7 days post-operatively in both groups. A small systematic difference 

was detected for plasma VEGF-D levels between groups, which increased at one week 

post-operatively in cancer patients compared to controls.

Correlation of plasma growth factor levels with immimohistochemically detected 

tissue growth factor expression

Pre-operative plasma levels of VEGF-C, VEGF-D and VEGF-A did not correlate with 

immimohistochemically detected expression of the corresponding growth factors in the 

resected liver metastasis (Spearman rank correlations coefficients, -0.025, 0.127 and 

-0.361, withp -values of 0.95, 0.74 and 0.34 respectively) (see section 3.2.7, page 168).

Summary - immunoassays in hepatic resection and control laparotomy patients

In this small study of hepatic metastasis resection and control laparotomy patients, no 

differences were found in plasma VEGF-C levels between patient groups or at different 

time points from surgical resection. Similarly, no differences in plasma VEGF-D levels 

were seen in pre-operative compared with 7 day post-operative samples in the study 

group as a whole, although on subgroup assessment cancer patients had elevated 7 day 

post-operative levels in comparison with controls. An overall increase in plasma VEGF- 

A levels was seen in both groups, but no differences were observed between the groups. 

Plasma growth factor levels did not reflect the expression pattern in the liver metastasis 

detected immunohistochemically.
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4.3. SUMMARY OF RESULTS

An ELISA for measurement of VEGF-C was developed, validated and evaluated in a 

pilot study as described in section 4.1.7, page 193. Prospective studies were undertaken 

to investigate the clinical potential of the VEGF-C ELISA in conjunction with ELISAs 

for VEGF-D and VEGF-A.

This series of experiments demonstrated that:

i) in preoperative colorectal cancer patients,

• plasma levels of VEGF-C, VEGF-D and VEGF-A were not higher in cancer 

patients than controls

• no extensive differences in growth factor levels in plasma were identified 

between different clinicopathological subgroups of patients

ii) in hepatic metastasis resection and control laparotomy groups,

• no significant differences in pre-operative plasma VEGF-C levels were 

identified between groups, nor were any changes observed with time from 

surgery.

• plasma VEGF-A levels increased to 7 days post-operatively in both groups, 

plasma VEGF-D levels increased at one week post-operatively in cancer patients 

compared to controls.

• plasma growth factor levels did not reflect the pattern of expression in the liver 

metastasis.
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5. DISCUSSION

In order to investigate and clarify the roles played by the VEGF family members and 

lymphangiogenesis in colorectal cancer, the studies described in this thesis formed two 

groups: immunohistochemical experiments examining the expression of VEGF family 

members and receptors in the primary and metastatic sites of colorectal cancer and 

immunoassay experiments assessing the role of circulating VEGF-C and VEGF-D in 

the prediction of tumour behaviour (see section 1.8, page 102).

5.1. EXPRESSION OF THE VEGF FAMILY AND RECEPTORS 

IN PRIMARY AND METASTATIC SITES OF COLORECTAL 

CANCER

The findings to emerge from the immunohistochemical experiments will be considered 

under three headings:

i) the expression and relationships between VEGF family members and 

receptors in primary colorectal cancer

ii) the role of the VEGF family and its receptors in the development of 

colorectal cancer metastasis

iii) lymphangiogenesis and LVD in colorectal cancer

In vitro and in vivo tumour models have limitations; both are artificial situations in 

which cells are deprived of their natural tissue microenvironment and may behave in 

unrepresentative ways. In animal tumour models (particularly those producing tumours
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in ectopic sites) the tumour microenvironment may only partially reflect the true 

condition in human tumours. As the expression of growth factors is influenced greatly 

by microenvironmental conditions, such as the concurrent presence of other cytokines 

and growth factors, the level of inflammation, hypoxia, extracellular matrix molecules 

and cell-cell interactions (Fidler, 2001; Liotta & Kohn, 2001), the observed expression 

of growth factors and receptors in animal models may be misleading. Consequently, 

examination of human tumour tissue is able to identify accurately how and where 

growth factors and their receptors are expressed within a tumour and detect the presence 

of confounding variables such as inflammation.

5.1.1. Expression and relationships between VEGF family members and receptors 

in primary colorectal cancer

In primary colorectal cancer:

• the pattern of expression of the VEGF family members, VEGF-C, VEGF-D and 

VEGF-A, increased from normal tissue adjacent to colorectal cancer, through 

the junctional mucosa and throughout the tumour to a maximum at the invasive 

tumour edge.

• VEGFR2 was expressed in colorectal cancer cells and the pattern of expression 

reflected that of its ligands, increasing to a maximum at the invasive tumour 

edge.

• the expression of VEGF-C and VEGFR2 correlated with one another and co­

localised throughout colorectal cancer

• the expression of VEGF-C and VEGF-D did not correlate within colorectal 

cancer.

• the pattern of expression of VEGF-C, VEGF-D, VEGF-A and VEGFR2 in 

primary tumours was similar in early and late colorectal cancers.
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Most studies addressing the relationship between tumour-expressed VEGF-A and 

prognosis in colorectal cancer fail to assess the intra-tumoural heterogeneity of growth 

factor expression (section 1.4.3, page 51). Cells at the invading edge of the tumour are 

considered to have the highest malignant potential in comparison to other parts of the 

tumour (Oh-e et al., 2001). Studies from Japan also examined the topographical 

distribution of VEGF-A and VEGF-C throughout primary colorectal cancers (Furodoi et 

al., 2002; Kaio et al., 2003) and have shown that growth factor expression increased 

throughout the tumour and TI expression correlated with MVD and poorer outcome. 

These topographical results are confirmed and extended by the work described in this 

thesis. Expression patterns of VEGF-A, VEGF-C and VEGF-D were similar, increasing 

to a maximum towards the TI site. For this reason, TI growth factor expression was 

considered in relation to the clinicopathological variables.

The expression of VEGF receptors by various malignant cell types has been discussed 

in section 1.4.3, page 57. In the context of colorectal cancer, increased VEGFR2 and 

VEGFR3 expression have been noted in malignant epithelial cells (Amaya et al., 1997; 

Witte et al., 2002; Kawakami et al., 2003). Here, the expression of VEGFR2 in 

colorectal cancer cells was confirmed and its pattern of distribution throughout the 

primary tumour found to mirror that of the VEGF family members, increasing to a 

maximum at the TI site. This important finding was confirmed by the use of two 

different antibodies (Figure 19, page 160). The clinical relevance of VEGR2 

expression and its ligands in colorectal cancer is in the identification of potential 

overlapping intra-tumoural autocrine and paracrine circuits, which may influence 

tumour response to novel anti-VEGF treatments. Consequently, a VEGF-A expressing 

colorectal cancer may show initial response to anti-VEGF-A treatments eg. 

bevacizumab (Avastin™) (Hurwitz et al., 2003) but co-expression of VEGFR2 and
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VEGF-C or VEGF-D would allow the tumour to escape from, and develop resistance to, 

this form of therapy. Anti-VEGF-A treatments may have beneficial anti-tumour effects 

(both directly and by enhancement of tumour response to conventional adjuvant 

treatments) in addition to their anti-angiogenic effects (Harmey & Bouchier-Hayes, 

2002). However, existence of overlapping VEGF family ligand/receptor circuits within 

colorectal cancer has implications for anti-VEGF strategies, which may require 

targeting of several different ligands/receptors to achieve sustained clinical response.

A novel finding of this thesis was the close topographical relationship between VEGF-C 

and VEGFR2 expression within primary colorectal cancer (summarised in Figure 61, 

page 232). This was exemplified by the correlating expression between the growth 

factor and its receptor at multiple sites within the primary tumour and co-localisation 

within malignant epithelial cells (Figures 20-21, pages 162-3). The importance of this 

finding is the possibility of an autocrine/paracrine circuit between the mature growth 

factor and the receptor, potentially enabling VEGF-C to mediate tumour growth, 

proliferation, motility and invasion and allow the development of resistance to anti- 

VEGF-A treatments as mentioned above.

Despite the similar overall distribution pattern of primary tumour VEGF-C and VEGF- 

D expression, these related growth factors did not correlate with one another and nor did 

VEGF-D and VEGFR2 expression correlate. This may reflect a less important role for 

VEGF-D and the potential VEGF-D/VEGFR2 loop in the progression of malignant 

colorectal disease (George et al., 2001b; Hanrahan et al., 2003). Both George (2001b) 

and Hanrahan (2003) have demonstrated reduced VEGF-D mRNA levels in colorectal 

tumours in comparison to adenomas and normal mucosa. However, the relationship 

between reduced mRNA and subsequent protein expression within the tumour is unclear 

(George et al., 2001b). The authors of these studies have postulated the concept of 

VEGF-D as a competitive agonist to VEGF-A and VEGF-C, consequently reduced
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VEGF-D levels in tumours would allow increased access of VEGF-A and VEGF-C to 

their receptors (George et al., 2001b) or that VEGF-D may only be important in a subset 

of tumours (Hanrahan et al., 2003). Expression of the VEGF family members alters 

throughout the adenoma-carcinoma sequence and the balance between the expressed 

cytokines is likely to be relevant for tumour progression and subsequent behaviour 

(Niki et al., 2000; George et al., 2001b; Hanrahan et al., 2003).

The topographical localisation pattern of the VEGF family and VEGFR2 expression 

was similar in colorectal cancers of early and late Dukes’ stage. By contrast, MVD was 

increased in tumours of advanced Dukes’ stage, a finding that has been reported 

previously (section 1.2.2, page 32). This is likely to be due to the concurrent increase in 

expression of additional angiogenic growth factors in advanced tumours, as tumour 

MVD is not solely determined by VEGF expression but depends on the overall balance 

of angiogenic growth factor and inhibitor expression within the tumour 

microenvironment.

Immunohistochemical studies suffer from limitations, which are often due to the 

heterogeneity of human cancer and the possibility that non-representative tissue has 

been sampled. Immimohistochemical techniques also tend to be subjective and semi- 

quantitative. Further criticism of these immunohistochemical experiments and the 

findings described could focus on the number of cases studied, the antigens chosen for 

assessment, vessel counting and assessment methodology.

These studies only employed small numbers of cases, with the consequence of a skewed 

spread in terms of tumour stage and histology, the tumours examined were mainly later 

T stages (T1 and T2, n=5; T3 and T4, n=25) and were all moderately or poorly 

differentiated (moderately differentiated, n=22; poorly differentiated, n=8). Furodoi et 

al. (2002) have demonstrated that TI expression of VEGF-C is increased in colorectal 

tumours of poorer histological grade. Through the use of multiple assessments at
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VEGF-D levels in tumours would allow increased access of VEGF-A and VEGF-C to 

their receptors (George et a l, 2001b) or that VEGF-D may only be important in a subset 

of tumours (Hanrahan et al., 2003). Expression of the VEGF family members alters 

throughout the adenoma-carcinoma sequence and the balance between the expressed 

cytokines is likely to be relevant for tumour progression and subsequent behaviour 

(Niki et al., 2000; George et al., 2001b; Hanrahan et al., 2003).

The topographical localisation pattern of the VEGF family and VEGFR2 expression 

was similar in colorectal cancers of early and late Dukes’ stage. By contrast, MVD was 

increased in tumours of advanced Dukes’ stage and in those that developed metastatic 

disease, a finding that has been reported previously (section 1.2.2, page 32). This is 

likely to be due to the concurrent increase in expression of additional angiogenic growth 

factors in advanced tumours, as tumour MVD is not solely determined by VEGF 

expression but depends on the overall balance of angiogenic growth factor and inhibitor 

expression within the tumour microenvironment.

Immunohistochemical studies suffer from limitations, which are often due to the 

heterogeneity of human cancer and the possibility that non-representative tissue has 

been sampled. Immunohistochemical techniques also tend to be subjective and semi- 

quantitative. Further criticism of these immunohistochemical experiments and the 

findings described could focus on the number of cases studied, the antigens chosen for
C   ' ........ ~  ~

assessment, vessel counting and assessment methodology.

These studies only employed small numbers of cases, with the consequence of a skewed 

spread in terms of tumour stage and histology, the tumours examined were mainly later 

T stages (T1 and T2, n=5; T3 and T4, n=25) and were all moderately or poorly 

differentiated (moderately differentiated, 11=22; poorly differentiated, n=8). Furodoi et 

al. (2002) have demonstrated that TI expression of VEGF-C is increased in colorectal 

tumours of poorer histological grade. Through the use of multiple assessments at
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different areas within individual tissue sections, it was possible to make a detailed 

critical assessment of the intra-tumoural patterns of receptor and growth factor tissue 

expression. However, the observations reported may reflect the situation in the tissue 

microenvironment encountered predominantly in more advanced tumours of poorer 

histological grades and clearly require confirmation in larger patient populations, which 

should encompass tumours of all T stages and histological grades.

The choice of VEGFR2 for histological study was made due to its importance in 

mediating the angiogenic effects of VEGF-A (Karkkainen & Petrova, 2000). Study of 

VEGFR3 expression was attempted in order to determine whether malignant cellular 

expression could be confirmed (Witte et al., 2002) and to assess the potential role of 

VEGFR3 as a lymphatic vessel marker in colorectal cancer. However, the lack of 

specificity of the available polyclonal antibodies meant that this attempt had to be 

abandoned (see section 3.1.4, page 147). The only study to demonstrate VEGFR3 

expression in colorectal cancer cells also demonstrated an association with reduced 

survival and employed an in-house rabbit polyclonal antibody, which is not generally 

available (Witte et al., 2002). Should more specific antibodies become available, it will 

be important to examine the tissue expression of VEGFR3 in colorectal cancer, in 

particular, investigation of the pattern of expression throughout the tumour and its 

relationship to the other VEGFRs, ligands and clinicopathological characteristics would 

be desirable.

Chalkley point counting was used to quantify MVD as this method is reproducible and 

accurate in colorectal cancer (Abdalla et al,, 1996; Li et al., 2003). CD34 antibody was 

chosen as the best endothelial marker in paraffin embedded colorectal tissue after 

assessment of the results of immunostaining with CD34, CD31 and CD 105 antibodies 

(section 3.1.1, page 135). The choice of CD34 agrees with the findings of others in 

colorectal tissue (Abdalla et al., 1996).
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Direct comparison of the levels of expression between VEGF-C, VEGF-D, VEGF-A 

and VEGFR2 at different tumour sites was not performed although the assessment of 

immunostaining was made on the same scale and protocols were optimised to include 

the same spectrum of immunostaining intensities for each of the antigens. The reason 

for this was that although within-group comparisons and rank correlations are valid, 

between-group comparisons of relative levels of antigen expression could be criticised 

as being the consequence of antibody affinity rather than due to actual differences in 

antigen expression.

To summarise, in primary colorectal cancers, expression of VEGF family members and 

VEGFR2 is increased throughout the tumour to a maximum at the TI, VEGFR2 is 

expressed in colorectal cancer cells and a close relationship exists between VEGF- 

C/VEGFR2. Potential overlapping autocrine and paracrine circuits have been identified 

between the VEGF ligands and VEGFR2, which may explain the clinical response seen 

to anti-VEGF-A treatments and why the responses observed are likely to be of limited 

duration.

5.1.2. Role of the VEGF family and its receptors in the development of colorectal 

cancer metastasis

In the development of colorectal cancer metastases:

• VEGF-C and VEGFR2 expression at the invasive edge of primary colorectal 

cancers correlated with their expression in metastatic lymph nodes.

• the expression of VEGF-C and VEGFR2 correlated with one another and co­

localised in metastatic lymph nodes but not in liver metastases.

• the pattern of expression of VEGF-C, VEGF-D, VEGF-A and VEGFR2 in 

primary tumours was similar in those cancers that did and did not spread to 

lymph nodes.
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• colorectal cancers that spread to the liver had a lower level of VEGF-C 

expression at the invasive tumour edge in the primary tumour in comparison to 

tumours that did not develop haematogenous metastasis.

• the expression of VEGFR2 was reduced in liver metastases in comparison to 

expression at the invasive edge of the primary tumour.

Akagi et al. (2000) examined metastatic lymph node expression of VEGF-C in 18 cases 

of colorectal cancer and commented that nodal VEGF-C expression was ‘fairly 

consistent with expression in the primary tumour’. In their study, a ‘positive’ case was 

defined as one in which greater than 10% of the malignant cells were immunoreactive to 

VEGF-C, no account was taken of the intensity of VEGF-C expression or location of 

the ligand within the tumour (Akagi et al., 2000). In the current studies, VEGF-C 

expression in metastatic lymph nodes correlated with the TI expression of VEGF-C, 

emphasising the importance of the invading edge of the tumour in determining 

metastatic behaviour. Similar findings were seen between TI and metastatic lymph node 

expression of VEGFR2. The correlating expression of VEGF-C, VEGFR2 and the 

ligand-receptor pair at the TI and in lymph node metastases suggests that their 

interaction is important in metastatic nodal spread. This proposal is further supported by 

the correlation observed between levels of colorectal tumour VEGFR2 mRNA and 

lymph node metastasis by Hanrahan et al. (2003). The association between VEGF-C 

expression and lymph node metastasis has been observed in multiple tumours (see 

section 1.7, page 90), but the precise mechanism of how tumour growth factor 

expression influences metastasis in lymph nodes remains obscure. VEGF-C may 

promote tumour lymphangiogenesis and angiogenesis. Interaction between VEGF-C 

and VEGFR3 on lymphatic vessels could enhance lymphatic vessel invasion and lymph 

node metastasis. Alternatively, VEGFR2 or VEGFR3 expression on angiogenic vessels
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provides a route for VEGF-C to influence angiogenesis and haematogenous spread. The 

finding of VEGFR2 expression on colorectal epithelial cells also opens the possibility 

that VEGF-C expression may be involved in the upregulation of the receptor and the 

production of autocrine-induced tumour cell survival and invasion.

To date, colorectal cancer liver metastases have not been examined for expression of 

VEGF-C or VEGF-D, although some years ago expression of VEGF-A and VEGFR2 

mRNA in this metastatic site was investigated by Warren et al. (1995) who found high 

levels of VEGF-A mRNA in neoplastic cells and that VEGFR2 mRNA was confined to 

endothelial cells. Here, VEGFR2 expression was detected immunohistochemically in 

malignant cells within hepatic metastases, but at a much lower expression than in lymph 

node metastases or in the primary sites (Table 20, page 168 & Figure 26, page 169). 

The reduced level of VEGFR2 expression in liver metastases may be related to 

conditions within the local tissue microenvironment, in particular the oxygen tension 

found at this metastatic site. The relatively high levels of oxygen in hepatic parenchyma 

mean that VEGF-A is less of an angiogenic driver at this site than in the primary 

tumour, this is supported by the lower levels of VEGF-A seen in liver metastases in 

comparison to metastases at other intra-abdominal sites (Cascinu et al., 2001). Lower 

levels of VEGF-A within the hepatic metastasis may in turn result in reduced VEGFR2 

expression (see section 1.4.1, page 48 & section 1.4.3, page 51). The clinical relevance 

of this finding is that new approaches to cancer therapeutics involving tyrosine kinase 

inhibitors may have limited effectiveness in the treatment of colorectal cancer hepatic 

metastases in comparison to other metastatic sites.

VEGF-C and VEGF-D were expressed in the hepatic metastases of colorectal cancer, 

albeit at a lower intensity than primaiy TI expression and in the liver metastases 

expression did not correlate with that at the TI of the primary tumour. Consequently, the 

interaction between VEGF-C and VEGFR2 appeared to be less influential on metastatic
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spread to the liver than on lymph node metastasis, as evidenced by the lack of 

correlation between expression of the growth factor/receptor in this metastatic site. 

Growth factor/receptor expression by the liver metastasis did not reflect TI expression 

unlike the situation seen in the lymph node metastasis. This is not unexpected, as lymph 

node spread tends to occur earlier in the natural history of colorectal cancer than hepatic 

metastasis, fewer molecular genetic events separate a primary tumour from a lymph 

node metastasis than the primary tumour and its subsequent liver metastasis (Sleeman, 

2000). Consequently, a lymph node metastasis is more likely to reflect the phenotypic 

characteristics of the primary tumour than a subsequent liver metastasis from the same 

primary (Sleeman, 2000).

A similar pattern of growth factor/receptor expression at the TI was seen for tumours 

with and without lymph node metastases but cases that subsequently developed liver 

metastases showed a lower level of TI VEGF-C expression compared with those that 

did not develop hepatic disease, although the numbers involved were small (n=10). This 

finding appears to conflict with that reported by Furodoi et al. (2002) who examined 

VEGF-C expression at the TI in 152 cases of colorectal cancer, finding that the number 

of cases showing positive TI VEGF-C expression was increased in those who 

subsequently developed liver metastasis. The reason for this apparent discrepancy is 

probably due to the difference in detection and assessment methodology. Furodoi et al. 

classified a VEGF-C positive case as one in which greater than 10% of malignant cells 

were immunoreactive for VEGF-C (Furodoi et al., 2002), whereas the studies reported 

in this thesis examined the intensity of VEGF-C expression at multiple sites throughout 

the tumour. Consequently, all the cases examined here showed some level of TI VEGF- 

C expression (Table 18, page 155) and would all have been classified ‘positive’ by the 

critieria of Furodoi et al., but assessment by this method would have obscured the subtle 

differences between tumours spreading by different metastatic routes. This apparent



discrepancy due to methodological differences highlights one of the difficulties of 

comparison between immunohistochemical studies as discussed in section 1.7.1, page 

90. Although VEGF-C has angiogenic effects, it is less potent in this regard than 

VEGF-A (Joukov et al,, 1997b), so the reduction in VEGF-C expression intensity at the 

TI site in primary tumours spreading via the haematogenous route may simply reflect 

the lesser role that VEGF-C plays in this mode of metastasis in this patient group. 

However, the number of cases examined was small and this finding requires 

confirmation in larger numbers of specimens.

It is important to note that the cases of colorectal cancer that subsequently developed 

hepatic metastases and the metastases themselves that were examined 

immunohistochemically in this thesis, only represent resectable hepatic disease and 

consequently may not be representative of the whole spectrum of colorectal cancer or 

liver metastases. Tumour biology may differ between patients who have resectable and 

irresectable liver metastases. It is possible that observed alterations in expression of 

certain components of the VEGF family seen in resectable liver metastases (here, 

reduced VEGFR2 expression in liver metastases in comparison to lymph node and TI 

expression and reduced TI VEGF-C expression) may be relevant in terms of tumour 

growth control and in determining resectability. If this is the case, tumour VEGF/R 

profiles may give insight into future tumour behaviour and inhibitors of different 

components of the VEGF axis may have a potential role in the control of liver 

metastases. It is conceivable that VEGF/R profiles may guide selection of adjuvant anti- 

VEGF therapies for patients undergoing resection of metastases, allowing treatment 

strategies to be customised to promote resectability of disease within an individual.

To summarise, in the development of colorectal cancer metastasis, VEGF-C/VEGFR2 

interactions are important in metastatic nodal spread, altered VEGF-C profile at the TI 

may influence future haematogenous metastasis, VEGF-C and VEGF-D are expressed
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in the liver metastases of colorectal cancer and VEGFR2 expression is lower in hepatic 

metastases, which is likely to be due to tumour microenvironmental influences. 

VEGF/R profiles of primary tumours may provide insights into future tumour behaviour 

and response to new therapies, although reduced VEGFR2 expression by liver 

metastases implies there may only be a limited role for tyrosine kinase inhibition in 

treatment of the hepatic metastases of colorectal cancer.

The relationships between expression of the VEGF family of growth factors and 

receptors in primary colorectal cancer and secondary sites is simplified and summarised 

in Figure 61.
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Figure 61: The relationship between primary tumour and secondary site expression of 
VEGF-C, VEGF-A and VEGFR2
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The large oval shape represents a primary colorectal cancer, the smaller oval 
illustrates a lymph node metastasis. The primary tumour and secondary sites are 
divided by vertical dashed lines. The open circles to the left of the line represent 
VEGF-A expression, the asterisks to the right of the dashed line represent VEGF-C 
expression. The blue background colour of the primary and secondary sites 
represents the level of intensity of expression of VEGFR2.
The blue arrows illustrate how the expression intensity of VEGFR2 increases from 
the superficial to the deep tumour and this is paralleled by the increased expression 
of VEGF-C in the primary tumour.
In lymph node metastases, VEGFR2 expression remains high, as does the 
expression of VEGF-C (and that of VEGF-A to a lesser extent). In liver metastases, 
VEGFR2 expression is very low, VEGF-C and VEGF-A expression is present but at 
a lower level than in lymph node metastases or expression at the edge of the 
invading tumour.
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5.1.3. Lymphangiogenesis and LVD in colorectal cancer

The following observations were made with regard to LVD in colorectal cancer:

• LYVE-1 antibodies clearly stained lymphatic vessels in and around colorectal 

cancer specimens and LVD scores could be determined by LYVE-1 positive 

vessel counting.

• lymphatic vessels within colorectal cancers were uncommon and the presence of 

deep intra-tumoural lymphatics was associated with increased expression of 

VEGF-C and decreased expression of VEGF-D in the invasive edge of the 

tumour.

• no associations were observed between LVD and clinicopathological factors

LYVE-1 antibody was found to be a sensitive and specific marker for lymphatic vessels

in colorectal cancer, which concurs with the results of other groups examining a variety

of malignant human tissues (Beasley et al., 2002; Mattila et al., 2002; Dadras et al.,

2003; Maula et al., 2003; Straume et al., 2003; Williams et al., 2003). As discussed in

section 1.6.1, page 82, numerous methods have been used to examine the lymphatic

vasculature, antibodies to LYVE-1 have been developed recently as specific lymphatic

markers (Jackson et al., 2001; Jackson, 2003) and show great promise in

immunohistochemical and in vitro studies (section 1.6.2, page 87 and Kriehuber et al.,

2001; Podgrabinska et al., 2002). However, studies utilising LYVE-1 antibodies will be

limited in the assessment of lymphatics in intra-hepatic pathology because sinusoidal

endothelium is strongly positive for LYVE-1 (Carreira et al., 2001). In the studies

reported here, Chalkley point counting was used to quantify LYVE-1 positive vessels to

determine the LVD, the reason to select Chalkley point counting was that this method is

reproducible, accurate and correlates with MVD measurements in colorectal cancer

(Abdalla et al., 1996; White et al., 2002; Li et al., 2003), However, unlike MVD,
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methods for the quantification of LVD have not been rigorously investigated in terms of 

either the optimal antibody or the best vessel counting method. Comparisons are 

currently hampered by the lack of availability of the lymphatic vessel specific 

antibodies (Table 11, page 86); hence collaborative studies between the research 

groups who have developed the antibodies would be a helpful advance.

This is the first report to demonstrate a relative lack of intra-tumoural lymphatics in 

colorectal cancer and is similar to the findings in breast cancer using antibodies to 

LYVE-1 (Williams et al., 2003). These results of few lymphatic vessels within 

colorectal cancer are indirectly supported by the gene expression experiments of 

Hanrahan et al. (Hanrahan et al., 2003) who found a reduced level of VEGFR3 mRNA 

in tumour tissue in comparison to normal colorectal mucosa, which may be considered a 

surrogate marker of intra-tumoural lymphatic vessels.

Various tumour types have been investigated for the presence of lymphatics and LVD

using a variety of markers including antibodies directed against LYVE-1, podoplanin,

VEGFR3, enzyme histochemistry and double staining techniques (Pepper et al., 2003).

Each tumour type has particular behavioural characteristics, so it is likely that tumours

that metastasise by different routes employ distinct signalling pathways to differing

degrees. Consequently, the results of studies investigating one tumour type may not be

translatable to other tumours. The finding that intra-tumoural lymphatics are sparse in

colorectal cancer is a case in point. Whilst the spread of colorectal cancer to lymph

nodes is well recognised as a crucial prognostic factor, LVD did not differ between

subgroups displaying different clinicopathological characteristics, in particular, early

and late disease, different nodal stages or tumours with and without lymphatic invasion.

Pre-existing lymphatic vessels however, were commonly found in the submucosa and

throughout the muscle layers of the bowel wall (Figure 7b, page 140). As a colorectal

tumour progresses through the muscle layers it will naturally come into close contact
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with pre-existing lymphatic vessels, at this stage expression of the VEGF family 

members may theoretically ‘activate’ the endothelial cells composing the vessel wall 

and promote entry of tumour cells. LVD, therefore, may not be a useful prognostic 

marker in tumour tissue where lymphatic vessels are already prominent and in close 

proximity to the invading tumour edge, whereas LVD may provide information of 

prognostic value for tumours located in tissues with more sparsely distributed 

lymphatics, possibly being more reflective in this situation of true tumour 

lymphangiogenesis.

The balance of VEGF-C and VEGF-D in the TI of colorectal cancer may be relevant in 

the promotion of the development of intra-tumoural lymphatic vessels. Increased 

VEGF-C and decreased VEGF-D expression intensity at the TI site was associated with 

the presence of deep intra-tumoural lymphatic vessels. This altered balance of VEGF-C 

and VEGF-D expression has been noted in colorectal cancer previously (George et al., 

2001b; Hanrahan et al., 2003), although these earlier studies only described the altered 

VEGF-C/VEGF-D balance in terms of mRNA expression levels. Although the 

generation of intra-tumoural lymphatic vessels may enhance tumour cell metastasis, this 

is not an essential requirement, as lymphatic spread can clearly occur using the pre­

existing lymphatic vessels (section 1.5.6-1.5.7, page 77). The production of lymphatic 

vessels within a colorectal tumour may be inconsequential if the new vessels are poorly 

functional as their contribution to metastatic spread may then be limited. The production 

of intra-tumoural lymphatic vessels in colorectal cancer may simply reflect the balance 

of growth factors expressed at TI and its effect on the peri-tumoural stromal cells, rather 

than being an essential requirement for lymphatic spread. Analogies to the complicated 

relationship between VEGF-A expression and MVD can be made for the relationship 

between LVD and tumour growth factor expression, which is unlikely to be 

straightforward. Various growth factors (eg. VEGF family members, bFGF,
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chemokines) as well as other variables (eg. tissue inflammation, site/organ involved, 

location within the tumour) will influence the overall state of activation of 

lymphangiogenic pathways and the extent of lymphangiogenesis. Furthermore, the role 

of chemokines and their receptors in lymph node metastasis and lymphangiogenesis is 

only just beginning to be explored. Lymphatic endothelial cells secrete chemokines 

from their abluminal surfaces, which promote chemotaxis of activated antigen- 

presenting cells towards the vessels and initiation of the immune response (Saeki et al., 

1999; Kriehuber et al., 2001). It had been thought that tumour cell entry into lymphatic 

vessels (whether pre-existing or new) was a passive process but the expression of 

chemokine receptors by malignant cells may represent tumour exploitation of this 

physiological pathway to allow active migration of tumour cells towards lymphatics 

(Forster et al., 2001; Muller et al., 2001; Wiley et al., 2001; Bachelder et al., 2002; 

Mashino et al., 2002). The extent of expression of chemokine receptors is likely to 

differ between varying tumour types and with microenvironmental conditions and may 

also influence the relative importance of LVD and intra-tumoural lymphatics as a 

requirement for lymphatic metastasis in differing tumours.

To summarise, in regard to lymphangiogenesis and LVD in colorectal cancer, 

antibodies to LYVE-1 clearly identify lymphatic vessels and provide a method for 

quantification of LVD, intra-tumoural lymphatics are relatively sparse within colorectal 

cancer and the presence of lymphatic vessels within the TI is associated with an 

alteration in the balance between VEGF-C/VEGF-D. The relative importance of tumour 

lymphangiogenesis versus pre-existing tissue lymphatics in colorectal cancer 

progression is an area for future research.
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5.2. ROLE OF CIRCULATING VEGF-C AND VEGF-D IN THE 

PREDICTION OF TUMOUR BEHAVIOUR

Immunoassay experiments were performed to assess the role of circulating VEGF-C 

and VEGF-D in the prediction of tumour behaviour. A prospective study using 120 pre­

operative colorectal cancer patients and 50 controls failed to confirm the initial results 

of a pilot study, illustrating increased plasma VEGF-C levels in colorectal cancer (Duff 

et al., 2003c). In the larger study, no significant differences in plasma VEGF-D and 

VEGF-A were found in cancer patients compared with controls and median plasma 

VEGF-C levels were elevated in control patients. No differences were found between 

patients with early and advanced disease, or patients with and without lymph node 

involvement.

Given the multitude of studies reporting elevated serum and plasma levels of VEGF-A

in cancer patients (section 1.4.4, page 60 & Table 9, page 63), it is surprising that no

such difference was detected in this study. This may relate to three factors; the site of

the primary tumour, the choice of plasma for analysis and the nature of the control

group. Firstly, the majority of tumours in this prospective study were rectal cancers

(114/120, 95%). Werther et al, (2000; 2002) demonstrated in a group of 614 colorectal

cancer patients that both serum and plasma VEGF-A levels were increased more in

colonic than rectal cancers and this difference was reflected in the predictive power of

elevated serum VEGF-A. Serum levels of VEGF-A above the 95th percentile of a

healthy control group were predictive of reduced survival on multivariate analysis for

the whole study group (Hazard ratio (HR) 1.44, 95% Cl: 1.13-1.82, /?=0.003). However,

while this predictive value was increased on assessing the colonic cancer group alone

(HR 1.7, 95% Cl: 1.2-2.3, /?<0.0001), it lost predictive power for the subgroup of rectal
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cancers (HR 1.4, 95% Cl: 0.8-1.9, p=0,28) (Werther et al., 2000). Similar findings 

relating to plasma VEGF-A levels were illustrated in a subsequent study, with elevated 

plasma VEGF-A levels predicting reduced survival in colon cancers (p=0.01) but not 

rectal cancers (p=0.93) on univariate analysis (Werther et al., 2002). This may be a 

genuine reflection of biological differences between colonic and rectal tumours in the 

production of angiogenic growth factors and needs to be taken into consideration in the 

planning of future studies. Secondly, controversy persists regarding the optimum 

sample for the best reflection of biological activity (see section 1.4.4, page 60). In this 

study, a significant correlation was observed between plasma VEGF-A level and 

platelet count, with a trend towards a correlation for VEGF-C and platelet count. 

Correlations have previously been reported between serum VEGF-A and platelet count 

(Salgado et al., 2001; Bachelot et al., 2003; Poon et al., 2003). The choice of plasma 

sample for this study was partly to try and minimise the influence of platelet release of 

the growth factor but the weak correlation seen between platelet count and plasma 

growth factor level may reflect the occurrence of partial platelet degranulation in these 

samples. Thirdly, the choice of control group may have influenced the results. Control 

groups of published studies have used self-reported ‘healthy’ volunteers, who often 

differ in age and sex distribution from the cancer population and whether they have 

undiagnosed disease is unknown. This study aimed to correct the deficiencies of the 

pilot study and avoid these biases by using controls of similar age and sex distribution 

to the cancer patients and to exclude patients with colonic disease. In order to achieve 

this in practice, patients were recruited from those undergoing lower gastrointestinal 

endoscopy with normal results and it is possible that the prior bowel preparation 

necessary for the investigation could have influenced the circulating growth factor 

levels. Although no statistically significant difference existed between the gender 

proportions of cancer and control groups, there were relatively more males in the cancer
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group (cancer group: 81 male, 39 female; control group: 29 male, 21 female, % test, 

/?=0.238, Table 25, page 196). However, this is unlikely to have influenced the results 

unduly because no gender differences in either plasma or serum VEGF-C levels were 

found between control subjects in the pilot study (see section 4.1.5, page 189).

In patients undergoing resection of colorectal cancer liver metastases, circulating 

plasma levels of VEGF family members showed no relation to the 

immunohistochemically detected expression pattern seen in the liver metastasis. 

Consequently, plasma measurement of VEGF family members is of no value in the 

prediction of growth factor expression by the liver metastasis. Changes in plasma 

growth factor levels with time following surgical resection were insignificant for both 

VEGF-C and VEGF-D. The observed increase in plasma VEGF-A levels with time in 

both groups is likely to reflect the angiogenic potential of the healing surgical wound.

To summarise, an immunoassay was developed for the measurement of circulating 

VEGF-C. However, the immunoassay experiments failed to show clinical utility for the 

pre-operative measurement of circulating plasma levels of VEGF family members in the 

prediction of clinicopathological characteristics of primary colorectal cancers nor did 

they show ability to reflect the growth factor expression profile of hepatic metastases. 

The immunohistochemical studies illustrated that interactions between tumour 

expressed growth factors and receptors are important at the paracrine and autocrine 

level. This may explain why the measurement of circulating plasma levels of VEGF-C 

and VEGF-D failed to provide useful clinical information as circulating levels of the 

growth factors do not reflect the dynamic situation of the tumour invasive edge.
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6. FUTURE DIRECTIONS

In order to confirm and build on the results of these studies, several areas require further 

exploration and clarification:

a) The relationship between VEGF family members and receptor expression in 

primary colorectal cancer:

- in vitro experiments are necessary to explore the relationship between colorectal 

cancer cell VEGF-C/VEGFR2 expression, controlling factors and influences behind 

such expression at a cellular level, the functional state of tumour-expressed VEGFR2, 

the importance of ligand/receptor expression to malignant cell survival, invasion and 

response to novel anti-VEGF treatments.

- similar immunohistochemical experiments are required in larger patient groups 

encompassing cases of all T stages and histological grades to confirm and extend the 

relationships observed in this thesis.

- the relationship between VEGFR3 expression, the VEGF ligands and VEGFR2 

requires confirmation should specific antibodies become available.

b) The role of the VEGF family and its receptors in the development of colorectal 

cancer metastasis:

- in vitro and in vivo experiments are needed to clarify the mechanisms underlying 

reduced VEGFR2 expression observed in liver metastases.

- similar immunohistochemical experiments are required in larger groups of cases 

including representative samples of primary tumour and metastatic sites, to ideally
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include recurrent disease, varying metastatic sites and irresectable liver metastases to 

assess whether the findings described are applicable to all cases.

- prospective studies to determine the immunohistochemical VEGF/VEGFR profile of 

primary colorectal tumours are essential to investigate the potential role of such 

profiling in determining tumour metastatic behaviour and response to novel therapies.

c) To further clarify the role of lymphangiogenesis and LVD in colorectal cancer:

- confirmation of the results of this thesis are needed using larger numbers of cases of 

primary colorectal cancer encompassing all T stages and histological grades.

- LYVE-1 immunostaining for lymphatic vessels may represent a means to determine 

zones of active lymphangiogenesis within and around tumours where the VEGF- 

C/VEGFR3 axis has been activated. In order to confirm this, double-staining for LYVE- 

1 and a marker of proliferation such as Ki67 could be used to pinpoint proliferating 

lymphatics (Beasley et al., 2002) in conjunction with serial section staining for VEGF- 

C.

- comparative immunohistochemical studies are required to determine the optimal 

antibody or antibody combination for lymphatic vessel discrimination and the best 

methodology for quantification of LVD, which should result in the production of 

guidelines to aid future research.

- the role of LVD as a prognostic factor in colorectal cancer and other malignancies 

should be examined further. In tumour types in which LVD is predictive of outcome the 

relationship between LVD, VEGF/VEGFR expression and topographical distribution, 

clinicopathological factors and chemokine/chemokine receptor expression can be 

investigated in more detail. Where LVD is prognostic, a LVD score or index combining
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LVD with other independent prognostic factors may be useful to stratify patient risk and 

select for adjuvant treatment.

d) To investigate the role of circulating VEGF-C and VEGF-D in the prediction of 

tumour behaviour:

- clarification is required as to whether platelet VEGF-C level increases in malignancy, 

analogous to the situation with VEGF-A, and if platelets contain VEGF-D.

- the clinical utility of circulating plasma VEGF-C and VEGF-D levels requires further 

evaluation in colonic cancer as opposed to rectal cancer with careful selection of age 

and gender matched controls.
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Vascular endothelial growth factors C and D and 
lymphangiogenesis in gastrointestinal tract malignancy
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Vascular endothelial growth factor-C (VEGF-C) and VEGF-D are members of the VEGF family of cytokines and have angiogenic and 
lymphangjogenic actions. In gastric adenocarcinoma. VEGF-C mRNA and tissue protein expression correlate with lymphatic invasion, 
lymph node metastasis and in some reports, venous invasion and reduced 5-year survival. Patients with gastric adenocarcinomas 
containing high levels of VEGF-C expression have significantly reduced 5-year survival rates, and VEGF-C expression is an 
independent prognostic risk factor for death. The nole of VEGF-C in oesophageal squamous and colorectal cancer and VEGF-D in 
colorectal cancer is not dear, with conflicting reports in the published literature. In order to exploit potential therapeutic applications, 
further research is necessary to define the precise rotes of these cytokines in health and disease.
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Lymphangiogenesis, the development of new lymph vessels, is a 
relatively new area of clinical investigation. Increased interest in 
this field has been heightened by the discovery o f new vascular 
endothelial growth factor (VEGF) family members, which possess 
lymphangiogenic roles.

Vascular endothelial growth factor-C (VEGF-C) and VEGF-D are 
secreted glycoproteins that are structurally similar, sharing areas 
of homology with one another and with die angiogenic growth 
factor VEGF-A (Joukov ef a/, 1996; Achen et al, 1998). They are 
specific ligands for the tyrosine kinase receptor, vascular 
endothelial growth factor receptor (VEGFR)-3 (fit-4) (Joukov 
et al, 1996; Achen ef al, 1998). Both cytokines are subject to 
proteolytic processing, which also enables them to act as ligands 
for VEGFR2 (KDR/flk-1) (Joukov et al, 1997; Stacker et al, 1999). 
Vascular endothelial growth factor receptor 2 is expressed on 
vascular endothelial cells and is essential for the embryonic 
differentiation of endothelial and haematopoietic cells and 
formation of blood vessels (reviewed in Veikkola e t al, 2000). 
Vascular endothelial grow th factor receptor 3 is expressed on 
vascular endothelium early in development and on angiogenic 
endothelium, but is mainly restricted to the lymphatic endothe­
lium in the adult (Kaipainen et al, 1995). Consequently, VEGF-C 
and D are implicated through their receptor affinities in angiogenic 
and lymphangiogenic pathways in health and disease (Stacker et al, 
2002).
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ROLES OF VEGF-C AND VEGF-D

Study of the lymphatic system and lymphatic endothelial cells has 
been limited by a lack of specific lymphatic vessel markers, lack of 
lymphatic endothelial cells for culture and limited animal models. 
These problems are currently being overcome with a variety of 
methods. The recent discovery of specific lymphatic vessel 
markers, such as the hyahironan receptor LYVE-1, podoptanin 
and Prox l, new antibodies to these markers and antibody 
combinations has aided the identification of lymphatic vessels in 
histological specimens (Stacker et al, 2002) (Table 1). The 
exploitation of the differential expression of these new specific 
ceil surface markers by lymphatic and blood vascular endothelial 
cells has allowed the separation of stable lymphatic cefl popula­
tions for study (Podgrabinska et al, 2002). Animal models have 
been adapted from angiogenesis research and specific tumour, 
transgenic and knock-out models developed.

Our current understanding of the roles of VEGF-C and VEGF-D 
is derived mainly from in vitro  and in vivo  studies. In  vitro  studies 
have shown that VEGF-C and VEGF-D exhibit mitogenk effects for 
vascular and lymphatic endothelial cells and survival-promoting 
abilities for lymphatic endothelial cells through VEGFR3 (Joukov 
ef al, 1997; Achen ef al, 1998; Marconcini et aL  1999; Veikkola ef al, 
2001). Both growth factors promote angiogenesis in in vitro  assays 
(Joukov et al, 1996; Joukov ef al, 1997; Marconcini e t al, 1999). 
Vascular endothelial growth factor-C promotes the formation of 
capillary-tube structures by lymphatic endothelial cells, but not 
blood vascular endothelial cells, in a collagen sandwich assay 
(Podgrabinska et al, 2002).

In vivo studies, using models adapted from angiogenesis 
research, have confirmed the angiogenic abilities of VEGF-C and 
VEGF-D and the lymphangiogenic effect of VEGF-C (Oh ef al,
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T a b le  I Immunohtstochemical staining methods for the detection of lymphatic endothelial cells

Sites of antigen expression Advantages Disadvantages

Single stanng methods
VEGFR3 antibody LEC. tumour neovasculature LEC specific n  normal tissue 1 ark nf specificity m tumours, VFGFR3 

upregulated in angtogerec endothekum
Podoptanm antixxfy LEC glomerular podocytes LEC specific Lack of commercial antibody xvaSabAty
Prox-I antibody LEC LEC specific Lack of commercial antibody availability
LYVE-I antibody LEC hepatic sinusoidal celts LEC specific Lack of commercial antibody ava4ab*ty
Enzyme histochemistry (5'NA activity) All endothelial cells at different levels findings difficult to interpret 

Hampered by nonspecific staining

Double stoning methods
CD3I/PAL-E antibodies Pan-EC markerfBEC Enhanced discrimnation accuracy Frozen tissue required
VEGFR3/PAL-E antibodies LEC angiogenic BEC/BEC Enhanced discrimination accuracy Frozen tissue required
LYVE-I/CD34 antibodies LEOPan-EC marker Enhanced (kscnmination accuracy Lack of commercial antibody avakatxkty
Prox-I/CD3I antibodies LEC/Pan-EC marker Enhanced discnmnation accuracy Lack ol commercial antibody avarfaMity

LEC = lymphatic endothelial cels 5'NA = S'nucleotidase. LYVE-I = lymphatic vessel endothekal hyakironan receptor-1; BEC = blood vase Jar endothelial marker. Pan-EC 
marker = pan-endothelial cel marker.

1997). Transgenic mouse models, which overexpress VEGF-C or 
VEGF-D in the epidermis, have shown cytokine-dependent, 
VEGFR3-mediated dermal lymphatic vessel enlargement and 
lymphatic endothelial cell proliferation without alteration in blood 
vasculature (Jeltsch f t  al, 1997; Makinen f t  al, 2001; Veikkola rt al, 
2001). Various tumour models have been constructed in which 
overexpression of VEGF-C or VEGF-D is demonstrated. These 
studies consistently show increased aggressiveness of the 
transfected cancer cell lines, intratumoural lymphangiogenesis, 
dilated and increased numbers of peritumoural lymphatics, 
enhanced rates of lymph node metastasis and increased tumour 
angiogenesis (Karpanen rt al, 2001; Mandriota el al, 2001; Skobe 
et al, 2001).

Despite the implication of VEGF-C and VEGF-D in lymphangio- 
genic and angiogenic pathways in these studies, the role of 
the growth factors in the progression of human malignancy is 
unclear and the existence of functional lymphatics and lymphan­
giogenesis in human malignancy has been debated (Leu et al, 2000; 
Clarijs et al, 2001; Padera et al, 2002). Recent studies in head and 
neck cancer (Beasley et al, 2002; Maula et al, 2003) and melanoma 
(Straume et al, 2003) have demonstrated the existence of 
proliferating intratumoral lymphatic vessels. Further research 
is required to determine whether this is the case for all the 
different human malignancies that spread predominantly by the 
lymphatic route. The situation is likely to be clarified further 
by the use of antibodies and antibody combinations for the 
more specific lymphatic markers in conjunction with functional 
assays.

VASCULAR ENDOTHELIAL GROWTH FACTOR-C AND 
VEGF-D IN HUMAN MALIGNANCIES

The dissemination of malignant cells to the regional lymph nodes 
is an early step in the progression of many common solid tumours 
and is an important determinant of prognosis. Positive associa­
tions have been found between the expression of VEGF-C in 
human malignant tissue with adverse clinicopathological features 
including lymphatic invasion and lymph node metastasis. Expres­
sion of VEGF-C mRNA is increased in a variety of human 
malignancies (Salven et al, 1998). Tumour types investigated 
include breast, gastric, colorectal, oesophageal, prostate, pancreas, 
cervical, thyroid, non-small-cell lung cancers, lung adenocarcino 
ma and laryngeal cancers. Clinically important areas of interest are 
the association between VEGF-C and -D expression, intra- and 
peritumoral lymphatic density, lymphatic and venous invasion, 
lymph node metastasis and survival.

O 2003 Cancer Research UK

M ethodological considerations

Many published reports conflict in their outcomes and conclu­
sions. This may be partly explained by the use of different 
methodological tools and assumptions by their authors.

Immunohistochemical techniques and microvessel counting 
examine the tissue as near its condition in vivo as possible. Even 
so, results obtained examining malignant tissue at the invasive 
edge of tumours may not concur with results from central and 
superficial parts of the tumour (Furodoi et al, 2002). Scoring 
methods for both immunohistochemical staining and vessel 
counting vary between studies, with consequent difficulties in 
the extrapolation of results. Furthermore, the subjective nature of 
assessment of staining intensity and the frequent lack of positive 
or negative tissue controls in immunohistochemical analyses can 
confound analysis.

Studies examining mRNA levels provide an estimate of overall 
expression in the tissue fragment analysed, including tumour cells, 
stroma and normal mucosa, as RNA extraction necessarily entails 
tissue disruption. The nature of the interaction between expressed 
cytokines and the tumour microenvironment is at the cellular and 
paracrine level (Furodoi et al, 2002). Consequently, analysis of 
global tumour mRNA levels may miss subtleties of tissue 
expression that are crucial for tumour behaviour. The expression 
of mRNA in a tissue fragment may not necessarily equate with the 
expression of protein by the tumour.

Evidence for tumour-related lymphangiogenesis is derived from 
the presence of intratumoral lymphatics in xenograft studies. 
However, these vessels may be trapped in the tumour mass as a 
consequence of the methodology of model construction. Conse­
quently, studies involving transgenic animals overexpressing 
VEGF-C, in which dilation of peritumoral lymphatics are seen 
(Mandriota ef al, 2001) may reflect the situation in spontaneously 
arising human tumours more accurately (Karpanen and Alitalo, 
2001).

Further discussion will focus on the current evidence for the role 
of VEGF-C and VEGF-D and their signalling receptors for the 
common sites of malignancy of the gastrointestinal tract (Table 2).

Gastric cancer

Gastric cancer is a leading cause of cancer death worldwide. 
Lymph node status is important in the prediction of prognosis. 
Potential molecular markers that predict lymphatic involvement 
would improve the clinical management of this disease. The role of 
VEGF-C in predicting lymphatic invasion and lymph node 
metastasis in gastric cancer has been investigated in several
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T a b le  2  Imrnunohstoctiernicai examination of VEGF-C expression n  gastrontestinal malignancy

CUnkopathological associations of increased 
VEGF-C expression with regard to

Tumour type
Number 
of cases

VEGF-C
IHC

<*>

Lymphatic Venous
invasion

Lymph node 
metastasis

Prognosis

Reference

Oesophageal SCC 48 40 P< 0.0 l P<0.0l P< 0.0 l NA Kitadai et at (2001)
Oesophageal SCC 71 54 P = 0 5 l P =  0.092 P =  0.085 P=0.80 Noguchi et d  (2002)
Gastric adenocarcinoma 117 26 P<0.0S P<0.0l p< o .os PcO.OOl Yonemura et at (1999)
Gastric adenocarcinoma 76 45 P = 0.04 P=0.07 NS NS trend Ichikura et d  (2001)
Early gastric adenocarcinoma 105 29 P = 0.02 NS increase NS increase NA Kabashima ef d  (2001)
Gastric adenocarcinoma 65 51 P<0.0S NS P<0.0S P < 0.0 l Takahashi et d  (2002)
Gastric adenocarcinoma 139 32 P<0.0S NS P<0.0S NA Amioka et d  (2002)
Advanced colorectal 
adenocarcinoma

152 47 P < 0.0l P < 0.0 l P <0.0l P<0.05 Furodoi et d  (2002)

Colorectal adenocarcinoma 99 56 P <0.0l NS P <0.0l NS trend Akagi ef d  (2000)
Colorectal adenocarcinoma 59 35 NS NA NS NA George et d  (2001)

SCC = squamous ce* carcinoma; HC = immunohistochemistry; NS = nonsignificant IMA = not assessed. Values in bold type indicate statsticafy significant results.

studies (Table 2). There are no studies that have examined the role 
of VEGF-D in gastric cancer.

Immunohistochemical analysis of tumour tissue has demon­
strated that VEGF-C immunoreactivity is restricted to gastric 
cancer cells and is observed diffusely throughout the cytoplasm 
(Yonemura et al, 1999, 2001; Ichikura et al, 2001). The percentage 
of gastric tumours that are positive for VEGF-C protein expression 
varies from 26 to 51% (Table 2) (Yonemura et al, 1999; Ichikura 
et al, 2001; Kabashima e t al, 2001; Takahashi et al, 2002), although 
this may be accounted for in part by the use of varying 
methodology as discussed.

Lymphatic invasion and lymph node status correlate positively 
with tissue expression o f VEGF-C in gastric cancer (Yonemura 
et al, 1999; Ichikura et al, 2001; Kabashima et al, 2001; Amioka 
et al, 2002; Takahashi et al, 2002) (Table 2). In addition, positive 
VEGF-C tissue expression in early gastric cancer (confined to the 
mucosa or submucosa) was significantly associated with lymphatic 
invasion, potentially helping to predict those individuals who 
would benefit from more or less extensive surgical resections 
(Kabashima et al, 2001). Similar associations have been demon­
strated concerning the expression of VEGF-C mRNA expression in 
gastric cancer tissue. Malignant tissue expressed increased VEGF- 
C mRNA compared with adjacent normal mucosa (47 vs 13% 
(Yonemura et al, 1999); 55 vs 13% (Yonemura et al, 2001)). 
Furthermore, positive lymph node status, lymphatic and venous 
invasion were also associated with expression of VEGF-C mRNA 
(Yonemura ef al, 1999).

The clinical impact of die association between VEGF-C 
expression and prognosis is not fully understood (Table 2). 
Nonsignificant trends towards reduced survival in VEGF-C 
expressing gastric cancers have been found (Ichikura et al, 
2001). However, in 117 patients with gastric cancer, Yonemura 
et a l (1999) demonstrated that high levels of VEGF-C expression 
were associated with poorer prognosis and decreased survival. 
Further significant differences in survival associated with VEGF-C 
status have been reported by Takahashi et a l (2002) in a group of 
65 cancer patients. A potentially important clinical finding of this 
study was the negative correlation of dendritic cell density with 
VEGF-C expression in the tumour. The effect of VEGF-C on 
survival may be due, in part, to its regulatory function on dendritic 
cells with potential reduced immunosurveillance o f the tumour 
(Kabashima e t al, 2001).

In contrast to VEGF-C, VEGFR3 immunoreactivity in gastric 
tumours is restricted to endothelial cells of mucosal and 
submucosal vessels that are regarded primarily as lymphatic 
vessels but also to a very few small blood vessels. Consequently, the 
majority of VEGFR3-positive vessels in gastric cancer are

British Journal of Cancer (2003) •9(3). 426 -4 3 0

considered as lymphatics (Yonemura et al, 1999, 2001). A positive 
correlation between VEGFR3 and VEGF-C mRNA expression was 
seen in gastric cancer tissue specimens (Yonemura et al, 1999,
2001). Microvessel counts for VEGFR3 positive vessels showed a 
significant increase in VEGF-C mRNA positive tumours compared 
to VEGF-C mRNA negative tumours (6.96 ±6.05 vs 2.16 ±2.00, 
P<0.001). However, there was no overall increase in the VEGFR3 
positive vessel count in tumour stroma compared with normal 
gastric mucosa when both VEGF-C mRNA positive and negative 
tumours were considered together (4.62 ±5.85 vs 2.48 ±  1.64, 
P =  0.067) (Yonemura ef al, 2001). Similar increases in VEGFR3 
positive vessel counts are seen in gastric cancers that are lymph 
node positive, show lymphatic invasion or are poorly differen­
tiated (Yonemura et al, 2001).

In summary, in gastric cancer, expression of VEGF-C mRNA is 
higher in tumour than in normal mucosa. Vascular endothelial 
growth factor-C mRNA and immunohistochemically detected 
tissue expression of the protein in gastric cancer correlate with 
lymphatic invasion and lymph node metastasis and in some 
studies, venous invasion with reduced survival (Table 2). Vascular 
endothelial growth factor receptor 3 expression is mainly found on 
lymphatic vessels in gastric tumours and VEGFR3 mRNA levels 
and tissue expression parallel that of VEGF-G These results 
suggest that VEGF-C and VEGFR3 act together in a paracrine 
fashion in the microenvironment of the gastric tumour.

Oesophageal cancer

Oesophageal cancer has a poor prognosis, which is dependent on 
the presence of lymph node metastases. Limited and conflicting 
evidence exists for the role o f VEGF-C in oesophageal cancer and 
no research is available concerning VEGF-D. Kitadai et a l (2001) 
analysed the relationship between the expression of VEGF-C and 
clinicopathological characteristics in oesophageal squamous cell 
carcinoma. In vitro  analysis demonstrated that four of the five 
oesophageal carcinoma cell lines studied expressed VEGF-C 
mRNA. Ex vivo analysis confirmed VEGF-C mRNA to be present 
in eight of the 12 oesophageal squamous carcinomas. In a further 
48 archival specimens, 39.6% showed positive immunohistochem­
ical staining for VEGF-G which correlated with stage of disease, 
lymphatic invasion, venous invasion and lymph node metastasis 
(P<0.01) and depth of tumour invasion (Tumour in situ  (Tis) vs 
T l, P<0.05; Tis vs T2, T3, P<0.01). Interestingly, the number of 
blood vessels detected by immunohistochemical staining for CD34 
was significantly higher in the VEGF-C-positive tumours than the 
VEGF-C-negative tumours (Kitadai et al, 2001), suggesting that 
VEGF-C may be involved in both angiogenic and lymphangiogenic

C 2003 Cancer Research UK
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processes in tumours. However, a similar study examined larger 
numbers of oesophageal squamous carcinomas for immunohisto­
chemical expression of VEGF-C protein, but did not report a 
significant association between the expression of the cytokine and 
any dinicopathological factor other than histological grade 
(Noguchi et al, 2002) (Table 2).

Vascular endothelial growth factor-C expression is associated 
with neoplastic progression in the oesophageal mucosa. Using 
immunohistochemical detection, normal oesophageal mucosa does 
not express VEGF-C although there is an increase in expression in 
Barrett’s epithelium as it progresses through dysplasia to 
adenocarcinoma, and this is paralleled by a similar increase in 
VEGFR3 expression on lymphatic vessels (Auvinen ef al, 2002).

Colorectal cancer

Colorectal cancer is similar to oesophageal cancer, in that the role 
of VEGF-C is less well understood than in gastric carcinoma. 
Conflict also exists as to the role of VEGF-D. Recent publications 
illustrate conflicting results regarding protein and gene expression 
in relation to dinicopathological measures (Table 2).

With respect to VEGF-C expression, several authors have 
demonstrated associations between growth factor expression and 
poor dinicopathological outcome (Akagi et al, 2000; Furodoi et al,
2002). Immunohistochemical detection of VEGF-C expression at 
the deepest invasive site of colorectal carcinoma was found in 47% 
of 152 advanced tumours. Expression correlated with lymphatic 
and venous invasion, lymph node status, Dukes’ stage, liver 
metastasis, depth o f invasion, poorer histological grade and 
microvessel density (Furodoi et al, 2002). Vascular endothelial 
growth factor-C expression and lymph node metastasis were 
independent prognostic factors for 5-year survival on multivariate 
analysis (odds ratio (OR) 9.10, P =  0.0272 and OR 8.52, P =  0.0322, 
respectively). The study also emphasised the paracrine nature of 
the interaction between VEGF-C and the tumour microenviron­
ment and the positive relationship between VEGF-C and tumour 
angiogenesis (Furodoi et al, 2002). Similar associations between 
tissue VEGF-C expression and clinicopathologica] factors have 
been described by Akagi et a l (2000) with consistent patterns of 
VEGF-C expression in involved lymph nodes and primary 
tumours, although in this study only a nonsignificant trend 
towards decreased survival was identified in VEGF-C positive 
groups.

Contradictory evidence exists concerning the role of VEGF-C in 
lymphatic metastasis in colorectal cancer. Studies examining 
mRNA levels of various VEGF family members tend to show a 
lack of association with dinicopathological factors. George et al 
(2001) showed an increase in VEGF-A and VEGF-C mRNA in 
carcinomas (P =  0.006 and P - 0.004, respectively) but not in 
colonic polyps (P =  0.22 and 0.5, respectively). No association was 
found between the increased level of VEGF-C mRNA and lymph 
node status, although a positive relationship existed between 
positive lymph nodes and VEGF-A mRNA expression. Patterns of 
VEGF-C mRNA expression were similar in the primary tumour 
and lymphatic metastases. The mRNA findings o f the study were 
confirmed by immunohistochemistry, which showed no correla­
tion between positive staining for VEGF-A, VEGF-C or VEGF-D 
and lymphatic spread (George et al, 2001). Further analyses of 
VEGF family mRNA levels in the adenoma -  carcinoma sequence 
showed that of VEGF-A, VEGF-B and VEGF-C, only VEGF-A 
mRNA levels were consistently raised in invasive malignancy and 
this became apparent early on in disease progression, as levels

were elevated to a similar extent in tum ours with and without 
lymph node metastases or distant spread (Andre et al, 2000).

A few studies have focussed on the role of VEGF-D in colorectal 
malignancy with conflicting results. Tumour expression, assessed 
by RT PCR, of VEGF-D mRNA was less than in normal tissue 
(George e t al, 2001), while White et a l (2002) found higher levels of 
VEGF-D protein expression in cancers detected by immunohis­
tochemistry. The increased VEGF-D protein levels detected were 
associated with lymph node involvement and reduced overall and 
diseasefree survival (White et al, 2002).

The role of VEGF-D within tumours is not well understood, but 
it has been suggested that VF.GF-D may act competitively as an 
antagonist to the other VEGF family members. George et al (2002) 
postulated that a reduction in VEGF-D levels in the adenom a- 
carcinoma sequence allowed the more potent angiogenic cytokines 
VEGF-A and VEGF-C to bind more readily to the signalling 
receptors VEGFR2 and VEGFR3. The balance between various 
members o f the VEGF family, their relative levels within a tumour, 
the extent o f proteolytic processing and receptor availability may 
be important in determining tum our behaviour. The importance of 
the bidance between VEGF-C and VEGF-D is illustrated in lung 
adenocarcinoma, where a low ratio of VEGF-D:VEGF-C (Le., low 
VEGF-D and high VEGF-C) is associated with lymph node 
metastasis and lymphatic invasion (Niki e t al, 2000).

Upregulation of cytoplasmic VEGFR3 protein expression has 
been demonstrated immunohistochemically in colorectal cancer 
tissue specimens and increased expression was associated with 
poorer overall survival (P<0.05) (Witte e t al, 2002). This again 
demonstrates the potent paracrine nature of the interaction 
between the cytokines and their receptor in the microenvironment 
of the tumour.

In conclusion, conflicting reports exist for the precise involve­
ment of VEGF-C and VEGF-D in lymphatic invasion, lymph node 
metastasis and prognosis in colorectal cancer. The importance of 
appropriate sampling and consistency in methodology of im­
munohistochemical staining and scoring are fundamental to 
interpretation and comparison between studies.

CONCLUSIONS

Lymphangiogenesis is an exciting area o f research in cancer 
biology. The growth factors VEGF-C and D are involved in this 
process and possess angiogenic and lymphangiogenic properties. 
The expression of lymphangiogenic factors is increased in many 
human malignancies and this is illustrated with respect to 
malignancies of the gastrointestinal tra c t In gastric adenocarci­
noma, lymphatic metastasis and lymphatic invasion are enhanced 
by increased expression of VEGF-C The precise role for VEGF-C 
in colorectal and oesophageal squamous malignancy and VEGF-D 
in other tumours is not dearly understood, but is clearly important 
at a paracrine level. Further studies using combinations of new 
lymphatic markers and functional assays will help clarify the 
influence of these and other cytokines in the future. However, an 
essential requirement to allow comparison between studies is the 
development of consistent experimental methodology. This must 
include the use of antibodies of defined specifidty, consistent 
immunohistochemical protocols with appropriate use of controls 
and widespread consensus in scoring techniques. Further under­
standing o f the function and actions of VEGF-C and VEGF-D is 
required to optimise therapeutic strategies, avoiding unwanted 
side effects, in the treatment o f benign and malignant disease.
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A b s tra c t .  Vascular endothelial growth factor (VEGF)-C is 
a m em ber o f the VEG F fam ily. VEG F-C  is involved in 
developmental lymphangiogenesis and may be important in 
pathological lym phangiogenesis, lym phatic invasion and 
metastasis in carcinoma. We describe the development o f an 
indirect enzym e-linked immunosorbent (ELISA) assay for 
the quantification of VEGF-C in plasma. Capture o f VEGF-C 
was achieved using goat an ti-hum an V EGF-C antibody, 
follow ed by detection  w ith rabb it an ti-hum an V EG F-C  
antibody. The sensitivity o f the assay was amplified using 
the biotin-avidin and enhanced chcm ilum inesccnce (ECL) 
systems. The assay was highly sensitive and reproducible 
with a detection range o f 0.4-100 U/ml and the intra- and 
in ter-assay  varia tions were less than 8%. Substitutional 
tests demonstrated that the assay was specific for VEGF-C 
with no cross-reaction with VEGF-A or VEGF-D. Practical 
application of the assay was evaluated in 41 colorectal cancer 
patients and 31 controls. Median plasma levels o f VEGF-C 
were 35.0 U/ml (range: 17.4-75.9 U/ml) in colorectal cancer 
patients in contrast to 11.5 U/ml (range: 5.4-21.5 U/ml) in 
controls (p<0.00l). Moreover, VEGF-C levels tended to be 
elevated in patien ts with advanced d isease com pared to 
early disease, but this was not statistically significant owing 
to a re la tive ly  sm all num ber o f  pa tien ts  in each group. 
Immunoprecipitation and immunoblotting confirmed detection 
o f VEGF-C in plasma and revealed that two forms o f VEGF-C 
were present in the plasma corresponding to -4 0  and -8 0  kDa. 
The m easurement o f plasma VEGF-C offers opportunities
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to  exp lo re  c lin ica l ap p lic a tio n s  in the m anagem ent o f 
m alignancy, in particu lar in the prediction  o f  lym phatic 
spread and in other lymphangiogenesis-related diseases.

In tro d u c tio n

Vascular endothelial growth factor (VEGF) is an endothelial 
cell mitogen and is crucial to the process o f angiogenesis 
(reviewed in refs. 1,2). Levels o f  VEGF are elevated in the 
c ircu la tio n  o f pa tien ts  w ith c an ce r and p red ic t tum our 
angiogenic potential and p rognosis (3-5). VEGF-C is a 
recently discovered member o f the VEGF family, sharing 
areas o f homology with VEGF-A (6,7). VEGF-C is involved 
in the developm ent o f lym phatics in anim al m odels (8), 
inducing lymphangiogenesis in the skin o f  transgenic mice 
overexpressing  V EG F-C  in the basal cell layer (9) and 
around tum ours ovcrexpressing  VEGF-C (10-13). Over- 
expression of VEGF-C in tumour models has been associated 
with the developm ent o f lymph node m etastases (12-14). 
Increased tumour expression o f VEGF-C has been found in a 
variety o f  human tum ours (15-17) and correlates with an 
increase in lymphatic density and metastasis (18-22). Lymph 
node m etastasis is one o f  the earliest features o f tum our 
d issem ination  in hum an so lid  tum ours and is a crucial 
determinant of prognosis.

Detection o f increased levels o f  factors regulating lymph­
angiogenesis and lymph node metastasis could be useful in 
p red ic ting  advanced d isea se  and in d iv idua ls  at risk  o f 
lymphatic dissemination. To investigate this process we have 
developed a quan tita tive  enzym e-linked im m unosorbent 
assay (ELISA) for the detection o f VEGF-C in plasma and 
investigated levels o f VEGF-C in normal individuals and in 
patients with colorectal cancer.

M a te ria ls  a n d  m e th o d s

Indirect ELISA fo r  VEGF-C. Since VEGF-A and VEGF-D 
in the circulation can be detected using immunoassays, it 
is reasonable to speculate that VEGF-C in plasma can be 
quantified by an ELISA system.

VEGF-C present in the plasma was captured using goat 
polyclonal anti-human VEGF-C antibody (R&D Systems, 
Abingdon, UK). This antibody is produced in goats immunized 
with purified, E. co/i-derived, recombinant human VEGF-C 
(rhVEGF-C) peptide, corresponding to amino acid residues
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340 DUFF el at: ELISA FOR VEGF-C

104-330. The detection antibody used was rabbit polyclonal 
anti-human VEGF-C antibody (Zymed Laboratories Inc., 
CA), raised against a synthetic peptide corresponding to 
the carboxyl term inal o f  hum an V EG F-C. A standard  
curve could not be created on the ELISA plate using the 
aforementioned rhVEGF-C (R&D Systems) as this peptide 
was not recognised by the detection antibody (data not 
shown and Fig. 4, lane 4), consequently human plasma with 
high levels of VEGF-C was used to form a standard curve as 
described below.

The procedure was as follows: 96-well white microtiter 
p la tes w ere coated  w ith 100 p l/w e ll goat an ti-hum an  
VEGF-C antibody diluted to a final concentration of 1 pg/ml 
in 0.1 M carbonate buffer (pH 9.6). The coated plates were 
incubated overnight in a humidified cham ber at 4 ’C then 
blocked with 100 (il/well o f 1% BSA (w/v) in 0.1 M PBS 
and 0.1% Tween 20 (Sigma-Aldrich Ltd; PBS-Tween) for 3 h 
at room temperature. Test samples diluted 1 in 2 in PBS- 
Tween were added to the plates in duplicate. Plasma taken 
from a patient with a m ultisystem  autoim m une disorder 
know n to have a h igh  level o f  V E G F-C  by im m uno- 
precipitation (see below) was serially diluted to generate a 
standard curve on each plate. The concentration of VEGF-C 
in plasm a was defined  as 100 units/m l in the standard 
plasma. After overnight incubation in a humidified chamber 
at 4 ’C, 100 pl/well of rabbit anti-human VEGF-C antibody 
was added at a final concentration o f 0.5 fig/ml diluted in 
PBS-Tween and incubated at 4 'C  for 3 h. Amplification of 
signal was achieved by the add ition  o f 100 p l/w ell o f 
biotinylated goat-antirabbit IgG (Dako Ltd., Cambridgeshire, 
UK) at 1/1000 dilution in 1% BSA (w/v) and PBS-Tween, 
and incubated with shaking at room temperature for 1 h. 
100 p l/w ell horserad ish  peroxidase  (H R P)-streptavidin 
(Dako) was added and the plates incubated with shaking at 
room temperature for 30 min. Three washes with PBS-Tween 
were carried out between each o f the procedures. Finally, 
100 pl/well signal reagent (Orthoclinical Diagnostics, Bucks, 
UK) was added and the light emission immediately measured 
at 420 nm in a plate reader (Kodak Clinical Diagnostics, 
Aylesbury, UK).

Intra- and inter-assay variation. To evaluate the reproducibility 
o f the assay, the intra-assay variation was measured using 
the same quantity o f plasma in half the wells on a single 
plate and the inter-assay variation measured using plasma 
containing constant levels o f VEGF-C across 8 separate 
experiments.

A ssessm ent o f  the spec ific ity  o f  the ELISA system . The 
specificity  o f the system  for detection  o f VEGF-C was 
determined by the substitution o f standard plasma for known 
concentrations of recombinant VEGF-A and VEGF-D (both 
from R&D Systems) to assess for any evidence o f cross­
reactivity.

hnmunoprecipitation and Western blotting o f  VEGF-C. To 
reveal the molecular forms o f VEGF-C present in the plasma, 
immunoprecipitation and immunoblotting were performed. 
To eliminate the non-specific binding of plasma proteins, 
plasma samples were pre-cleared with Protein L-agarose

(Santa Cruz Biotechnology Inc., Santa Cruz, CA) by mixing 
1/10 diluted standard plasma (2 pi plasma plus 18 pi PBS) 
with 10 pi Protein L-agarose at 4’C for 4 h. The beads were 
pelleted by centrifugation for 5 min at 1000 x g and the 
supernatant collected. VEGF-C was specifically precipitated 
from the pre-cleared supernatant with goat anti-hum an 
VEGF-C antibody coupled to Protein L-agarose. Goat anti­
human immunoglobulins (Sigma-AIdrich Ltd.) coupled to 
Protein L-agarose were used as a negative control. The 
pre-cleared plasma samples were made up to 1 ml with PBS, 
10 pi protease inhibitor cocktail (Calbiochem Biosciences 
UK, Nottingham, UK) was added followed by 10 pg goat 
anti-human VEGF-C antibody or negative control. Following 
I h o f rotation at 4*C, 10 pi Protein L-agarose was added 
and incubation continued overnight. Immunoprecipitates were 
isolated by centrifugation, 500 pi NET buffer |50 mM Tris- 
HCI, 150 mM sodium  ch lo ride , 0 .5 M EDTA (Sigm a- 
AIdrich), 1% Igepal CA-630 (Sigma-Aldrich)] and 10 pi 
o f protease inhibitor cocktail were added and the mixture 
centrifuged again. This process was repeated twice and 
finally, the bead pellet was washed with PBS, centrifuged, 
the supernatant discarded and the beads carefully dried. 
Reducing sample buffer was added to the tube and boiled 
for 10 min followed by cooling on ice, briefly centrifuged 
and loaded into a 4-10% SDS-PAGE gel and subjected to 
electrophoresis with electrophoretic transfer onto a PVDF 
membrane (Hybond-C Super, Amersham). Molecular weight 
markers (Bio-Rad, Hercules, CA) were run on the gel to aid 
detection o f the molecular weights o f the species observed. 
Filters were washed with PBS-Tween and blocked with 
4% M arvel-PBS-Tween for 2 h at room temperature. To 
detect VEGF-C, the filters were divided and incubated 
overnight at 4’C with goat anti-human VEGF-C antibody at 
1/1000 dilution or rabbit anti-human VEGF-C antibody at 
1/500 dilution in blocking solution. Finally, the blots were 
incubated with rabbit anti-goat antibody (1/1000) conjugated 
with HRP or mouse anti-rabbit antibody (1/1000) conjugated 
with HRP (both from Dako) for 2 h at 4 'C . The precipitated 
VEGF-C was detected using an enhanced chemiluminesccncc 
(ECL) system (Orthoclinial Diagnostics, Amersham. UK).

Evaluation o f  EUSA in colorectal cancer patients and controls. 
VEGF-C was measured in the plasma from 31 normal controls 
and 41 patients with colorectal cancer. Controls were healthy 
volunteers who were s taff m embers in the University of 
Manchester. Patients with colorectal cancer were diagnosed 
histologically, blood sam ples, taken prior to resectional 
surgery were collected into an EDTA Vacutainer® (Becton 
Dickinson, Oxford, UK) bottle and plasma was harvested 
following centrifugation for 5 min at 1000 x g at 4'C . Plasma 
samples were aliquoted and stored at -80’C.

Statistical analysis. All statistical calculations were carried 
out using SPSS 10.1 statistical software (SPSS Inc, Chicago, 
IL). Unless specified, the data were expressed as median 
and range. The data were not param etrically distributed, 
consequently the significance of differences between groups 
was calculated by applying nonparametric tests. The Mann- 
Whitney U and Kruskal-Wallis tests were used to analyse 
the difference in plasma levels o f VEGF-C between groups
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Figure I . Standard curve of VEGF-C concentration in standard plasma. 
Standard plasma ( 100 units/ml) was serially diluted and the curve generated 
by logistic regression. The measured light em ission o f samples was 
converted into units/ml according to the standard curve on each plate.
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Figure 2. Plasma levels of VEGF-C in normal individuals (n=31) and 
colorectal cancer patients (n= 4 l) determined by ELISA. Significantly 
elevated levels were found in cancer patients (p<0.00l, Mann-Whitney U test). 
Horizontal lines indicate the medians

of controls and patients and between controls and patients 
with early  and advanced disease. A level o f p<0.05 was 
accepted as statistically significant.

Results

Detection o f  VEGF-C. The optimal signal was achieved with 
a coating antibody concentration o f 1 pg/ml and a detection 
antibody concentration o f 0.5 |ig/m l. Use o f the biotin-avidin 
system directed against the detection antibody doubled the 
signal detected. The approximate sensitivity o f the assay was 
0.4 units/ml, which represented twice the background level 
and the detection range for VEGF-C was up to 100 units/ml. 
Specific binding o f the antibodies to VEGF-C in standard 
plasma was demonstrated by substitution tests. Substitution 
o f standard plasm a by recom binant VEGF-A or VEGF-D 
showed no detectable signal above background. The intra- 
and in te r-assay  va ria tions were m easured using  plasm a 
containing constant levels o f VEGF-C and by repetition and 
were 5%, and <8%, respectively.

Standard curve fo r  VEGF-C. To calculate the concentrations 
o f VEGF-C in test plasma, a standard curve was included on 
each plate by serial dilution o f  the standard plasma (Fig. 1). 
In most o f the assays, the curve fit was 100% and was never 
less than 99%. From this reference curve, the measured values 
o f  light em ission o f the test sam ples were autom atically  
converted into concentrations in units per milliliter.

V E G F -C  in p la sm a  fr o m  c a n c e r  p a tie n ts  an d  no rm a l 
controls. The optim ised assay was em ployed to measure 
the levels o f VEGF-C in plasma samples from 41 colorectal 
cancer patients and 31 healthy controls. The results shown 
in F ig. 2 dem o n stra te  that the levels  o f  V EG F-C  w ere 
sign ifican tly  e levated  in p lasm a from  co lorectal cancer 
patien ts, 35.0 units/m l (17.4-75.9  units/m l) com pared to 
normal controls 11.5 units/ml (5.4-21.5 units/ml) (p<0.001).

o
u.O
UJ
>
ne1Q.

Controls Early disease Advanced disease
n=31 n -14  n -27

Figure 3. Plasma levels of VEGF-C in normal individuals and colorectal 
cancer patients divided into early disease (Dukes' A and B, n=I4) and 
advanced disease (Dukes' C and D, n=27). Significant differences were 
found between the controls and cither disease group, pcO.OOl, but not 
between early vs. advanced disease, p=0.083, NS.

Division o f the colorectal cancer patients into groups o f early 
[n= 14. Dukes' A (n=5) and B (n=9)] and advanced disease 
[n=27, Dukes' C (n=5) and D (n=22)] showed a tendency 
towards increasing levels o f VEGF-C in advanced disease 
but this was not statistically significant (p=0.083) (Fig. 3). 
Any potential significance may have been overshadowed by 
the relatively small number o f patients in each group.

Molecular form s o f  VEGF-C in standard plasma. Standard 
plasma was subjected to immunoprccipitation and immuno-

279



342 DUFF el al: ELISA FOR VEC1F-C

(kDa)

80-

45- 

21 -

Figure 4. Immunoprccipilalion and immunoblotting of VEGF-C in standard 
plasma. Samples were immunoprccipitalcd wilh goat anti-human VEGF-C 
antibody (lanes I, 2, 4 and 5) or negative control antibody (goat anti-human 
IgG, lane 3). Lancs 1-3, VEGF-C was immunoprecipitatcd by goat anti-human 
VEGF-C antibody and revealed hy rabbit anti-goat antibody conjugated to 
HRI’. lames 4 and S, VEGF-C was immunoprccipitalcd by rabbit anti-human 
VEGF-C antibody and revealed by goal anti-rabbit antibody conjugated 
to HRP. The blots were developed with ECL and the exposure lime was 
15 sec. Lane I contains recombinant VEGF-C loaded separately onto the 
gel, with a main band of -45 kDa, and weaker bands o f -15, 23 and 80 kDa. 
Lane 2 is standard plasma, VEGF-C is seen as 2 hands of -40 and -8 0  k I >n 
lame 3 is standard plasma immunoprecipitatcd with goal anti-human IgG as 
a negative control, no hands arc seen, lane  4 contains recombinant VEGF-C, 
no bands arc seen (as the rabbit anti-human VEGF-C antibody docs not 
recognise the recombinant protein). I-me 5 contains standard plasma, where 
a strong band of -40  kDa and a weaker band of -8 0  kDa can be seen.

blotting in an attem pt to analyse the m olecular forms of 
VEGF-C detected in plasma. Goat polyclonal anti-human 
VEGF-C antibody was used as the antibody for immuno- 
precipitation. Negative controls used goat anti-human IgG as 
the antibody for im m unoprecip itation . D etection o f the 
precipitated species on the gel was made by goat anti-human 
V E G F-C  o r  ra b b it a n ti-h u m a n  V E G F-C  a n tib o d ie s . 
Recombinant human VEGF-C was also run on the gel to 
demonstrate reactivity with the goat but not the rabbit anti­
hum an V E G F-C  (fu r th e r  d e m o n s tra tin g  the  lack o f 
effectiveness o f recombinant human VEGF-C as a standard 
in the sandwich ELISA). The results o f immunoprecipitation 
and immunoblotting with goat anti-human VEGF-C antibody 
are shown in Fig. 4. Recombinant VEGF-C is seen in lane 1, 
which has a major band o f ~45 kDa, and weaker bands o f 
approximately 15, 23 and 80 kDa. Standard plasma from 
the immunoprecipitation experiment with goat anti-human 
VEG F-C  an tibody  is seen in lane 2. Tw o bands are o f 
approximately 40 and 80 kDa, no bands are seen in lane 3 
where the negative control goat anti-human IgG was used 
as the antibody for im m unoprecipitation. Lanes 4 and 5 
show the results o f immunoblotting with rabbit anti-human 
VEGF-C antibody, recombinant VEGF-C is not detectable in 
lane 4 (as this does not react with the rabbit antibody used in 
detection) and standard plasma is seen in lane 5 as a band of 
approximately 40 kDa and a weaker band o f -8 0  kDa. These 
bands are identical in size to those detected in using goat 
anti-human VEGF-C for immunoprecipitation and detection

(lane 2), demonstrating that the goat anti-human VEGF-C 
and the rabbit anti-human VEGF-C antibodies used in the 
indirect sandwich ELISA detect the same species o f VEGF-C 
in the plasma.

D iscussion

We have developed a novel indirect ELISA to quantify the 
levels of VEGF-C in plasma and have evaluated its potential 
use in patients with colorectal cancer. Sensitivity of the assay 
has been optimised by the use of an amplification step based 
on the avidin-biotin system and enhanced chemi luminescence 
has been substituted for conventional colorimetric ELISA. 
Intra- and inter-assay variations were minimal and compared 
well with other similar assays (23,24). Immunoprecipitation 
and immunoblotting confirmed the presence and detection 
o f VEGF-C in standard plasma using the two antibodies 
employed in the ELISA system.

VEGF-C is secreted as a precursor protein and protco- 
lytically processed to progressively smaller mature forms, 
which have higher affinity for the receptor flt-4 (VEGF-R3) 
and allow  a cq u isitio n  o f  V EG F-R 2 (K D R ) activ a tin g  
properties (25). The propeptide of -58  kDa dimcrises in the 
intracellular environment and is split into two near equal 
halves, resulting in polypeptides o f 29 and 31 kDa bound to 
one another by d isu lfide  and non-covalcn t bonds. This 
splitting occurs at the end o f the secretory pathway or at the 
plasm a mem brane, although secretion is possible in the 
absence of proteolytic cleaveage. Further processing occurs 
in the extracellu lar environm ent, the N-tcrm inal and C- 
tcrminal propeptides are split off to leave the mature 21 kDa 
form of VEGF-C (25). In this study, immunoprecipitation 
and immunoblotting of standard plasma detected two main 
bands of approxim ately 40 and 80 kDa. As the antibody 
com bination  used in the ELISA  recognizes the central 
VEGF-homology and carboxyl terminal domains of VEGF-C, 
the forms detected in plasma may represent both the partially 
processed and the fully mature form o f the protein.

VEGF-C has been detected in a variety of human tumours 
(15) and in colorectal cancer is associated with depth of 
tumour invasion, lymphatic invasion, lymph node metastasis 
and a trend towards a decrease in survival (22). More recently, 
Furodoi el al (26) have shown that expression o f VEGF-C in 
the deepest invasive site of colorectal carcinoma is correlated 
with poorer histological grade, lymphatic and venous invasion, 
lymph node and liver metastasis. We found increased levels 
o f VEGF-C in the plasm a o f  co lorectal cancer patients, 
although levels were not significantly  different between 
groups of patients with early and advanced disease. Further 
evaluation of the detection o f VEGF-C in plasma is currently 
underway in patients with early and advanced colorectal 
cancer.
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APPENDIX IV. Poster presentation at British Association of Surgical Oncology, 24- 
25th November, 2003, Royal College of Surgeons of England, London, UK

Introduction

EGF-A, VEGF-C and VEGF-D in the 
le in co lo recta l  cancer  WBM
Kumat : L( vine. ST O'Dwyer. GC Jayso Bfc ■

Christie Hospital E  Z 3

Table 1. Comparison between can ce l and control groups

• Vascular endothelial growth factor (VEGF)-C and VEGF-D are members of 
the VEGF family and show increased expression in various cancers

• VEGF-C and VEGF-D are involved in angiogenesis and lymphangiogenesis 
and may promote lymphatic invasion and metastasis in carcinoma

•Increased VEGF-C expression in colorectal cancer correlates with lymphatic 
involvement, lymph node m etastasis and a  trend towards reduced survival
(1.2 ).

• Circulating levels of VEGF-A are increased in cancer patients and may 
predict tumour angiogenic potential and prognosis (3).

• Detection of increased arcUating levels of VEGF-C and VEGF-D could be 
useful a s  a prognostic marker, in particular in detection of those with or at 
nsk of lymphatic dissemination

The aim of this study was to m easure and assess  the use of plasma VEGF- 
A, VEGF-C and VEGF-D in colorectal cancer patients, in whom lymphatic 
spread is known to be a negative prognostic indicator

Methods
Patients

] *120 cancer patients - rectal cancer patients undergoing preoperative 
: radiotherapy at the Christie Cancer Centre and colon cancer patients 
I undergoing surgery at South Manchester University Hospitals NHS Trust

j • 50 control patien ts - patients undergoing endoscopic examination for 
i bowel symptoms or polyp follow-up, with normal results

j 'All participants received information sheets and gave written informed 
j consent to the study, which was approved by South Manchester Research 
| Ethics Committee

: Sample processino

i •Enzyme-linked immunosorbent assays (EUSAs) were performed for plasma 
VEGF-A, VEGF-D ( R&D Quantikine EUSA Kits) and VEGF-C (4) (Fig 1). AH 
samples were assayed in duplicate

Fig 1. Schem atic diagram iNustrating EUSA for VEGF-C

UQMT

i m m
A A A A A T T t T f

Statistical analysis

• Two-sided non-parametric tests were used to compare median growth factor 
levels and a p  value of <0.05 was taken as statistically significant

Cancer
patients

Control
patients

p-vatue

Nisnber of caaaa 120 50

Age (years) 68 (25-64) 82 5(40-78) o i a r

Gander 81 mats 
39 female

29 mala 
21 lemale

0238**

Plasma VEGF-A 
(PO'nV)

30(7-273) 38 5 (4-230) 099*

Plasma VEGF-0 
(pgftnl)

330(0-1343) 370 (75-828) 0096

•IN positive 
•LN negative

335(113-1100)
317(0-1343)

} 0 6 8 »

Plasma VEGF-C 
(IVmi)

1 05  (4.4-034) 15.2 (5.2-34.0) 0001*

•LN positive 
•LN negative

11 2(40-51 9) 
9 9(4.4-83 4)

} 0 90*

Fig 2. Box plot comparing plasma VEGF-C levels between cancer patients and 
controls- Medians are represented by the horeontal Hnes within the boxes, p<0 001

V%S

• Plasma VEGF-A levels correlated with platelet coint (Spearman s rho.
0 25, p=0  007) Plasma VEGF-C and VEGF-D levels did not correlate with 
platelet counts (Spearman's rho, 0.17 and -0 1 6 , p values 0 06 and 0 08 
respectively)

Conclusions

• Preoperative plasma levels of VEGF-A and VEGF-D could not discriminate 
between cancer patients and controls, whereas VEGF-C levels were 
elevated in controls

• Circulating VEGF-C and VEGF-D levels could not predict lymph node 
involvement or lymphatic invasion

• Any endocrine role for these growth factors is likely to be overshadowed by 
their paracrine and autocrine actions at tissue level in the tumour 
microenvironment.

Results
• Median plasma VEGF-C was increased in the control group (p=0.001) 
(Table 1, Fig 2)

• No differences in median plasma VEGF-C. VEGF-D or VEGF-A levels were 
seen in cancer patients of different T. N or M stages, different histological
grades, different Dukes' stages, or in patients with and without lympho- 
vascular invasion or lymph node involvement
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