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Abstract

Introduction

The adjuvant treatment of colorectal cancer (CRC) has seen little improvement in terms
of mortality of the disease in the last 40 years. There has been a resurgence in research
into the use of monoclonal antibodies in the treatment of CRC. Carcinoembryonic antigen
(CEA) is a useful target in cancer immunotherapy. The distribution of CEA in CRC
differs from that in normal colorectal tissue. In normal colorectal tissue CEA is found
only on the luminal surface of the cell which is inaccessible to intravenous antibody,
whereas in CRC, CEA is found on all borders of the cell membrane and so becomes
accessible to intravenous antibody. However, anti-CEA antibodies are prone to
sequestration by circulating CEA. The anti-CEA antibody, PR1A3, binds only
membrane-bound CEA and thus is able to overcome this problem. The aim of my
research was to assess whether PR1A3 is suitable to be considered as a therapeutic agent
in the treatment of CRC and what its mechanism of action might be.

Methods

The level of expression of CEA on a panel of cell lines was determined under different
conditions using a solid-phase ELISA and FACS analysis. Humanized PR1A3 (hPR1A3)
was assessed in a variety of in vitro cytotoxicity assays with colorectal cell lines
expressing varying levels of CEA, using peripheral blood mononuclear cells and purified
natural killer cells as sources of effector cells. The mechanism of action of PR1A3 was
investigated by modifying the Fc fragment of the antibody and using antibodies to block
the FcylllA receptor on the effector cells.

PR1A3 was also investigated in combination with a humanised A33 antibody.

Results

A panel of colorectal cell lines was found to have a range of CEA expression which could
be upregulated in certain cell lines by growing the cell line beyond confluence and by
treatment with the chemotherapeutic agent, 5-fluorouracil. The in vitro assays

demonstrated hPR1A3 antibody-dependent and CEA-specific killing of tumour cell lines
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by human PBMC. The effect increased with increasing concentration of antibody and was
lost by using the parent murine 1gG1 PR1A3. Using 50ug/ml hPR1A3, tumour cell lysis
was increased by more than 3-fold above spontaneous killing (p<0.001) in a high CEA-
expressing cell line. Both antibody-dependent and antibody-independent (spontaneous)
killing was blocked by using whole antibody to the Fc-yllIA receptor, although the
spontaneous Killing was restored when a F(ab’), was used instead of whole antibody.
hPR1A3 and the A33 antibody showed potential synergy when used in combination

against a high-CEA and a moderate-A33 expressing cell line.

Conclusion

The monoclonal antibody hPR1A3 causes CEA-specific lysis of human colorectal cancer-
derived cell lines in the presence of human PBMCs. This lysis is dependent on the dose of
the antibody, requires a compatible Fc-receptor and is inhibited by blockade of the
FcyIIIA receptor. These findings show that hPR1A3 can kill tumour cells by antibody-
mediated cellular cytotoxicity (ADCC) and implicate NK cells as a major contributor to
this effect.

The results support the development of hPR1A3 for therapy of colorectal cancer.
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CHAPTER 1

Introduction

1.1 Colorectal cancer and its treatment

1.1.1 Incidence

Colorectal cancer (CRC) is the second commonest cause of cancer-related mortality in the
UK (Cancer-Research-UK, 2007) with approximately 17,000 deaths from 35,000 new
cases every year (table 1.i). Worldwide there are about one million new cases every year
(Parkin et al., 2005) with a wide variation in incidence. Australia, New Zealand, USA,
Western Europe and Japan all have a high incidence of CRC compared with Africa where
the incidence is very low. This geographical variation is believed to be mostly due to
environmental factors outlined below in chapter 1.1.2. The incidence in the UK is about
60 per 100 000/yr but shows a wide variation with age (figure 1.i). In general the
incidence of CRC is rising; in areas with a previously low incidence such as Asia or
Africa this rise is rapid, whereas in areas of high CRC incidence the rate is either

stabilising or rising only slowly.

Table 1.i: Numbers and incidence of colorectal cancer in the UK

Cases Crude rate per 100,000 | Age-standardised rate per 100,000
Male 19,096 65.6 54.7
Female 15,910 52.3 34.4
Total 35,006 58.8 43.4
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Figure L1.i UK cancer incidence by age: Cancer Research UK Statistics

4000 600.0
Em Male cases
3500 + C—=Female cases
Male rates T 900.0

3000 | | —®—Femalerates
(73]
% ] 400.0
o 2500
(@)
@ 2000 300.0
(&)
G

1500
- 200.0
(®
— 1000
a 100.0
£ 500 '
>
e

0 0.0

Age range

1.1.2 Aetiology

Both genetic and environmental factors play an important part in the aetiology of CRC.
Genetic factors are most clearly seen in the hereditary colorectal cancer syndromes,
which account for less than 4% of all CRC (Aaltonen et al., 2007), although inherited
susceptibility is believed to be responsible for up to 30% (Lichtenstein et al., 2000).
These other low-penetrance susceptibility alleles include variants in the APC gene,
Axinl, mismatch repair genes (Fearnhead et al., 2004) and the more recently discovered
variants in 8924.21 (Tomlinson et al., 2007) and the CDK8 gene (Firestein et al., 2008)
which, singularly do not cause colorectal cancer but together significantly increase the

risk of developing the disease.

Hereditary colorectal cancer can be divided into the polyposis syndromes, the most

important of which is familial adenomatous polyposis (FAP), and hereditary non-

24
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polyposis colorectal cancer (HNPCC). FAP is an autosomal dominant condition which
occurs as a result of germline mutations in the APC gene found on 5921. It accounts for
less than 0.5% of all CRC, but the risk of CRC in affected individuals is 100%. It is
characterised by the development of hundreds of colorectal adenomatous polyps in the 2™
to 3" decades as well as other extra-colonic manifestations. 90% of the mutations occur
within 10% of the APC gene (the mutation cluster region) and the mutation can usually
be identified in about 80% of probands, allowing screening of the rest of the family.

Further polyposis syndromes are listed in table 1.ii.

Table 1.ii: Examples of colorectal polyposis syndromes

Gene Inheritance Major involvement
mutation outside colorectum
Familial APC; 5021 Autosomal dominant | Desmoids, duodenum,
adenomatous retina
polyposis coli
Peutz-Jehgers STK11; 19p13 | Autosomal dominant | Small bowel, gastric

Juvenille polyposis | SMAD4; 18q | Autosomal dominant | Other Gl

Cowden’s disease PTEN; 10922 | Autosomal dominant | Other Gl, skin, thyroid,
breast, cervical

MYH polyposis MYH Autosomal recessive | Other Gl

Li-Fraumeni p53; 17p Autosomal dominant | Breast, bone,
leukaemia, sarcomas

HNPCC is an autosomal dominant condition which occurs as a result of germline
mutations in the mismatch repair (MMR) genes. MMR proteins are responsible for
correcting errors in DNA during replication and initiating apoptosis when the DNA is
damaged irrevocably. Mutations in these genes result in the accumulation of mutations,
predominantly in DNA containing repetitive sequences. HNPCC accounts for about 2%
of all CRC, with a lifetime risk in affected individuals of about 80%. Unlike FAP there is
no obvious phenotype and so no obvious clinical presentation apart from the development
of cancers, particularly colorectal. Other associated cancers include endometrial (40% of

women), gastric (15%) and ovarian (12% of women). Clusters of cancers within families
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are defined as HNPCC if they conform to the Amsterdam criteria (Vasen et al., 1999)
(table 1.iii). Like FAP, a mutation can usually be identified in about 80% of probands.

Table 1.iii;: Amsterdam Il criteria

« At least three relatives with a HNPCC-associated cancer,
one of whom should be a first degree relative of the other
two

« At least two successive generations should be affected

« At least one CRC should be diagnosed before age 50

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

« Tumours should be verified by pathological examination

There is good evidence for adenomatous polyps being the precursor lesion of colorectal
cancer. Vogelstein (Vogelstein et al., 1988) showed a stepwise accumulation of genetic
mutations from early adenoma through to carcinomas which he concluded was
phenotypically expressed by an adenoma to carcinoma sequence. Hence large adenomas
show more cellular atypia and have more genetic abnormalities than smaller polyps.
Important genetic mutations in this pathway include:

o APC (Fearnhead et al., 2001)

Mutations in this large gene found on chromosome 5921 are found in 60-80% of both
adenomas and carcinomas and so are believed to be an early step in the adenoma-
carcinoma sequence.

o K-ras (Vogelstein et al., 1988)

This is a proto-oncogene found on chromosome 12p and is mutated in 30-50% of
colorectal cancers and polyps. The k-ras protein is a GTP-binding protein with
constitutive GTPase activity. Mutations of k-ras cause increased and unregulated cellular
proliferation and malignant transformation. As these mutations are more common in
larger rather than smaller adenomas, they are felt to be a later event in adenoma-

carcinoma sequence
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o 18921 genes (Thiagalingam et al., 1996)

It is not clear if one or a combination of genes at this locus are involved in colorectal
tumourigenesis. 18q mutations are found in more than 60% of sporadic CRCs mostly by
loss of heterozygosity (LOH). These mutations are seen more commonly in increasingly
dysplastic polyps. Candidate genes include:

o DCC (Mazelin et al., 2004)

This is a receptor for netrin-1, a protein which causes chemo-attraction / repulsion of
axons and neurons. However it also acts as a survival factor for cells so that the cell dies
unless DCC is bound by netrin-1. Hence DCC mutation or deletion could inhibit death
signalling in cells thereby predisposing to tumourigenesis

However, actual mutations in DCC are rare and DCC-negative mice do not have a cancer
predisposition which would question the involvement of DCC in colorectal
carcinogenesis

o SMAD4 (also known as DPC4/MADH4) (Woodford-Richens et al., 2001)

This gene codes for a downstream regulator in the TGF-f signal transduction pathway.
Mutations in SMAD4 occur much more commonly than in DCC in CRC. Constitutional
mutations in SMADA4 can cause juvenile polyposis syndrome and inactivation of SMAD4
is commonly seen in metastatic CRC

o p53

This is a common mutation in invasive carcinomas (70%) (Baker et al., 1990) but rare in
adenomas and thus thought to be a late event in the adenoma-carcinoma sequence. p53 is
a tumour-suppressor gene found on chromosome 17p. It is a transcription factor which
binds to genes involved in apoptosis during times of DNA damage (genotoxic stress)
including p21, BAX and Bcl-2. The loss of p53-mediated pathways of apoptosis is
considered to be an important determinant of progression from adenoma to a malignant

phenotype.

However, the finding that most cancers harbour a large number of genetic and/or
epigenetic changes have led some to suggest that sporadic tumours acquire mutations
early-on which lead to an inherent genomic instability (Sieber et al., 2003). Bodmer

argues, however, that genetic instability is not a requirement for tumour development and
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believes that the power of natural selection, even with its low mutation rates, can readily

account for tumour development (Bodmer et al., 2008).

Other evidence suggesting that colorectal adenomas are the precursors of carcinomas
includes:

. The prevalence of adenomas correlates with that of carcinomas, the average age of
adenoma patients being around five years younger than patients with cancer (Muto et al.,
1975)

. Adenomatous tissue often accompanies cancer, and it is unusual to find small cancers
with no contiguous adenomatous tissue (Morson, 1966)

« Sporadic adenomas are identical histologically to the adenomas of FAP, and this
condition is unequivocally premalignant

. The distribution of adenomas throughout the colon is similar to that for carcinomas
(Granqgvist, 1981)

« Adenomas are found in up to one-third of all surgical specimens resected for CRC
(Chu et al., 1986)

« The incidence of CRC has been shown to fall with a long-term screening programme
involving polypectomy (Mandel et al., 2000).

Environmental and dietary factors play a clear role in development of CRC. This is
demonstrated well in migrants moving from areas of low-incidence of CRC to an area of
high CRC incidence where rates of CRC can be seen to increase towards that of the host
nation within one generation (McMichael et al., 1980). Studies looking at individual
dietary risk factors have suggested that meat (Armstrong and Doll, 1975; Willett et al.,
1990) and animal fat (Willett et al., 1990) may increase the risk of CRC. In contrast
dietary fibre has been shown in two large studies to reduce the risk of colonic adenomas
(Peters et al., 2003) and cancer (Bingham et al., 2003). In a case-controlled study, Peters
et al (Peters et al., 2003) showed a lower incidence of colonic (but not rectal) adenomas in
patients taking high levels of fibre in their diet. For those taking the highest levels of fibre
(highest quintile) there was a 27% reduction in the numbers of colonic adenomas
compared with those in the lowest quintile for fibre intake. To add to this evidence,
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Bingham et al (Bingham et al., 2003) carried out a prospective study looking at the effect
of dietary fibre intake on colorectal cancer. They found that intake of dietary fibre was
inversely proportional to the incidence of CRC, an effect which was greatest in the left
colon and least for the rectum. More circumstantial evidence points to cruciferous
vegetables (eg broccoli), which contain isothiocyanates, having a protective effect in

bowel cancer.

Bile acids, especially following breakdown in the GI tract by bacteria to form secondary
bile acids, have been implicated in the development of CRC (Imray et al., 1992) and
calcium supplementation has been shown to reduce that risk in a randomised trial,
possibly by binding to these secondary bile acids (Grau et al., 2007). There is some
evidence that cholecystectomy may increase the risk of CRC by increasing the production

of secondary bile salts (Schottenfeld and Winawer, 1983).

Certain other conditions predispose patients to CRC. The best known of these is
inflammatory bowel disease (ulcerative colitis and Crohn’s colitis) where the risk is
proportional to the length of colon involved and to the length of time that the patient has
had inflammatory bowel disease.

1.1.3 Natural history of CRC

The majority of CRCs are found in the rectum (40%) with sigmoid and caecum the other
two major sites. A detailed breakdown can be found in figure 1.ii. 4-5% of patients with
CRC will have a 2" tumour at the time of presentation (synchronous tumour) (Mella et
al., 1997) and about 25% will have a synchronous polyp (Kronborg et al., 1986), although
the increasing recognition of “flat adenomas” (Rembacken et al., 2000) may mean the
rate of synchronous polyps is even higher.

CRC can spread locally, or to distant sites by lymphatic and haematogenous spread. Local
spread is commonly radial rather than longditudinal. Radial spread involves extending out
into the pericolonic or perirectal tissues and tumour extent in this plane is the most

important factor in determining local recurrence and indeed in deciding whether the
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tumour is resectable by surgery with curative intent. Spread in the longditudinal plane is
usually very limited but increases in tumours which are poorly differentiated. This is
important when considering the resection of rectal tumours as it determines the length of
bowel which must be left below the tumour to consider the operation curative. When the
tumour is in the low rectum this could be the difference between either making an
anastomosis (join between the two ends of bowel) and restoring continence to the patient,
or leaving the patient with a permanent colostomy. There is increasing evidence that as
long as the distal margin itself does not have microscopic involvement (ie >1mm) the risk

of local recurrence is not increased (Karanjia et al., 1990).

Figure L.ii: Distribution of colorectal cancer (Cancer Research UK figures, 2006)

Percentage distribution of all colorectal cancer cases by site within the large bowel.
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Lymphatic spread is common in CRC and the likelihood of lymph node involvement
increases with tumour size. However, even small tumours which don’t even involve the
muscle coat of the bowel wall (T1 tumours (Sobin and Wittekind, 2002)) have a 14% risk
of nodal disease, with other factors such as degree of differentiation contributing to this
risk (Kikuchi et al., 1995; Nascimbeni et al., 2002). The lymphatics tend to follow the
arterial blood vessels back eventually to the para-aortic lymph nodes.

Haematogenous spread is again common and accounts for spread through the portal
venous system to the liver. Liver metastases are the commonest site of distant spread in
CRC with 30% of patients having distant disease at the time of presentation (chapter
1.1.7).

Other routes of spread such as transperitoneal or direct implantation are unusual in CRC.

1.1.4 Presentation

The presentation of bowel cancer is extremely variable. Many symptoms are reported but,

given the high incidence of CRC, some of these may simply be triggers for investigation,

during which a bowel cancer is discovered, and not a symptom of the cancer itself. Right-

sided cancers in particular are frequently asymptomatic and often present in an occult

fashion with symptoms of anaemia (eg shortness of breath, lethargy, occult vascular

insufficiency such as angina or intermittent claudication). The more liquid contents of the

right colon, together with its wide capacity, make any obstructive symptoms less likely in

right sided disease.

Left sided cancers are more likely to be symptomatic and common presentations include:

. Change in bowel habit, particularly if towards looser stools and when the change is
persistent

« Rectal bleeding, especially darker red and mixed in with the stool.

« Abdominal pain and distension, which are obstructive symptoms

. Colovaginal or colovesical fistulation where the cancer has invaded locally into the
vagina or bladder respectively

Rectal cancers are more likely to cause rectal bleeding and can produce more local

symptoms such as tenesmus (the sensation of needing to defecate in the absence of stool)
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and rectal irritability causing urgency, frequency, explosive diarrhoea and even
incontinence if the cancer abuts or invades the anal sphincters.

20% of all CRCs present as emergencies with 80% of these being due to obstruction.
Bleeding and perforation are the other common emergency presentations of CRC.

All colorectal cancers can cause anorexia and weight loss although these are often signs
of disseminated disease, a finding in up to 30% of patients with CRC at presentation
(Cancer-Research-UK, 2007). Rarely CRC can present with symptoms referable directly

to the metastases, such as jaundice from widespread liver metastases.

Clinical examination in patients with CRC is most commonly normal. About 60% of
rectal cancers are digitally palpable during rectal examination. Caecal tumours may

present with a mass in the right lower abdomen.

The differential diagnosis of a patient presenting with the above symptoms and a normal
examination is obviously wide and includes most pathological conditions of the
colorectum. Hence investigation of a targeted group with new onset symptoms such as
those described warrant investigation, even though the detection rate of CRC as a result is
small. Common differentials include complications of diverticular disease, irritable bowel
syndrome, coeliac disease and inflammatory bowel disease. Differentials of the rectal

symptoms described include:

. Proctitis
o IBD
o Irradiation
o Ischaemia

« Pelvic floor disorders

o Rectal prolapse

o Solitary rectal ulcer syndrome / intussusception
. Prostate cancer

. Haemorrhoids
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1.1.5 Investigation

Direct investigation of the colorectum tends to be either radiological or endoscopic or a
combination. A rigid sigmoidoscopy to examine the rectum is often the first simple
investigation to rule out an obvious rectal cancer. A double-contrast barium enema has
been the most popular radiological procedure for the investigation of CRC for many
years. It is not a good investigation for the rectum and it is difficult to exclude small
cancers in areas of significant diverticular disease. Hence it is sometimes combined with a
flexible sigmoidoscopy which is an endoscopic examination of the left colon and rectum.
A colonoscopy remains the gold standard for the investigation of potential CRC as it not
only visualises all areas of the large bowel well but allows the detection and endoscopic
treatment of early cancer and adenomatous polyps which are known to be the precursors
of colorectal cancer. However, colonoscopy is more invasive and carries a greater risk of
complications.

Long oral preparation CT scans of the colon are used as an investigation for patients
deemed not suitable for barium enema or colonoscopy on the grounds of fitness. It avoids
both mechanical bowel preparation and the need to retain air or barium introduced
rectally, and is non invasive. However these advantages are at the cost of accuracy, being
able only to accurately detect sizeable colorectal tumours. CT colonography and MR
colonography are developing areas of investigation which aim to retain the accuracy of
colonoscopy, being able to detect polyps of 6mm, but without the need for invasive
investigation and perhaps in the future, without the need for bowel preparation.

1.1.6 Pre-operative staging

A tissue diagnosis is required for all rectal cancers and hence biopsy of the lesion is
required. Although this would be ideal for all colonic tumours also, pre-operative staging
and subsequent treatment can be instigated on the basis of appearances on a barium
enema or CT scan without the need for colonoscopy and biopsy (ACPGBI, 2007). The
necessity for histological proof in the case of rectal cancer relates partly to the ease of

obtaining such tissue but also due to the use of neo-adjuvant (ie pre-operative)
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radiotherapy or chemoradiotherapy in the treatment of rectal cancer, which requires a
definitive diagnosis of cancer before treatment is started.

Pre-operative staging involves assessing both the extent of local spread of the tumour and
whether there is any distant spread, to ensure that the tumour is operable with curative
intent before surgery in undertaken.

A CT scan of chest, abdomen and pelvis is often used to assess distant spread for all
CRCs. Occasionally a plain chest radiograph and an abdominal ultrasound scan are used
as substitutes. In rectal cancers an MRI has now become standard in assessing the
relationship of the tumour to the mesorectal envelope and the chance of lymph node
involvement. This aids in the planning of pre-operative (neo-adjuvant) treatment.
Endoanal ultrasound scanning can be useful in experienced hands to assess the depth of
penetration of early rectal cancers if a local transanal resection is being considered instead

of a formal bowel resection.

1.1.7 Pathology and post-operative staging

Over 95% of cancers found in the colorectum are adenocarcinomas. They are normally
graded according to the degree of differentiation that the tumour shows on histological
section, mainly based on the architectural features of the tubules. If the tubules are regular
and look like adenomatous epithelium, these are termed well differentiated (20% of all
cancers) but if the tubules are completely unformed or highly irregular these are termed
poorly differentiated (20%). The majority are between these extremes and are termed
moderately differentiated. However these are subjective assessments and the

interobserver variability is large.

Prognosis of CRC is directly dependent on the stage of the tumour as assessed by the
pathologist post-operatively. Staging not only enables post-operative predictions on
survival to be made but it also guides the use of post-operative treatment. On this basis
the factors of greatest importance are:

« Depth of tumour penetration

« Involvement of adjacent structures
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« Involvement of associated lymph nodes

. Involvement of distant organs (ie presence of metastases)

. Distance of tumour from the nearest circumferential resection margin
. Distance of tumour from the nearest longditudinal resection margin

. Presence of lymphovascular invasion

« Presence of bowel perforation at site of the tumour

Many of these factors have been incorporated in the two well-used staging systems for
colorectal cancer: Dukes’ classification (originally devised for rectal cancers (Dukes,
1949) and the UICC TNM (Tumour / Nodal / Metastasis) classification. These are
summarised in table 1.iv.

In broad terms, within the group of patients who have been treated with curative intent
and have recovered well from surgery, post-operative chemotherapy is offered to all who
have nodal disease, and only a small proportion of those with node-negative disease. This
will be discussed further below. The survival for patients by Dukes’ stage and the

proportion of cancers falling into each of the Dukes’ categories are given in table 1.v

1.1.8 Screening for bowel cancer

For some years the UK has had a colorectal cancer screening programme for high risk
groups and these guidelines are published and updated by the British Society of
Gastroenterology (Cairns and Scholefield, 2002). These programmes are disease-specific
and cover patients with inheritable conditions, inflammatory bowel disease and a strong
family history of bowel cancer as well as patients with previously removed cancers and
polyps. More recently, in April 2006, the UK cancer screening programme for colorectal
cancer began in parts of the UK following a pilot study in 5 UK districts screening people
between the ages of 50 and 69 years old (NHS-Screening-Pilot, 2004). The screening
programme uses a guaiac-based test for detecting occult blood in faeces to identify a
higher-risk group of the population. A positive result is obtained from the peroxidise-like

activity of haematin from blood in the stool. The peroxidase-like activity reduces as blood
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Table 1.iv: Staging of colorectal cancer

Tumour (T) —stage

Nodal (N) —stage

Tx | Primary tumour can’t be assessed Nx Nodal status can’t be assessed
To | No primary tumour found No No regional lymph nodes involved
T1 | Tumour invades submucosa N1 1-3 pericolic lymph nodes involved
T, | Tumour invades muscularis propria | N2 >4 pericolic lymph nodes involved
T3 | Invades through muscularis propria | N3 Involved node along a named vessel
into subserosa or non-peritonealised | Metastasis (M) —stage
pericolic / perirectal tissue Mx | Metastases can’t be assessed
T, | Invades adjacent structures and / or | My | No metastatic disease
breaches visceral peritoneum M, Metastatic disease present
TNM grouping AICC stage Dukes’ stage
T12 No Mo Stage | A
T34 No Mg Stage Il B
Any T Ni3 Mg Stage 111 C
Any T AnyN M; Stage IV D

Table 1.v: Approximate frequency and 5 year relative survival (%) by Dukes' stage

Mod Dukes’ stage | Freq at diagnosis (%0) 5-yr survival (%)
A 11 83
B 35 64
C 26 38
D 29 3
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travels through the gut and thus is less sensitive from more proximal causes of bleeding,
for example within the oral cavity. A positive test led to the patients being invited for
colonoscopy. This technique has been used in previous randomised controlled trials in the
UK (Hardcastle et al., 1996), USA (Mandel et al., 1999) and Denmark (Kronborg et al.,
1996) with reductions in colorectal cancer-specific mortality of 15%, 21% and 18%
respectively, using biannual testing. However in all three studies there was no change in
overall mortality, as CRC was too small a percentage of overall mortality to influence
this, and the incidence of CRC was unchanged except in the 18-year follow-up from the
Minnesota group where cumulative incidence fell from 39 per 1000 in the control group
to 33 per 1000 in the screened group (Mandel et al., 2000).

The UK pilot study demonstrated a positive predictive value for detecting polyps of 35%

(and 11% for detecting cancer) and needed to screen 500 patients to detect one cancer.

1.1.9 Current treatment of colorectal cancer

1.1.9.1 Early rectal cancer

Surgery is the only well-established method of curative treatment for colorectal cancer. In
early rectal cancer with a complete pathological response to pre-operative CRT, there is
now an argument for a non-surgical approach followed by salvage if recurrence occurs
(Habr-Gama et al., 2005; Habr-Gama et al., 2004). In early rectal cancer there is the
possibility of local trans-anal resection precluding the need for major surgery. However
this is only suitable for the earliest T-stage of cancer (T1 sm1; tumour invading less than
0.3mm into the submucosa (Kikuchi et al., 1995)) and is done with the knowledge that the
draining lymph nodes are left behind, as the likelihood of involvement is extremely small.

1.1.9.2 Surgery with curative intent for colorectal cancer

Surgical treatment of colorectal cancer with curative intent involves, for the large
majority of patients, a segmental resection of the diseased bowel along with its draining
lymph nodes. Surgery for curative intent is indicated in the absence of known metastatic
disease or in the presence of metastatic disease that is also deemed resectable. The precise

nature of each operation is dependent on the site of the tumour. In the majority of cases
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the two ends of bowel left following resection can be rejoined (anastomosed) although
occasionally this is not possible, especially in certain patients with a low rectal cancer and
an end colostomy is formed.

There is increasing interest in laparoscopic colorectal resections for cancer as well as
other colorectal conditions. Two major trials have shown that, in the colon, this is feasible
technically and with no compromise to oncological principles of cancer surgery
(Anonymous, 2004; Guillou et al., 2005). The follow-up period is relatively short and so
data are interpreted with some caution. Only one of these trials, the UK CLASICC trial
(Guillou et al., 2005) looked at rectal cancers and they found an increase in the rate of
positive resection margins in the laparoscopic group which, although not statistically
significant, gave the authors cause to conclude that, on current evidence at least,
laparoscopic resection of the rectum was not justified. This did not translate to a higher
local recurrence rate at 3 years however (Jayne et al., 2007). Other groups have shown
good outcomes for rectal cancer resection with no oncological compromise and a recent

systematic review supports this (Breukink et al., 2006).

1.1.9.3 Neoadjuvant treatment for rectal cancer

The treatment of rectal cancer again differs from that of colon cancer in that the large
majority of patients are now offered treatment prior to surgery with the aim of reducing
the risk of local recurrence of their disease within the pelvis, and with the long-term hope
of increasing their chances of survival. Pre-operative (neoadjuvant) treatment is given in
two circumstances. Patients with locally advanced rectal cancer in whom there is a risk of
leaving residual disease with surgery alone are given a combination of chemotherapy with
radiotherapy. This consists of a long course of radiotherapy (45-50Gray (Gy) over 5
weeks using 1.8-2 Gy per fraction) with 5-fluorouracil (5-FU) or its prodrug,
capecitabine, given in 2 week long doses during the first and last weeks of radiotherapy.
Surgery is then undertaken 6-10 weeks post-chemoradiotherapy. In all other patients with
rectal cancer, recent data from the MRC CRO7 trial (Sebag-Montefiore et al., 2009) and
from a large Dutch randomised controlled study (Kapiteijn et al., 2001), suggested that
“short-course” radiotherapy, which consists of 5 days of 5Gy, followed by surgery within
5 days of finishing the radiotherapy improves local control of rectal cancer and disease-
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free survival compared with surgery alone. However this reduced local recurrence rate is
at the expense of an increased risk of long-term bowel dysfunction (Peeters et al., 2005)

and an increased risk of other GI complications (Birgisson et al., 2008).

1.1.9.4 Adjuvant treatment for colorectal cancer

Although about 80% of CRC is macroscopically resectable, 50% subsequently develop
metastases. This is due to micrometastatic disease at the time of surgery. The aim of all
adjuvant treatments is to eradicate these micrometastases. Adjuvant treatment can consist
of either chemotherapy or radiotherapy or both dependent upon the site of the tumour, the
pre-operative treatment given and the pathological stage of the tumour. For rectal cancer
if pre-operative radiotherapy has been given, as is increasingly the case in the UK, then
no post-operative radiotherapy is prescribed. If however pre-operative radiotherapy has
not been given and a tumour-involved resection margin is noted on pathological analysis,
then post-operative radiotherapy is an option.

Chemotherapy following colorectal resection is largely dependent on the nodal status of
the tumour and the fitness of the patient. In general, tumour which has spread to lymph
nodes on pathological analysis (stage III; Dukes’ C) is treated post-operatively with
chemotherapy in an otherwise fit patient (O'Connell et al., 1998), whereas for disease
which is node negative, post-operative treatment is only used in a small subset of patients
who are deemed to be at higher risk of local or distant recurrence. These high risk Dukes’
B features include:

« T4tumours

« Tumour perforation

« Obstruction caused by the tumour

. Extramural vascular invasion

. Poorly differentiated tumours

The problem with the Dukes’ B subset of tumours is its wide variation in tumour
penetration ranging from those just breaching the muscular coat of the bowel to those
which have invaded other organs. The benefit of treating higher risk Dukes’ B patients
with chemotherapy is small (IMPACT-B2-Investigators, 1999) and as a result, selection
of a subset more likely to respond would be invaluable. A recent scoring system, the
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Petersen index, based on independent prognostic factors in a multivariate analysis has
been proposed (Morris et al., 2007; Petersen et al., 2002). This is shown in table 1.vi.
Molecular analysis will hopefully provide further stratification of stage 11 and 111 disease
which will give better information on which patients should receive chemotherapy and

possibly also which type of chemotherapy.

Table 1.vi: Petersen prognostic index for Dukes’ B colorectal cancer

Score
Peritoneal involvement 1
Vascular invasion 1
Margin involvement 1
Tumour perforation 2
Risk 5-yr survival
Score 0-1 Low risk 70-86%
Score 2-5 High risk 43-50%

The overall benefit of giving post-operative chemotherapy to patients who have Dukes’ C
tumours, however, is now well established for an overall benefit of 5-10% in absolute 5-
year survival (QUASAR-Collab-Gp, 2000). The standard chemotherapy given is 5-FU /
capecitabine with folinic acid. 5-FU acts by inhibiting the enzyme thymidylate synthase,
inhibiting the synthesis of thymidine and hence DNA. The oral prodrug of 5-FU
capecitabine, has several advantages over the intravenous 5-FU. As well as the
convenience of oral over intravenous medication, another advantage is that capecitabine
itself is not toxic and only acts on thymidylate synthase after conversion within cells to 5-
FU by the enzyme thymidine phosphorylase (TP). The activity of TP is much higher in
colorectal cancer cells than in normal epithelial cells, hence the toxicity is targeted in
some part to the tumour cells (Schuller et al., 2000).
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The recent MOSAIC trial (Andre et al., 2004) suggested that the addition of oxaliplatin to
this current regime improves the rate of disease-free survival at 3 years in both stage II
and stage 111 patients but at the cost of increased toxicity.

The ongoing adjuvant trials have recently looked at the addition of bevacizumab, an
antibody against vascular endothelial growth factor (VEGF), to standard adjuvant
chemotherapy regimens. The AVANT trial, which has only recently closed, is looking at
oxaliplatin / 5FU treatment with or without bevacizumab but the results have not yet been
published. QUASAR 2 is an ongoing trial looking at capecitabine with or without
bevacizumab. There is also interest in using cancer ‘vaccines’ which will be discussed

further below.

1.1.9.5 Metastatic disease

Although the majority of patients with metastatic (stage 1V) disease will be incurable and
treated with palliative therapy (see below), about 20-30% who have disease confined to
the liver will be deemed suitable for resection of both primary and secondary tumours
with curative intent (Stangl et al., 1994). The liver is by far the most common site of
metastatic disease and approximately 25% of patients will have detectable liver
metastases at presentation with a further 40% developing metastases after resection of the
primary (Scheele et al., 1995). Hepatic resections for colorectal metastases in published
series leave 20% of patients disease-free at five years with an overall five-year survival
figure of about 30% (Simmonds et al., 2006).

1.1.9.6 Palliative treatment

Current first line options in the UK are a fluoropyrimidine alone (usually capecitabine) or
combination chemotherapy, usually oxaliplatin plus a fluoropyrimidine (capecitabine or
infusional 5-FU). Second line treatment is often with irinotecan (Douillard et al., 2000;
Saltz et al., 2000). In other countries bevacizumab is sometimes offered in combination
with first line chemotherapy (Kabbinavar et al.,, 2005a; Kabbinavar et al., 2005b).
Similarly, in other countries, third line treatment is sometimes offered with irinotecan or,
after irinotecan failure, cetuximab, which is an antibody against the epidermal growth
factor receptor (EGFR), as this too has a proven, although small, survival benefit (Jonker
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et al., 2007). Various combinations of fluoropyrimidine, oxaliplatin, irinotecan,
bevacizumab and cetuximab have been published and there is a wide variety in clinical
practice between countries, mainly due to the lack of direct comparative efficacy trials
between regimens used in first and second line treatments. A meta-analysis of various
combinations compared to standard 5-FU / folinic acid has been published
(Golfinopoulos et al., 2007), although this analysis looks at survival parameters, and this
always has to be balanced against quality of life.

There are two major UK trials currently looking at the optimal treatment in palliative
disease. The COIN trial is studying first line chemotherapy for metastatic disease,
essentially looking at oxaliplatin and 5-FU with or without cetuximab as this has not
previously been tested in the first line setting. This study is likely to close soon, having
recruited over 2000 patients in a short space of time. The PICCOLO trial is examining
irinotecan with or without panitumumab, a fully human anti-EGFR antibody, as second
line chemotherapy for metastatic disease.

Colonic stenting has its major role in the palliative treatment of obstructing colorectal
tumours, usually in the presence of metastatic disease. This involves placing a self-
expanding metal stent (SEMS) by a combined endoscopic and fluoroscopic approach.
This enables the colon to remain patent and avoids the need for surgery, and the high risk
of requiring a stoma, in patients who have incurable disease. Pooled data from
heterogeneous studies would suggest that the success at relieving the obstruction is about
91% with a risk of perforating the bowel of 4% and a 12% risk of the stent migrating,
resulting in recurrence of the obstruction (Sebastian et al., 2004). However, despite these
results, a recent randomised trial comparing SEMS with surgery for obstructing tumours
in incurable disease was closed early due to the high rate of complications, in particular

perforation, in the SEMS group (van Hooft et al., 2008).
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1.1.10 Novel treatments

1.1.10.1 Tailoring treatment based on genetic profiles

The increasingly in-depth analysis of the development of colorectal cancer has led to
increasing interest in tailoring adjuvant treatments to the individual cancer, dependent not
simply on the histopathological findings, but on the genetic analysis of the resected or
biopsied cancer. Preclinical work has suggested numerous candidates both for targeting
particular treatments and also to identify subgroups of tumours with a better or worse
prognosis than their Dukes’ staging would suggest. Such candidates include k-ras, p53,
MMR genes, 18q and 20g (Andreyev et al., 2001; Conlin et al., 2005; Diep et al., 2003;
Forslund et al., 2001; Hawkins et al., 2001; Smith et al., 2002).

K-ras in particular has been shown to be a useful marker in predicting the response to
treatment with cetuximab. Karapetis et al (Karapetis et al., 2008) reviewed specimens
from patients previously randomised to cetuximab or best supportive care in a clinical
trial. They found that the presence of k-ras mutations was strongly associated with a poor
response to cetuximab, whereas those with wild type k-ras had an improvement in overall
survival and progression-free survival compared to the control group.

Given that k-ras is seen as a marker of a poor prognosis, it has encouraged the
development of targeted chemotherapy in the form of farnesyl transferase inhibitors. The
k-ras protein is a GTPase which requires transfer of a farnesyl group for its activation and
inhibition of this transfer leads to disruption of k-ras activity. However in a phase Il trial
in refractory advanced CRC, a farnesyl transferase inhibitor did not improve progression-
free or overall survival (Rao et al., 2004). Thoughts of targeting the key wnt-signalling
pathway to disrupt colorectal carcinogenesis have led to the development of high
throughput assays to screen compounds for ability to bind to different members of this
pathway (Lepourcelet et al., 2004), but this research has not been translated to the clinical

arena.

1.1.10.2 Targeting the cyclooxygenase (COX) enzymes
The COX enzymes are involved in, amongst other reactions, the synthesis of
prostaglandins which take part in a wide range of physiological processes. Two major

isoforms are described; COX-1 which is constitutively expressed in many tissues and is
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important for the homeostatic functions of prostaglandins and COX-2 which is inducible
in several cell types in response to proinflammatory cytokines and other inflammatory
mediators, and has a role in the inflammatory and proliferative activities of
prostaglandins. Although the latter isoform is believed to have the biggest influence in the
development of CRC, COX-1 may also have a role, perhaps through the synthesis of
prostaglandin E2. Inhibition of COX-1 synthesis in a mouse model of CRC (Apc™"*)
showed a reduced burden of gastrointestinal adenomas compared to control mice
(Chulada et al., 2000). However the majority of the evidence points to the role of COX-2.
Eberhart and colleagues showed that there was upregulation of COX-2 in colorectal
carcinomas and some adenomas, whereas levels of the enzyme are largely undetectable in
normal colonic mucosa (Eberhart et al., 1994). COX-1 levels however are comparable in
neoplastic and normal tissue. There is also genetic polymorphism in both COX-1 and
COX-2 genes which influence both the risk of developing colorectal adenomas but also
the response to treatment (Ulrich et al., 2005) and this may influence in future those who
are treated with COX inhibitors — the class of drug known as non-steroidal anti-
inflammatory drugs (NSAIDSs).

The use of aspirin, a NSAID, in chemoprevention of colorectal adenomas and carcinomas
has been supported by a number of epidemiological studies and more latterly, randomised
controlled trials. Baron et al (Baron et al., 2003) randomised patients with previous
adenomas to take aspirin or placebo for a median of 33 months. At three years following
beginning of treatment, they found a reduction in the number of patients with adenomas
in the group taking low-dose (81mg) aspirin (47% vs 38%) with a relative risk of 0.81 for
all polyps and 0.59 for advanced lesions (which included high risk polyps and invasive
cancer). Sandler et al (Sandler et al., 2003) randomised patients with previous curative
resections for colorectal cancer to 325mg aspirin or placebo. The trial was terminated
early due to a significant reduction in the number of adenomas found in the treatment
group. At colonoscopy, a median of 13 months from the beginning of treatment, 17% of
patients in the aspirin group had at least one adenoma compared to 27% in the placebo
group with a relative risk of 0.65. In addition, a prospective study looking at the incidence
of CRC in 83,000 women enrolled in the Nurses’ Health Study over 20 years who had
their aspirin intake closely documented, found that there was a reduction in CRC risk in
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those women taking more than two 325mg tablets daily, although the effect was not seen
before 10 years of follow-up (relative risk=0.77) (Chan et al., 2005).

The advantages of using a specific COX-2 inhibitor are obvious especially given their
lower risk of gastric side-effects. However, two randomised trials of the COX-2 inhibitor,
celecoxib versus placebo in patients who had recent previous adenomas, were stopped
early due to the increased cardiovascular risk in patients taking the COX-2 inhibitor. A
similar trial using rofecoxib was also stopped for identical reasons with an excess of
cardiovascular morbidity in the active group. In all three trials, however, the use of COX-
2 inhibitors was associated with a significant reduction in adenoma detection at 3 years
following treatment commencing. The magnitude of the effect ranged from a relative risk
of 0.76 with rofecoxib (Baron et al., 2006), to 0.43 in the Adenoma Prevention with
Celecoxib (APC) trial (Bertagnolli et al., 2006) and 0.49 in the Prevention of Colorectal
Sporadic Adenomatous Polyps ( PreSAP) trial (Arber et al., 2006). This is a greater effect
than that seen in the aspirin trials but the morbidity associated with taking COX-2
inhibitors would seem to place aspirin as a better prospect for chemoprevention of

colorectal adenomas.

1.1.10.3 Small molecule tyrosine-kinase inhibitors (TKIs)

The EGFR is a tyrosine kinase receptor and a target for small molecule inhibitors in a
number of cancers, given that it is over-expressed in a number of cancers, including in
60-80% of colorectal cancers. The antibody-targeting of the extracellular domains of the
EGFR will be discussed below but more recently attention has also been given to the
intracellular tyrosine kinase portion of the receptor which initiates an intracellular cascade
following receptor dimerisation. Inhibition of this kinase can prevent down-stream
signalling. Two TKIs have already been used in other EGFR positive cancers, gefitinib
and erlotinib, and both these as well as a third TKI, lapatinib, have been used in
metastatic colorectal cancer. The results, alone or in combination with other
chemotherapeutic agents have been largely disappointing, adding little to the current
treatment in terms of response, although the occasional trials have suggested some

promise (Kuo et al., 2005).
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1.2 Antibody-based cancer therapy

1.2.1 Introduction

Until recently the use of monoclonal antibodies (mAb) in cancer therapy had been very
disappointing. The initial prediction of Erlich in 1908 that “magic bullets” would be
developed to target specific diseases following his work on diphtheria toxin, and the
complementary work by Metchikov that these “bullets” would work by allowing white
cells to target microbes, was followed by the realisation that the specificity of antibodies
for their target could be harnessed for therapeutic purposes. The ability to produce and
develop antibodies for therapeutic purposes, however, was not realistic until the Nobel-
prize winning work of Kdéhler and Millstein (Kohler and Milstein, 1975) in 1975 who
developed a technique for producing immortalised plasma cells producing Abs of a single
specificity as detailed later. Within ten years, murine antibodies were used to protect
against acute rejection of transplanted organs using a monoclonal against CD3
(Anonymous, 1985), and later many patients received mAbs to treat metastatic cancer,
but enthusiasm for these early experiments in cancer-based therapy in the 1980s waned
following trial data showing no significant clinical effect. Problems with immune
reactivity against murine protein (human anti-mouse antibodies; HAMA) and the
resulting short antibody half-lives are largely responsible for these failures. In addition,
much of the early effort in developing monoclonal antibodies as therapeutic agents
concentrated on using them as vehicles for delivery of radioactivity. As discussed in
chapter 1.2.6, this failed to improve the treatment of solid tumours despite often excellent
preclinical results, mainly because of a failure to deliver an adequate dose to the tumour

without a significant bystander effect (Sharkey and Goldenberg, 2005).

The development of firstly chimerisation and later humanisation of these mAbs, as well
as a better appreciation of how antibodies may exert their effect in vivo, has led to a
resurgence of interest and the development of numerous antibodies against a variety of
targets. Over 200 mAb have been studied so far in clinical trials for the treatment of
cancer. There are currently about nineteen antibodies licensed for clinical use, eleven of

which are for the treatment of cancer (Reichert and Valge-Archer, 2007), with other areas
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such as chronic inflammatory conditions (eg rheumatoid arthritis, Crohn’s disease),
transplantation, infectious diseases and cardiovascular medicine looking at antibody

therapy as part of the treatment armamentarium.

1.2.2 Antibody structure and function

All antibodies share a basic structure consisting of two identical light and two identical
heavy chains joined together by disulphide bridges (figure 1.iii). There are 2 isotypes of
the light chain — kappa and lambda — and five isotypes of the heavy chain — G, A, M, D
and E. Each chain has a constant region and a variable region, the latter being responsible
for creating the unique antigen-binding area within the antibody. Antibodies are encoded
by the immunoglobulin gene family situated on chromosomes 14, 2 and 22, for the heavy
chain, kappa light chain and lambda light chain respectively. Protein cleavage of whole
antibody leads to the identification of two important basic subunits of the antibody: the
Fab (fragment antibody binding) subunit, and the Fc (crystallisable fragment) subunit.
The F(ab’), subunit describes the construct where the two Fab fragments remain joined
maintaining a divalent molecule but without the Fc-portion of the antibody. The Fab
subunit contains the variable regions of the light and heavy chains. At the tips of the
variable regions are the six hypervariable loops which make up the diverse binding sites
for antigen, an area known as the complementarity determining region. Variability in this
area of the Ab is the result of recombination of variable, diversity and junctional gene
segments during B-cell differentiation (VDJ-recombination) and secondarily from
somatic hypermutation during the antigen-dependent germinal centre response which

enables antibody of higher affinity for a given antigen to be produced.

The Fc subunit of the antibody is responsible for antibody interaction with other parts of
the immune system such as effector cells and complement. Different heavy chain isotypes
have different half-lives, distribution throughout the body, times of production, and
ability to bind complement and interact with effector cells. Further variability is found
even within each isotype (eg amongst the four IgG subclasses). 1gG is the commonest

isotype in the secondary response and the only isotype used currently in successful
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antibody therapy. It diffuses more readily than other immunoglobulins into extravascular
spaces and apart from mucosal tissues, where IgA predominates, it is the most important
isotype outside the vascular space. It will be the isotype discussed here. There are three
domains (Cy1-3) to the constant part of the heavy chain (figure 1.iii), two of which, Cy2
and Cy3, make up the Fc portion of the antibody which interacts with other components
of the immune system. This will be discussed further in chapter 1.3. Sites for
glycosylation are discussed later in chapter 1.6.1.3.

Figure L1.iii: Structure of 1gG antibody (Roitt, 2001)
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Antibody function in vivo includes:

e Antibody-dependent cell-mediated cytotoxicity (ADCC) (Steplewski et al., 1983).
This is described in detail in chapter 1.2.4.1. In brief, it involves antibody, bound
to antigen on target cells, being engaged by the FcyRlIlla (CD16a) receptor on
effector cells, predominantly NK cells. This leads to the activation of NK cells
and the release of perforins and granzymes, killing the target cell.

e Antibody-dependent cell-mediated phagocytosis (ADCP) (Huber et al., 2001)
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In a similar process to ADCC, antibodies coating micro-organisms or cells are
engaged by Fcy receptors found, for example on macrophages and neutrophils.
This binding facilitates phagocytosis by the effector cells, in particular
macrophages via FcyRI.

Neutralisation of toxins

Bacterial toxins (eg. tetanus toxin) are neutralised when they are bound by
specific antibody, preventing the toxins from carrying out their action. IgG is
particularly important for this function.

Immobilisation of bacteria

Antibodies specific for bacterial cilia or flagellae hinder their movement and
reduce their ability to evade phagocytic cells.

Complement activation

The classical pathway of the complement cascade is initiated by C1q binding to
the Cy2 subunit of the Fc region of antibodies, particularly IgM and IgG. This
leads to destruction of the target cell either by the eventual construction of the
membrane attack complex, which causes cell lysis by forming a transmembrane
channel fully permeable to electrolytes and water, or by enhancing the ability of
complement to induce phagocytosis in capable cells possessing a receptor for C3b
(eg neutrophils). It is discussed in more detail in chapter 1.2.4.2.

Mucosal protection

This is a function mainly of IgA and, to a lesser degree, IgE. IgA acts by
preventing pathogens from gaining attachment to mucosal surfaces. IgE attached
to mast cells can bind foreign antigen precipitating the release of mediators from
the mast cell.

Conferring immunity to the foetus by the transplacental passage of IgG, and to the
newborn by secretion of IgG in breast milk.

Autoimmune activation of cell surface receptors: eg. Graves’ disease in which
anti-thyroid-stimulating hormone (TSH) receptor antibodies bind to the receptor,

mimicking TSH and causing the unregulated release of thyroid hormones.
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The function of naked antibodies used as anti-cancer drugs is discussed below in chapter
1.2.5.

1.2.3 Monoclonal antibodies

Monoclonal antibodies are those produced by cultures derived from a single B-cell,
producing antibodies of identical specificity for a single epitope with the same affinity
and immunoglobulin class. The use of monoclonal antibodies in the clinical and research
arenas was made possible by the work of Kohler and Milstein (Kohler and Milstein,
1975) who produced immortalised clones from murine B-cells by fusing them with
myeloma cell lines. Mice were immunised to a particular antigen and the splenocytes
harvested and fused in polyethylene glycol with a myeloma line. The resulting
hybridomas were selected out by growing in medium which did not support either of the
parent cells beyond two weeks and the surviving hybridomas were isolated to single-cell
cultures by serial dilution. Wells containing clones could then be grown up in culture and
the purified antibody tested against the original antigen for specificity and affinity (figure
1.iv).

The clinical application of monoclonal antibodies is diverse including uses in diagnosis of
malignancy, immunoassays, serotyping of micro-organisms, typing of haematological
malignancies, immunohistochemistry, and as drugs. The latter application includes uses
as anti-rejection drugs (eg muromonab, basiliximab), anti-inflammatory drugs
(infliximab, adalimumab) and anti-cancer therapy which will form the main part of this

thesis and will be discussed presently.

There are a number of advantages to using antibodies as therapy in cancer treatment.
Modern antibody production techniques allow different antigen-binding areas to be
incorporated into a successful antibody “frame”. Hence by changing the target of the
antibody, a new drug is created. The Fc subunit of the antibody can also be modified to
alter the characteristics of the generated immune response and clearance from the body.

Antibodies are generally well tolerated with few side-effects, in contrast to most
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chemotherapeutic agents. They are occasionally associated with first-dose reactions
which are mild-moderate allergic type responses which are abrogated by slowing the
infusion. In addition certain antibodies bind to a sufficient quantity of normal tissue
expressing the target antigen and this can lead to cytotoxicity against this normal tissue
(eg skin rash with cetuximab). Rarely, however, they can cause serious side-effects when
used to target immune activation molecules, as was demonstrated by the anti-CD28
antibody TGN1412 which led to the aborted phase 1 healthy volunteers trial in 2006
(Suntharalingam et al., 2006). The risk of such antibodies should be distinguished from
antibodies eliciting ADCC or blocking function. Antibodies conjugated with radioactive
or cytotoxic ligands have additional problems of systemic exposure to these conjugates.

Figure 1.iv: The production of monoclonal antibodies
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A further problem with antibody-based therapeutics is that they are dependent on cell

surface antigen expression and the rate of internalisation of that antigen. Thus there is the
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theoretical risk of antigen-loss variants being selected for following treatment if the

antigen targeted is not vital for tumourigenesis.

The original murine monoclonal antibodies used in early clinical therapy were not as
efficacious as initially hoped. The immunogenicity of murine protein led to a human
antibody response to the foreign protein, with the development of human anti-mouse
antibodies (HAMA). These HAMA not only reduced the half-life of the therapeutic
antibody by precipitating its clearance from the body, they also neutralised the antibody,
diminishing its ability to reach its target. In addition murine antibodies had weaker
interactions with human Fcylll receptors and human complement, leading to inefficient
effector function (Kipps et al., 1985). A similar inability to bind with good affinity to the
human neonatal Fc receptor (FcRn) further shortens the half-life of murine antibodies.
The problem of immunogenicity of these murine antibodies has led to their modification
to include progressively less murine protein, being replaced by more human protein
(figure 1.v). The first development was that of chimeric antibodies such as rituximab and
cetuximab. This was achieved by substituting the constant subunits of both heavy and
light chains (Cy, CL) with human sequences (Morrison et al., 1984). However these
antibodies still had 33% murine protein and remained a target of antibody against the
murine component of the antibody (known as human anti-chimera antibody; HACA)
(Albert et al., 2008). Further refinements of this model led to the development of
humanised antibodies in which the complementarity-determining regions (CDRs) were
grafted onto a human antibody frame (Jones et al., 1986). This includes antibodies such as
bevacizumab, trastuzumab and the major antibody of this thesis, hPR1A3. The CDR
sequence is introduced by site-directed mutagenesis of the areas of human Vg and V|
which make up the CDR. A higher binding affinity can be achieved by the additional
transfer of one or more framework-region residues from the mouse parent. This
framework region makes up the structural element of the variable regions forming a
scaffold for the CDRs to attach to. It remains 10% murine and very occasionally
antibodies to the foreign component still arises (Welt et al., 2003). More recently fully
human antibodies have been developed and used in the clinic (eg panitumumab,

adalimumab). This has been achieved by two main techniques. One such technique
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Figure 1.v: Progressive humanisation of monoclonal antibodies (after Carter,
2001(Carter, 2001))
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involves the use of transgenic mice and was first described by Lonberg in 1994 (Lonberg
et al., 1994). Large portions of the human immunoglobulin genome are inserted into that
of the mouse and the murine immunoglobulin sequences are disabled by insertional
mutagenesis. Hence when the mice are subsequently stimulated by foreign antigen, their
B-cells produce human antibodies. These B-cells can be harvested and immortalised in
the same way as before to produce antibody-producing hybridomas. The repertoire of
antibodies produced is limited by the number of variable gene sequences introduced into
the mouse although the more recent transfer of chromosome fragments which contain the
entire human heavy- and light-chain loci, into mouse embryonic stem cells has largely
overcome this problem (Tomizuka et al., 2000). In addition to producing human
antibodies, these hybridomas often produce high-affinity antibodies, the B-cells having

undergone the affinity maturation that would occur in a wild-type mouse.
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The second technique for producing human antibodies is by using phage-display libraries
(McCafferty et al., 1990). The V4 and V| genes are cloned into a bacteriophage and the
resultant antibody protein fragments (known as scFvs — see chapter 1.2.8) are then
expressed on the phage surface and used to screen for those that bind the relevant antigen.
Those that do are amplified and then further selected for affinity. The advantages of this
technique are that it allows large libraries of antibodies to be produced against an antigen
although there is obviously a need to screen further for antibodies with appropriate
affinity. Other techniques that have been proposed include ribosome mRNA libraries,
yeast-display libraries, human hybridomas from patients and antibody-cDNA cloning
from single lymphocytes selected on the tumour-associated antigen.

1.2.4 Suggested mechanisms of naked antibody based cancer therapy

There is considerable debate about the mechanism of antibody action in vivo when used
as anti-cancer therapy. Most agree that there are likely to be multiple mechanisms to the
action of most therapeutic antibodies although clearly certain mechanisms predominate. It
is in better understanding the mechanism of antibody action in vivo that we will be able to
design antibodies for clinical therapeutics, since different mechanisms of action rely on
different aspects of the antibody molecule and these can be modified to enhance the
mechanism in question. For many of the antibodies in clinical use, there has been much
discussion about the mechanism of antibody action and especially on the subject of
receptor blockade. However, much of the experimental data would be more in keeping

with ADCC being the primary mechanism of action.

1.2.4.1 Antibody dependent cellular cytotoxicity (ADCC)

The in vitro evidence for ADCC as a mechanism for antibody-based cancer therapy forms
part of the work of this thesis. The evidence for in vivo action will be presented here.
ADCC occurs when effector cells such as natural killer (NK) cells and macrophages, bind
the Fc-subunit of the antibody, which in turn is bound to the target cell via the antigen-
binding sites in the Fab fragment of the antibody (figure 1.vi). Cross-linking of the

antibody Fc-receptor on the effector cell leads to the release of preformed cytoplasmic
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granules. In the case of NK cells these include perforin and granzymes. Perforin inserts
into the target cell membrane and possibly also in the membrane of granzyme-containing
vesicles, forming a channel through which granzymes reach the target cell cytoplasm.
Granzymes activate caspases, especially caspase-3, leading to destruction of the target
cell by apoptosis (figure 1.vi). In mice the interaction is predominantly between 1gG2a
and the FcyIV receptor (Nimmerjahn and Ravetch, 2005) and in humans between 1gG1
and the FcyIIIA (CD16a) receptor.

Different 1gG subclasses are known to have differing abilities to initiate ADCC, mostly
on the strength of their binding to the human CD16a receptor. This was initially noted
with the differing ability of murine antibodies to cause ADCC with human effector cells,
where murine 1gG2a was superior to both IgG2b and 1gG1 in initiating ADCC (Kipps et
al., 1985). Early antibody-based cancer therapy used murine antibodies and found 1gG2a
to be the most efficacious, supporting the view that ADCC was a central mechanism to
their action. Edrecolomab, an 1gG2a antibody against epithelial cell adhesion molecule
(EpCAM), was one of the earliest antibodies used in the treatment of a solid tumour
(Riethmuller et al., 1998). It’s ability to induce ADCC had previously been noted
(Steplewski et al., 1983). Other murine antibodies brought to trial again tended to rely on
IlgG2a as the isotype of choice (Welt et al., 1990) although the technology of
chimerisation soon led to progressive humanisation as the focus of attention. Recent work
using switch variants of the anti-melanoma antibody TA99 (anti-gp75 antigen)
demonstrated not only the importance of IgG2a in the immunotherapy of mice but also
the reason why, showing that it was the differing affinities of the various antibody
isotypes for the murine Fc receptors that determined the ability of these different isotypes
to inhibit tumour cell growth (Nimmerjahn and Ravetch, 2005). In particular,
Nimmerjahn and Ravetch demonstrated that the affinity of IgG2a for the FcyIV receptor
in mice (closest homolog to the human Fcyllla receptor), enabling ADCC by the effector
cells, coupled with the poor affinity of this antibody for the inhibitory FcyRIIB receptor,
led to it being the most successful isotype in vivo, highlighting ADCC as the major
mechanism of action. Thus the ability of each antibody isotype to initiate ADCC was
determined by the balance of its affinity for the various activating and inhibitory
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receptors, a balance described as the activating / inhibitory (A:l) ratio. Table 1.vii

summarises the affinities of murine and human IgGs for their Fcy receptors.

Figure 1.vi: Antibody-dependent cellular cytotoxicity:
(1) Antibody bound to antigen on the target cell is engaged by the Fcyllla receptor on NK
cells. (2) This results in activation of the NK cell and release of their granzyme vesicles,

causing target cell lysis (3).
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Key evidence emphasising the importance of ADCC in antibody therapy was
demonstrated by Clynes in two papers using Fcy receptor knockout mice. These mice
contain genetic deletions of the gamma chain (part of the activating complex of most Fc
receptors), leading to the failure to express the activating receptors FcyRI and FcyRIIl and
consequently a failure to initiate ADCC (Clynes et al., 1998; Clynes et al., 2000). The
TA99 anti-melanoma antibody reduced the number of lung metastases in wild-type mice
which had been injected with a melanoma cell line. However no such reduction in

metastases occurred in the knockout mice suggesting a key role for Fc-FcyR interaction in
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Table 1.vii: Relative binding affinities of murine (A) and human (B) 1gG subclasses

for their respective Fcy receptors;

(Nimmerjahn and Ravetch, 2005) and Clynes (Clynes, 2006)

A: Murine 1gG-FcR interaction

derived from Nimmerjahn & Ravetch

FeyRI FceyRIIb FeyRIII FeylVv

lgG1 - ++ + -
1gG2a +++ +/- - +++
1gG2b - + - 4+
B: Human IgG-FcR interaction

FceyRI FeyRITA FcyRIIB-1 | FceylIB-2 | FeyRIIIA | FeyIIIB
1gG1 ++ ++ ++ ++ +++ +++
1gG2 +/- + +/- +/- + T
1gG3 ++ ++ ++ ++ +++ +++
1gG4 + +/- + + + +

the mechanism of antibody action. Further work by Clynes subsequently showed a similar
result using xenografts of breast cancer and B-cell lymphoma and using the therapeutic
antibodies trastuzumab (anti-HER2) and rituximab (anti-CD20) respectively. Anti-tumour
activity was reduced in the knockout mice. It was also reduced in the wild-type mouse if a
modified version of the respective antibodies was used in which the Fc portion was
mutated to prevent effective interaction with FcylIIl receptor. A similar loss of antibody
activity was shown in xenografts using a F(ab’), of cetuximab, which lacks the Fc-
subunit, instead of the whole antibody, hence preventing interaction between antibody
and effector cell. This resulted in a loss of 50% of the antibody’s activity against the
squamous carcinoma cell line A431 in a mouse xenograft model (Fan et al., 1993).

57




Cumulatively, these data provide compelling evidence that interactions between antibody
and effector cells via the Fcy-receptors are essential to the antibody mechanism of action.
Clynes and colleagues further looked at mice deficient in the inhibitory FcylIB receptor.
These mice had increased spontaneous tumour protection against a melanoma cell line
and a potentiated antibody response, even at subclinical doses of anti-gp75. The
interaction between activating Fc-receptors and the inhibitory FcylIB receptor is known
to be important in regulating ADCC (Nimmerjahn and Ravetch, 2005).

Following progressive humanisation of murine antibodies, affinity for the human FcyIIIA
receptor has still remained an important consideration, with human 1gG1 Fc-subunits
forming the framework for the huge majority of antibodies in clinical use for cancer (table
1.viii). For example, cetuximab (see chapter 1.2.5.3), a chimeric anti-epidermal growth
factor (EGF) receptor mADb used in the treatments of colorectal and lung cancers, has an
IgG1 Fc-subunit and, although it is commonly stated to work by blocking the function of
the EGF receptor on the surface of the cell, there is increasing evidence that ADCC forms
a large part of its action. Work from our laboratory and by others have shown that
cetuximab and trastuzumab both have the potential to work by ADCC at very low, and
thus clinically achievable, concentrations (figure 1.vii). Bleeker et al (Bleeker et al.,
2004) showed using a fully human anti-EGF receptor (EGF-R) antibody, that ADCC was
the likeliest mechanism of action both in vitro and in vivo. They achieved cell lysis in
vitro using doses which would equate to less than 5% receptor occupancy, suggesting that
receptor blockade was not the cause, a finding supported by other groups (Kurai et al.,
2007). They also demonstrated that EGF-R blockade only occurred when there was
complete receptor saturation, something which was only achievable in vivo with supra-
normal doses (100mg/kg body weight; >600ug/ml concentration) whereas the normal
cetuximab plasma concentration in humans is only 50-100ug/ml. Therefore given that in a
tumour xenograft model they showed that their human 1gG1 antibody inhibited tumour
growth at low concentrations, where receptor occupation would be limited, they
concluded that ADCC was the likely mechanism of action. It would also explain why, in

contrast, a human IgG2 anti-EGF-R antibody, which would not cause ADCC, required a
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total dose of at least 60mg/kg to achieve downsizing of the same xenograft (Yang et al.,
1999) compared to the 5mg/kg of IgG1 human antibody used in the Bleeker study.

The suggestion that ADCC is the dominant mechanism in anti-EGF-R antibodies has also
been suggested by experiments demonstrating good tumour downsizing in EGF-R-
expressing xenografts with the chimeric 1gG1 cetuximab (c225), but not so with the
murine IgG1 m225 parent (Goldstein et al., 1995). It would also help explain the reason
why EGF-R status does not correlate with clinical outcome in cetuximab treatment of

metastatic colorectal cancer (Cunningham et al., 2004; Saltz et al., 2004).

Table 1.viii: Anti-cancer antibodies approved for clinical use

Antibody Construct Isotype | Target Indication
Rituximab Chimeric lgG1 CD20 | Non-Hodgkins
lymphoma
Trastuzumab Humanised IgG1 HER2 | Breast cancer
Gemtuzumab Humanised / lgG4 CD33 | Acute myeloid
0zogamicin calicheamicin conjugate leukaemia
Alemtuzumab Humanised lgG1 CD52 | Chronic lymphocytic
leukaemia
Ibritumomab Murine / lgG1 CD20 | Non-Hodgkins
tiuxetan %y _radioconjugate lymphoma
Tositumomab Murine / lgG2a CD20 | Non-Hodgkins
131y _radioconjugate lymphoma
Cetuximab Chimeric lgG1 EGFR | Colorectal cancer /
head and neck SCC
Bevacizumab Humanised lgG1l | VEGF-A | Colorectal / breast /
NSC lung cancer
Panitumumab Human 1gG2 EGFR | Colorectal

SCC = squamous cell cancer

NSC = non-small cell

There is evidence to suggest that the interaction between the Fc fragment of the IgG
antibody and the Fcyllla receptor on effector cells, in particular NK cells, is influenced by
polymorphisms in the gene encoding this receptor and this translates to differential

activation in response to binding antibody (Koene et al., 1997; Wu et al., 1997).
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Prominent amongst these polymorphisms is the T to G substitution at nucleotide 559
(exon 4) of the FcyRIlla gene which changes the amino acid sequence of the receptor
from phenylalanine to valine in an area of the receptor responsible for antibody binding
(Tamm and Schmidt, 1996). This has been tested in the clinical arena using rituximab in
the treatment of non-Hodgkin’s lymphoma and trastuzumab in the treatment of metastatic
breast cancer. Patients with valine/valine (V/V) at amino acid 158 had better outcomes
with rituximab and trastuzumab than patients with the valine/phenylalanine (V/F) or
phenylalanine/phenylalanine (F/F) polymorphism (Cartron et al., 2002; Musolino et al.,
2008). This can be explained by the higher affinity of the Fc segment of an antibody to
FcyRIlla with valine at position 158. That this interaction leads to an improved clinical
response would suggest that ADCC is an important mechanism in the action of rituximab.
A similar finding has now been shown for breast cancer patients with the higher binding

polymorphism being treated with trastuzumab.

Figure 1.vii: Cetuximab and trastuzumab cause ADCC at low concentrations in vitro

against colorectal cell lines

COLO678 cell line (high expressor of EGF-R and HER-2 receptors) was pre-incubated with
cetuximab and trastuzumab in 2 separate experiments using the same donor effector cells at a
ratio of 40:1 effector:target cells, and analysed in an ADCC assay (unpublished results; SQ
Ashraf, Cancer and Immunogenetics laboratory, Weatherall Institute of Molecular Medicine,
Oxford).
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Finally new technologies, which involve altering the glycosylation pattern or amino acid
sequence in the Fc segment, have resulted in the production of antibodies with enhanced
binding affinities to Fcyllla receptor. When translated to in vivo models, amino acid
modifications which enhance binding to FcyRIlla and reduce binding to FcyRI1b result in
enhanced CD20+ B-cell depletion in primates treated with rituximab by about 50-fold.

Despite the increasing evidence for ADCC being the primary mechanism in naked
antibody-based cancer therapy, only two (rituximab and alemtuzumab) of five naked
IgG1 mAD approved for clinical use are advertised as being ADCC-based. Many however
have been noted to have ADCC activity. For example the anti-HER2 antibody,
trastuzumab, is advertised as working by a number of immune mechanisms, particularly
by receptor modulation - enhancement of HER2 degradation and inhibition of cell cycle
progression by blockade of HER2 signalling - although these effects are not always
apparent in vivo (Mohsin et al., 2005). Arnould et al (Arnould et al., 2006) demonstrated
that neoadjuvant treatment of breast cancer patients with trastuzumab led to increased
numbers of NK cells in the tumour and increased expression of granzyme B and TiAl
(markers of cells with cytolytic activity). This was not true in patients treated with
chemotherapy alone (controls). In addition they also demonstrated the persistence of
HER2 over-expression in residual tumour following treatment with trastuzumab, again
favouring ADCC as being the primary action in vivo and not receptor down-regulation
and blockade. Gennari et al found that patients induced to complete or partial remission
by trastuzumab alone in the neoadjuvant setting were found to have a higher intensity of
ADCC and higher in-situ infiltration of cytotoxic lymphocytes, including NK cells
(Gennari et al., 2004). Most recently the combination of lapatinib, a tyrosine kinase
inhibitor, with trastuzumab showed synergistic activity (Scaltriti et al., 2009). Lapatinib
prevented internalisation of the HER2 receptor thus leaving an increased number of
inactive receptors on the cell surface, potentiating ADCC in vitro in HER2 expressing

breast cancer cell lines
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Thus, in summary, the evidence for ADCC being of primary importance in the
mechanism of action of antibody-based cancer therapy is:

Importance of 1gG2a and 1gG1 isotypes for effective mAb action in vivo — these
are isotypes able to elicit ADCC (Nimmerjahn and Ravetch, 2005). They include
the major naked antibodies edrecolomab, cetuximab, trastuzumab, bevacizumab
and others (table 1.viii)

Knockout mice unable to express Fcyllla or Fcyl receptors failed to mount a
response against melanoma cells following the injection of an anti-gp75 antibody
(TA99) and failed to develop immunity against the same antigen when immunised
prior to tumour injection (Clynes et al., 1998). These receptors are critical for
ADCC.

Mice deficient in FeyIIB receptor had an enhanced spontaneous immune response
against tumour, even in the absence of TA99, and a potentiated response with
TA99, allowing treatment with subclinical doses (Clynes et al., 2000).

Mutation of the Fc region of rituximab and trastuzumab in order to weaken their
binding to the FcRs, led to a weakened antibody response in mouse xenografts
against CD20 positive lymphoma and HER2 positive breast cancer respectively
(Clynes et al., 2000).

F(ab’), of cetuximab lost 50% of its activity against a xenograft of squamous cell
carcinoma expressing EGF-R (Fan et al., 1993).

The action of cetuximab and trastuzumab in vivo is at low concentrations which
would favour ADCC being the mode of action rather than the reported block of
function, which would require saturation of the receptors and hence supra-
therapeutic doses (Bleeker et al., 2004; Goldenberg, 1999).

A human IgG2 version of an anti-EGF-R antibody requires supra-therapeutic
doses for its effect (Yang et al., 1999) (more than 10 times that of a human IgG1
anti EGF-R antibody).

Many therapeutic antibodies believed to work by a block of function do not work
at therapeutic levels in vitro in the absence of effector cells (Bleeker et al., 2004),
suggesting the latter are critical for antibody action.
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e Murine IgG1l m225 (parent of cetuximab) compares badly in murine xenograft
models with cetuximab (Goldstein et al., 1995) (chimeric; has a human 1gG1 Fc-
subunit). Mouse FcyIV receptor has a considerably better affinity for human IgG1
than murine 1gGL1.

e A polymorphism in the Fcyllla receptor influences its affinity for the Fc-subunit
of 1gG1. The presence of the higher-binding polymorphism leads to an improved
clinical response compared to the lower-binding polymorphisms (Cartron et al.,
2002).

e Rituximab modified to produce a higher affinity for the Fcyllla receptor and a
lower affinity for the Fcyllb receptor, has an increased potency in vivo using

primates.

1.2.4.2 Complement-dependent cytotoxicity
Complement is a group of proteins within the blood and on cell membranes which carry
out three major functions:

e Host protection against infection

e Link between innate and adaptive immune response

e Removal of immune complexes and other inflammatory debris
The various proteins making up complement can be activated in three ways; the classical
pathway, alternative pathway and mannose-binding lectin pathway (figure 1.viii). The
classical pathway carries the most relevance to this discussion. The inactive complement
proteins are activated by being cleaved in an enzymatic cascade. The end result of all 3
pathways is often the cleavage of the C3 protein. This C3 protein has a multi-functional
role, the best known of which leads to the formation of a membrane attack complex
(MAC) on the surface of the target cell, leading to cell lysis (Walport, 2001).
The interaction between complement and antibodies is predominantly through binding
sites for C1q on Cy2 of the Fc-subunit of IgG1l and 1gG3 antibodies, leading to the
activation of the classical pathway. Binding of antibody to antigen leads to the uncloaking
of multiple C1q binding sites (Adams and Weiner, 2005). In addition, C1q can act as a
ligand for receptors such as C1gR, CR1 (CD35; see below) and CR3. These receptors are

found on neutrophils, macrophages and NK cells. The interaction between C1q and its
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Figure 1.viii: The three activation pathways of complement

The 3 pathways converge at the cleavage of the C3 protein to its active forms C3a and
C3b. These C3 subunits initiate a wide range of immunological and inflammatory

responses some of which are important in the anti-tumour response
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receptor triggers cell-mediated tumour cell lysis or phagocytosis (Carter, 2001). A further
interaction between complement and antibody is on the surface of effector cells. Many
tumour cells can prevent the action of complement by complement-inhibitory proteins on
their cell surface such as CD59, which inhibits formation of the MAC, and CD46, CD35
(complement receptor-1) and CD55, which inactivate the central complement component
C3b on the cell surface, forming C3bi (Gorter and Meri, 1999). However, complement
proteins such as the inactive fragment C3bi can still act as an opsonin by binding to C3
receptors such as Mac-1 (CD11b) on effector cells. There is a synergistic interaction
between Mac-1 and FcyR-mediated signaling, whereby Mac-1 engagement enhances
FcyR-mediated phagocytosis, cellular migration, and ADCC (van Spriel et al., 2001).
Hence although the antibody is not directly involved in CDC in this instance, complement
mechanisms enhance ADCC. A further indirect effect of complement activation on
antibody-based cytotoxic mechanisms is mediated by the complement protein fragment
C5a which can cause upregulation of activating FcyRs and downregulation of inhibitory

FcyRs (Schmidt and Gessner, 2005), hence enhancing ADCC in any given system.

Hence, complement can enhance ADCC by:

e Clq binding to Fc-portion of antibody and the resulting MAC

e Clq acting as a ligand for receptors on neutrophils, macrophages and NK cells
resulting in phagocytosis or cell lysis

e (C3bi acting as an opsonin by binding to C3 receptors such as Mac-1 (CD11b) on
effector cells. There is a synergistic interaction between Mac-1 engagement and
FcyR-mediated signaling, which enhances FcyR-mediated phagocytosis, cellular
migration, and ADCC

e (5a causing upregulation of activating FcyRs and downregulation of inhibitory
FcyRs, hence enhancing ADCC.

Evidence put forward to support the role of complement in antibody-based cancer therapy
comes from in vivo work. Knockout mice deficient for C1lq reduced the ability of
rituximab to clear a CD20-transfected thymoma cell line (Di Gaetano et al., 2003).

However this could simply be the result of reduced levels of C5a at the site of the tumour
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and the enhancement that this brings on ADCC potency as mentioned above, rather than
evidence for complement having a direct role in antibody-based therapy. Further evidence
for this comes from studies looking at the association between response to antibody
therapy and the presence of complement inhibitory proteins on tumours. These proteins,
CD59, CD44, CD35, prevent MAC formation on the cell surface and so would be
expected to inhibit antibody action if CDC played a significant direct role. However in
patients treated with rituximab for non-Hodgkins lymphoma, there is no correlation
between the presence of these three proteins on the tumour cell surface and the response
to rituximab, or indeed to the susceptibility of primary cultures grown from these samples
to in vitro CDC (Weng and Levy, 2001). Hence although many antibodies used in cancer
therapy can activate complement in vitro and demonstrate CDC, it is unlikely that this

contributes significantly to their in vivo action.

1.2.4.3 Anti-idiotypic networks

This forms the basis of the mechanism behind using antibodies as “cancer vaccines”. It
involves using antibodies to perpetuate an active immune response against a tumour
antigen, in contrast to a passive immune response seen when simply giving antibody as a
drug to elicit, for example, ADCC or CDC as described above. Foreign protein in non-
human antibodies have the potential to stimulate production of antibodies to the
therapeutic antibody (eg HAMA, HACA), including antibodies against areas in the Ag-
binding site area of the antibody. The original antibody is described as Abl and the
antibody created against it is Ab2 (anti-idiotype). It is then possible for antibodies to
develop against the configuration of the complementarity-determining region of Ab2
creating an antibody, referred to as Ab3 (anti-anti-idiotype), which recognises a similar
epitope to Abl and can bind to the tumour (figure 1.ix). Hence in this way the original
Abl antibody has stimulated the humoral immune system and can overcome a patients’
unresponsiveness to the original tumour antigen which can have low or no
immunogenicity on account of being ‘self’. The adaptive system continues to mount a
response as long as the tumour antigen persists. In turn, this then involves the cell-
mediated arm of the immune response (see later: chapter 1.2.4.5). This has most
commonly been studied for the haematological malignancies where antibodies against the
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Figure 1.ix: The development of an anti-idiotype antibody network

ADb1 is the initial antibody administered to a tumour-associated antigen. Ab2 is an anti-
idiotype of Abl which contains within the CDR a configuration which mimics the
original antigen (Ag). Consequently Ab3, the anti-idiotype against Ab2, is very similar in

structure to Ab1 but is now part of a sustained humoral response.

. 4 Anti-idiotype
} Il Anti-anti-idiotype

B-cell receptor from the malignant B-cell clone have been studied with some limited

success in phase Il trials, where both humoral and cell-mediated responses can be
measured (Inoges et al., 2006; Redfern et al., 2006). However trials with vaccines against
solid tumours have been less successful. One of the best studied is CeaVac, an anti-
idiotype mAb against the CEA molecule. A recent phase Il trial failed to show any benefit
of vaccination following potentially curative liver resection for colorectal cancer
metastases, compared to a historical control of liver resection alone (Posner et al., 2008).

One postulated reason for the failure of anti-idiotype vaccinations is that they rely on an
active immune response both during the induction of immunity and in the effector phase
of the response, but both are inhibited by an immunosuppressive tumour
microenvironment. Attempts to overcome this suppression have included targeting

CTLA-4, a protein found on activated T-cells which serves to inhibit the activated
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phenotype (Phan et al., 2003), and depleting regulatory T-cells (T-reg) by targeting the
IL2-receptor (CD25) found in abundance on T-reg (Mahnke et al., 2007).
However at the current time, although detectable anti-idiotypes can be found in vivo,

there is no evidence it plays any significant role in the action of Ab-based cancer therapy.

1.2.4.4 Receptor modulation
This is the most commonly stated method of action of the antibodies against solid
tumours in clinical practice. Of the four mentioned in table 1.viii, three - trastuzumab,
cetuximab and panitumumab - are said to work by receptor modulation. The targets in
these situations are often growth factor receptors which are commonly over-expressed in
solid malignant tumours. Their activation in the normal cell environment serves to
promote cell division and cell survival, and hence their over-expression could lead to an
abnormal expansion in cell numbers and cell survival. The three mentioned above are
against members of the epidermal growth factor family of receptors; trastuzumab against
the HER2 receptor and cetuximab and panitumumab against the EGF receptor (HER1).
The methods proposed by which these antibodies are believed to block signal
transduction include
e Blockade of ligand-receptor interaction (Sunada et al., 1986)
e Blockade of receptor dimerisation, thus preventing activation (Franklin et al.,
2004)
e Steric inhibition of the receptor preventing the receptor from adopting the
conformation required for dimerisation (Li et al., 2005).
e Promotes internalisation and degradation of the receptor, hence reducing the
number of receptors on the cell surface which are available for interaction with
ligand (Klapper et al., 2000).

Early studies demonstrated the ability of anti-EGFR antibodies to inhibit EGF-induced
proliferation in vitro (Sato et al., 1983) and this was later repeated with cetuximab,
showing that the antibody had a higher affinity for the receptor than the natural ligands
(eg. EGF, TGF-a) and as such could prevent EGFR phosphorylation (Goldstein et al.,

1995). Internalisation of the receptor was also noted leading to the conclusion that this
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was another mechanism of cetuximab action (Sunada et al., 1986). The effect of the
resulting blockade, by whichever mechanism, has been shown to cause numerous
intracellular effects which serve to inhibit unregulated cell division and abnormal cell
survival. These include halting cell cycle progression (Huang et al., 1999), inhibiting the
release of paracrine angiogenic factors (Petit et al., 1997) and stimulating apoptosis (Liu
et al., 2000). This evidence is obtained mostly from in vitro work on cell lines where
saturation of receptors is possible at high doses of antibody, although it remains debatable

whether such profound receptor blockade is possible in vivo (Bleeker et al., 2004).

1.2.4.5 Activation of the adaptive immune response (figure 1.x)

Passive immunotherapy with antitumor antibodies has the potential to induce active
tumour immunity by interaction of the antibody with antigen-presenting cells (APCs).
Firstly, lysed tumour cells, for example by ADCC, can release novel soluble antigen
allowing uptake by APCs such as dendritic cells, macrophages and B-cells. These can
then present foreign antigen to CD4" helper T-cells (Ty-cells) and B-cells via MHC-class
II, and CD8" cytotoxic T-cells (Tc) via MHC-class |, leading to T-cell activation,
cytotoxic activity, cytokine release and activation of B-cells and other effector cells and
with this, the development of further anti-tumour pathways. Certain cytokines released in
this response (eg. IFN-y & GM-CSF) can lead to upregulation of the expression of
activating FcyRs (Schiff et al., 1997) thus providing further opportunity for antibody-
mediated toxicity to the tumour and the presentation of further novel peptides.

This cascade of the immune response can also be initiated directly by the antibody bound
to the tumour cell or soluble immune complexes. FcyRs on the surface of APCs such as
dendritic cells allow uptake of the antibody-antigen complex and, through the antigen-
presenting capabilities of dendritic cells thereby stimulate the adaptive immune response,
leading to a specific T¢ cell response (Dhodapkar and Dhodapkar, 2005; Vasovic et al.,
1997). The antibody again could thus be seen to be acting as a vaccine — allowing
delivery of antigen to dendritic cells and the subsequent development of memory to the
tumour antigen through the adaptive immune response. In fact, mice immunised with DCs
which had previously been exposed to a tumour antigen, developed both a Tc- and Ty-

mediated tumour immunity (Akiyama et al., 2003). This has been further shown in
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Figure 1.x: ADCC-mediated adaptive immunity switch

Unconjugated monoclonal antibodies have the potential through ADCC to induce an
adaptive tumour-specific immune response through the processing of peptides from lysed
cells by dendritic cells and their subsequent presentation in the context of MHC class | or
I1to Tc cells, Ty cells and B cells.

Ab: antibody; Ag: antigen; TCR: T-cell receptor
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patients with breast cancer treated with the anti-HER2 antibody trastuzumab and
chemotherapy. Clynes’ group demonstrated a significant increase in the presence of
endogenous anti-HER2 antibodies in the serum of these patients, which were not anti-
idiotypes, and an augmented HER2-specific Ty response (Taylor et al., 2007). In addition
they noted that of those who had metastatic disease, a clinical response was more likely in

those with more frequent and larger treatment-associated anti-HER2 humoral responses.
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Finally, humoral immunity can be stimulated through the anti-idiotype pathway as
discussed above in chapter 1.2.4.3.

1.2.4.6 Effect on angiogenesis
There has been interest in targeting angiogenic factors to reduce or modify the blood
supply to tumours. Most interest currently has been on vascular endothelial growth factor
(VEGF)-A and its receptor. It is known that tumours frequently over-produce both VEGF
and VEGF-receptors creating an autocrine loop which encourages tumour growth. One
method of targeting the angiogenic machinery has been to use antibodies to VEGF, and
one antibody in particular, bevacizumab, has already been used in clinical trials and is
licensed for use in colorectal cancer. The effect of bevacizumab on the tumour
vasculature, however, is unclear with a number of potential effects being considered.
These include
¢ Inhibition of neovascularisation within the tumour.
Preventing stimulation of the VEGF receptor can reduce tumour vascularisation,
inducing hypoxia and subsequent cell death. There is direct evidence that
bevacizumab can inhibit neovascularisation. Willett et al (Willett et al., 2004) looked
at the vascularity of tumours in patients with locally advanced primary rectal cancers
after a single dose of bevacizumab. They found a reduction in tumour perfusion,
vascular volume and microvascular density as well as a reduction in the number of
viable circulating endothelial cells suggesting a direct effect on the ability of the
tumour to stimulate neovascularisation, consistent with previous in vitro work.
e ‘Normalisation’ of tumour vasculature
It has been noted that the above theory alone is not consistent with evidence from
clinical trials showing synergy of bevacizumab with chemotherapy (Hurwitz et al.,
2004) and radiotherapy (Winkler et al., 2004). If bevacizumab only reduces blood
flow to the tumour, it would be unlikely to aid the effect of chemotherapeutic agents
which are delivered to the tumour via the bloodstream. The same would apply to the
oxygen-dependent effects of radiotherapy and again these are enhanced rather than
limited by prior treatment with anti-angiogenic treatment. In light of this it has been

hypothesised that these anti-angiogenic antibodies may cause a temporary
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normalisation of tumour vasculature from the more immature vessels normally
encountered in tumour tissue. Such an effect would serve to increase the blood flow to
tumour tissue during a short time-frame following bevacizumab treatment and allow
increased delivery of chemotherapy via the bloodstream and improve tumour
oxygenation to enhance the effect of radiotherapy. There is some evidence that such a
process may occur. The tumour vasculature of a glioblastoma xenograft in a murine
model was examined following treatment with an anti-VEGF receptor antibody
(Winkler et al., 2004). Two to five days following treatment, tissue hypoxia reduced
significantly before increasing again by day eight. During this window there was an
increase in pericyte coverage of brain tumour vessels and a thinning of their
pathologically thick basement membrane.

A further effect in tumour tissue seen following treatment with bevacizumab in vivo is
a reduction in tumour interstitial pressure (Willett et al., 2004). Elevated interstitial
fluid pressure is universal in solid tumours and is believed to be the result of
abnormalities in the tumour vessels. Hence the reduction in interstitial pressure noted
has again been attributed to a normalisation of the tumour vasculature. The result

would again be a temporary enhancement of tumour blood flow.

An anti-angiogenic mechanism has also been proposed for antibodies acting against the

human EGF receptor family. Both cetuximab and trastuzumab have been shown to down-
regulate VEGF production by tumour cells via the blockade of the EGFR and HER2

receptors respectively (Perrotte et al., 1999; Petit et al., 1997). However such results

relied on saturation of the receptors in vitro and in the well-vascularised model of the

xenograft in nude mice. Whether such blockade can occur in the clinical situation is

debatable as discussed above.

1.2.5 Naked antibodies in clinical practice

A brief overview of the literature concerning naked antibodies in current clinical practice

IS now given.
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1.2.5.1 Rituximab

Rituximab is a chimeric IgG1 antibody targeting CD20, a transmembrane cell surface
protein of uncertain function found on all normal B-cells and 95% of B-cell lymphomas
but not on plasma cells. Its predominant use in cancer is in the treatment of non-Hodgkins
lymphoma (table 1.viii). The mechanism of its action is likely through ADCC (Cartron et
al., 2002; Clynes et al., 2000; Maloney, 2005) although contributions from CDC (Di
Gaetano et al., 2003; van Meerten et al., 2006) and a direct action by apoptosis (Shan et
al., 1998) have been suggested.

Several clinical trials have shown the efficacy of rituximab in a variety of clinical
settings. Responses to single agent rituximab have ranged from 72% in previously
untreated patients with follicular lymphoma (Witzig et al., 2005), to 48% in patients with
relapsed indolent lymphoma (McLaughlin et al., 1998), to 40% in patients with relapsed
lymphoma who had previously received rituximab (Davis et al., 2000).

However the best results have been in combination with standard chemotherapy
consisting of cyclophosphamide, doxorubicin, vincristine and prednisolone (CHOP).
Czuczman and colleagues demonstrated a median time to progression of 82 months in a
long term follow-up of a phase Il trial of rituximab and CHOP for non-Hodgkins
lymphoma (Czuczman et al., 2004) and randomised phase Il trials of rituximab and
chemotherapy versus chemotherapy alone have also demonstrated a survival advantage
with 97.3% alive at 3 years in combination treatment compared with 91.7% in the CHOP
alone group (Hiddemann et al., 2005). A recent Cochrane meta-analysis of almost 2000
patients concurs with these results, demonstrating that the addition of rituximab to
chemotherapy led to an improvement in overall survival from non-Hodgkins lymphoma
when compared to chemotherapy alone (hazard ratio for mortality 0.65) (Schulz et al.,
2007).

Rituximab has more recently been used in maintenance therapy after the induction of
remission. A number of phase Il randomised trials have looked at rituximab at a variety
of dosing schedules and compared this with observation alone. These have all shown that
prolonged therapy with rituximab is able to increase overall response and prolong
remissions in patients with non-aggressive lymphomas. A Dutch trial looked at patients
who had shown a complete or partial response to either CHOP alone or CHOP in
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combination with rituximab (van Oers et al., 2006). They demonstrated an improved
progression-free survival (PFS) with rituximab maintenance of 51.5 months compared
with 15 months for observation alone. Overall survival (OS) was also improved from
77% at 3 years with observation to 85% with rituximab maintenance (once every 3
months for a maximum of 2 years).

Toxicity with rituximab is minimal. However, given that CD20 is expressed on normal B-
cells, these too are targets for rituximab and consequently profound B-cell depletion post-
treatment is common and can last for many months (Maloney et al., 1997). In rare
circumstances this can lead to overwhelming sepsis. Another problem is the development
of transfusion related reactions which are the result of the burden of murine protein in
chimeric antibodies.

Given its chimeric nature, humanised and human versions of anti-CD20 antibodies are
now being evaluated. Ofatumumab is a human anti-CD20 antibody and is currently under
evaluation in clinical trials (Coiffier et al., 2008). This is in addition to the conjugated
anti-CD20 antibodies which will be discussed below (chapter 1.2.6).

1.2.5.2 Trastuzumab

Over-expression of the HER2 (human EGF receptor 2) receptor occurs in about 20-30%
of breast cancers and also in other cancers such as non-small cell lung cancer, ovarian
cancer and prostate cancer, and is associated with a poor prognosis (Slamon et al., 1987).
The HER2 receptor is a 185KDa transmembrane tyrosine-kinase receptor without a
known ligand and is able to form homodimers with itself or heterodimers with other
members of the human EGF receptor family. The mechanism of action is, however,
contentious and has been discussed above (chapter 1.2.4).

Trastuzumab is a humanised 1IgG1 mAb against HER2 and was the first mAb against a
solid tumour to be licensed in the UK. In a randomised controlled trial of trastuzumab
with standard chemotherapy compared with chemotherapy alone in patients with HER2"
untreated metastatic breast cancer, the group receiving trastuzumab had a statistically
significant improvement in median survival (25.4 months vs 20.3 months) (Slamon et al.,
2001). Although it is normal for new antibodies to be used in metastatic incurable disease,

it does not make optimal use of the naked antibody given that these whole antibodies are
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large 150KDa molecules which penetrate only slowly through the interstitium of a poorly
vascularised tumour, which is the nature of metastatic disease. Obviously the setting of
potential micrometastatic disease would be a better testing ground for the efficacy of such
antibodies. This would require the antibody to be used as adjuvant treatment in those at
risk of metastatic disease as a result of nodal involvement or poor prognostic features of
the tumour. Trastuzumab was tested in such an environment in two randomised controlled
trials (Piccart-Gebhart et al., 2005; Romond et al., 2005). Both compared trastuzumab in
the adjuvant setting following locoregional control (surgery with or without
radiotherapy). In the American trial, trastuzumab treatment following initial post-
operative chemotherapy was associated with a 33% reduction in mortality risk compared
to chemotherapy alone with an advantage in disease free survival (DFS) at 3 years of
85.3% vs 67.1%. In the European study analysis at one year showed no difference in
overall survival as might be expected in such a time-frame but it did show an improved
DFS in the group receiving trastuzumab following chemotherapy (or having had
neoadjuvant chemotherapy) compared to the group having standard chemotherapy alone;
13 vs7.5%. Hence it would seem that trastuzumab is beneficial in the adjuvant setting and
not just in the context of metastatic disease.

Toxicity has been a concern with trastuzumab especially cardiotoxicity which has been
reported in up to 27% of women, this higher incidence being seen in those receiving
anthracycline chemotherapy during trastuzumab treatment. Pre-existing cardiac disease is

a relative contraindication to treatment with trastuzumab.

1.2.5.3 Cetuximab

Like trastuzumab, cetuximab targets one of the human EGF receptor family, HER1 -
more commonly known as the EGF receptor (EGFR). This is a 170KDa transmembrane
tyrosine-kinase receptor which is over-expressed in a variety of solid tumours including
CRC, lung, squamous cell carcinoma of the head and neck, breast, ovary and oesophagus.
It has two major ligands, EGF and transforming growth factor alpha (TGFa) and when
the receptor is bound by ligand it undergoes a conformational change which allows

dimerisation and activation through the tyrosine kinase domains. The EGFR is important
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in mediating cell growth, differentiation, angiogenesis and cell survival and thus it is
apparent why dysregulation can lead to tumourogenic processes within the cell.
Cetuximab is a chimeric IgG1 mAb which binds to the EGFR with a higher affinity than
the natural ligands but does not activate the receptor. The controversy over the in vivo
mode of action is detailed above (chapter 1.2.4). Cetuximab has been shown to be
cytotoxic in vitro and shows synergy when combined with chemotherapy (Inoue et al.,
2000) or radiation (Huang et al., 1999; Huang and Harari, 2000) both in in vitro and in
murine xenograft models of EGFR-overexpressing tumours.

In the clinical arena cetuximab has for the most part only been used in the metastatic
setting. The synergy with chemotherapy has proven useful where tumours have not
responded to first- or second-line chemotherapy but have responded when combined with
cetuximab. Cunningham et al (Cunningham et al., 2004) demonstrated this in a
randomised controlled trial in patients with metastatic CRC refractory to irinotecan, a
drug commonly used in the UK for second-line palliative treatment. They examined the
benefit of cetuximab alone or in combination with irinotecan and found an improved
response rate (23% vs 11%) and time to progression (4.1 months vs 1.5 months) with the
combination therapy despite the patients having previously been resistant to irinotecan.
Later studies have demonstrated that cetuximab monotherapy also produces a survival
advantage in patients who have progressed on or are intolerant of a fluoropyrimidine,
oxaliplatin or irinotecan (Jonker et al., 2007). However the improvement in overall
survival was small albeit statistically significant. Compared to best supportive care,
cetuximab improved overall survival by only 1.5 months (6.1 months vs 4.6 months for
best supportive care).

Recent work has highlighted the importance of genetic analysis in tailoring treatments in
CRC. A review of the pathological specimens from the Jonker trial has found that the
presence of k-ras mutations in the tumour was strongly associated with a poor response to
cetuximab, whereas those patients with wild type k-ras had an improvement in overall
survival and progression-free survival compared to the control group (Karapetis et al.,
2008). This and other data supporting the association between wild-type k-ras and
response to anti-EGFR therapy in general (Linardou et al., 2008) have emphasised the
importance of k-ras analysis of tumours in trial design of EGFR therapy.
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Results from a Swiss phase Il randomised trial showed promising results when
randomising patients to capecitabine / oxaliplatin alone or with cetuximab (Borner et al.,
2008). They demonstrated a response rate of 41% in the cetuximab group compared
with14% in chemotherapy alone. This didn’t translate to a statistically significant survival
advantage, likely due to underpowering. However given the impressive increase in
response rates there may be an advantage in using cetuximab to create resectable
metastatic disease from an unresectable position.

Current trials involving cetuximab include the COIN trial which is looking at the
inclusion of cetuximab as first line chemotherapy for metastatic disease in combination
with oxaliplatin and 5-FU. In addition the PETACC-8 trial is currently recruiting for
enrolment in an adjuvant phase Il trial for patients with resected stage 11l CRC. This trial
will randomise patients to FOLFOX-4 regimen (5-fluorouracil, folinic acid and
oxaliplatin) with or without the addition of cetuximab.

Cetuximab has been generally well tolerated with minimal morbidity. In addition to the
side-effects of transfusion of a chimeric antibody, much of the toxicity reported is due to
an acneiform rash which is seen in about 80% of patients but severe in less than 10%.
This rash is believed to be due to antibody-mediated caused by binding of the antibody to
the EGFR-bearing cells of the skin. However, the presence and severity of the rash

correlates with response to cetuximab and to survival (Cunningham et al., 2004).

1.2.5.4 Bevacizumab

Vascular endothelial growth factor A (VEGF-A) is a proangiogenic growth factor that
regulates vascular proliferation and permeability and inhibits apoptosis. It acts on two
transmembrane receptors VEGF-1 and 2 which are expressed on vascular endothelial
cells. VEGFR expression is upregulated in response to hypoxia and various cytokines,
and by certain oncogenes. High levels of expression in tumour tissue are associated with a
poor prognosis (Rosen, 2002).

Bevacizumab is a humanised IgG1 mAb which binds to all isoforms of VEGF-A and has
been used in clinical trials in a number of cancers but predominantly colorectal. Its
potential mechanisms of action are discussed above (chapter 1.2.4.6). Bevacizumab
shows synergy with chemotherapeutic agents as demonstrated by Hurwitz et al in 2004.
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They randomised patients to receive chemotherapy (irinotecan / fluorouracil / folinic
acid) alone or in combination with bevacizumab. They found that bevacizumab increased
the response rate (45% vs 35%), increased progression-free survival (10.6 months vs 6.2
months) and prolonged median survival (20.3 months vs 15.6 months) compared to
chemotherapy alone in patients with previously untreated metastatic colorectal cancer
(Hurwitz et al., 2004). A similar trial randomising patients to oxaliplatin-based
chemotherapy with bevacizumab or placebo possibly showed a small improvement in
progression free survival with bevacizumab (21.3 months vs 19.9 months; p=0.077) but
no significant increase in overall survival despite randomising 1400 patients (Saltz et al.,
2008).

However, the performance of bevacizumab in colorectal cancer is inconsistent with only
about 12% of colorectal cancers responding to treatment (Jubb et al., 2006). Varey et al
(Varey et al., 2008) put forward the hypothesis that anti-angiogenic treatments would be
more successful in tumours with low levels of VEGF-b expression. The b-isoform, a
splice variant of the angiogenic VEGF, acts in an anti-angiogenic manner. They
demonstrated that bevacizumab indeed bound to the b-isoform with equal affinity to
VEGF and that although bevacizumab could inhibit the growth of cell lines
predominantly expressing angiogenic VEGF, it failed to inhibit the growth of a
transfected cell line predominantly expressing VEGF-b. They postulated that the
variability in response to bevacizumab could be explained by the variation in VEGF-b
expression amongst colorectal cancers.

Following the results in the cetuximab trials, some researchers have tried bevacizumab
and cetuximab together in the hope of further enhancing the effect of chemotherapy in
metastatic CRC. The BOND-2 trial (Saltz et al., 2007) looked at this combination in
patients with irinotecan-refractory metastatic CRC, much the same group that
Cunningham et al had examined for the original cetuximab trial. They randomised
patients to the two antibodies alone or in combination with continued irinotecan therapy.
They found the greatest advantage when the antibodies were combined with continued
irinotecan therapy (response rate of 37% vs 20% for the antibodies alone).

Currently, there is no evidence to support the use of bevacizumab in the adjuvant setting,

although trials to assess this question are in progress. A large European trial and a large
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North American trial will randomize patients to oxaliplatin / fluoropyrimidine based
chemotherapy with or without bevacizumab.

Phase | trials of neoadjuvant bevacizumab prior to and then in combination with standard
chemoradiotherapy are already underway in locally advanced rectal cancer (Czito et al.,
2007). Despite small numbers there was no significant additional toxicity above that
expected for the agents alone. Of 11 patients, 2 had a pathologically complete response, 3
had only microscopic residual disease and a further one had a partial response. The
remaining 5 patients had stable disease with no-one progressing on treatment. However 2
of the resected specimen had involved margins.

There are significant concerns regarding toxicity with bevacizumab. There is an increased
risk of both bowel perforation and arterial thrombotic events which, although occur
rarely, are of great concern given their seriousness. There were 6 (1.5%) gastrointestinal
perforations in the bevacizumab arm of the Hurwitz trial (Hurwitz et al., 2004) which
included a perforated gastric ulcer, small bowel perforations, and free air under the
diaphragm without an identified source. There were no such perforations in the control

arm.

1.2.5.5 Panitumumab

Like cetuximab, panitumumab targets the EGF receptor. Its major differences are that it is
a fully human antibody, the first to be licensed for clinical use and secondly it is an 1gG2
isotype compared to the 1gG1 platform of all other antibodies in use for solid tumours.
This latter point is significant given that IgG2 antibodies bind poorly to the Fcyllla
receptor which would effectively reduce the potential of ADCC and CDC in vivo,
although the weaker affinity of 1gG2 for the inhibitory Fcyllb receptor may compensate
for this. For the same reasons antibody-dependent cellular phagocytosis (ADCP) may also
occur despite its poor binding to the Fcylla receptor.

Panitumumab was made in a transgenic mouse expressing human immunoglobulin genes
(see chapter 1.2.3) and binds with good affinity to the EGF receptor. FDA approval was
achieved on marginal evidence from a phase Il trial which was an open label randomised
trial of third-line treatment of metastatic CRC in patients who had previously failed two

different chemotherapy regimens (Giusti et al., 2008). The trial randomised 463 patients
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to best supportive care alone or with panitumumab. The response rate to the antibody was
only 8% and median progression-free survival (PFS) was no different than controls,
although mean PFS was improved from 60 to 96 days. There was no difference in overall
survival.

A recent multicenter randomized phase I11 trial was conducted in patients with metastatic
CRC who had failed at least one chemotherapy regimen (Van Cutsem et al., 2007). They
randomised 463 patients with 1% or more EGFR expression in the tumour, to
panitumumab and best supportive care (BSC) or BSC alone (n = 232). The primary end
point was PFS. Median PFS was 8 weeks in the antibody group compared with 7.3 weeks
in the BSC alone group and mean PFS was 13.8 weeks and 8.5 weeks respectively, both
figures statistically significant. The objective response rate was 10% and a further 28% of
patients in the panitumumab arm experienced stable disease compared with 10% in the
BSC alone group. No difference in overall survival was seen between the two arms with
19% of patients alive at 1 year in the panitumumab group and 16% in the BSC group. The
toxicity profile of the drug was mild which is important in the palliative setting.

However the large (n=1054) phase Il PACCE trial comparing a regimen of bevacizumab
and FOLFOX with or without the addition of panitumumab was stopped after a pre-
planned interim analysis revealed a statistically significant advantage in PFS in the
control group (not receiving panitumumab) as well as an excess of complications
including pulmonary emboli and infectious complications.

Trials comparing irinotecan with or without panitumumab are underway to assess any
synergy or additive effect of the two treatments.

It remains to be seen how much of the effect seen with cetuximab is lost in panitumumab

by the use of the 1gG2 isotype.

1.2.6 Radioimmunotherapy

The early concepts of antibody-based cancer therapy concentrated on antibodies as
delivery vehicles for toxic payloads, in particular radiotherapy (Epenetos et al., 1987). In
addition, the ability of antibodies to localise a target made them an attractive proposition

for radiological detection of tumours and recurrence even before monoclonal antibody
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technology was developed. Hence, the technology to attach a radioisotope to an antibody
has therefore been developed over more than 30 years (Mach et al., 1974a; Mach et al.,
1974b). However the development of radioimmunotherapy (RAIT), where antibodies
target tumour tissue with radioactive isotopes allowing localised high-dose radiotherapy
without significant systemic toxicity, has not progressed in any significant way for solid
tumours, although there are some clear advantages in haematological malignancies.
Hence, of the 9 antibodies that are currently licensed in the US or Europe for use in
oncology, only 3 are conjugated to a radioactive ligand or toxin, and none are for use in
solid tumours (see table 1.viii). Despite often excellent results in preclinical trials, the
translation to the clinical arena often failed (Tempero et al., 2000). The reason for this
failure was multifactorial but the major problem was a failure to deliver an adequate toxic
dose to the tumour without a significant bystander effect (Sharkey and Goldenberg,
2005), resulting in either failure to irradiate the tumour or radiation injury to both
surrounding tissues and organs involved in clearing the antibody, in particular the bone
marrow and kidney. In addition, the complex chemistry required to conjugate the
radioisotopes to the antibody makes the construct technically more difficult to make, store
and administer. The problem is highlighted by a radio-iodine conjugated version of the
A33 antibody which targets a 43KDa cell-surface glycoprotein of unknown function
whose expression is restricted to colorectal epithelium and continues to be expressed
homogeneously in more than 95% of colorectal cancers. In a phase | trial they
demonstrated selective targeting of the antigen with the A33 antibody but, as has been
shown previously with other radiolabelled antibodies, only a tiny proportion of the
antibody was retained by the tumour (0.002% per gram of tumour) (Scott et al., 2005;
Weiden et al., 1993). Although the toxicity level was still acceptable in their study there
was no improvement in any of the fifteen patients treated (Chong et al., 2005).

However there has been some encouragement in haematological malignancies. Building
on the success of rituximab, further anti-CD20 antibodies were developed, some of which
were conjugated to radioisotopes. Those licensed for use in B-cell tumours are
ibritumomab tiuxetan, which emits *°Yttrium, and tositumomab, which emits ***lodide.
Both are potent B-emitting isotopes and both have had success in trials treating B-cell

lymphomas. Comparison trials with rituximab have favoured RAIT in terms of response
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rates and progression-free survival. A phase 11l randomised trial comparing ibritumomab
tiuxetan with rituximab in non-Hodgkins lymphoma, found that the RAIT achieved a
greater level of response (80% vs 56%) including complete response (34% vs 20%),
although it was underpowered to detect differences in parameters of survival (Gordon et
al., 2004).

A list of antibodies involved in recent RAIT trials is given in table 1.ix.

Table 1.ix: Selection of radiolabelled mAb involved in recent clinical trials;
after Milenic et al (Milenic et al., 2004)

Antibody Isotype/species Isotope Antigen Cancer Status
Tositumomab | mu 1gG2a B CD20 NHL FDA
Ibritumomab mu IgG1 Py CD20 NHL FDA
Epratuzumab hu IgG1 % CD22 NHL Phase 111
MN-14 hu IgG1 % CEA Carcinoma— | Phase I
varied
TNT-1/B ch 1gG1 B DNA Glioblastoma | Phase Il
Bl Lym-1 hu IgG1 B HLA-DR10 | NHL, CLL | Phase I
Pentumomab mu IgG1 % PEM Ovarian, Phase IlI
gastric

Abbreviations: mu — murine; ch — chimeric; hu — humanised; PEM — polymorphic
epithelial mucin; NHL - non-Hodgkins lymphoma; CLL - chronic lymphocytic
leukaemia; FDA — approved for use by US food and drug administration

1.2.6.1 The antibody

The qualities required in an antibody for RAIT remain essentially the same as those for
immunotherapy in general and discussed earlier. However antibodies which are
internalised may have an advantage for RAIT as they would be expected also to do so for

the delivery of cytotoxic drugs and immunoliposomes. An ideal antibody would be able
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to target tumour rapidly, be internalised and retained within the tumour by target antigen
re-expression so minimising exposure of normal tissue. The biggest problem remains that,
as discussed above, only a tiny percentage of antibody reaches its target and so in clinical
trials of solid tumours, the cumulative dose of radioactivity within a tumour is usually
well below that required to achieve a therapeutic response. Increasing the tumour dose
increases the tissue dose and this leads to toxic side effects (Goldenberg, 2002). The rate
of clearance of the antibody is also of importance given the potential side effects.
Clearance of whole antibody is slow and increasingly researchers looking at developing
antibodies for RAIT have been looking to antibody fragments which are cleared more
rapidly (see chapter 1.2.8).

1.2.6.2 The radionuclide
As table 1.ix shows, the choice of radionuclide in trials of RAIT has almost exclusively
relied on two isotopes — Yttrium and **lodine. Both are p-emitting isotopes with

reliable chemistry that lends itself to RAIT. Halogens, such as ™I,

are routinely
introduced by direct halogenation of tyrosine residues of the protein. Metallic
radionuclides, such as **In or ®°Y, require chelation of the metal through a suitable
ligand. A considered advantage of B-emitters is that they are cytotoxic over a distance of
numerous cell diameters (emission path length) and thus can exert a toxic effect into the
substance of a poorly vascularised tumour. For example, *Y has an emission path length
of 0.5-0.6mm which could penetrate a thickness of more than 200 cells. This long
emission path length also helps deal with tumour heterogeneity of target antigen
expression, as neighbouring cells which express the target antigen poorly or not at all, and
perhaps would not bind antibody, are still killed by the radioactivity. However this same
property also leads to limitations of use as it causes significant injury to non-tumour cells,
especially haematological, accounting for much of the toxicity. Pretargeting strategies set
out to reduce the collateral toxicity caused by RAIT. This will be discussed in more detail
below (chapter 1.2.7.1)

Blodine emits both B and y radiation, has an 8 day half-life and can still be used on an
outpatient basis although the y emissions do present safety concerns. In addition there is

rapid de-iodination of the antibody once internalised and a high enzymatic elimination
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from tumours before the radioactive iodine can deposit all of its energy into the tumour
(Foon et al., 1999). The y-emission also allows the antibody to be imaged.

OV ttrium is a pure B emitter with an efficient labelling process and has a long maximum
particle range, making it more suitable for the irradiation of larger tumours. The
disadvantages include that, unlike **'1, which has a y-emitting component, *°Y gives poor
images, although this can be countered by using another radionuclide label to act as a
tracer.

o-emitters have a much shorter emission path length but with a much higher energy
transfer within that distance (high linear energy transfer) in the order of 500 times that of
%Y. Hence they are highly cytotoxic to the immediate surroundings and they decay
rapidly. This therefore would limit their use clinically to easily targeted, small, well
vascularised tumours (eg micrometastatic disease) (Hartmann et al., 1994) where

bystander cytotoxicity would be unhelpful.

1.2.6.3 Radioimmunotherapy and colorectal cancer

There have been many preclinical successes using RAIT to treat solid tumours (Axworthy
et al., 2000; Koppe et al., 2003; Trail et al., 1993), including CRC but such success has
not been replicated in the clinical arena. This failure serves to highlight the difficulty with
xenograft models in antibody-based cancer therapy as well as the problems with RAIT in
solid tumours. In a situation in which antibody targeting and clearance are vital, using a
model with an increased number of NK cells and a tumour in a non-orthotopic site which
is abnormally vascularised is clearly not a good representation of the solid tumour in vivo.
There have however been some potential candidate radioconjugates for small volume
metastatic disease in CRC. Behr et al (Behr et al., 2002) gave a **I-labelled humanised
anti-CEA antibody, MN-14, to a heterogeneous group of patients who either had small
volume metastatic disease (lesions <3cm) and who had failed first line therapy with
fluorouracil, or had undergone a liver resection for metastases with curative intent. They
noted an objective response of 16% in the group with non-operated metastasis and also
found 7 of 9 patients of the operated patients were disease free at 3 years. This latter
group who have had a potentially curative liver resection have been followed up and
added to (23 in total) and the results published intermittently, most lately in 2007 (Liersch
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et al., 2007). They recorded a median overall survival following treatment with **'I-MN-
14 of 58 months and a median disease-free survival of 18 months. They compared these
figures to a comparable group who did not get given antibody who had survival data of 31
and 12 months respectively, although being unrandomised the statistical analysis should
be read with caution. They estimated from Kaplan-Meier curves a 5-year survival rate of
42% which is certainly better than the national average of about 30% in the UK following
such surgery and standard post-operative chemotherapy. Toxicity levels were acceptable.
It remains to be seen what the benefits would have been with an unlabelled version of the
same antibody.

There have however been many phase Il and 11l trials which have shown no benefit in

CRC with RAIT as is seen in table 1.x and this is typical for solid tumours in general.

Table 1.x: Radiolabelled mAb involved in clinical trials in the treatment of
colorectal cancer

Antibody Target Radioisotope Cancer Response
A33 (Welt et al., A33 antigen B Colorectal PR 3/23
1994)

CC49 (Murray etal., | TAG72 B Colorectal NR 24/24
1994)

A5B7 (Lane et al., CEA B Colorectal 1/9 CR (Fab,)
1994) 1/10 PR

Ch NR-LU-13 EpCAM %Re CRC, stomach, | 9/9 NR
(Weiden et al., breast

1993)

CC49 (Divgi et al., TAGT72 B Colorectal 30/30 NR
1995)

Ch B72.3 (Meredith TAG72 = Colorectal 4/12 SD
etal., 1992)

Abbreviations: PR — partial response; NR — no response; CR — complete response; SD —

stable disease
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1.2.7 Antibodies conjugated with other ligands

Early studies using non-radioactive ligands attempted to attach conventional
chemotherapeutic agents such as doxorubicin to the tumour-specific antigen. However,
given the tiny percentage of antibody (0.001 — 0.01%) reaching tumour antigen as
discussed above, and the low molar toxicity of conventional chemotherapy, this technique
was unsuccessful as it was impossible to expose enough tumour to the drug without
causing significant systemic toxicity. For example the anti-sialyl Lewis-Y antigen mAb,
BR96 was used as a doxorubicin-conjugated construct and found to be highly efficacious
in xenograft studies (Trail et al., 1993) but demonstrated no effect in phase Il trials for
metastatic breast (Tolcher et al., 1999) and unresectable gastric (Ajani et al., 2000)
cancers.

The next development has been the use of small molecule toxins such as calicheamicin
which are 100-1000 times more potent than drugs such as doxorubicin and also have the
advantage of being effectively inactive whilst bound to the antibody so, in effect, acting
like a prodrug. Activation would ideally occur once the toxin was released from the
antibody having bound to the tumour antigen and been internalised. This, therefore, limits
the potential targets, requiring only targets that are internalised once bound by the
antibody. These chemically-conjugated immunotoxins have further potential limitations
in efficacy and safety in that the chemical linker used to join the antibody to the toxin
may be subject to decay. Like RAIT, the only successes have been with haematogenous
tumours, likely due to the more effective targeting by the antibody. This is aptly
demonstrated by the anti-CD33-calicheamicin construct gemtuzumab ozogamicin which
is licensed for use in patients with CD33" acute myeloid leukaemia (AML) after the first
relapse. It has a response rate of about 30% in clinical trials (Sievers et al., 2001).

Other toxins that have been used include the protein toxins: diphtheria toxin,
Pseudomonas exotoxin A, Staphylococcus enterotoxin and ricin amongst others. These
toxins often have to undergo modification of their binding sites to avoid their normal
targets in non-tumour tissue. In addition, the use of these protein immunotoxins is further
hampered by their relatively strong immunogenicity leading to a reduced serum half-life

and, as a result, impaired effectiveness.
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1.2.7.1 Pretargeting strategies

As has been discussed, the biggest obstacle to effective RAIT or immunoconjugate
therapy has been the low percentage of antibody ever reaching the target, resulting in a
low tumour to background ratio and, with this, the potential for systemic toxicity.
Pretargeting strategies aim to increase tumour to background ratios by separating the
targeting and active treatment steps of the process. The advantages over the direct arming
approach include

a. Using smaller carriers for the radionuclide or toxin that can therefore more easily
target tumour but are also more rapidly cleared from the blood stream.

b. Increasing tumour to non-tumour ratios by more than 10:1.

c. For RAIT, the vehicle used for the radioisotope is often easier to label than an
antibody, hence allowing a higher radioactive dose and a wider range of
radioisotopes to be tried.

d. For RAIT, reducing renal toxicity (for a given total radioactive dose) compared
with using a radiometal-labelled antibody fragment. However as pretargeting
strategies often employ higher doses of radioactivity, the risk of renal toxicity is
often greater.

The two main techniques for non-radioactive conjugates have been to use bispecific or
multispecific antibodies and secondly the use antibody-directed enzyme prodrug therapy
(ADEPT).

In the first method, an engineered antibody which has for example dual valency like a
normal antibody but with different specificities for the 2 Fab parts of the antibody
(bispecific); one Fab with specificity for the tumour antigen and the other for some
construct of the radioisotope or drug. A fraction of this unconjugated bivalent antibody
binds to the tumour and the unbound majority is then cleared from the body, either
naturally or with assistance from a clearing agent. The second step is then to administer
the active radioisotope, drug or toxin which will either bind directly to the 2" empty Fab,
for which it has specificity, or the radioisotope / drug is administered bound to a protein
for which the Fab is specific. Either way the active ligand does not require an antibody to
get it to the target as the antibody is already in place, and any unbound ligand is more

easily cleared than when bound to an antibody.
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ADEPT is more straightforward and has the advantage of increasing drug concentration at
the site of the tumour without relying on a high concentration of bound antibody or
indeed a large number of target antigens to bind to (figure 1.xi). The targeting phase is
much the same as with bispecific antibodies except that the antibody is unispecific for the
target antigen but this time it is conjugated to an enzyme which will catalyse the
conversion of a prodrug to its active form when it is injected in the 2" phase of the
process. As before, spare unbound antibody is cleared between the steps. The prodrug is
thus converted to its active form at the site of the tumour, significantly increasing its local
concentration over a single step process, especially as a single enzyme can convert many
prodrug molecules to the active form, thus amplifying the effect. There is thus no
requirement for all the cells within the tumour to express the target antigen as it will rely
on a significant bystander effect to overcome this problem. As a result, an antibody —
target complex that will not be internalised, or is internalised very slowly, is a
prerequisite. The choice of enzymes range from non-mammalian enzymes with no
mammalian homologue (class 1) which are immunogenic but will not have any
endogenous counterpart which will convert the prodrug to its active form in non-tumour
tissues, to mammalian enzymes (class I11) which, although only weakly immunogenic
may have an endogenous form which will create active drug away from the tumour site.
Class | enzymes are preferred on safety grounds but this is at the cost of efficacy as a
result of immunogenicity. Like the techniques described previously, ADEPT has proven
itself in xenografts (Syrigos and Epenetos, 1999) but no proven benefit exists in the clinic
(Francis et al., 2002).

Pretargeting with radioimmunotherapy follows a similar principle. The commonest used
method in mouse models and in clinical trials involves utilising the ultra-high affinity of
streptavidin for biotin which has a dissociation constant of 10™°, about 6 logs higher than
most antibody-antigen interactions. Streptavidin has 4 subunits, each of which can bind
one biotin molecule. In this method streptavidin is coupled to an anti-tumour IgG and this
unlabelled construct is administered first. Once it has achieved its maximum uptake in the
tumour (eg 1-2 days) it is then actively cleared from the blood to prevent non-specific
binding to the radiolabelled biotin, as passive clearance of the antibody can take weeks.

88



The clearing agent uses a serum albumin construct bound to biotin to bind to the free
unbound antibody. To prevent this clearing agent competing for the biotin sites on the
tumour-bound antibody, a galactose molecule is coupled to the albumin-biotin so that it is
avidly taken up by the liver and removed from the blood. Following a further 1-2 days,

the active biotin-radionuclide construct is given which localises to the tumour.

Figure 1.xi: Antibody-directed enzyme prodrug therapy
The active drug is concentrated at the site of the tumour by a specific enzyme bound to
the tumour-specific antibody which converts the prodrug to the active compound. Outside

the tumour environment, the drug exists only as a prodrug.
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A second method is to use the bispecific antibody techniques used for immunotoxins as
described above, incorporating an anti-tumour arm and an anti-chelate metal for the
radioisotope. Although the streptavidin-biotin system has a higher affinity between
tumour antibody and radionuclide, studies have suggested that the dose-limiting response
is in fact the tumour — antibody interaction and this should be the same in both systems.

In addition streptavidin is immunogenic and thus precludes multiple doses.
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As mentioned in the chapter on RAIT above (chapter 1.2.6.1), pretargeting strategies have
also looked to smaller antibody fragments to improve both diffusion into the tumour and
clearance from the blood stream.

At the current time, again despite encouraging preclinical results (Sharkey et al., 2005),
the use of pretargeting RAIT techniques has failed to show any benefit in solid tumours in
clinical trials with the increase in radiation dose instead causing haematological and renal
toxicity (Knox et al., 2000; Kraeber-Bodere et al., 2003). However there have been some
reported improvements with pretargeting over direct arming in haematological

malignancies (Press et al., 2001)

1.2.8 Immunotherapy with antibody fragments

Antibody engineering has led to a broad range of antibody fragment structures based
essentially on the variable region of the antibody. Therefore they are universally without
an Fc-region and as such forego the effector functions of this part of the molecule and
with it the major mechanism for the majority of therapeutic antibodies, namely ADCC.
The construct of the more common antibody fragments is given in figure 1.xii. These
fragments have an enormous variability in size (12-200KDa) and valency (commonly
between 1 and 4 binding sites). These binding sites can be for the same or different
antigens or indeed different epitopes on the same antigen. The most common constructs
are based around the scFv fragment which consists of the Vy and V| domains of an
antibody, connected together by a peptide linker. The majority of these fragments have a
half-life which is too short to have any therapeutic application although they may be
useful for imaging. The half-life however can be improved almost to that of a whole
antibody, by binding it to an inert molecule such as polyethylene glycol (PEG). This so-
called PEGylation has been used to good effect in an anti-TNF antibody used for the
treatment of inflammatory bowel disease and connective-tissue diseases. Certolizumab
pegol is a PEGylated humanised Fab of an anti-TNF antibody which has good efficacy in
vivo (Sandborn et al., 2007) and is licensed by the FDA. It has a half-life of 14 days —
similar to that of the parent 1gG (Choy et al., 2002).
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Figure 1.xii: Commonly used antibody fragments; after Carter (Carter, 2006)

Minibody scFv Vi
Triabody Diabody- dsFv Vy

(scFv),

The potential advantages of antibody fragments include

Avoid Fc-related effector functions where they may be producing side effects. For
example, the anti-CD3 antibody, muromonab, used in the prevention of rejection,
acts by blocking CD3 and the Fc portion of the antibody is believed to be
responsible for the viral-like symptoms caused by the T-cell proliferation and
cytokine release following administration.

Reasonable half-life after PEGylation.

More efficient penetration of tumour which will improve tumour to non-tumour
binding ratios.

Faster clearance which again will improve binding ratios.

May allow blockade of receptors without the concern of cross-linking and
subsequent activation of the receptor, something which may happen with bivalent
antibodies

Potentially access areas of protein not accessible to whole antibody fragment
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However in most instances the longer half-life of whole antibody means that overall
tumour binding is better with whole antibodies than with their respective fragments.

Fragments that have been tested in clinical trials include scFv (Begent et al., 1996), Fab
(Sandborn et al., 2007), F(ab’), (Rhee et al., 2000), minibody (Wong et al., 2004), (scFv),
(Schlereth et al., 2006) and scFv-Fc constructs. Despite this however, they have not
performed sufficiently well in these trials to become licensed for use in cancer therapy.
This is perhaps a reflection on their inability to initiate immune effector functions as

mentioned above. Many continue in clinical trials however.

1.2.9 Models of colorectal cancer for antibody-based cancer therapy

1.2.9.1 Cell lines

Cell lines derived from human cancers have been vital in our understanding of the
molecular pathophysiology of cancer and have been a frequently-used model to test
potential treatments. The consistency of genetic and phenotypic data obtained from cell
lines gives confidence to be able to examine the effect of antibodies against different cell
lines and to equate that with the variability seen in the tumours of different individuals
(Greshock et al., 2007). The cell lines used in this thesis have been well characterised and
frequently checked for variability. Details of the cell lines can be found in the paper by

Conaghan et al (Conaghan et al., 2008).

1.2.9.2 Animal models

These have often been seen as superior to in vitro work and there has been a heavy
reliance on the xenograft in immunological therapies. However the discrepancy between
results in xenografts and those in the clinic has led to suggestions that, for many anti-
tumour therapies, in vitro work is more likely to correlate with effect in the clinical arena
(Johnson et al., 2001). This is especially the case for antibody-based cancer therapy for
which tumour targeting and clearance are of the ultimate importance in determining

success of therapy.
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1.2.9.2.1 Xenograft

The most commonly used animal model of CRC is the xenograft whereby a single cell
suspension of the desired cancer is subcutaneously inoculated into an immunodeficient
mouse. The nude mouse (BALB/c nu/nu) is deficient in T cells. These mice have a
homozygous gene defect encoding for a transcription factor. This causes a failure of
differentiation of certain types of epithelial cells that are required for the normal
development of the thymus and hair follicles. Thus, these mice develop with neither a
thymus nor body hair. The severe combined immunodeficiency (SCID) mouse is another
immunocompromised mouse that can sustain a xenograft.

The inoculated xenograft tumour is able to grow without stimulating a host immune
reaction. Although extensively used and validated, the absence of a competent immune
system does not simulate the normal situation and for the investigation of immune-
mediated responses and tumourogenesis, this type of animal model is inappropriate.
Subcutaneous xenografts are located in an environment that is very different from the site
from which they originate. Xenografts are often surrounded by a pseudocapsule, reducing
the chances of the tumour spreading, and metastases from subcutaneously placed
xenografts are rare. Xenografts also tend to have a significantly different vascular supply
to spontaneously arising tumours, with an increased level of neovascularisation
(Axworthy et al., 2000). This leads to increased levels of chemoradiotherapeutic agents
and antibodies within the xenograft cancer with better than expected results (Behr et al.,
1997; Tolcher et al., 1999).

1.2.9.2.2 Syngeneic model

The syngeneic mouse is a further mouse model that can be used. A murine tumour, either
spontaneously arising or induced after chemotherapy or radiotherapy, is developed in an
inbred mouse strain. This tumour is used to create a cell line that can be injected back into
the original mouse strain to form a xenograft. Although this results in a mouse model that

Is immunocompetent, it still shares many of the problems of the xenograft model.
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1.2.9.2.3 Transgenic model

These mice have been genetically modified by the insertion of human genes into the
mouse genome. For the purposes of testing antibody-based cancer therapies, these genes
usually encode for tumour associated antigens (TAA). Such mice allow, to some extent,
the efficacy of mAbs to be assessed against tumour targets. Examples of such mice
bearing human TAAs include the CEA.Tg (Eades-Perner et al., 1994) and MUC1.Tg
(Peat et al., 1992) mice. Hence the mouse should show immunological tolerance to a
subcutaneous injection of tumour expressing the TAA, often a murine tumour expressing
the same transgene. These mice can then be used to test an antibody against the specific
TAA without concern that the mouse will mount an independent immunological response
against the TAA irrespective of mAb treatment. However this model still suffers from the
inherent problem of a xenograft, namely, an unnatural tumour location, blood supply and

pseudocapsule formation.

1.2.9.2.4 ldeal animal model

A transgenic mouse with spontaneously developing tumours with metastatic potential is
likely to be the ideal murine model of testing immunological therapies in a preclinical
situation, providing the germ line mutational spectrum is similar to that in humans. There
has not, to date, been an adequate model of spontaneously arising CRC. However there
are mice with APC (adenomatous polyposis coli) gene mutations which spontaneously
develop adenomas (Su et al., 1992). One such strain, the MIN mouse (C57BL/6J
APCM"" " develop between 50-300 adenomatous polyps, predominately in the small
bowel with up to 10 adenomas in the large bowel (figure 1.xiii). Whilst these lesions are
phenotypically and genotypically equivalent of the adenomas in humans, the adenomas in
mice do not progress to carcinomas probably because the mice die before this can occur
at approximately 120 days. Mice do not have a homologue of CEA. However a transgenic
mouse expressing CEA has been crossed with the MIN mouse (Apc ™"* CEA.Tg ),
hereafter called the MINCEA mouse (Thompson et al., 1997). CEA.Tg mice have been
shown to express CEA in the same spatiotemporal pattern as seen in humans (Eades-
Perner et al., 1994). Interestingly the resulting adenomas in MINCEA mice express CEA
with the same loss of polarisation seen in colorectal cancer (see chapter 1.4.2), hence
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making the protein accessible to antibody-mediated therapy, as shown by studies using
a'?I-labelled murine version of our antibody, PR1A3 (Wilkinson et al., 2001). Hence,
this mouse model develops CEA-expressing tumours spontaneously in the bowel, with a
tumour vasculature comparable to that seen in tumours in humans, and this in a mouse
with an intact immune system. For CEA-based therapies, we believe this to be the best
animal model for CRC, although achieving earlier carcinogenesis with metastatic

potential is the next goal.
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Figure 1.xiii:
A: Small bowel adenoma from the Min (APCM™*) mouse at 40x magnification

Adenoma

B: CEA distribution in an adenoma from the MINCEA mouse using
immunohistochemistry (Wilkinson et al., 2001).
The CEA is stained black
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1.3 Fcy receptor family

The Fc receptors (FcRs) are type | transmembrane glycoproteins and belong to the Ig
superfamily. They are encoded by genes clustered together on chromosome 1. The
majority are low affinity receptors and consist of two extracellular 1g-like domains (D1 &
D2) connected by a hinge whereas the high affinity FcyR1 contains an additional Ig-like
domain (D3).

The FcRs as a group form part of the body’s regulatory control for the immune system. It
consists of a number of activating and inhibitory receptors found on a wide variety of
haematopoetic and other cells. The FcRs for IgG (FcyR) provide the biggest subgroup of
this receptor family and demonstrate how simultaneous triggering of activating and
inhibitory signals can set limits for immune activation. Hence, when these signals become
dysregulated, a state of autoimmunity or immunosuppression can result.

There are three different classes of FcyRs in humans, each with its own subclasses,
distribution patterns and binding affinities for various 1gG subclasses (tables 1.viiB &
1.xi). In addition there is allelic variation within some receptor groups, such as Il1A and
A (Clark et al., 1989; Wu et al., 1997) which further widens the potential repertoire.
With the exception of FcyRIIb, which is an inhibitory receptor, and FcyRIIIb, which is
GPI-linked and whose function is not clear, all other FcyRs activate the immune response,
either directly through an immunoreceptor tyrosine-based activating motif (ITAM) in
their a-chain (FcyRIla and FeyRIIc) or through association with an ITAM in separate y-
or &-subunits (figure 1.xiv). Expression of these receptors is often reliant on expression of
the y-subunit (Clynes et al., 1998).
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Table 1.xi: Human Fc-gamma Receptors

I HA 11B-1 11B-2 A 1B
(CD64) | (CD32) (CD16)
Affinity High Low- Low- Low- Low- Low-
medium | medium | medium | medium | medium
Function Myeloid Myeloid B-cell Myeloid | Myeloid Unknown
cell cell inhibition | cell cell & NK
activation | activation inhibition | activation
Polymorphism None aal3l aa232 | Asfor | aal58 NA1/NA2
His-Arg | lle-Thr | lIB-1 Val-Phe
Mo + + - + + -
Cellular NK - - - - + _
expression PMN + + - - + ¥
DC + + - + + -
B-cell - - + - - -
Endocytosis Yes Yes No Yes Yes No
Phagocytosis Yes Yes No No Yes No

Abbreviations: M¢, macrophage; NK, natural killer cell; PMN, neutrophil; DC, dendritic
cell; aa, amino acid; His, histidine; Arg, argentine; lle, isoleucine; Thr, threonine, Val,

valine; Phe, phenylalanine; NA, neutrophil antigen

The FcR family in mice has been well studied and there is significant homology with the
human receptors, although not always with the similarly-numbered receptor in the
different species and not with respect to cell-type specific expression patterns. For
example, the closest homolog to the human FcyIIIA receptor is the murine FeyIV in terms
of sequence similarity and genomic location (Mechetina et al., 2002). Like its human
homolog, FcyRIV is the major Fc receptor used in murine ADCC but its cellular

distribution is very different, being found on macrophages and neutrophils but not on NK
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Figure 1.xiv: Selected members of the human Fc-gamma receptor family

Schematic diagram of some of the activating members of the FcyR family and the
inhibitory FcyRIIB. The ITAM-containing gamma chain acts as the activating motif for
all but the FcyRIIA, FcyRIIC (not shown) and FcyRIIIB. The former 2 have an ITAM
within the intracellular portion of their a-chain, whilst FcyRIIIB has a GPI anchor
attaching it to the cell membrane. The inhibitory FcyRIIB has an ITIM as part of its

intracellular o.-chain.

GPI ancho
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cells. It is interesting to note therefore that, unlike the human situation, NK cells are not
believed to play a key role in ADCC in mice (Uchida et al., 2004). 1t would also explain
the importance of the IgG2a isotype in ADCC in mice rather than the I1gG1 required in
humans. This is due to the differential binding of IgG2a to FcyRIV and the inhibitory
FcyRIIb (table 1.vii) as discussed earlier in chapter 1.2.4.1. IgG2a binds to the low
affinity FcyRIIl in mice but also binds with 40 times higher affinity to FcyRIV. In
addition 1gG2a has a 70 times higher affinity for FcyRIV than for the inhibitory Fc
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receptor Fcyllb. In contrast murine IgG1l binds to FcyRIII but not to FcyIV and in
addition has a 10 times higher affinity for Fcyllb than for Fcylll (Nimmerjahn and
Ravetch, 2005). This would explain why IgG2a is best isotype for ADCC in mice.

Evidence increasingly demonstrates FcyRs to be involved in a wide variety of immune
functions which include
e Regulation of the innate immune system (Takai et al., 1994).
e Antigen uptake and presentation (Rafiq et al., 2002; Woelbing et al., 2006).
e Immune complex-mediated activation and maturation of dendritic cells (Regnault
etal., 1999).
e Maintaining peripheral tolerance in the cellular immune system via FcylIB by
preventing activation of dendritic cells by low levels of immune complexes in the
serum (Dhodapkar et al., 2005).
e Regulation of B-cell activation (Tzeng et al., 2005) and plasma cell survival
(Xiang et al., 2007) (thus regulating the production and specificity of their ligand
—i.e. antibody).

One of the most important features of the FcyR system is the co-expression of activating
and inhibitory receptors on the same cells with the exception of B-cells (FcyIIB only) and
NK cells (FcyIIIA only) (table 1.xi). The inhibitory receptors tend to dominate the
response under normal circumstances thus preventing non-specific immune activation.
The low affinity of all the receptors, except FcyRI, for antibody means that monomeric
antibodies do not bind to activating receptors which bind only to immune complexes of
antigen and antibody, thus again avoiding non-specific activation. FcyRI however is
usually saturated with monomeric 1gG and hence is not available under normal
circumstances to bind immune complexes. It becomes available when local levels of
FcyRI are increased by local inflammation (Bevaart et al., 2006). In such circumstances,
other FcyRs are also upregulated on effector cells by pro-inflammatory cytokines (e.g.
IFN-y & GM-CSF) (Schiff et al., 1997).
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1.3.1 The FeyIIIA receptor in ADCC in humans

The FcyIIIA receptor is found predominantly on NK cells but also on macrophages,
neutrophils and dendritic cells. Like most of the FcyR family it is a low affinity receptor
for the Fc fragment of antibodies (10°) and consists of two extracellular 1g-like domains
(figure 1.xiv). It is increasingly evident that mAbs exert their major anti-tumour effect
through ADCC mediated by interaction of the antibody with the FcyIIIA receptor.

For example a number of studies have demonstrated a correlation between the clinical
efficacy of Abs in humans and the affinity with which they bind to the Fcyllla receptor.
As highlighted in chapter 1.2.4.1 there is evidence to suggest that the interaction between
the Fc fragment of the IgG antibody and the Fcyllla receptor on effector cells, in
particular NK cells, is influenced by polymorphisms in the gene encoding this receptor
and this translates to differential activation in response to binding antibody (Koene et al.,
1997; Wu et al., 1997). In particular a polymorphism in an area of the receptor
responsible for antibody binding (at amino acid 158) leads to a higher binding FcyIIIA
receptor where valine is used instead of phenylalanine. Three clinical studies have now
shown that patients who are homozygous for the higher binding valine allele had better
outcomes with the anti-CD20 antibody rituximab than heterozygotes and phenylalanine
homozygotes (Cartron et al., 2002; Dall'Ozzo et al., 2004; Weng and Levy, 2003).

Secondly it has been shown by glycoform engineering (Schuster et al., 2005; Shields et
al., 2002) and mutagenesis (Shields et al., 2001) that the affinity of interaction between Fc
and the FcyIIIA receptor correlates with cytotoxicity in cell-based assays. Together these
data suggest that an Ab with optimized affinity for the FcyIIIA receptor may be more
effective against targeted cancer cells in patients, hence supporting the importance of this

receptor and the process of ADCC in the mechanism of antibody action.

1.3.2 Role of NK cells in FcyIIIA-mediated cytotoxicity in humans

Human natural Killer (NK) cells are lymphocytes, defined by the expression of CD56 (the
neural cell adhesion molecule; NCAM) and CD16, and the absence of CD3. They
constitute about 5-20% of all mononuclear cells. NK cells have a number of cell-surface

receptors that help mediate the immune response, recognising ligands on cells, some of
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which suppress NK-dependent cytotoxicity and some which cause NK activation. As part
of the innate immune response, NK cells form part of the early recognition of abnormal
cells, for example those which are virally infected or having undergone neoplastic
transformation. Basic recognition of self is obviously vital in this respect and the major
inhibitory signal to NK activation is through the interaction of the NK killer 1g-like
receptors (KIRs) with self HLA class | on the potential target cells (Moretta and Moretta,
2004). This inhibitory signal overrides NK activating signals, hence suppressing NK-
mediated cytotoxicity. The absence of this inhibitory signal enables NK activation using a
variety of activating surface receptors that interact with different non-MHC ligands
expressed on the target cells. This occurs, for example, when tumour cells downregulate
MHC-I expression thus giving them an advantage against the adaptive immune response
(Algarra et al., 2004). Tumour transformation can also lead to the upregulation or de novo
expression of ligands for these activating receptors, especially through a group of
receptors known as the natural cytotoxicity receptors (NCRs) (Bottino et al., 2005). These
NCRs appear to activate the NK cells by associating with ITAMs in the cell membrane
although the ligands activating them (NCR-Ls) are as yet unknown.

The other well recognised method of activation is via the FcyIllA receptor (CD16A)
which also uses the same ITAMs as the NCRs to initiate NK activation. In fact expression
of CD16A is dependent upon the common gamma chain (FceRly) expression (Lanier,
2001; Takai et al., 1994). NK cells are unique amongst the cells bearing activating FcyRs
in that they express only FcyIIIA (table 1.xi). The majority (90%) of circulating NK cells
have low density expression of CD56 and high levels of FcylllA expression (CD56%™,
CD16""9") whereas the remaining 10% are CD56""" CD16%™ (figure 1.xv). The former
are more naturally cytotoxic whereas the CD56”"™ group have a greater cytokine-
producing capability following NK activation (Cooper et al., 2001b). Antibody-bound
target cells cross-link CD16A on NK cells when the CD16A binds to the Fc-segment of
the antibody, causing degranulation and cytokine production, possibly also accompanied
by apoptosis of the NK cells (Ortaldo et al., 1995). The mechanism of cell lysis following
NK activation by FcyIIIA is described above in chapter 1.2.4.1.
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Figure 1.xv: FACS analysis of PBMC demonstrating that the majority of CD56%™
cells are CD16”"9"; after Cooper (Cooper et al., 2001a). This is the subset of NK cells
predominantly involved in ADCC.
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The involvement of NK cells in human ADCC against tumours is crucial to the in vivo

antibody response to tumours and this is mediated via the interaction of tumour-bound

antibody with the FcyRIIIA receptor on the NK cell surface. Arnould et al (Arnould et al.,

2006) demonstrated that neoadjuvant treatment of breast cancer patients with trastuzumab

led to increased numbers of NK cells in the tumour compared to controls, as well as an

increased expression of granzyme B and TiAl (markers of cells with cytolytic activity),

giving further weight to the importance of antibody-FcyIIIA interactions on NK cells in

antibody-based cancer therapy.

Kurai and colleagues showed that NK cells, isolated from patients with non-small cell

lung cancer, were responsible for cetuximab-induced ADCC against lung cancer cell lines
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and for the augmentation seen in response to stimulation of PBMCs with IL-2 (Kurai et
al., 2007).

Interestingly, murine NK cells are not believed to play a direct cytotoxic role in ADCC.
As in humans there is no FcylIB receptor on NK cells, but in FcylIB-deficient mice an
enhanced antibody response is seen with trastuzumab and TA99. In addition, the B-cell
clearance seen following treatment with anti-CD20 antibodies is not impaired in perforin-
deficient or exocytosis-incapable mice (Uchida et al., 2004) which suggests that the NK
perforin / granzyme system is not involved. However NK cells may play an indirect role
through their production of activating cytokines (eg IFN-y and TNF-a), given that NK-
depleted mice, unlike wild-type mice, are not protected from melanoma metastases by the
TA99 mAb (Hara et al., 1995). ADCC in mice is predominantly mediated through cells
expressing the FcylV receptor which is not found on NK cells but rather on neutrophils

and macrophages (Nimmerjahn et al., 2005).
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1.4 Carcinoembryonic Antigen (CEA)

1.4.1 CEA family of cell-surface glycoproteins

CEA is part of a larger family of related glycoproteins made up of two separate branches:
the CEA cellular adhesion molecules, CEACAM, and the pregnancy-specific
glycoprotein (PSG) subgroup. This CEA family belongs to the immunoglobulin (Ig)
superfamily; hence all CEACAMs possess at least one immunoglobulin-like domain.
Two types of immunoglobulin domains are found: an N-terminal domain of 108 amino
acids homologous to the Ig variable domain and between 0-6 domains homologous to the
Ig constant domains. The molecules of the CEA- and PSG-subgroups differ from each
other at the C-terminal end. The CEA subgroup members are attached to the cell surface
membrane while the PSGs are secreted molecules (Hammarstrom, 1999). Members of the
CEACAM subgroup are expressed on the apical surface of enterocytes, although some
members of the group have a much wider tissue distribution beyond the Gl tract. The
CEA protein itself is part of the CEACAM group and is a product of the CEACAMS gene
(CD66e). Although the other proteins in the group tend to take the same name as their
gene, the product of the CEACAMS gene is almost universally referred to as CEA because
it was the first to be described.

A number of functions have been ascribed to the CEACAM subgroup. The potential
functions of CEA itself will be discussed later in this chapter (chapter 1.4.3). CEACAML,
CEACAMG6 and CEACAMS as well as CEA, function as homophilic and heterophilic
intercellular adhesion molecules in vitro (Beauchemin et al.,, 1999). CEACAM1,
CEACAM3, CEA and CEACAMG6 also act as receptors for Neisseria species,
Escherichia coli, Salmonella and a number of other bacteria between them (Beauchemin
et al., 1999; Hauck et al., 2006).

Apart from CEA, most of the research has been directed at CEACAM1. Homologues of
CEACAM1 have been identified in rodents and a number of other mammals, making it
more readily accessible to in vivo experimentation. The genetic deletion of CEACAM1
from the mouse genome and the generation of transgenic mice expressing defined
mutants have now demonstrated a modulatory role for CEACAML1 in neovascularisation
(Horst et al., 2006), insulin metabolism (Poy et al., 2002), T-cell regulation (Nakajima et
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al., 2002) and possibly tumourigenesis (Leung et al., 2006). CEACAM1 seems to act as a
tumour suppressor, although there is no definite increase in tumour formation in
CEACAML1 knockout mice and they are both fertile and have normal life expectancy
(Hemmila et al., 2004). However they do show an increase in tumours following
treatment with carcinogens and the mouse colonocytes do show a reduced rate of
apoptosis (Leung et al., 2006) both of which support a tumourogenic effect.

1.4.2 Expression of CEA in normal and neoplastic tissues

Carcinoembryonic antigen (CEA or CEACAMDbS) was first recognised as a potential
human tumour-specific antigen in 1965 (Gold and Freedman, 1965). CEA is a 180KDa

glycoprotein whose basic structure is shown in figure 1.xvi.

Figure 1.xvi: Structure of CEACAM5 (CEA) demonstrating the binding site for the
monoclonal antibody PR1A3 (after Horig (Horig et al., 2000))
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It consists of a single polypeptide chain, consisting of 108 amino acids at the N-terminal
end followed by three highly homologous domains of 178 amino acids each (Oikawa et
al., 1987). The protein core is attached to the cell membrane by a glycosyl phosphatidyl
inositol (GPI) anchor (Hefta et al., 1988). There are carbohydrate side chains, forming
over half of the molecular mass which are bound to the protein core via 28 asparagine-
linked glycosylation sites (Benchimol et al., 1989).

In the colon, studies by immunoelectron microscopy show CEA to be specifically located
within the apical glycocalyx, of the microvillous region of mature enterocytes (figure
1.xvii). When CEA is shed from the cell membrane, either the GPI anchor is disrupted,
(Kuroki et al., 1992), or the CEA is released attached to a microvesicle having been
pinched off with attached cell membrane. It is in the former situation, when the CEA is
membrane-free, that the CEA molecule can be released into the blood stream. In this
membrane-free state when disruption of the GPI anchor occurs, the molecule is presumed
to undergo a conformational change that crucially prevents the binding of the antibody
primarily examined in this thesis, PR1A3 (Durbin et al., 1994). A comparison of CEA
shed into stool from normal or neoplastic colonic cells shows no significant difference in
morphology between the two (Matsuoka et al., 1991).

CEA is produced in the foetal colon starting at week 9-13 (Nap et al., 1988). In the adult,
normal expression of CEA is restricted to the luminal surface of epithelial cells, most
commonly on the gastrointestinal tract, but also on other mucosal epithelia such as the
nasopharynx, the lung and the urogenital tract as well as in sweat glands (Thompson,
1995). As yet, no homologues of CEA have been identified in non-primates.

CEA from normal and neoplastic cells is genetically indistinguishable (Fritsche and
Mach, 1977) but its distribution is critically different. In contrast to the highly specific
expression of CEA on the apical (luminal) surface of normal colonic columnar cells,
adenoma and carcinoma cells lose their polarity and CEA is distributed on the basolateral
as well as the apical surface of the cell (Hammarstrom, 1999) (figure 1.xviii).
Intravenously administered antibody cannot access the luminal surface of enterocytes and
hence anti-CEA antibodies do not target normal CEA-expressing tissue. It is also from the
basolateral surface of the cell that CEA can be released firstly into the interstitial space
and from there to the bloodstream. It is also this surface, being accessible to the
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Figure 1.xvii: Electron micrograph of colonic luminal surface stained for CEA. The

CEA is indicated by the arrowheads as it ‘coats’ the top of the microvilli.

Figure 1.xviii: Immunoelectron microscopy of CEA in normal (A) and cancerous (B)
colonic tissue with arrowheads pointing to the stained CEA in both sections. In A,
CEA is visible only on the luminal surface whereas in B, CEA is clearly seen on all

borders of the cell (from Hammatstrom (Hammarstrom, 1999))
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bloodstream, that is available for antibody binding. Hence in individuals with a tumour
poorly-expressing CEA, serum CEA levels are either undetectable or very low (<5ng/ml).
Although a normal serum CEA level does not exclude the possibility of a CEA-
expressing tumour, levels above 10ng/ml would strongly suggest the presence of such a
tumour.

CEA is over-expressed primarily by colorectal, gastric and pancreatic cancers with the
vast majority of these tumours (>90%) expressing CEA (Wagener et al., 1984). In
addition it is expressed by the majority of medullary thyroid cancers (Hamada and
Hamada, 1977), more than 70% of non-small cell lung cancers (Wagener et al., 1984) and
approximately 50% of breast cancers (Esteban et al., 1994). Reports of expression on

many other cancers exist.

1.4.3 Proposed functions of CEA

Overexpression and loss of polarisation of CEA in colorectal carcinogenesis is an early
event, being seen as early as in the aberrant crypt foci (Pretlow et al., 1994). Although a
member of the 1g superfamily, CEA is linked to the cell membrane by a GPI anchor and
thus has no direct intracellular signalling motif. The functional significance, if any, of its
overexpression in colorectal and other cancers remains unclear. There is a wealth of
potential functions of CEA gleaned from in vitro experiments but its distribution on the
luminal surface of enterocytes and some other hollow organs would suggest that its
primary function in normal enterocytes is the binding of pathogens, preventing access to
the cell membrane, and then shedding into the gut lumen. This would explain the large
daily turnover of more than 70mg of CEA found in the stool in adult humans (Matsuoka
et al., 1991). The in vitro work, much of it from the Stanners group at McGill University,

however requires discussion.

CEA can bind to itself (homotypic binding) or to one of several other CEACAM family
members (heterotypic binding) thereby mediating cell to cell adhesion (Benchimol et al.,
1989). These interactions are predominantly mediated by the N-terminal domain (i.e.

furthest from the cell membrane; see figure 1.xvi). Early experiments using L6 rat
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myoblasts which normally undergo myogenic differentiation in culture, demonstrated that
when transfected with CEA, this differentiation was blocked (Eidelman et al., 1993).
Overexpression of CEA to a level similar to that observed in human colorectal cancers or
similar overexpression of CEACAMG6, another GPI-linked CEACAM family member,
have been shown to disturb the ordered tissue architecture that can be seen in 3D cultures
with certain colon carcinoma cell lines (llantzis et al., 2002). These stably transfected cell
lines, SW-1222 and Caco-2, failed to polarise and differentiate into glandular structures.
In addition, transgenic mice that overexpress several human CEACAMSs display increased
colon tumour formation after treatment with azoxymethane, a carcinogen, compared to
wild-type littermates (Chan et al., 2006). Over-expression of CEA has also been shown to
be an inhibitor of anoikis in vitro. Anoikis is the process of apoptosis triggered when cells
lose their attachment to the extracellular matrix. This obviously prevents cell migration,
invasion and metastasis under normal circumstances. However, when transfected
myoblasts expressing CEA or CEACAMBG6 on their surface were grown in the absence of
matrix attachment, apoptosis was reduced, again arguing for a role of these CEACAM
family members in promoting aberrant growth of adherent cells (Ordonez et al., 2000). As
shown with CEA’s potential involvement in tumourogenesis and disruption of tissue
architecture (Taheri et al., 2003), the inhibition of apoptosis likewise required the N-
terminal domain, suggesting that interactions mediated by this part of CEA are involved
(Ordonez et al., 2000). However, despite these experiments, transgenic mice
overexpressing CEA under its native control elements (CEA.tg) do not show an increased
tumour incidence (Eades-Perner et al., 1994), even in the absence of a functional
adenomatous polyposis coli (APC) protein (Thompson et al., 1997). Therefore, the
physiological function of CEA and its potential involvement in tumour formation and
progression are still uncertain. It is possible its over-expression in cancer is nothing more
than a bystander event.

The proposed methods of signalling when CEA has no intracellular signalling motif have
concentrated on the formation of “lipid rafts” where GPI-linked proteins are localised in
membrane microdomains (Screaton et al., 2000). These rafts are freely mobile on the cell
surface, enabling clustering with other lipid rafts, and contain subsets of signalling
molecules which would enable clustering of GPI-linked proteins to signal through these
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common pathways. CEA and CEACAMBG are co-localised with integrin a5B1 in the same
raft (Ordonez et al., 2007) and hence it has been proposed that clustering could activate
the integrin signalling pathway (Camacho-Leal et al., 2007).

1.4.4 Advantages of CEA as a target for ADCC
Despite the large number of antibodies used in clinical trials, there are only a few targets
which are consistently chosen. Almost 50% of such antibodies used only ten antigen
targets, of which CEA was one (table 1.xii). An ideal target for ADCC has some of the
following attributes:

e Accessible

e Abundant on the cell surface

e Homogeneous distribution

e Consistently present on tumour cell-surface

e Not expressed or not accessible on normal tissue

¢ Not shed from the cell surface or secreted by tumour

e High cell-surface density

¢ No internalisation

e Present on cancer stem cells

CEA has many of the properties one would look for in an ideal antigen target for
antibody-based cancer therapy. Given that antibodies cross cell membranes poorly, the
antigen requires abundant and accessible cell-surface expression, something which CEA
has in tumour tissue. It is over-expressed in the vast majority of CRCs (Wagener et al.,
1984) and whilst the CEA expressed on normal colonic epithelium is inaccessible to 1gG
antibody, being found only on the luminal surface of the cell, this expression pattern
changes in the neoplastic cell so that CEA is also expressed on the basal and lateral
membranes (Hammarstrom, 1999) making it accessible to blood-borne antibody. This
means that not only does the antibody avoid getting sequestered by binding in abundance

to non-tumour tissue, it also avoids the inappropriate cytotoxicity against normal tissue.
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Table 1.xii: Ten most popular targets in clinical trials of antibody-based cancer
therapy (Reichert and Valge-Archer, 2007)

Target Number of antibodies used in trials
EpCAM 17
MUC-1 10
EGFR 12
CD20 10
CEA 9
HER2 9
CD22 6
CD33 6
Lewis Y 6
PSMA 6

Binding of antibody to many cell-surface targets results in internalisation of the complex,
a process which inhibits ADCC which relies on continuous high-level expression. Thus a
further advantage of CEA is that it is internalised very slowly if at all following binding
(Conaghan et al., 2008; Schmidt et al., 2008) (see figure 1.xix).

Another advantage of CEA as a target for ADCC is the ability to influence its cell-surface
expression. CEA has been shown to be upregulated by IFN-y (Guadagni et al., 1990;
Hauck and Stanners, 1991) and IL-6 (Ullmann et al., 1992), both cytokines released
during immune activation which would be part of any anti-tumour response by the body,
and hence potentiating any anti-CEA therapy. Furthermore CEA is upregulated by the
commonest drug used in the neoadjuvant and adjuvant treatment of colorectal cancer, 5-
fluorouracil (Aquino et al., 1998; Cappelletti et al., 2000; Correale et al., 2003; Prete et
al., 1996) which would aid combination treatment of antibody therapy and standard

chemotherapy.
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The biggest disadvantage of CEA as a target is that it is readily cleaved from the cell
surface and so shed into the blood stream from tumours, either directly or via the
lymphatics, which is why the level of serum CEA has been used in the clinic as a marker
for screening and recurrence, especially of colorectal cancer (Chau et al., 2004). Serum
CEA binds to most of the currently used anti-CEA antibodies hindering them from
reaching their target and so largely mitigating against any potential clinical effect. This
problem however is overcome by the antibody PR1A3 which binds only to membrane-
bound CEA as will be discussed later in chapter 1.5. In addition, it seems likely that CEA
expression is not necessary for tumour progression or survival and hence negative

variants may be easily selected for.

Figure 1.xix: Time-course FACS analysis plotting the binding of PR1A3 to CEA-
expressing cells over time (Conaghan et al., 2008)

Time-course FACS analysis of hPR1A3 binding to CEA-expressing MKN45 cells. Cell line labelled with
primary antibody (PR1A3 or AUA-1) at 4°C then incubated for varying times at 37°C before addition of
secondary antibody (FITC-conjugated anti-human 1gG or anti-mouse IgG respectively)

A: Analysis over time suggests that the CEA-PR1A3 complex is not internalised within 3 hours of binding
CEA.

B: Binding of the monoclonal antibody AUA-1 to EpCAM on the surface of MKNA45 cells leads to
internalisation within one hour.

A: hPR1A3 treatment of MKNA45 cells B: AUA-1 treatment of MKN45 cells
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1.5 The monoclonal antibody PR1A3

The 1gG1xk antibody PR1A3 (Richman and Bodmer, 1987) binds with high specificity to
a distinctive determinant on membrane bound CEA that is not recognized by other anti-
CEA antibodies (Durbin et al., 1994). In particular, PR1A3 binds little or no circulating
CEA, in contrast with other anti-CEA antibodies (Durbin et al., 1994). PR1A3 has been
used in humans as a radioimmunoscintigraphic guide for localizing metastatic deposits of
CRC (Granowska et al., 1993) and shows strong immunohistochemical binding
irrespective of the degree of differentiation of the tumour (Richman and Bodmer, 1987).
These properties of PR1A3, together with the characteristics and distribution of CEA,

make this antibody an ideal candidate for immunotherapy.

1.5.1 The biology of PR1A3

The mAb PR1A3 was selected from a panel of antibodies produced by the immunisation
of mice with human colonic epithelia (Richman and Bodmer, 1987). Research with the
original murine IgG1 mAb demonstrated that it bound specifically to CEA and did not
show cross reactivity with other members of the CEACAM family (Durbin et al., 1994).
Unlike other anti-CEA antibodies which readily complex with circulating CEA in CRC
patients, PR1A3 does not bind to circulating CEA (Durbin et al., 1994) overcoming the
biggest problem of CEA as a target in immunotherapy, as discussed above in chapter
1.4.4. This advantage arises from the epitope bound by PR1A3 (figure 1.xvi) which is lost
or hidden when the glycoprotein is shed from the cell membrane. The epitope in question
is formed from parts of the B3 domain and the GPI anchor (Durbin et al., 1994), an area
near the site of cleavage of CEA from the cell surface. Removal of the B3/GPI anchor
excluded the epitope, as did exchanging the GPI anchor for a CEACAM1 transmembrane
domain (Durbin et al., 1994). PR1A3 binds, therefore, to both the B3 domain and
elements of the GPI anchor. Loss of the hydrophobic anchor in circulating CEA may
result in a conformational change that alters the spatial arrangement of the different
epitope elements so that the PR1AS3 epitope is stearically hidden (Durbin et al., 1994). In

addition, membrane bound CEA is monomeric, whereas circulating CEA is likely to exist
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as a dimer (Lisowska et al., 1983) which again may stearically hinder access to the
epitope.

Hence the major advantage of PR1A3 over other anti-CEA antibodies is that it does not
bind to free plasma CEA and so would not be sequestered by soluble CEA in patients
with high plasma CEA levels (Durbin et al., 1994; Stewart et al., 1999). This has been
confirmed in our recent studies (Conaghan et al., 2008).

PR1A3 has subsequently been humanised to overcome the immunogenicity of using
murine antibodies in vivo (Stewart et al., 1999). Humanised PR1A3 was engineered in
Chinese hamster ovary cells and retained its affinity for its epitope and also its specificity

for membrane-bound CEA as distinct from soluble CEA.

Two binding affinities are quoted for PR1A3, the higher affinity atlnM and the lower at
60nM (Stewart et al., 1999). These relate to different binding sites for the antibody on the
gastric carcinoma cell line MKN45. Subsequent studies would suggest the lower of the
two was more accurate given the relatively high concentrations of antibody required to
effect ADCC in vitro, especially when compared to the anti-EGFR antibody, cetuximab
(Conaghan et al., 2008). The chimeric cetuximab is quoted as having a binding affinity of
approximately 0.2nM (Goldstein et al., 1995). Glycosylation and affinity maturation of
PR1AZ3 is currently in progress and these techniques are expected to improve the binding
affinity to maximise ADCC.

1.5.2 Binding of PR1A3 to colorectal tissue

The vast majority (>90%) of colorectal cancers express CEA (Wagener et al., 1984).
Richman and Bodmer reported that 59 of 60 biopsies taken from colorectal
adenocarcinomas bound PR1A3 regardless of their degree of differentiation (Richman
and Bodmer, 1987). In 22 CRC cell lines investigated by Kim et al, all lines produced
CEA with 9 producing more than 100ng/ml of CEA into the medium (Kim et al., 1999).
As mentioned in chapter 1.4.2 when CEA is normally shed from the bowel wall, either
the GPI anchor is disrupted (Kuroki et al., 1992), or the CEA is released attached to a
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microvesicle having been pinched off with attached cell membrane. In this latter situation
the CEA remains membrane-bound and staining of histological sections with PR1A3 thus
show stained material in the bowel lumen and in the tumour gland lumen of neoplasms.

The remnants of dead cell membranes also contribute to this staining.

As mentioned above in chapter 1.4.2, the expression of CEA in colorectal cancer differs
from that on normal enterocytes. In contrast to the highly specific expression of CEA on
the apical surface of normal colonic columnar cells, adenoma and carcinoma cells lose
their polarity and CEA is distributed on the basolateral as well as the apical surface of the
cell (Hammarstrom, 1999) (figure 1.xviii). Thus PR1A3, like other anti-CEA antibodies
does not bind to normal enterocytes as antibodies are prevented from reaching the luminal
surface by the intracellular tight junctions. However antibody can reach the basolateral
surface of cells and hence can target neoplastic colorectal tissue. This loss of polarisation
in neoplastic tissue is important in being able to target antibody to diseased rather than
healthy tissue.

1.5.3 Animal studies using mPR1A3 in the Apc™™""CEA.tg"" mouse

model of colorectal cancer

Traditionally animal studies of tumour therapies are carried out on human xenografts
implanted into immuno-incompetent mice (eg nude mice). In the setting of immune-based
therapies such immunologically incompetent mice are unsuitable. In addition xenografts
are abnormally vascularised and in a non-orthotopic site which makes interpretation of
results difficult.

MIN (multiple intestinal neoplasia) mice have a truncating mutation in the Apc gene
causing the development of multiple adenomatous polyps, predominately in the small
bowel with up to 10 adenomas in the large bowel. These mice have been crossed with a
mouse transgenic for the human CEA gene (Thompson et al., 1997) as described above
(chapters 1.2.9.2.4 and 1.4.3). The resulting APC™"""CEA.tg"" (MIN/CEA) mice express

CEA in the same spatio-temporal pattern as in humans (Eades-Perner et al., 1994) and are
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immunologically tolerant to the human protein (Clarke et al., 1998). In addition CEA
expression in the murine polyps mimics the pattern seen in human CRC with CEA
expressed abnormally on the basolateral surface of the cell. Radiolabelled PR1A3 has
been used in the MIN/CEA.Tg mouse and this has shown a high sensitivity and specificity
of the antibody for the adenomas (Wilkinson et al., 2001). This MIN/CEA mouse
therefore represents a good model for the investigation of CEA-targeted immunotherapies
for CRC.

Our pilot study in 19 MIN/CEA mice used naked PR1A3 injected intraperitoneally twice
weekly for 6 weeks from 6 weeks of age. All mice were killed at 12 weeks and the
number and size of the adenomas were scored and compared to untreated MIN/CEA
controls. Naked PR1A3 therapy resulted in a 15% (p=0.08) decrease in number and a
33% (p=0.02) decrease in burden (total surface area of adenomas). This study used the
parent murine 1gG1l antibody which is not the optimal isotype for ADCC in mice
(Nimmerjahn and Ravetch, 2005). A larger study was planned to assess reproducibility,
optimal dose and dosing schedule, pharmacokinetics and potential synergy with
chemotherapy, and to compare these results to age-matched controls. However concerns
that enforced changes to the animal laboratory diet might influence the phenotype,
coupled with an observed change in polyp numbers without explanation, led to the

abandonment of these plans and we have had to rederive the colonies with fresh stock.

1.5.4 Radioimmunoscintigraphy using PR1A3

An antibody that is used for radioimmunoscintigraphy (RIS) ideally needs to bind with
high sensitivity and specificity to a cancer specific antigen. PR1A3 binding to membrane
bound CEA of CRC cells, fulfils this requirement. Granowska et al reported the first use
of Technetium-99m (*°Tc)-labelled PR1A3 for imaging CRC (Granowska et al., 1990)
(figure 1.xx). They found the tumour to normal mucosa antibody uptake ratio was 63:1.
In a further study, 85 patients with CRC were imaged with **Tc-labelled PR1A3 and all
were found to be image positive (Granowska et al., 1993). In the assessment of recurrent

CRC, the accuracy was 33/35 (94%). There was a positive predictive value for recurrence
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of 92% and a negative predictive value of 100% at a prevalence of 66%. There was also a
positive predictive value for liver metastases of 93% at a prevalence of 32%. This high
level of accuracy, in particular the low false positive rate is likely due to the ability of
PR1A3 to avoid binding to circulating CEA.

Figure 1.xx: Radioimmunoscintigraphy using 99Tc-labelled PR1A3: a patient with a
colorectal cancer of the transverse colon. Views at 5 minutes to 24 hours
(Granowska et al., 1990)

Vascular
outline Liver

Left kidney

Transverse colon cancer

Radiolabelled PR1A3 has also been investigated in a murine model of CRC (Wilkinson et
al., 2001). As discussed above in chapter 1.2.9.2.4 the MINCEA mouse develops CEA
expressing bowel adenomas with the same spatial distribution of CEA as human
colorectal adenomas. Eight to ten week old MIN and MINCEA mice were injected with

iodine-125 (***1)-radiolabelled PR1A3 (figure 1.xxi) or iso-matched non-specific antibody
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as a control. In the MIN mice, which do not express CEA, the two antibodies had a
similar distribution with the excretory organs showing significant uptake. In the MINCEA
mice, however, there was significant difference between the antibodies, with PR1A3
uptake being twice that of the control antibody, with the uptake in the bowel higher than
any other organ at all time points. The average ratio of uptake in the adenomas compared
to the surrounding bowel mucosa was 1.6:1.

Figure 1.xxi: Small intestine from MIN.CEA.tg mouse injected 48hrs earlier with
intravenous **1-PR1A3. Figure A shows the macroscopic specimen containing small
bowel polyps and figure B shows the same polyps by immunoscintigraphy
(Wilkinson et al., 2001).

This demonstrates the ability of PR1A3 to concentrate at the site of polyps and, given that the
antibody was able to access the cellular CEA from the bloodstream, confirms that the distribution

of CEA in MINCEA mice is the same as that in human colorectal tumours (i.e. basolateral

expression as well as apical expression).

Polyps

Other radiolabelled anti-CEA mAbs have been found to bind to shed CEA and this has
given false positive uptake in normal lymph nodes, due to sequestered antigen (Kubo et
al., 1992). This has not been seen with radiolabelled PR1A3, due to the antibody binding
only to membrane-bound CEA.
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1.5.5 Radioimmunoguided surgery

%Tc-labelled PR1A3 was first used for radioimmunoguided surgery (RIGS) in 1995,
where it was given to patients with CRC 24 hours before surgery. Intra-operatively a
radioactivity-detecting probe was used to examine the tumour, normal bowel and any
suspicious sites. An uptake criterion of 1.5 times the level of normal tissue was used and
this resulted in a sensitivity for tumour of 66%. Once the suspicious specimen was
removed and probed again, the sensitivity rose to 100%, hence providing an instant
‘result’ as to whether the tissue was involved with tumour without requiring pathological
confirmation by frozen section (Howell et al., 1995).

Similar studies have been carried out in xenograft mice (Kim et al., 2000). **I-labelled
antibody was given to nude mice with intra-abdominal CRC xenografts. The sensitivity
and specificity of tumour localisation by RIGS was 71.4% and 91.4% respectively. The
same group have also used a bispecific anti-CEA antibody for RIGS (Kim et al., 2002).
This involved the cross linking of Fab’' fragments from PR1A3 and another anti-CEA
mAb, T84.66. The **I-labelled bispecific construct was used in nude mice with CRC
xenografts implanted subcutaneously on their backs. The sensitivity and specificity of
tumour localisation was 90.9% and 94.5% respectively. It was discussed that the
bispecific mAb, using two anti-CEA mAb against different epitopes, achieved a greater
affinity and avidity without increasing non-specific binding, hence leading to more

accurate localisation of CRC.

1.5.6 PR1A3 and human trials

Although radiolabelled PR1A3 has been used in humans for RIS as described above,
there are currently no unconjugated or ‘naked’ antibodies to CEA being used for the
treatment of colorectal cancer. The anti-CEA antibodies that are currently used for
therapy in pilot trials, are administered as radioconjugates (Liersch et al., 2007; Wong et
al., 2004).

The experience of using naked PR1A3 is limited to using the murine parent antibody in
15 patients with advanced CRC (Zbar et al., 2005). The antibody was given in doses of

0.5-5mg intradermally at 4 weekly intervals for 3 months. The patients’ serum was
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assessed for anti-idiotypic (Ab2) antibodies, anti-anti-idiotypic antibodies (Ab3) and a
HAMA response, and PBMC response to stimulation was assessed. No serious adverse
effect occurred in any of the patients. After treatment 9 of the 15 patients showed Ab2
reactivity but there was no detectable Ab3 response. However there was a strong HAMA
response in 7 out of 15 patients. Pretreatment PBMC proliferation was subnormal in all
patients before treatment compared with normal controls, but became normal or increased
in all patients after immunisation (p<0.001). Other markers of PBMC activation were also
raised following immunotherapy (eg IL-2 & IFN-y secretion, IL-2 receptor expression).

However all patients had CRC metastases and 14 of 15 patients had disease progression

during the study period.

1.5.7 PR1A3 and antibody based cancer treatments

Humanised PR1A3 has many properties which would make it ideal for antibody-based

cancer therapy.

Minimal immunogenicity
The humanisation process would minimise the immune response to the antibody. As this
is yet to be used in human trials, the degree of anti-human antibody which would result is

yet to be determined

No cross-reactivity with normal tissue
Intravenous antibody would not reach the luminal border of normal colorectal tissue
where CEA is expressed (Hammarstrom, 1999), and hence should have minimal or no

systemic toxicity.

Good targeting to tumour cells
More than 90% of colorectal tumours express CEA (Wagener et al., 1984).
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Does not bind to circulating CEA

The biggest disadvantage of anti-CEA antibodies is sequestration by circulating CEA.
PR1A3 binds only to membrane-bound CEA and as such is not affected by the serum
CEA (Conaghan et al., 2008; Durbin et al., 1994).

Long antibody half-life

Like many antibodies, the clearance of *°I-PR1A3 in wild type, CEA and MIN/CEA
mice is relatively slow (Wilkinson et al., 2002; Wilkinson et al., 2001). In humans, **Tc-
labelled murine PR1AS3 had a biological half life of 24 hours with urinary activity of 10-
12% per day (Granowska et al., 1990). The half life of the naked murine antibody in
humans has not been ascertained but the use of humanised PR1A3 would certainly

increase the expected half life by reducing the immunogenicity.

Internalisation of the antibody-antigen complex
This is ideal for ADCC as internalisation of the PR1A3-CEA complex is either very slow
or absent (Conaghan et al., 2008), allowing maximal exposure of the antibody for

interaction with immune cells, allowing ADCC and ADCP.
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1.6 Factors influencing ADCC

The development of antibodies for antibody-based cancer therapy looks to improve the
efficacy of the antibody (increasing the numbers of responders; extending the duration of
response) whilst maintaining safety. Enhancing the potential of a therapeutic antibody to
cause ADCC is the major goal for the majority of naked antibodies. This can be achieved
by modifying the 3 factors involved in ADCC: the antibody, the effector cell, and the

environment.

1.6.1 The antibody

1.6.1.1 Antibody isotype

Antibody Fc interactions with effector cell Fc receptors have been shown to be crucial in
optimising ADCC (Nimmerjahn and Ravetch, 2005). In humans 1gG1 and 1gG3 are the
most potent activators of effector functions (Carter, 2001) in particular ADCC and
ADCP, although IgG3 is rarely used because of its longer hinge region making it more
prone to proteolysis. This potency comes from the higher affinity of 1gG1 and IgG3 for
the Fcyllla receptor.

1.6.1.2 Binding affinity with target and binding site barrier

Much of the in vitro evidence has shown that mAbs with higher affinities for their target
are more effective at ADCC. However more recent in vivo studies have postulated that
increasing antibody affinity for its target increases its biological potency only up to a
given affinity, after which this affinity interferes with tumour penetration. This “binding-
site barrier” impedes mAb penetration into a tumour mass because high-affinity
interactions between the antigen and the mAb block the diffusion of the mAbs throughout
the tumour mass. This was supported by Adams et al who compared high affinity scFvs
for HER2 with those of lower affinity (Adams et al., 2001). The higher affinity scFvs
were found around the periphery of the tumour and showed no improvement in tumour

targeting, less specificity of targeting and less penetration into solid tumour masses.
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Hence if rapid and complete tumour penetration is essential for Ab function, high affinity
may be undesirable.

However, high affinity for the tumour antigen is generally beneficial for ADCC function
and the binding site barrier is less relevant when micrometastases are considered, again
highlighting the importance of antibody treatment at early stages of disease (i.e. adjuvant
treatment rather than treatment of overt metastatic disease). The binding affinity of
antibodies against solid tumours currently in clinical practice, seem to range from 0.1nM
to 5nM.

Affinity maturation of antibodies by phage display (or more recently yeast- and ribosome-

display) libraries or by clonal selection is now commonplace.

1.6.1.3 Glycosylation

The majority of antibodies produced by B-cells have carbohydrate side chains added post-
translation. Some of these are particularly important in the affinity of the antibody for the
relevant Fc receptors. For example, it is recognised that the cytotoxic activity of all
human antibody isotypes can be increased by removal of the fucose from the branched-
chain oligosaccharide attached to the conserved asparagine residue at position 297 in Cy2
of the antibody and this is directly related to the higher binding affinity to FcyRs
(Nimmerjahn and Ravetch, 2005; Niwa et al., 2004b; Shields et al., 2002; Umana et al.,
1999). This work was pioneered by Pablo Umana who produced recombinant mAbs in
Chinese Hamster Ovary (CHO) cells. These CHO cells were engineered to over-express
acetylglucosylaminyl transferase 111 (GnT Il1). The resulting mAbs had increased levels
of bisected non-fucosylated oligosaccharides which had enhanced ADCC and reduced
CDC (Schuster et al., 2005; Umana et al., 1999). This altered defucosylation of mAbs
improves ADCC even in low-binding polymorphisms (Niwa et al.,, 2004a) but
interestingly does not alter the binding to other activating FcyRs nor to the inhibitory

FeyRIIB.

1.6.1.4 Fc sequence modification
Selective mutation of the Fc sequence has led to the screening of panels of mAb with

higher binding affinity for the FcyIIIA receptor and lower binding to the FcyIIB receptor.

124



It has been found that altering 2-3 amino acids within the Fc region of the antibody
produced antibody variants with binding affinities more than double that of the parent
antibody. This enabled in vitro and in vivo cytotoxic activities with these variant
antibodies even against cells expressing low levels of the target antigen and in
conjunction with effector cells with a low-binding polymorphism for the FcyRIIIA (Lazar
et al., 2006).

Mutational analysis has now also begun looking at maximising FcRn binding in addition
to the high binding FcyIlIA / low binding FcyIIB variants. This will be discussed further
below in chapter 1.6.1.5.

However the techniques discussed in chapters 1.6.1.2 to 1.6.1.4 have to be weighed
against the potentially deleterious effects of antibodies with excessively high affinity for
both antigen and Fc receptors. The effect of the binding site barrier hindering tumour
penetration by the antibody is one concern but of greater concern is the potential effect of
widespread binding to activating FcyRs in effector cells without the safety of FcylIB

binding, causing potentially dangerous over-stimulation.

1.6.1.5 Prolonging antibody half-life

Regulation of 1gG concentration in the body is carried out to a large extent by the so-
called neonatal FcRs (FcRn) (Junghans and Anderson, 1996). These FcRs are unlike
others in the FcR family in that they are found across cells of diverse origin including
endothelial cells, epithelial cells, dendritic cells and monocytes. The receptor is more akin
to MHC class | than to other FcRs and again unlike other FcRs, binds to the Fc portion of
the antibody in a pH-dependent manner. FcRns regulate 1gG concentration by recycling
antibody which it binds. 1gG does not interact with FcRn on the cell surface where the pH
is not sufficiently acidic (Raghavan et al., 1995). Instead, 1gG is taken into the cells by
pinocytosis and binds to FcRn in early endosomes at pH 6-6.5. This signals the
endosomes away from becoming lysosomes where IgG would be subsequently degraded.
Instead, endosomes in which IgG is bound to the FCRn migrate to the basolateral border
of cells (transcytosis) and fuse with the membrane for exocytosis where the IgG is then

released because the neutral pH then favours dissociation of the FCRn-1gG complex (Ober
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et al., 2004). Hence the IgG is recycled when it is bound to FcRn. Increased 1gG levels
leads to saturation of these receptors and results in endosomes containing unbound IgG
which subsequently follow the lysosomal pathway and are degraded, hence serving to
reduce serum levels to normal. Decreased 1gG levels leads to all the 1gG being bound by
FcRn and therefore recycled rather than degraded.

It is possible therefore to increase the half-life of therapeutic antibodies by designing
antibodies with a higher affinity for FcRn. This can be achieved by site-directed
mutagenesis of the therapeutic antibody, followed by selection of high binding clones.
The antibody must retain its pH-dependent binding as failure to retain this may lead to
failure to dissociate from the receptor on recycling. This technique for developing high-
binding FcRn antibodies has already led to the demonstration of antibodies with longer
half-lives (Hinton et al., 2006).

1.6.1.6 Internalisation of antibody-target complex

As described earlier, the choice of the tumour-associated target is important, not only if
the intent is to block signalling from cell-surface receptors, but also for ADCC. Prolonged
presence of the antibody on the cell surface without internalisation is important in
allowing interaction with the effector cells. The big advantage of CEA as a target and the
CEA-PR1A3 complex is that it is internalised slowly if at all (figure 1.xix).

1.6.2 Effector cell

1.6.2.1 Enhancing FcylIla receptor expression

Increasing the number of receptors on immune effector cells with which they can bind the
Fc portion of the therapeutic antibody naturally increases the efficacy of the treatment. It
is becoming increasingly apparent that antibody-based cancer therapy has an effect not
only through stimulating the innate immune response but also by the induction of an
adaptive immune response. The type of adaptive response produced can influence the
expression of FcyIIIA receptors. For example the cytokines produced during a Tw
response such as GM-CSF and IFN-y have been shown to upregulate activating FcRs

whereas the Ty, cytokines IL4 and IL13 both upregulate the inhibitory FcyRIIB (Pricop et
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al., 2001). The use of cytokines as adjuncts to antibody-based cancer treatments could be
considered. This may also have the effect of activating or recruiting immune effector
cells, further enhancing the effect of ADCC and the clinical response to the antibody.
Thus, the magnitude of antibody-mediated effector responses is context dependent and

can be regulated in tissues by locally produced cytokines.

1.6.2.2 High-binding FcyIIla receptor polymorphism

This has been described above in chapters 1.2.4.1 and 1.3.1.

Three clinical studies have now shown that patients who are homozygous for the higher
binding valine allele had better outcomes from treatment of their lymphoma with the anti-
CD20 antibody rituximab than heterozygotes and phenylalanine homozygotes (Cartron et
al., 2002; Dall'Ozzo et al., 2004; Weng and Levy, 2003). Genotyping of patients to select
for valine homozygotes to receive antibody-based cancer therapy would certainly enhance

its success rate.

1.6.2.3 Inhibiting FcyRIIB

The interaction between activating Fc-receptors and the inhibitory FcyIIB receptor is
known to be important in regulating ADCC (Nimmerjahn and Ravetch, 2005). The
inhibitory FcyRIIB receptor is known to be a negative regulator of dendritic cell
maturation and able to suppress the effect of cytotoxic antibodies. Hence, designing
antibodies that avoid stimulation of FcyRIIB should lead to an increase in cytotoxic
activity. Alternatively using antibodies to block FcyRIIB would also allow a transient
increase in cytotoxic activity if given concomitantly with the cytotoxic antibody. Support
for this concept comes from Clynes and colleagues who looked at mice deficient in the
inhibitory FcyRIIB receptor. These mice had increased spontaneous tumour protection
against a melanoma cell line and a potentiated antibody response, even at subclinical

doses of anti-melanoma antibody (Clynes et al., 2000).
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1.6.3 Local tumour environment

1.6.3.1 Other inhibitors of ADCC

The tumour itself creates an immunosuppressive microenvironment which can inhibit the
effectiveness of cytotoxic antibodies. Theoretically this could be improved by blocking
the negative regulators of the immune system. One such regulator is cytotoxic T-
lymphocyte-associated antigen 4 (CTLA-4) which serves to prevent over-activation of the
T-cell adaptive response. Blocking the activity of CTLA-4 allows greater expansion of all
T-cell populations, presumably including those with antitumour reactivity. An anti-
CTLA-4 antibody, ipilimumab has been used alone in a recent pilot study involving 14
patients with hormone-refractory metastatic prostate cancer (Small et al., 2007). Response
was measured by a reduction in the prostate-specific antigen (PSA). Two patients had a
reduction of more than 50% in the absence of any other treatment, and eight others had a

reduction less than 50%.

1.6.3.2 Cytokines

A description of cytokine modulation of the immune response is beyond the scope of this
thesis. However as has already been described above in chapter 1.6.2.1, the local cytokine
environment can influence the immune response to any given antigen as well as
influencing the cytotoxic activity of therapeutic antibodies. Certain cytokines released in
this response (eg. IFN-y & GM-CSF) can lead to upregulation of the expression of
activating FcyRs (Schiff et al., 1997) thus providing further opportunity for antibody-
mediated toxicity to the tumour. In contrast the Ty, cytokines upregulate FcyRIIB which
has the opposite effect. In mouse models of lymphoma, treatment with rituximab and the
cytokine IL-2 improved survival compared with either agent alone (Eisenbeis et al.,
2004). Early clinical trials of this combination in non-Hodgkins lymphoma have likewise
shown some promise (Eisenbeis et al., 2004; Friedberg et al., 2002). However, similar
early phase clinical trials using trastuzumab and IL-12 (Parihar et al., 2004) or IL-2
(Repka et al., 2003) have shown no improvement in clinical response despite

demonstrating improved ADCC ex vivo.
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1.6.3.3 Tumour vascularisation
Critical to the action of all chemotherapeutic agents, including mAbs, is the delivery of
the drug to the tumour. This presents a problem in poorly vascularised tumours, a
problem which is increasingly common with larger metastases. Being able to target
tumour cells with antibody requires that the antibody is able to reach the target cells. In
addition, tumour vasculature can also be important when antibodies are used to target the
vasculature itself, either to improve delivery of other cytotoxic agents or to destroy the
blood supply to the tumour. Major advantages of attacking the vasculature over the
tumour itself include
. The vasculature more accessible than the tumour
. Vasculature damage has a multiplicative effect as many tumour cells are dependent on
each capillary
. Since the vascular endothelial cells are in themselves not transformed, they are less
likely to escape targeting and become resistant to therapy — a frequent problem with
targeting the tumour
In addition, the tumour vasculature is different from normal vasculature thus providing
novel targets. For example, ED-B domain of fibronectin is found in vessels of many solid
tumours but not normal blood vessels. In a similar way strategies have been devised to
disrupt pro-angiogenic signalling by targeting mAb against angiopoetin-1.
The ‘normalisation’ of tumour vasculature by the anti-VEGF antibody bevacizumab has
already been discussed in chapter 1.2.4.6. It would seem sensible therefore to combine
naked antibodies inducing ADCC with pre-treatment bevacizumab to enable better
tumour penetration by the cytotoxic antibodies, especially as synergy has already been
demonstrated with chemotherapy (Hurwitz et al., 2004).
It is worth noting at this point that, given that the environment of the tumour has such
importance for treatment, the common preclinical use of xenografts may lead to spurious
results. In a situation in which antibody targeting and clearance are vital, using a model
with an increased number of NK cells and a tumour in a non-orthotopic site which is
abnormally vascularised (Axworthy et al., 2000) is clearly not a good representation of

the solid tumour in vivo. The xenograft cancers contain increased concentrations of
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therapeutic antibody and chemotherapeutic agents, and this may result in falsely
improved results (Behr et al., 1997; Tolcher et al., 1999).
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1.7 Project Aims

The introduction has outlined the strategies available for colorectal cancer treatment and
the possibilities available with immunotherapy. This thesis examines the potential
efficacy of hPR1AS3 as a future treatment for colorectal cancer by studying the expression
of CEA on colorectal cancer cells and the ability of hPR1A3 to cause cancer cell death.

The aims of the thesis are as follows:

1. To examine the variability of expression of CEA on colorectal cancer cells and to

determine factors that influence this expression
2. To examine the ability of hPR1A3 to act as a cytotoxic antibody.
3. To investigate the mechanism of hPR1A3 action in vitro.

4. To study the interaction of hPR1A3 with effector cells and, in particular, the
Feyllla receptor

5. To investigate the potential for synergy between hPR1A3 and other

chemotherapeutic agents.
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CHAPTER 2

Materials and Methods

2.1 Cancer cell lines

2.1.1 Biography of cell lines used in the study
Eighteen immortalised colorectal cancer cell lines and one gastric cancer cell line were
used in the following experiments and are listed with their origin and basic culture

conditions in table 2.i. Culture properties of the cell lines are given in table 2.ii.

2.1.2 Cell culture conditions

All cell lines listed had been in the Cancer & Immunogenetics laboratory for more than 3
years and two of the lines, C70 and C99, had been generated within the laboratory.

The gastric carcinoma cell line MKN45 was obtained from Cell Services LIF, Cancer
Research UK. HCT-116 and SKCO-1 were originally obtained from ATCC; C70 was
established in the Cancer and Immunogenetics Laboratory; GP5d and HTS55 were
obtained from ECACC; LS174T was obtained from BH Tom, NW University Med
Centre, Chicago, Ill, USA and PC/JW was obtained from C. Paraskeva, Directors Lab,
CRUK, London.

All cell lines maintained in culture with E4 (Dulbecco's MEM) and 2% RPMI 1640
(RPMI) contained 1% L-glutamine and 10% foetal calf serum (FCS) and those cell lines
maintained in ISCOVE’S (IMDM + L-glutamine + 25mM HEPES; Gibco) contained,
10% FCS and 1% by volume Streptomycin/Penicillin 10, 000U/ml (Gibco). Cells were
incubated at 37°C in a humidified 10% CO, environment except those cultured in 2%
RPMI which were incubated in a 5% CO, environment. Details of the media are given in

appendix 1. E4 and RPMI were obtained through Cancer Research UK Cell Services.
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Table 2.i: Cancer cell lines used in the study. For references see Conaghan et al
(Conaghan et al., 2008)

Cell line Origin Additional information

MKN45 Gastric

SKCO-1 Colorectal 65y0 male. Ascitic cells from metastatic CRC

C99 Colorectal | Created 1993. 69yo male. Rectum. Dukes’ C1; *Ly1;
"V1. Mod differentiated.

PC/JW Colorectal 30yo female. FAP patient

LoVo Colorectal 56y0 male. Metastasis to subclavian lymph node;
poorly differentiated

LS411 Colorectal

HT55 Colorectal Well differentiated rectal cancer

C70 Colorectal Created 1991. 69yo female; Sigmoid colon. Dukes’ B;
V1, Lyl; moderately differentiated

SW403 Colorectal 51yo female. Dukes’ C1. Mod differentiated

Car-1 Colorectal

GP5d Colorectal 71yo female. Local recurrence of resected sigmoid ca;
Dukes’ B. Poorly differentiated. Strong family history

HT29 Colorectal 44yo female. Metastatic. Moderately differentiated

Vaco-5 Colorectal 78yo female. Caecum. Dukes’ C2. Poorly
differentiated

NCI-H716 Colorectal 33yo male. Ascitic cells from metastatic caecal ca.
Prior 5FU treatment

RKO Colorectal Colon. Poorly differentiated

HCT-116 Colorectal Male. Colonic

LS174T Colorectal 58yo female. Dukes’ B colon. Trypsinised variant of
LS180

SW1417 Colorectal

SNU C2B Colorectal

“Dukes’ staging: see table 1.ivand 1.v

Y1 = vascular invasion

®Ly1 = lymphatic invasion
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Table 2.ii: Culture characteristics of cancer cell lines used in the study

Cell line Medium* | Passage Trypsinisation | Additional information
time*

MKN45 E4 1:20 weekly Moderate

SKCO-1 E4 1:15 weekly Moderate

C99 Iscove’s 1:15 weekly Moderate

PCIIW E4 1:10 weekly Long

LoVo E4 1:30 weekly | Short

LS411 E4 1:10 weekly Moderate

HTS5 E4 1:15 weekly Long

C70 E4 1:15 weekly Moderate Grows as clumps

SW403 E4 1:10 weekly | Short

Car-1 Iscove’s 1:15 weekly Moderate

GP5d E4 1:10 weekly Moderate

HT29 E4 1:40 weekly | Short

Vaco-5 Iscove’s 1:10 weekly Moderate

NCI-H716 | 2% RPMI | 1:15 weekly None Non-adherent line. Grows
in suspension

RKO 2% RPMI | 1:30 weekly | None Loosely adherent.
Removed with saline

HCT-116 | E4 1:40 weekly None Loosely adherent.
Removed with saline

LS174T E4 1:20 weekly Moderate

SW1417 2% RPMI | 1:10 weekly Short

SNU C2B | 2% RPMI | 1:10 weekly Short

*Short <30 seconds

Moderate 0.5-2 minutes

Long >2 minutes

*Cells in E4 medium cultured in 10% CO,
Cells in Iscove’s medium cultured in 10% CO,
Cells in 2% RPMI medium cultured in 5% CO»,
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Media with added glutamine and FCS are referred to as “complete” (eg 2% RPMI 1640
with 1% glutamine and 10% FCS is referred to as RPMI complete). All cell lines were

maintained in tissue culture flasks (BD Falcon; polystyrene base).

Preparation of foetal calf serum
Foetal calf serum was obtained from Bioclear, UK. It was heat-inactivated to destroy

complement at 55°C for 30 minutes.

Passage details

All cell lines underwent passage approximately weekly. The cells were washed with
phosphate-buffered saline (PBSA; appendix 1) to remove the old medium/FCS and then
disaggregated with 0.04% trypsin in 0.2mM EDTA for varying lengths of time (see table
2.i1). The trypsin was then inactivated with complete medium and the cells were
transferred to a Falcon tube and spun for 5 minutes at 500g. The medium was removed
and the cell pellet resuspended in 5mls of complete medium. A fraction of the cells were
then transferred to a fresh tissue-culture flask (see table 2.ii) and the medium made up to

10mls. The flasks were then returned to the incubator.

Cryopreservation

Those cell lines not in regular use were stored by cryopreservation. Cells from the flask
were pelleted as described above. 2-5 million cells were then resuspended in
cryopreservation medium of FCS containing 10% dimethylsulfoxide (DMSO) and stored
in sterile cryopreservation vials. These were rapidly cooled by placing them over dry ice
in a polystyrene box for 1 hour, then transferred to a -80°C freezer for 24 hours before
being placed in liquid nitrogen (-200°C) for storage.

Cell lines were recovered by rapid defrosting to 37°C and immediate but cautious
resuspension over 2 minutes with medium to a volume of 10mls. These cells were then
spun at 500g for 5 minutes and the cell pellet resuspended and placed in a tissue-culture
flask as for passage. The cell concentration in the flask was much higher than for routine
passage to ensure cell survival and then passaged within the week. Cell lines were

passaged at least twice before use in experiments.
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Mycoplasma testing

Cell lines underwent routine mycoplasma testing before any was used for
experimentation and at intervals during prolonged passage. Cells were tested at Cancer
Research UK Cell Services by growth on PPLO medium, DNA staining and PCR

detection.

Cell counting

In all experiments cell counting was carried out using a haemocytometer. For epithelial
cells 50ul of cells were mixed with an equal volume of trypan blue in a microcentrifuge
tube. 10ul of this was then placed under the coverslip of the haemocytometer and counted
under a microscope. The number of living and dead cells was then recorded. For counting
leucocytes, 20ul of cells were mixed with an equal volume of trypan blue and the volume
then diluted to 160mls with PBSA to make visual counting possible. Cell viability above

80% was a prerequisite for use in the experiments.
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2.2 Human effector cells

2.2.1 Peripheral blood mononuclear cells (PBMC)
PBMCs were obtained from either fresh whole blood from healthy laboratory volunteers
or from single-donation leucodepletion filters (LDFs) obtained from Colindale National

Blood Service, London.

2.2.1.1 Isolation of PBMCs from fresh whole blood

50mls of whole blood were collected and anticoagulated by mixing with an equal volume
of ACD, an RPMI / citrate mixture (40ml 3.3% sodium citrate, 2ml 5mM 2-
mercaptoethanol, 200ml RPMI 1640 + hepes). Blood was then layered onto Ficoll in a
50ml Falcon tube and centrifuged at 800g for 25 minutes, allowing the centrifuge to stop
without the use of a brake. The interface formed contains the PBMC layer and this was
aspirated with a Pasteur pipette and transferred to a fresh Falcon. This was washed to
remove the Ficoll with an equal volume of RPMI and spun at 800g and the supernatant
discarded. The pellet was resuspended and washed a second time with RPMI, spinning at
200g for 10mins to remove platelets. PBMCs were then resuspended in RPMI 1640 / 10%
FCS / 1% glutamine (complete RPMI) and made up to a concentration of 1 x 10’/ml and

used within 12 hours of preparation.

2.2.1.2 Isolation of PBMCs from LDFs
White cells were eluted from the filter in sterile conditions using 200mls 5mM EDTA.
This was then layered onto Ficoll as described for fresh blood above and the same

protocol followed.

2.2.2 lsolation of CD56+ CD3- cells (Natural killer subset)

White cells were eluted from an LDF filter as described above. 40mls of the 200ml
solution were divided into 4 x 10ml aliquots. Each aliquot was mixed with 0.5mls of
RosetteSep Human NK Cell Enrichment Cocktail (StemCell Technologies, London, UK)

and incubated at room temperature for 20 minutes. This cocktail uses a series of
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antibodies which crosslink the non-NK fraction of the PBMCs to red blood cells which
are then pelleted along with red cells during density centrifugation, leaving NK cells in
the buoyant interface normally containing PBMCs. LDFs still contain sufficient red blood
cells for this cocktail to work (>30 red cells to every nucleated cell).

10mls of 2% FCS in PBSA was added to each of the 10ml aliquots and the blood mixture
was then layered onto Ficoll and spun at 1200g for 25 minutes with the brake off. The
interface formed should contain only NK cells and these are extracted with a Pasteur
pipette as before. The rest of the preparation is carried out as for the general PBMC

population described above in chapter 2.2.1.1.
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2.3 Antibodies

2.3.1 ADCC assays

All antibodies for ADCC assays were diluted from stock concentrations to the desired
concentration of the assay in 1% FCS in RPMI. The concentrations used are given in

chapters 2.4.1.3 and 2.4.2.3 where the specific experiments are described.

PR1A3

As described in more detail in chapter 1.5, PR1A3 is an 1gG1lk monoclonal antibody to
CEA originally derived as a murine antibody (IgG1) in the Cancer & Immunogenetics
Laboratory (Richman and Bodmer, 1987) and later humanised (Stewart et al., 1999). Both
murine (MPR1A3) and humanized (hPR1A3) antibody were obtained from the

Biotherapeutics Development Unit, Clare Hall, Cancer Research UK, London, UK.

Anti-CD16

Two different clones of this antibody were used: MEM154 (Biovendor Laboratory
Medicine Inc) and 3G8 (BD Biosciences, Pharmingen, USA). Both are monoclonal
murine IgGlk antibodies against both A and B subtypes of the human Fcylll receptor
(CD16; FcyR3). F(ab’), derived from the 3G8 clone was obtained from Ancell Corp,
Bayport, MN, USA.

Humanised A33 (hA33)

A33 is a monoclonal antibody developed in mice (IgG2a) and later humanised (1gG1). It
binds to a 43KDa glycoprotein of unknown function whose expression is restricted to
colorectal epithelium. It continues to be expressed homogeneously in more than 95% of
colorectal cancers (Welt et al., 2003).

The humanised antibody (Welt et al., 2003) for use in the ADCC assay was kindly
provided by Dr L. Old, Ludwig Institute for Cancer Research, New York, USA
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Anti-Prostate Specific Membrane Antigen (PSMA)
Monoclonal antibody 107-1A4 to PSMA was kindly provided by Robert Vessella (Univ
Washington, USA)

2.3.2 ELISA

All antibodies for ELISA assays were made to the desired concentration by serial dilution

from stock concentrations in 1% FCS in RPMI.

Murine PR1A3 (mPR1A3)

As described above. It was used at concentrations of 1-60ug/ml.

Murine A33 (mA33)
As described for humanised A33. mA33 obtained from ATCC. It was used at a

concentration of 6ug/ml.

AUA-1 (Epenetos et al., 1982) is a murine 1gG1 antibody against the epithelial cell
adhesion molecule, EpCAM. It was obtained from the Monoclonal Antibody Service,
Clare Hall, Cancer Research UK, London, UK. It was used at a concentration of

1.5ug/ml.

DA2 is an IgG monoclonal antibody against a monomorphic determinant on HLA-class Il
(Brodsky et al., 1980). It was obtained from the Monoclonal Antibody Service, Clare
Hall, Cancer Research UK, London, UK. It was used at a concentration of 1.5ug/ml.

Polyclonal rabbit anti-mouse antibody was obtained from DAKO A/S, Denmark, diluted
1:100 in RPMI 1640/ 1% FCS

Anti-f-galactosidase antibody, 4C7 clone (Durbin and Bodmer, 1987), was obtained from
Clare Hall, Cancer Research UK, London, UK, and used at final concentration of
0.4ug/ml in RPMI 1640/ 1% FCS.
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2.3.3 Fluorescence activated cell sorting (FACS) analysis

FITC-conjugated murine anti-human IgG and FITC-conjugated rabbit anti-mouse 1gG

were obtained from Sigma-Aldrich, Poole, UK, and used at a dilution of 1:50.
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2.4 Antibody-dependent cellular cytotoxicity (ADCC) assays

Throughout the ADCC assays, the following terms are used and are defined as follows:
Background release

This refers to the amount of radioactivity or fluorescent compound released into the
medium in the absence of effector cells or antibody. This might occur by passive cell
death or active transport of the compounds out of the cell

Spontaneous Killing/lysis

This refers to the active Killing of target cells by effector cells but in the absence of
antibody. This is a result of the donor and target cells coming from different individuals
and, in these studies, the result of the target cells being neoplastic.

Maximum lysis

This refers to the reading obtained by lysing all the cells in a particular well with
detergent so that all the radioactivity or fluorescent compound is released into the
medium

% lysis

This is used as the outcome measure for the majority of the ADCC assays and appears on
the y-axis of many of the graphs. This refers to the percentage of cells in a population
killed by the effector cells. It is calculated as:

[experimental release — background release]
x 100%

[maximum release - background release]

For most cell lines assayed, MKN45 was also used as a positive control and as a reference

for inter-experimental analysis.
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2.4.1 *'Chromium release assay

2.4.1.1 Target cell preparation

Cancer cell lines were extracted from their tissue-culture flasks and pelleted as previously
described for the passage of cell lines (chapter 2.1.2). Cell lines were extracted at
approximately 70-80% confluence for each experiment to avoid potential confluence-
induced changes in the concentration of cell surface proteins. The cell pellet was
resuspended in 5-10mls of RPMI complete and 50ul were taken for counting. 2 x 10°
cells were taken from this suspension and spun down at 500g for 5 minutes in a 15ml
Falcon. The supernatant was discarded and resuspended in 100ul *'Cr (200uCu /
7.4MBq). This was incubated for 60-100 minutes at 37°C depending on the optimal
labeling time for the cell line (see below), following which the suspension was made up
to 1ml with RPMI complete to wash and transferred to a microcentrifuge tube. The cells
were spun down at 200g and then washed a second time in RPMI complete. Following
repelleting the cells were resuspended in 1ml RPMI complete and counted. The cells were

transferred back to a 15ml Falcon and made up to a concentration of 1 x 10°/ml.

2.4.1.2 Optimisation of labelling

Cells were pelleted and counted as above for target cell preparation. 5 x 10° cells were
taken from the cell suspension and spun at 500g for 5 minutes in a 15ml Falcon. The
supernatant was discarded and the pellet resuspended in 375ul of *'Cr (28MBq) and
divided into 5 aliquots of 75ul. These were incubated at 37°C for differing times from 50-
120 minutes. The cells were washed as per the *'Cr release protocol and made up in a
solution of RPMI complete at 1 x 10°/ml

From each of the time periods, 100ul of cells were decanted into each of 3 wells and
treated with the same volume of 5% Triton and this was compared with another 3 wells of
cells that received RPMI medium instead of Triton as shown below
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Plate set-up

Time labelled Wells 1-3 | Wells 4-6
A: 50mins 100l 100l
B: 70mins cells + cells +
C: 90mins 100yl 100pl
D: 100mins medium Triton
E: 120mins

>!Cr-release measured as per Cr-release protocols (chapter 2.4.1.4). The lysis:background

release ratio was calculated and the labelling time with the highest ratio was chosen.

2.4.1.3 Effector cell and antibody preparation
These were prepared as described above in chapter 2.2 and 2.3. Only hPR1A3 was used
in the Cr-release ADCC assays. A range of concentrations from 0.1ug/ml to 50ug/mi

were used.

2.4.1.4 Assay conditions and measurement of cytotoxicity

Target cells were prepared at a concentration of 1 x 10°/ml and effector cells at a
concentration of 1 x 10’/ml. The assay took place in microcentrifuge tubes which seemed
to work better than 96-well tissue culture plates. Every condition was carried out in
triplicate.

100ul of target cells (1 x 10* cells) were added to each tube. 20pl of hPR1A3 and 100l
of effector cells (1 x 10° cells) were added to the relevant tubes. 120ul of 5% Triton in
RPMI was added to the lysis tubes and all other tubes were made up to 220ul with RPMI
complete. Occasionally the antibody was preincubated with the target cells at 4°C on ice
for 20 minutes prior to the addition of PBMCs (see chapter 4.2.2.4) but this made little
difference to the results seen.

The microcentrifuge tubes were spun gently at 200g for 2 minutes to bring the cells into
closer apposition for the assay incubation and then they were incubated at 37°C for 4

hours.
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Following incubation the tubes were centrifuged at 500g for 5 minutes to pellet the cells
and cellular debris.

100ul of Optiphase Supermix (Perkin Elmer, Boston, MA, USA) was added to each well
of a clear 96-well PET round-bottomed microplate (Perkin Elmer). 35ul of the
supernatant from the top of each microcentrifuge tube was added to the optiphase solution
and mixed. The plate was then read by a Microbeta plate reader (Wallac1450 microbeta

scintillation reader, Perkin Elmer) to determine the >*Cr concentration in each well.

2.4.2 Fluorescence-based assay using Europium-TDA

This assay was initially used in an attempt to find a reliable non-radioactive ADCC assay.
The Europium-TDA assay is a fluorescence based assay which uses BATDA, a
hydrophobic ester of the fluorescence-enhancing ligand terpyridine dicarboxylic acid
(TDA). The hydrophobic BATDA crosses the cell membrane freely where, within the
cell, the ester bonds are cleaved to produce the hydrophilic TDA which can no longer
passively cross back out of the intact cell. Hence TDA is only detectable in the
supernatant of the ADCC assay when the cell membrane has been perforated (figure 2.i)

2.4.2.1 Target cell preparation

Cancer cell lines were extracted from their tissue-culture flasks and pelleted as previously
described for the passage of cell lines. The cell pellet was resuspended in 5-10mls of
RPMI complete (or 2% RPMI with lower concentrations of FCS for certain experiments —
chapter 5.2.2), counted and made up to a concentration of 1 x 10° cells/ml. 2 x 10° cells
(2mls) were labelled with 6ul BATDA (Blomberg et al., 1996) (Perkin Elmer, Boston,
MA, USA) and incubated for 10-25 minutes at 37°C depending on the optimal labelling
time for the particular cell line (chapter 2.4.2.2). Following incubation the cells were spun
at 500g for 5 minutes to pellet the cells and the supernatant discarded. The cells were
resuspended in 5-7mls of RPMI and washed three times, discarding the supernatant on
each occasion. Following the final wash the cells were resuspended in about 2mls RPMI
complete and counted. They were then made up to a concentration of 1 x 10° cells/ml with
further RPMI complete.
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Figure 2.i: Process of cell-lysis detection by fluorescence-based Europium-TDA
assay

The hydrophobic BATDA diffuses across cell membranes where it is converted to the hydrophilic
TDA which is confined within the cell unless cell lysis occurs. Thus the detection of TDA in the

medium is a measure of cell lysis. See text for more detailed explanation
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2.4.2.2 Optimisation of labelling

Cells were pelleted and counted as above for target cell preparation. For each time and
temperature studied, 2mls of a 1 x 10° cells/ml solution were labelled. The labelling times
measured were 5 minute intervals from 5-30 minutes and the temperatures studied were
4°C, room temperature and 37°C.

Following incubation the cells were washed and recounted as for the target cell
preparation above. For each of the time/temperature periods, 100ul of cells were decanted

into each well and treated with either 100ul of 5% Triton to measure maximal lysis, or
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with 100ul of RPMI to measure background release. Each condition was performed in
triplicate. The DELFIA lysis buffer provided with the EuTDA assay was also tried
instead of 5% Triton but gave no advantage to the assay. TDA release was measured in
the same way as for the EUTDA assay (chapter 2.4.2.4).

The lysis : background release ratio was calculated and the labelling time with the highest

ratio was chosen.

2.4.2.3 Effector cell and antibody preparation

These were prepared as described above in chapter 2.2 and 2.3
hPR1A3 concentrations from 0.1-50ug/ml

hA33 concentrations from 6-30ug/mi

anti-CD16 concentrations (MEM-154 clone) from 1-50ug/ml
anti-CD16 concentrations (3G8 clone) from 1-10ug/mi
anti-CD16 F(ab’), concentrations from 1-10ug/ml

2.4.2.4 Assay conditions and measurement of cytotoxicity

The concentrations of target cells and antibody in the microcentrifuge tubes were as for
the *'Cr release assay but the effector concentration was occasionally varied to give
varying effector : target ratios (chapter 4.4). After spinning at 200g for 2 mins the tubes
were incubated at 37°C for 2 hours, in contrast to the 4 hours incubation for >'Cr-release
assay. Following incubation, the tubes were spun at 500g for 5 minutes. 20ul of
supernatant from the top of each microcentrifuge tube was added to 200ul of Europium in
black 96-well plates and the resulting fluorescence read using an excitation wavelength of
340nm and an emission wavelength of 615nm in a Fluostar Optima time-resolved
fluorometer (BMG Labtech, Aylesbury, UK).

2.4.3 Epithelial cell apoptosis assay using M30 antibody
This assay was carried out using the M30-apotosense kit (Peviva, Bromma, Sweden).
This is an ELISA for the quantitative detection of a caspase cleavage product of

cytokeratin 18 (CK18), an intermediate filament protein specific to epithelial cells. The
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M30 antibody recognizes a neo-epitope exposed after caspase cleavage of CK18 after the
aspartic acid residue 396 (Leers et al., 1999). Cleavage at this position occurs during
apoptosis by caspase-9 and then by caspase-3 and caspase-7 (Schutte et al., 2004). Hence
this should enable quantification of epithelial cell apoptosis since it is specific both for
epithelial cells (CK18) and apoptosis by detection of a specific caspase cleavage product

(figure 2.i1).

Figure 2.ii: M30 cytotoxicity assay

See text for explanation
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2.4.3.1 Assay conditions

Cancer cell lines were extracted from their tissue-culture flasks and pelleted as previously
described for the passage of cell lines. The cell pellet was resuspended in 5-10mls of
RPMI complete and counted and made up to a concentration of 1 x 10° cells/ml. No
labelling was carried out. Effector cells and antibody were added as for EuTDA and **Cr-
release assays. The microcentrifuge tubes were spun at 200g for 2 minutes and then
incubated at 37°C for 4 hours. Following incubation the cells were spun at 18000g in a
refrigerated centrifuge at 4°C. They were transferred to ice where the supernatant was
removed and the cell pellet was lysed with 150ul of 0.5% NP40. The tubes were again
spun at 18000g for 5 minutes and 100ul of the supernatant was removed and this was
further spun at 18000g for 5 minutes. This is to avoid cellular debris within the assay.
70ul of the resultant supernatant was stored at -70°C for use in the M30 ELISA within

one week.

2.4.3.2 M30 ELISA

Samples were defrosted on ice. 25ul of each microcentrifuge tube was added to one well
of the M30 ELISA 96-well plate. M30 standards (solutions containing known
concentrations of M30) were added to spare wells. This plate contained the capture
antibody for all CK18 (M5 antibody), not just the caspase cleavage fragment. 75ul of
HRP-conjugated M30 was then added to each well, without washing, to detect the
caspase-cleavage fraction of CK18 (figure 2.ii).

The plate was placed on a plate-shaker at 600rpm for 4 hours at room temperature. Wells
were then washed 5 times with 250ul of detergent-based wash solution provided with the
M30 apoptosense kit. 200ul of tetramethylbenzidine (TMB) was added to each well to
detect the HRP-M30 conjugate. The plate was incubated in the dark for 20 minutes at
room temperature and then 50ul of stop solution was added to each well. The solution
was placed on a plate shaker for 10 seconds to ensure the solutions were well mixed and
to stop the reaction and then incubated for a further 5 minutes in the dark at room
temperature.

The absorbance was read from the plate at 450nm in a microplate reader.
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2.5 Evaluation of expression of CEA and other cell surface

proteins on cancer cell lines

2.5.1 Enzyme linked immunosorbent assay (ELISA)

This technique was predominantly used to quantitate expression levels of CEA and other
cell-surface proteins on cell lines after normal culture conditions. It was also used to
assess the effects of changes in cell confluence and the administration to the culture
medium of 5-fluourouracil and interferon-y. The ELISA used is based on the technique of
Durbin and Bodmer (Durbin and Bodmer, 1987) and is a solid-phase ELISA using a
monoclonal murine anti-pB-galactosidase antibody bound to its antigen, -galactosidase
(figure 2.iii). The cell line under investigation is bound to the plate and the cell-surface
protein being assessed for expression is detected using a murine antibody as the first
layer. The unbound primary antibody is then washed off. The amount of bound murine
antibody is detected by a polyclonal rabbit anti-mouse antibody, which detects all classes
of murine IgG, and again the unbound fraction is washed off. Specificity is increased by
then adding a 3" layer murine antibody which is specific for and bound to the p-
galactosidase enzyme. Being a murine antibody, this also binds to the already-bound
rabbit-anti-mouse antibody. Following washing, the amount of bound antibody is then
detected by adding 4-methylumbelliferyl-B-D-galactoside (MUG) which is a substrate for
-galactosidase and the fluorescent product could be measured.

The advantage of this ELISA was that it was possible to detect any murine antibody, and
hence the antigen to which they were bound, in a solid phase ELISA, with the cell lines
being bound to the ELISA plate.

2.5.1.1 Cell preparation and attachment to plate

96-well clear bottomed plates (Nunc-Immuno PolySorp 96-well plates) were coated with
70ul 0.1mg/ml poly-I-lysine (PLL; Sigma-Aldrich, Poole, Dorset, UK ) in PBSA. These
were incubated overnight at 4°C. Cancer cell lines were extracted from their tissue-culture
flasks and pelleted, as previously described for the passage of cell lines. The supernatant

was discarded and the cell pellet was resuspended in 15-20mls of RPMI (without FCS)
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for washing and centrifuged at 500g for 5 minutes. The supernatant was again discarded
and the washing process repeated twice more. This process was to remove the FCS from
the cells. The resulting cell pellet was resuspended in RPMI and made up to 5 x 10°/ml.
The plates were flicked out to remove the spare PLL and were then washed twice with
PBSA, blotting dry after each wash. 50ul of the cell solution was added to each well and
then left still for 5 minutes at room temperature whilst the cells settled. The plates were
spun at 5009 for 7 minutes and then incubated at room temperature for 25 minutes. The
wells were examined under the microscope for consistency of numbers and distribution
throughout the wells.

Cells were fixed to the plate by adding 100ul of 0.025% gluteraldehyde in PBSA. This
was slowly added down the sides of the wells to avoid dislodging the cells attached to the
PLL. The plate was incubated at room temperature for 40 minutes. The supernatant was
flicked out and the plate was then washed three times with PBSA, blotting dry after each
wash. 200ul of 0.1% gelatin was then added to each well to bind to all spare PLL not
bound by cells, thus avoiding the unattached PLL from binding to the antibodies. These

plates were then stored at 4°C overnight.

2.5.1.2 Cell confluence experiments

Cell lines were harvested from tissue-culture flasks at various levels of flask coverage and
expressed as a percentage of how much of the flask surface was covered with cells.
Confluence was defined as a time when the cells were no longer growing exponentially
and had reached a stable number. For most cell lines this occurred when 100% coverage
of the plate surface had been reached, although certain cell lines (e.g. C70) form clumps
and so do not reach total surface coverage.

Three levels of flask coverage were examined: 40-60%; 70-90%; 10-14 days following
the cells reaching 100% confluence (post-confluence). During incubation of cells to post-
confluence the medium was replaced every 2 days.
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Figure 2.iii: The B-galactosidase / anti-B-galactosidase ELISA

See text for explanation

Se— Cancer cell line Y Rabbit anti-mouse antibody

Murine anti-B-galactosidase Ab
Murine Ab against antigen of interest bound to its target
[ X < <} [ <—] [ <—] < > < >
Cells of interest bound to poly-L-lysine plate * * * * * * *
- — 1 —1 [ -—-1 [ —-1 [ —1 [ —

1 2 Murine Ab binds to target Ag

B-gal bound to its murine Ab. The Ab binds to
the spare sites on the rabbit anti-mouse Ab.
4-MUG is added to react with the p-gal

Unbound murine Ab washed out. Rabbit

m anti-mouse Ab binds the bound murine Ab
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2.5.1.3 5-fluorouracil treatment
5-fluorouracil (5-FU) (Sigma-Aldrich, Poole, UK; cat.no. 47576) solutions were made
fresh from powder for each experiment by dissolving in distilled water. The desired

concentrations were obtained by serial dilution.

Different cell lines were plated onto tissue-culture flasks at varying concentrations to
reach 70-90% confluence by day 4. At day 4 the medium was removed and either
replaced with fresh medium for control flasks or medium containing 150ug/ml 5-FU for 4

hours. The medium was removed and the cells were washed three times with PBSA
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before adding further fresh medium. The cells were returned to incubation and harvested
at day 6 for the ELISA.

The 5FU concentration was based on the upper end of the dose range in adults being
treated on a once weekly basis. Since 5FU is evenly distributed throughout all
compartments of the body, the steady-state plasma concentration was used which is
approximately 150ug/ml (1.1mM) (CCO-Formulary, 2007). This does not take into
account the levels of drug distributed into extravascular compartments and therefore in
contact with tumour but it is a useful approximation. Similar experiments on cell lines
using 5-FU from the literature uses doses ranging from 0.1uM to 8mM incubated over
time periods from 1 hour to 3 days (Aquino et al., 1998; Correale et al., 2003; Ismail et
al., 1998; Shimoyama et al., 2002).

2.5.1.4 Interferon-gamma treatment (IFN-y)

Human recombinant IFN-y (Sigma-Aldrich, Poole, UK) was reconstituted from a
lyophilised powder in PBSA at a concentration of 1ug/ul. Desired concentrations were
obtained by serial dilution in RPMI complete or E4 complete.

LS174T and HT55 were the cell lines used in these experiments. The cell lines were
plated onto tissue-culture flasks at varying concentrations to reach 70-90% confluence by
day 4. At day 4 the medium was removed and either replaced with fresh medium for
control flasks or medium containing IFN-y at concentrations of 50, 200 and 1000 units/ml
(33, 133 and 6671U/ml respectively). Cells were harvested at 6 hours, 2 days and 4 days
after the addition of IFN-y and plated onto 96-well plates for the ELISA as described
above (Aquino et al., 1998; Fichera et al., 1998).

2.5.1.5 Preparation of GAG complex

500 units of -B-galactosidase was dissolved in 100ul of a solution of 100mM TRIS /
100mM MgCI / 100mM 2-mercaptoethanol in distilled water. This was added to 300 ul of
Img/ml purified anti-B-galactosidase antibody (4C7 clone) and 700ul of 200mM TRIS.

The resulting B-galactosidase - anti-p-galactosidase complex, called the GAG complex, is
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incubated overnight at 4°C before use. The GAG complex was used in the assay at a
dilution of 1 in 750.

2.5.1.6 B-galactosidase/ anti-B-galactosidase enzyme-linked immunosorbent assay
(GAG-ELISA)

Plates prepared for the ELISA were washed twice with a solution of 2g/L casein (Oxoid,
Basingstoke, UK) in PBSA to remove all traces of gelatin, blotting the plates between
washes. PR1A3 and other first layer antibodies were made up to varying concentrations in
2% RPMI containing 1% FCS. 50ul of the antibody dilution was added to each well. The
plate was incubated at room temperature for 1 hour. The plates were then washed three
times with a solution of PBSA containing 2g/L casein and 1% Tween-20 (Sigma-Aldrich,
Poole, UK) to remove the unbound antibody.

Rabbit anti-mouse antibody (DAKO A/S, Denmark) was diluted 1:100 in RPMI / 1%
FCS. 50ul of the rabbit anti-mouse dilution was added to each well and incubated at room
temperature for 1 hour. The plates were again washed three times with the PBSA / casein
/ Tween solution to remove the unbound antibody.

The GAG complex (see chapter 2.5.1.5 above) was diluted 1:750 in RPMI / 1% FCS.
50ul of the GAG complex were then added to each of the wells and incubated at room
temperature for 1 hour. The plates were again washed three times with the PBSA / casein
/ Tween solution to remove the unbound antibody.

100ul of a 4-methylumbelliferyl-B-D-galactoside (MUG), (Sigma-Aldrich, Poole, UK)
solution was added to each well. MUG is the substrate for 3-galactosidase and thus starts
the reaction. The 4-MUG was made up in a buffer of ImM MgCl, / 100mM 2-
mercaptoethanol in PBSA. 0.3mg of MUG was added for each 1ml of buffer and the
mixture stirred for 30 minutes at room temperature. This was then filtered to remove
excess substrate. The MUG buffer was made up fresh for each experiment. Once 100ul of
the MUG solution was added to each well the plates were incubated in the dark for 30
minutes at room temperature. The fluorescence from the plates were read on a Fluostar
Opitma microplate reader (BMG Labtech, Aylesbury, UK) using an excitation

wavelength of 365mm and an emission wavelength of 445mm. The resulting fluorescence
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reading is subtracted from the background reading. The process is summarised in figure
2.iii.

2.5.2 Fluorescence activated cell sorting (FACS)

Cancer cell lines were extracted from their tissue-culture flasks and pelleted, as
previously described for the passage of cell lines. The supernatant was discarded and the
cell pellet was resuspended in ice-cold PBSA containing 2% FCS (FACS wash), counted
and the cell concentration was adjusted to 1x10%ml. The cells were labelled on ice with
100ul of 20pg/ml PR1AS3, or a similar volume of medium control, and incubated at 4°C
for 30 minutes. The cells were then rewashed with FACS wash and labelled with 1:50
dilution of FITC-conjugated anti-human-1gG for PR1A3 in the dark at 4°C for 30mins
before being washed again and resuspended in FACS wash. The cells were analysed on a
FACS Calibur flow cytometer (BD Biosciences, Erembodegem, Belgium) and analysed
using WinMDI software.
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2.6 Genotyping of FCGR3A polymorphism

2.6.1 DNA extraction

DNA was extracted from the following sources:

« Fresh blood

. Stored peripheral blood mononuclear cells (PBMCs)

« Cell lines

Extraction was performed by using the DNeasy Blood and Tissue Kit (Qiagen, Crawley,
UK)

Fresh blood

3-5mis blood mixed 1:1 with the ACD mixture for anticoagulation described in chapter
2.2.1.1. 10ul of blood were placed into a 1.5ml microcentrifuge tube and the following
were added

a) 20ul proteinase K

b) 190ul of PBSA

c) 200ul Qiagen buffer AL

The tube was mixed on a vortex and incubated at 70°C for 10 minutes. 200ul 100%
ethanol was added and the sample mixed thoroughly. The solution was pipetted onto a
DNeasy mini-spin filter column and spun at 8000g for one minute. The effluent was
discarded and the collection tube replaced. 500ul Qiagen buffer AW1 was added and the
sample spun at 8000g for one minute. The effluent was discarded and the collection tube
replaced. 500ul Qiagen buffer AW2 was added and the sample spun at 20000g for 3
minutes to dry the filter membrane. The filter column was placed into a microcentrifuge
tube and 100ul of Qiagen buffer AE was added directly onto the filter membrane and left
for one minute at room temperature. The column was then spun at 8000g for one minute
to elute the DNA.
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Stored peripheral blood mononuclear cells (PBMCs)

PBMCs were defrosted at room temperature and transferred to 15ml Falcons and
centrifuged at 900g for 10 minutes to pellet the cells. The supernatant was taken off and
the cells resuspended in PBSA to an approximate concentration of at most 2.5 x 10’
cells/ml. 20ul proteinase K and 200ul Qiagen buffer AL were added to 200ul of the cell
suspension and the sample mixed by vortexing. The samples were incubated at 70°C for

10 minutes and then treated as per the protocol for fresh blood.

Cell lines

Cancer cell lines were extracted from their tissue-culture flasks and pelleted, as
previously described for the passage of cell lines. The supernatant was discarded and the
cell pellet was resuspended in PBSA, counted and the cell concentration was adjusted to
an approximate concentration of at most 2.5 x 10" cells/ml. 20l proteinase K and 2004l
Qiagen buffer AL were added to 200ul of the cell suspension and the sample mixed by
vortexing. The samples were incubated at 70°C for 10 minutes as for the protocol for

fresh blood and then treated as for that protocol.

Estimates for the concentration of the DNA were made by measuring the optical density
(OD) of the DNA in solution at an absorbance of 260nm, and checking the purity of the
solution with the ratio of the OD at 260nm and 280nm (with contamination suspected for
260:280 ratios outside the range 1.8 - 2.0). This was carried out using a NanoDrop® ND-
1000 Spectrophotometer.

2.6.2 Primer design

The primers required to amplify the FcyIIIA gene (Human Genome Nomenclature

Committee designation, FCGR3A) needed to:

- Amplify only the FCGR3A gene and not the FCGR3B gene (forward primers)

« Distinguish between the valine and the phenylalanine polymorphisms at nucleotide
559 (reverse primers). Nucleotide 559 (transcript 003 from ensemble (Ensembl,

2009)) starting at the 5’UTR (untranslated region) forms the first base pair in a triad
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that translates to phenylalanine or valine depending on whether itisa T or G (Wu et
al., 1997). There is variability in the reporting of the position of this polymorphism
and in the current ensemble transcript 1 sequence, the polymorphism is at amino acid
212 (nucleotide 634) of the coding sequence and nucleotide 818 of the transcript
including the 5’UTR (Ensembl (Ensembl, 2009) transcript 001).

Given the close homology between the A and B genes, forward primers were designed to
distinguish between these by including initially one, and later two, single nucleotide
differences between the genes within the region to be amplified. In both forward and
reverse primers one of the discriminating nucleotides was placed at the 3’ end of the
primer to increase the specificity of primer binding. For the forward primer this was to
discriminate between the A and B versions of the gene. For the reverse primer, this was to
discriminate between the two polymorphic nucleotides of the A gene. Forward primers

used were:

Forward 1 (74 base-pair (bp) product): contained one single nucleotide difference from
FCGR3B gene at the 3’ end.
5 TCCAAAAGCCACACTCAAAGAC 3

Forward 2 (134bp product): contained one single nucleotide differences from FCGR3B
gene but amplifies a region containing two single nucleotide differences from FCGR3B
gene. This provides added security that the correct gene has been amplified when
sequencing.

5’ CACATATTTACAGAATGGCAAAGG 3

The reverse primers were used to create an allele-specific PCR to amplify only the T or
the G allele and hence to distinguish between the two polymorphisms described above.

Reverse primer for ‘T’ allele:

CTGAAGACACATTTTTACTCCCAAA
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Reverse primer for ‘G’ allele:

CTGAAGACACATTTTTACTCCCAAC

Figure 2.iv gives more details of the primer positions within the gene sequence.

Figure 2.iv: Comparison of cDNA sequence from the FCGR3A and FCGR3B genes
taken from ensembl (Ensembl, 2009) transcript 001 for the FCGR3A gene and
starting at nucleotide 428:
BOLD CAPITALS: sites of differences between the 2 genes
Red font: forward primer 1

forward primer 2

Blue font: reverse primer (nucleotide 634 underlined; T/G polymorphism given here as T

allele)
FCGR3A gene
EXON 4
gctggcetgttgectccaggeccctcggtgggtgttcaaggaggaagaccctattcacctgaggtgtcacag
ctggaagaacactgctctgcataaggt Caggaagtattttcatcat

aattctgacttcTACattccaaaagccacactcaaaGACagcggctcctacttctgcagggggcttliig
ggagtaaaaatgtgtcttcagagactgtgaacatcaccatcactcaag

gtttggcagtgtcaaccatctcatcattcTiTccacctgggtaccaagtctetttectgettggtgatggtactecc
fttttgcagtggacacaggactatatttctctgtgaagacaaacaticgaagctcaacaagagactggaa
ggaccataaatttaaatggagaaaggaccctcaagacaaatgacccccatcccatgggggtaataag
agcagtagcagcagcatctetgaacatttctctggatitgcaaccccatcatcctcaggectetce

FCGR3B gene

EXON 4
gctggcetgttgetccaggceccctcggtgggtgttcaaggaggaagaccctattcacctgaggtgtcacag
ctggaagaacactgctctgcataaggtcacatatttacagaatggcaaaGACaggaagtattttcatcat
aattctgacttcCACattccaaaagccacactcaaaGATagecggctcctacttctgcagggggcttGIT
gggagtaaaaatgtgtcttcagagactgtgaacatcaccatcactcaag

gtttggcagtgtcaaccatctcatcattcTCTccacctgggtaccaagtctcttictgettggtgatggtacte
ctttttgcagtggacacaggactatattictctgtgaagacaaacatttgaagctcaacaagagactggaa
ggaccataaacttaaatggagaaaggaccctcaagacaaatgacccccatcccatgggagtaataa
gagcagtggcagcagcatctctgaacatttctctggatttgcaaccccatcatcctcaggectetce
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2.6.3 Polymerase chain reaction (PCR)
The FCGR3A gene was amplified in a 50ul reaction containing final concentrations of
1.5-2mM MgCl, 0.25mM dNTPs, 1 unit Qiagen Hotstar® Taq, 50-100ng DNA and
250uM of each primer. The reactions were performed on an MJR PTC-225 Tetrad
thermal cycler (GMI Inc, Minnesota, USA) using the following PCR programme:

a) Activate Taq for 15 minutes at 95°C

b) Melt DNA — 94°C for 1 minute

¢) Anneal primers — 60°C for 1 minute (60-68°C used during the temperature gradient)

d) Extend DNA -72°C for 1 min

e) Repeat (b)- (d) 30 times

f) Final extend step — 72°C for 10mins

PCR products were stored at -20°C if not used within 24 hours.

2.6.4 DNA gel electrophoresis

The PCR products were analysed by gel electrophoresis. 0.5ug/ml ethidium bromide was
added to a 2% agarose gel in 1 x TBE (appendix 1). This was poured onto a flat-bed
apparatus for electrophoresis. Once solid, the gel was covered in 1 x TBE. DNA samples
were mixed with 6 x loading buffer (Orange G) in a ratio of 5 parts PCR reaction to 1 part
loading buffer. 10ul of product were added to the wells in parallel with double-stranded
DNA size markers — 1KBp, 500bp, 200bp sizes (ElectroFast Markers; ABGene, Surrey,
UK) - and the gel run at 80V for 10-15 minutes. The DNA was visualised under
ultraviolet light.

2.6.5 PCR product purification

This was carried out using the QIAquick PCR purification kit according to the
manufacturer’s instructions. 40ul of PCR product was added to 200ul of buffer PB1 and
the sample placed onto a QIAquick spin column within a collection tube. The columns

were spun at 16000g for 1 minute and the resulting effluent discarded. 0.75mls of buffer
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PE were then added to the column and spun again at 16000g. The column was then

placed in a microcentrifuge tube and the DNA eluted using 30ul of buffer EB.

2.7 Statistics

Statistical analysis was carried out with the aid of SPSS software (Version 12; SPSS Inc,
Chicago, Illinois, USA) and Microsoft Excel 2007 (Microsoft Corporation, USA).
Continuous data are presented as means (+/- standard error of the mean (SEM)).
Continuous parametric data were analysed using a 2-tailed unpaired t-test for 2 group
analysis and one-way ANOVA where comparison involved 3 groups. All significance
tests were 2-tailed and considered statistically significant if the observed significance

level was <0.05.

% lysis within cytotoxicity assays
This refers to the percentage of cells in a population killed by effector cells. It is

calculated as:

[experimental release — background release]
x 100%

[maximum release - background release]

All cytotoxicity assay experiments were carried out in triplicate and the mean (std error of

mean) represented graphically.
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CHAPTER 3

Assessment of CEA expression on colorectal cancer cell

lines and factors influencing this expression

3.1 Expression of CEA on colorectal cancer cell lines

3.1.1 Introduction

Comparisons of CEA expression on different cell lines and in different conditions were
made predominantly using data from the GaG ELISA assay (chapter 2.5.1). Murine
PR1A3 was used as the anti-CEA antibody in all the GaG ELISA studies described here.
These results were supported by assessing CEA expression on certain cell lines by FACS
analysis (chapter 2.5.2) and also by comparing results with data from the Cancer and
Immunogenetics laboratory on CEA mRNA expression and microarray data. The GaG
ELISA technique was also used to compare the expression of other cell-surface proteins
on these same cell lines, generating data on other potential targets for therapeutic

antibodies which might possibly have an additive or synergistic effect with PR1A3.

3.1.2 Antibody concentration optimisation

Optimisation of the antibody concentration for the ELISA was carried out using MKN45
as a known high-expressor of CEA from the initial ELISA experiments and compared
with a moderate expressor LS174T. The two cell lines were exposed to different
concentrations of mMPR1A3 and the lowest concentration which could effectively
differentiate between the cell lines was used in subsequent experiments to minimise non-
specific binding in the CEA assays. At 20ug/ml mPR1AS3 a clear distinction is seen in
fluorescence between MKN45 and LS174T and so subsequent ELISAs for CEA
expression were carried out using this concentration of antibody (figure 3.1).
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Fluorescence

Figure 3.i: Optimisation of PR1A3 concentration for use in ELISA studies. GaG
ELISA using MKN45 and LS174T

Cell lines treated with various concentrations of mMPR1A3. Each concentration tested in triplicate.
Error bars represent standard error of the mean (SEM). All readings have had the background

fluorescence reading (medium instead of first layer antibody) subtracted from them.
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3.1.3 ELISA results

The differing levels of CEA expression are shown in figure 3.ii. The data were arbitrarily
divided into high (24,000-34,000), moderate (14,000-16,000) and low (0-8,000)
expressing cell lines for CEA (table 3.i) and these data were used to compare lines with

differing levels of CEA expression in ADCC assays.
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Fluorescence

Figure 3.ii: CEA-expression of cell lines using GaG ELISA

Each value is the mean (+/- SEM) of 4 separate experiments with each run in triplicate. Cell lines
were treated with 20pug/ml of mPR1A3 as the primary antibody. All readings have had the
background fluorescence reading subtracted from them. Categorisation into high, moderate and

low is an arbitrary one based on the data pattern observed.
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Table 3.i: Stratification of CEA expression on cell lines

CEA expression Cell lines

High SKCO-1, C99, PC-JW, LoVo, MKN45

Moderate LS411, LS174T, HTS5, C70

Low SW403, Car-1, GP5d, HT29, Vaco, NCI-H716, RKO, HCT-116
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Similar graphs are shown for expression of the highly gastrointestinal-specific peptide
A33 (figure 3.iii), and the epithelial cellular adhesion molecule, EpCAM (figure 3.iv).
The A33 graph can be arbitrarily divided into high and low expressors, as can EpCAM

expression although the large majority are high expressors.

Although, as expected, no definite associations exist between the three cell-surface
molecules, there are many cell lines which highly express two and some all three of the
cell-surface molecules. Such data are useful for future planning of dual or poly antibody
therapy to reduce the impact of antigen escape, a potential problem of antibody-based
cancer therapy.

3.1.4 FACS results

Several cell lines were also examined for CEA expression using FACS analysis. Figure
3.v summarises these results with figure 3.vi providing a comparison of the various
modalities for evaluating CEA expression. Although the FACS data largely correspond to
the ELISA results demonstrating cell lines with high or low CEA expression, the low
number of events with each of the cell lines does question how strong this is as supporting
evidence. However MKN45, LoVo, LS174T and HT55 all show strong staining with
PR1A3 whereas HCT116 and HT29 stained poorly.

3.1.5 Comparison with previous mRNA and microarray data

Previous work in the Cancer and Immunogenetics laboratory has looked at mRNA
expression of the CEA transcript in a large panel of colorectal cell lines using RT-PCR.
More recently the laboratory has also obtained affymetrix U133 + 2 expression
microarray data on 30 of our panel of cell lines. Although these techniques do not look
directly at cell-surface CEA expression they do give some indicator as to the likely level
of expression. Again the correlation is good between these techniques and the ELISA

(figure 3.vi).
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Fluorescence

Figure 3.iii: A33-expression of cell lines using GaG ELISA
Each cell line was tested in triplicate and is expressed as the mean (+/- SEM). Cell lines were
treated with 6ug/ml of mA33 as the primary antibody. All readings have had the background

fluorescence reading subtracted from them.
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Fluorescence

Figure 3.iv: EpCAM-expression of cell lines using GaG ELISA
Each value is the mean (+/- SEM) of 3 separate experiments with each run in triplicate. Cell lines
were treated with 1ug/ml of AUA-1 (murine anti-EpCAM antibody) as the primary antibody. All

readings have had the background fluorescence reading subtracted from them.
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Figure 3.v: FACS analysis of cell lines used in ADCC assays showing levels of CEA

expression.

All cell lines were treated with hPR1A3 (or medium control) as the primary antibody followed by

FITC-conjugated anti-human 1gG. The red-shaded curve is the control (no primary antibody).
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3.1.6 Discussion

The GaG ELISA assay was useful in determining the level of CEA expression in the cell
lines examined. The data from this was supported by FACS analysis and by work done by
others in the laboratory looking at mRNA expression and microarray analysis. From these
results the cell lines could be clustered into high, moderate and low expressing cell lines.
Hence, there was not a continuous spectrum of expression from the lowest to highest
expressing cell lines.

The level of expression was not affected by the mode of extraction of the cells from the
tissue culture flask. The standard extraction was by trypsin/EDTA and the measured level
of expression was no different when compared with using EDTA alone (data not shown).
Although the ELISA analysis was carried out using the parent murine antibody in contrast
to the humanised antibody used in the FACS analysis, the two antibodies have been
shown to have no difference in binding affinity or binding properties to CEA (Stewart et
al., 1999).

The low level of expression in 8 of 17 cell lines examined should not be equated with the
level of expression seen on normal tissue. Firstly the “low” level of expression mentioned
is based on a comparison to other colorectal cancer cell lines and not to normal tissue.
The facts that 90% of colorectal cancer samples bind anti-CEA antibodies (Wagener et
al., 1984) and that targeting colorectal tumours with radioimmunoscintigraphy using
MPR1AS3 has already been successful (Granowska et al., 1993; Granowska et al., 1990),
provide evidence that targeting CEA in the in vivo situation should be possible. Secondly
the level of expression is not the key in vivo factor for ADCC, rather it is the aberrant
expression that allows tumour cells to be targeted instead of normal tissue, where CEA is
restricted to the luminal surface of the cell in the latter. However, the level of CEA
expression is still a determinant of ADCC efficacy.

Throughout the ELISA experiments, cells at the edge of the plate showed consistently
higher readings than identical wells inside the plate. This led to all experiments being
designed with blank wells on the border of the plate which weren’t considered for
analysis. This ‘edge-effect’ is well described and is believed to be due to temperature or
illumination differences between the central and peripheral wells, the former being more

common. Despite incubation of the p-galactosidase / 4-methylumbelliferyl-B-D-
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galactoside reaction taking place in the dark and all reactant liquids being applied at room
temperature, the edge effect persisted.
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Figure 3.vi: Summary of CEA expression on cell lines
Composite graph displaying CEA expression on 17 cell lines as determined by a combination of ELISA, microarray, RT-PCR and FACS analysis.
MKN45 is a gastric cell line and was not included in the microarray analysis. Where cell lines were not tested by FACS or PCR the table box is left

blank.
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3.2 Effect of cell confluence on CEA expression

3.2.1 Rationale

Factors increasing the expression of the target antigen are obviously of interest as they
may naturally improve the efficacy of a therapeutic antibody or may suggest ways in
which manipulation of the tumour environment might enable better targeting of the
antibody and hence antibody efficacy. Confluence is one such factor which attempts to
mimic the in vivo situation. Confluence was defined as the point where cell density was at
its maximum on the plate and the cells were no longer growing exponentially and had
reached a stable number.

3.2.2 Results

Five cell lines were examined representing a range from low- to high-expressing cell
lines: C99, LoVo, MKN45, LS174T and HCT116. Cell lines were grown to varying
levels of cell density on 75cm? tissue culture flasks before being harvested for the ELISA
assay. The 3 levels of cell density examined were: 40-60% of total surface area occupied
by the cells; 70-90%; 10-14 days post-confluence. During incubation of cells to post-

confluence the medium was replaced every 2 days (chapter 2.5.1.2).

Only MKN45 and possibly HCT116 showed a statistically and clinically relevant rise in
CEA expression when grown beyond confluence. These results are shown in figure 3.vii
and table 3.ii. Two other cell lines (C99, LoVo) showed a statistically significant rise in
CEA expression but the fold increase was so small to be clinically irrelevant. The 4 cell
lines showing a statistically significant increase in CEA had varying levels of CEA
expression in normal culture and are derived from tumours with varying levels of

differentiation.

No similar increase in expression was seen during the same experiments for the A33

antigen (data not shown).
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Fluorescence

Figure 3.vii: Effect of increasing cell density and growing cells beyond confluence on

CEA expression

CEA expression assessed by GaG ELISA. Each value is the mean (+/- SEM) of triplicate wells.

All readings have had the background fluorescence reading subtracted from them. The 4 cell lines

shown all reached statistical significance. Student t-test calculated significance between 40-50%

cell density and post-confluence readings.
* p<0.001; + p=0.03; ¢ p=0.02; +p=0.01
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3.2.3 Discussion

The level of baseline CEA expression does not appear in itself to influence the

confluence-induced increase in CEA expression seen above. However, MKN45 was the

only cell line to show an obvious increase in expression. There was a moderate 1.8 fold

increase in HCT-116 expression but the increase in LoVo and C99 was so small as to be

of questionable significance clinically. Previous work (Hauck and Stanners, 1991) has
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suggested that growing cancer cell lines to confluence encourages differentiation and that
it is this process that drives the increase in CEA expression. However there is no obvious
correlation between degree of differentiation of the original tumour and baseline CEA
expression of the cell or the confluence-induced increase in CEA expression. From the
information available in published work (Bicknell et al., 1994; Brattain et al., 1981,
Drewinko et al., 1976; Motoyama, 1979; Tom et al., 1976) and from our own pathology
archive in respect of C99, these cell lines encompass degrees of cellular differentiation
from poor to well-differentiated tumours. In these experiments LS174T showed no
significant change in CEA expression with changing level of confluence whereas
MKN45, HCT-116, LoVo and C99 showed an increase in expression following 10-14
days of culture after they had reached confluence on the plate, perhaps mimicking more
accurately the situation in vivo where tumour cells are tightly packed and compete for
resources.

Repetition with a wider cell panel and an examination of reasons behind this variability

would be useful.

Table 3.ii: Effect on CEA expression of growing cell lines beyond confluence

Fold increase in CEA | p-value | Baseline CEA Differentiation
expression expression
MKN45 3.1 <0.001 High Unknown
LoVo 1.2 0.03 High Poor
HCT-116 1.8 0.01 Low Unknown
C99 1.2 0.02 High Moderate
LS174T 1.3 0.06 Moderate Moderate
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3.3 Effect of 5-fluorouracil (5FU) treatment on CEA

expression

3.3.1 Rationale

5-fluorouracil (5FU) is the most commonly used drug in the adjuvant treatment of
colorectal cancer (QUASAR-Collab-Gp, 2000). Use of monoclonal antibody therapy in
combination with conventional chemotherapy in the adjuvant setting would be a logical
introduction to the use of a new monoclonal agent providing there were no
contraindications to combination therapy. Thus it would be important to establish that
5FU had no adverse effects on CEA expression. In fact several studies have shown that
5FU can increase CEA expression on colorectal cell lines (Aquino et al., 1998; Correale
et al., 2003; Prete et al., 1996) and fresh tumour (Cappelletti et al., 2000). Hence there
may be a potential synergistic effect in treatment with PR1A3 and 5FU.

3.3.2 Effect of p53 genotype on effect of 5FU

5FU resistance in colorectal cancer is a significant clinical problem. The tumour
suppressor gene p53 is mutated in about 50% of colorectal cancers and studies have
suggested that tumours with wild-type p53 are far less likely to show 5FU resistance
(Ahnen et al., 1998; Bunz et al., 1999). Hence a comparison was made between the effect

of 5FU on cell lines with mutant p53 and those with wild-type p53.

3.3.3 Results

From work done previously in the Cancer and Immunogenetics laboratory it was possible
to select cell lines with wild-type p53 (MKN45, C99 and LS174T) and mutant p53 (HT55
and HT29). Cell lines were treated with 1.125mM 5FU dissolved in culture medium or a
similar volume of medium alone. They were then harvested and CEA levels assessed by
GaG-ELISA (chapter 2.5.1.3).
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Four of the five cell lines tested showed an increase in CEA levels following treatment
with 5FU compared to the untreated controls but the increase in most cases was small
ranging from 1.2-fold to 2.9-fold. The results are summarised in figure 3.viii and table
3.iii. There was no obvious difference in the CEA response to 5FU between cell lines
with wild-type p53 and those with mutant p53. The failure of C99 to show a statistically
significant increase in CEA expression may be related to the variability between the
triplicate wells than a peculiarity of the cell line, although the level of increase was again
small.

Four other antibodies were used during these experiments to assess the effect on other cell
surface markers:

A33 protein (A33 antibody)

EGF receptor (EGFR-1 antibody)

EpCAM (AUA-1 antibody)

E-cadherin (HECD-1 antibody)

No consistent change in the expression of any of the other cell-surface proteins was noted

following treatment with 5FU (data not shown).

3.3.4 Discussion

5-fluorouracil is the primary drug used worldwide in the adjuvant treatment of colorectal
cancer, either intravenously or as its oral prodrug, capecitabine. It acts as an analogue of
uracil and is converted within cells to active metabolites which are incorporated into
RNA and DNA, disrupting their synthesis, as well as inhibiting the nucleotide synthetic
enzyme, thymidylate synthase (TS). The reaction catalysed by TS provides the only de
novo source of thymidylate which is necessary for DNA replication and repair.

The effect of 5FU on CEA expression on colorectal tumours is advantageous for dual
therapy with PR1A3, as it increases CEA expression on the cancer cells, allowing
targeting by the antibody. The mechanism by which 5FU increases CEA expression is not
clear, but from these experiments it does not seem to have a greater effect in cells with a
wild-type p53. Possibilities might include the knock-on effects of 5FU action in DNA
synthesis (Schuetz et al., 1986) and mMRNA splicing (Lenz et al., 1994), causing structural
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changes in transcription factors or the CEA promoter region, hence influencing the level
of CEA expression.

The overall increase in CEA expression following 5-FU treatment was only modest. This
may be a dosing effect and higher concentrations may prove to have better results.
Although the upper dosing level of plasma concentrations was used to treat the cell lines
it is known that 5-FU can be concentrated many fold in tumour tissue (Schuller et al.,
2000).

Figure 3.viii: Effect of 5-fluorouracil on CEA expression using GaG-ELISA
CEA expression assessed by GaG ELISA. Each value is the mean (+/- SEM) of triplicate wells.
All readings have had the background fluorescence reading subtracted from them. The increase

seen in C99 did not reach statistical significance.
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Table 3.iii: Effect of 5FU treatment on CEA expression

Fold increase in CEA | p-value p53 status Baseline CEA

expression expression
MKN45 1.20 0.02 Wild-type High
C99 1.24 0.23 Wild-type High
LS174T 2.88 <0.001 Wild-type Moderate
HTS55 1.35 0.005 Mutant Moderate
HT?29 1.64 0.009 Mutant Low

There is conflicting information in the literature as to whether the p53-status of colorectal
tumours influences firstly the response to adjuvant treatment and secondly the chances of
both tumour recurrence and overall survival (Allegra et al., 2003; Liang et al., 2002;
Paradiso et al., 2000; Russo et al., 2005; Westra et al., 2005). One of the major factors
causing 5FU resistance is the over-expression of TS (Peters et al., 2002), the enzyme
inhibited by 5FU. The wild-type p53 protein is believed to exert an inhibitory effect on
the promoter of TS (Lee et al., 1997) and dysregulation of this control in p53 mutants
leads to the over-expression of TS which contributes to 5FU resistance. However the
control of TS levels within the cell involves a number of other regulatory genes which
may be one of the reasons for the conflict in outcomes when comparing the clinical
success of 5FU in tumours of differing p53 status. In addition, the various mutations in
p53 make p53 mutants as a group functionally heterogeneous (lacopetta et al., 2006)
which may help explain the conflicting data with respect to 5-FU treatment.

Further experiments are required and LS174T would be a good candidate for such ADCC

assays.

178




3.4 Effect of interferon-gamma (IFN-y) on CEA-expression

3.4.1 Rationale

The cytokine IFN-y is a well-researched activator of the immune response. It is secreted
by and activates a variety of immune-effector cells, including those involved in ADCC.
For this reason it has been used as an adjunct to immunological treatments in the
treatment of colorectal cancer (Schwartzberg et al., 2002). Given that one advantage of
antibody-based cancer therapy is the potential for a cascade of the immune response once
cancer cells are lysed, enhancing that cascade by IFN-y may also prove useful in therapy
with PR1A3. In addition, previous reports have suggested that IFN-ycan increase
expression of CEA on colorectal cell lines (Guadagni et al., 1990; Hauck and Stanners,
1991). Moreover there have been reports that it may act synergistically with 5FU in its
ability to increase CEA expression on colorectal cell lines (Aquino et al., 1998) and,
hence combined with the 5FU, the commonest drug used for adjuvant therapy in
colorectal cancer, IFN-y may further increase the available target population for anti-CEA

therapy such as PR1AS3.

3.4.2 Results

HT55 and LS174T, both moderate CEA expressors, were treated with different
concentrations of IFN-y or fresh medium as a control, with exposure times between 6
hours and 4 days (Aquino et al., 1998; Fichera et al., 1998) (chapter 2.5.1.4). The level of
CEA assessed using PR1A3, and the level of MHC class 1l assessed using the DA2
antibody (as a positive control) were measured. MHC class 1l was used as a positive
control as it is known to be upregulated by IFN-y (Manyak et al., 1988). The plates were

stored until all cells had been harvested and the various plates were analysed together.

Unusually high background readings were obtained for both cell lines at all time points
and concentrations, and no difference was noted either in the level of CEA expression or

in the level of class Il expression (data not shown).
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3.4.3 Discussion

Given the unusually high background fluorescence it is possible that this disguised any
difference in fluorescence between the wells. The fact that the DA2 antibody did not
detect any increase in class Il expression suggests that these results are not reliable. Other
workers have clearly shown an increase in class Il expression on epithelial cancer cells
after exposure to IFN-y (Donnellan et al., 1995; Glimcher and Kara, 1992; Smith et al.,
1989) within both the time frame and dose of IFN-y used in these experiments. The
increase in levels of IFN-y at the site of an inflammatory response to a tumour would
further enhance the effect of the PR1A3 antibody if IFN-y, as well as activating other

cells of the immune response, increased the expression of CEA on the tumour cells.
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CHAPTER 4

Antibody-dependent cellular cytotoxicity (ADCC) of

cancer cell lines using PR1A3

This chapter demonstrates the efficacy of PR1A3 as a potential therapeutic antibody in
the treatment of colorectal cancer. Antibodies are reported to act via several distinct
mechanisms in vitro, of which ADCC is of major importance. It will also show that
PR1A3 does not work by blocking the function of CEA on the target cell, a mechanism
which has been suggested for other anti-CEA antibodies (Taheri et al., 2003).

The humanised PR1A3 was used with human peripheral blood mononuclear cells
(PBMC) against cell lines with varying levels of CEA expression as targets. Both
chromium-release (chapter 2.4.1) and fluorescence-based assays (chapter 2.4.2) were

used to assess the efficacy of the antibody in causing ADCC.

4.1 Optimisation of labelling with >*Cr and BATDA

4.1.1 Rationale

In order to maximise the sensitivity of the labelled ADCC assays, it was necessary to
maximise the amount of label taken up by the different cell lines. A panel of cell lines
used within these ADCC experiments — SKCO-1, MKN45, LS174T, PC-JW, HT55,
HT29, HCT-116 — were labelled for varying times with BATDA at different
temperatures. Some of these cell lines were also used in the earlier Cr-release experiments
and were similarly optimised for uptake with >'Cr. The design of these experiments is

given in chapters 2.4.1.2 and 2.4.2.2.
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4.1.2 Results

Cell lines were compared following labelling with BATDA at various temperatures and
for different time periods. Cells were analysed both straight after labelling and following
a 2-hour incubation at 37°C to mimic the conditions of the ADCC assay. Good correlation
between pre- and post-incubation results was noted in terms of which conditions provided
the optimal uptake characteristics, and so later labelling optimisation looked only at the
post-incubation differences. These experiments, however, were not cytotoxicity assays.
They contained neither antibody nor effector cells. Instead they looked at the ratio
between the maximum amount of label contained by the cells, measured by sampling the
supernatant following lysis of the cells, and the spontaneous release of label from the
cells during incubation, measured by sampling the supernatant above unlysed cells.
Results are shown in tables 4.i & 4ii.

In the *'Cr-release assay, MKN45 had previously been optimised for 60mins incubation
at 37°C and these results were not repeated. PC-JW was also optimised for the Cr-release
assay using different time-points to determine the optimal labelling time (table 4.iii and

figure 4.1).

4.1.3 Discussion

Without optimisation of labelling, the initial experiments comparing the effect of PR1A3
on different cell lines suffered from certain cell lines having very poor uptake or retention
of label. This led to the difference between spontaneous release (amount of label in the
supernatant of a suspension of a cell line) and maximal release (amount of label in the
supernatant following lysis of all the cells in the suspension) being small, making it

difficult to detect differences in the various treatments with any degree of confidence.

BATDA is a hydrophobic ester of the fluorescence-enhancing ligand terpyridine
dicarboxylic acid (TDA). The hydrophobic BATDA crosses the cell membrane freely
where, within the cell, the ester bonds are cleaved to produce the hydrophilic TDA which

can no longer passively cross back out of the intact cell.
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Tables 4.i-4.iii:

temperatures.

Optimal

BATDA labelling times of cell

lines at different

The numbers represent the fold increase in labelling from spontaneous release to maximal

release (maximal release/spontaneous release). Results from optimal times are in bold.

i.  Labelling of MKN45

Temperature
Labelling time (mins) 4°C 18°C 37°C
10 2.46 3.32 3.78
15 4.02
20 2.05 3.31 3.77
25 3.54
30 2.91 2.77 3.29

ii.  Labelling of other cell lines (time chosen for experiments in bold)

Labelling time (min) | HT29 | HT55 | HCT116 | PC-JW | C99 | SKCO-1
5 1.30 2.59 2.05
10 2.50 3.59 2.28 2.86
15 2.00 2.27 3.64 2.96
20 1.84 2.64 2.72 2.89 3.70
25 1.67 3.23
30 3.20 2.59 3.82

(iii) Cr-release optimal labelling time for PC-JW

Incubation times (min) Fold increase (max/spontaneous release)
50 2.50
70 3.43
90 3.84
100 6.16
120 2.74
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Figure 4.i: Optimal labelling time of PC-JW cell line using >'Cr

All points represent the mean of triplicate wells. The level of Cr-release shown is the result of
maximum release (following cell lysis with detergent) minus the background release. The greatest
difference between background release and maximum lysis (table 4.iii) was seen at 100 minutes

both for measurements taken before incubation and after incubation.
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There is a degree of variability amongst the cell lines in the retention of the BATDA label
which leads to some cell lines having high levels of background release. The difference
between background and maximal release ranges from between 2 and 4 fold in the cell
lines we studied. There is no published information on why this occurs. One possibility is
the over-expression of the MDR1 gene in some colorectal cell lines, which may provide a

means of expelling the TDA label via the P-glycoprotein 170 pump.
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4.2 Effect of humanised PR1A3 (hPR1A3) on the high CEA-
expressing cell line MKN45

4.2.1 Rationale

The first step was to establish whether hPR1A3 could cause ADCC in human cancer cell
lines. The antibody was used against the high CEA-expressing cell line, MKN45, in the
presence of human PBMCs. Initially this was carried out using chromium-release assays

and then later with a fluorescence-based technique using BADTA.

Due to the variability seen with labelling discussed in chapter 4.1.3, an attempt was made
to develop an ADCC assay which would allow the specificity of measuring only
epithelial cell lysis without the need to label the target cells. One possibility was to look
at cytokeratin 18 (CK18), an epithelial-specific intermediate filament protein which is
cleaved during the early stages of apoptosis by caspases 3,7 and 9 (Caulin et al., 1997; Ku
et al., 1997; MacFarlane et al., 2000). During necrosis, the cytosolic pool of uncleaved
CK18 is released from the cell, but following caspase-cleavage in apoptosis, CK18 is
cleaved at Asp396 creating a neo-epitope which is detected by the commercially-
available M30 antibody (with the CK18 cleavage product called the M30 antigen). The
amount of M30 antigen can be measured in the supernatant by the M30 antibody by
means of an ELISA. This technique was developed for screening chemotherapy agents
for apoptotic activity in the sera of patients with cancer (Hagg et al., 2002) but seemed
potentially suitable for assessing the level of apoptosis in an unlabelled ADCC assay
(chapter 2.4.3).

4.2.2 Results

4.2.2.1 Chromium-release assay

In the absence of antibody, the PBMCs carried out a low level of spontaneous killing of
the tumour cell line. The addition of hPR1A3 increased the level of killing. This effect

was dose-dependent, with increasing concentrations of antibody causing increased killing.
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Figure 4.ii shows combined results for 8 separate experiments involving the MKN45 cell

line using the Cr-release assay.

Figure 4.ii: Effect of increasing concentrations of hPR1A3 on killing of MKN45 cells

in the presence of human PBMCs using >'Cr assay.

Combined results of 8 separate experiments using the chromium-release assay

Cr-release ADCC assay using MKN45 as CEA-expressing target cell and human PBMC as
effectors at ratio of 1:100. All columns represent wells containing target and effector cells with
some containing varying concentrations of PR1A3 monoclonal antibody as shown.

Analysis from 8 separate experiments with each experiment using triplicate wells for each
antibody concentration tested. Error bars indicate standard error of the mean (SEM). All
significance testing was on comparison with the wells containing no antibody.

*p<0.001
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4.2.2.2 BATDA assay
Similar results were obtained using the TDA-based assay as were seen for the Cr-release
assay above in 4.2.2.1. Figure 4.iii shows combined results for 16 separate experiments

involving the MKN45 cell line using the fluorescence assay.

4.2.2.3 M30 assay

The M30 assay gave similar results to the other 2 assays with an increase in cell lysis seen
with increasing hPR1A3 concentration (figure 4.iv). However there was wide variability
within the triplicates which would counsel caution in any interpretation of the results and
this is reflected in only the higher two concentrations reaching significance when

compared with the level of spontaneous killing.

4.2.2.4 Overall results for ADCC assays using MKN45 and hPR1A3
In all assays used, hPR1A3 caused a consistent increase in cell lysis using MKN45 in the
presence of human PBMC. Using 50ug/ml in the standard assays, this increase was
consistently more than three-fold above the level of spontaneous killing seen when
effector cells are incubated with MKN45 without any antibody present.
There was no significant difference in results if hPR1A3 was pre-incubated with the cells

before addition of the white cells (figure 4.v) and so this was not routinely carried out.
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Figure 4.iii: Effect of increasing concentrations of hPR1A3 on killing of MKN45
cells in the presence of human PBMCs using EUTDA assay.

Combined results of 16 separate experiments using the fluorescence-based assay.

EuTDA ADCC assay using MKN45 as CEA-expressing target cell and human PBMC as effectors
at ratio of 1:100. All columns represent wells containing target and effector cells with some
containing varying concentrations of PR1A3 monoclonal antibody as shown.

Analysis from 16 separate experiments with each experiment using triplicate wells for each
antibody concentration tested. Error bars indicate standard error of the mean (SEM). All
significance testing was on comparison with the wells containing no antibody.

*p<0.001
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M30 concentration

Figure 4.iv: Effect of increasing concentrations of hPR1A3 on killing of MKN45 cells
in the presence of human PBMCs using a non-labelling technique; the M30 assay.
M30 assay using MKN45 as CEA-expressing target cell and human PBMC as effectors at ratio of
1:100. All columns represent wells containing target and effector cells with some containing
varying concentrations of PR1A3 monoclonal antibody as shown.

Each antibody concentration tested was carried out in triplicate. Error bars indicate standard error
of the mean (SEM). All significance testing was on comparison with the wells containing no
antibody.

M5 antibody used for cytokeratin 18 capture from culture supernatants and then probed with
HRP-labelled M30 antibody which was detected with TMB. Absorbance read at 450nm and
converted to [M30] by way of measuring absorbance of standards of known M30 concentration.
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Figure 4.v: Comparison of preincubated antibody with standard technique in ADCC
assay

EuTDA ADCC assay using MKN45 as CEA-expressing target cell and human PBMC as effectors
at ratio of 1:100. All columns represent wells containing target and effector cells with some
containing varying concentrations of PR1A3 monoclonal antibody as shown.

hPR1A3 was either incubated at 4°C for 20 minutes with MKNA45 cells before the addition of the
PBMCs (purple) or added to the target cells at the same time as the PBMC (blue). Each antibody
concentration tested was carried out in triplicate. Error bars indicate standard error of the mean
(SEM). Significance testing was between each pair using the same antibody concentration but

with or without pre-incubation of the antibody. No difference between the pairs reached statistical

significance.
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4.2.3 Discussion

This result establishes that hPR1A3 enhances the killing of colorectal cancer cell lines in
the presence of PBMC. The likeliest mechanism of action is via ADCC. There is no
human serum in the assay and thus no complement to effect complement-dependent
cytotoxicity. There is a level of spontaneous killing of MKN45 in the presence of the
effector PBMCs alone as would be expected from mixing PBMCs, which include
cytotoxic T-cells and NK cells, with epithelial cells from a different donor which thus
would not be recognised as self. That the epithelial cells are neoplastic may serve to
increase the level of spontaneous killing. The presentation of foreign antigens to the
lymphocyte population would lead to an immune response against the tumour cells. In
addition the cytotoxic activity of NK cells is regulated by the integration of stimulatory
and inhibitory signals received from the surrounding environment. Many of the inhibitory
receptors on NK cells recognise class | MHC which provides a further ‘self” recognition
mechanism to prevent indiscriminate NK killing. Downregulation of MHC class | as a
means of avoiding recognition by cytotoxic T-cells would, however, make the tumour
susceptible to NK detection. Some colorectal cancers and cancer cell lines (eg GP5d,
LoVo) are known not to express class | MHC (Bicknell et al., 1994) due to a B2-
microglobulin mutation. This may leave them susceptible to NK-mediated lysis. None of
the cell lines in this part of the study had such a known mutation.

The addition of hPR1A3 caused lysis above that experienced for spontaneous killing
alone. This increase occurred in a dose-dependent manner up to the maximum dose given
(50ug/ml). Hence hPR1A3 is shown to be an antibody with cytotoxic potential against

human colorectal cancer cell lines.

The *'Cr-release assay is the most widely used ADCC assay. It uses the gamma-emitter
>'Cr which has a physical half life of 28 days. Its kinetics and biodistribution within the
cell are not well understood. It crosses the cell membrane through an ion channel,
possibly an active process (Lilien et al., 1970), and once within the cell is not released.
This is likely due to its incorporation into cytoplasmic proteins and likely also into

nuclear proteins and DNA.
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The EuTDA-based ADCC assay runs for 2 hours, a shorter time period than the
corresponding 4 hour Cr-release assay. Running the assay for longer leads to higher level
of spontaneous killing by the effector cells (ie effector cells lysing target cells in the
absence of antibody). This may be partly the result of increased cell fragility having been
incubated for longer periods with a BATDA reagent which is dissolved in DMSO.
However the same problem with label extrusion discussed above is probably the major
factor in limiting the incubation time. Despite this, an antibody-dependent and dose-

dependent response was still observed.

The M30 assay allowed a return to the longer incubation time of 4 hours and it again
showed a dose-dependent lysis of CEA-positive cells with hPR1A3. The assay was
modified to minimise cellular debris within the supernatant used in the ELISA as this
gave falsely high readings in all wells. Multiple washing and spinning of the sample gave
more realistic readings but prolonged the extraction of a fragile peptide and may explain
some of the variability in the triplicate wells and the low level of lysis. However the 4
hour incubation period may also allow degradation of this fragile peptide, as those cells
killed early in the assay would release their CK18 hours before the peptide was extracted.
It remains to be seen whether this will be a useful assay for ADCC.

It is interesting to note that the lysis caused by spontaneous killing seemed to be in a large
part due to apoptosis, as given by the M30 reading. It is possible that a large part of the
spontaneous component is due to NK cell detection and lysis of tumour cells as suggested
above.

192



4.3 Effect of hPR1A3 on the low CEA-expressing cell line HCT116

4.3.1 Rationale

To ensure that the antibody was acting by specifically targeting CEA on the surface of the
cancer cells in an antibody-antigen interaction and not by an epitope-independent
mechanism, hPR1A3 was also used in ADCC assays with a cell line expressing only low
levels of CEA. HCT-116, shown by ELISA, microarray and FACS to be either CEA
negative or a very low CEA expressor, was used for this purpose.

4.3.2 Results

The fluorescence-based ADCC (EuTDA) assay was used, labelling HCT-116 cells with
BATDA. MKN45 cells were used as a positive control and human PBMCs were used as
effector cells with both cell lines. Whilst lysis of MKN45 cells followed the expected
pattern seen in chapter 4.2, HCT-116 showed no evidence of antibody-mediated lysis.

Spontaneous killing occurred as before in the absence of antibody (figure 4.vi).

4.3.3 Discussion

The ability of hPR1AS3 to cause killing of the CEA-positive MKNA45 cell line but not of
the CEA-negative HCT-116 cell line suggests that the antibody is acting by an epitope-
specific mechanism by binding to CEA on the cell surface. CEA is expressed by virtually
all CRC (Wagener et al., 1984) whereas about 5 of 30 cell lines tested by microarray were
found to be CEA negative. The level of CEA needed to make a cancer susceptible to anti-
CEA immunotherapy through ADCC is not known although PR1A3 has already been
used in humans as a radioimmunoscintigraphic guide for localizing metastatic deposits of
CRC (Granowska et al.,, 1993) and shows strong immunohistochemical binding
irrespective of the degree of differentiation of the tumour (Richman and Bodmer, 1987).
Hence PR1A3 would be expected to bind to the large majority of CRCs and with this
would come the potential for ADCC
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Figure 4.vi: Effect of increasing concentrations of hPR1A3 on high (MKN45) and
low (HCT116) CEA-expressing cell lines

EuTDA ADCC assay using MKN45 as CEA-expressing target cell and human PBMC as effectors
at ratio of 1:100. All columns represent wells containing target and effector cells with some
containing varying concentrations of PR1A3 monoclonal antibody as shown.

Each antibody concentration tested was carried out in triplicate. Error bars indicate standard error
of the mean (SEM). All significance testing was on comparison with the wells containing no

antibody for the respective cell line with significant results (p<0.05) shown.
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4.4 Comparison of the effect of hPR1A3 on cell lines with different

levels of CEA expression

4.4.1 Cell lines used

Further cell lines, encompassing a range of CEA cell-surface expression, were tested in
the EUTDA ADCC assay with hPR1A3 and human PBMCs to ensure that these
individual results were translatable to a variety of different cell lines. SKCO-1 was also

tested with a range of effector : target ratios.

4.4.2 Results

SKCO-1, PC-JW, MKN45 (high expressors); LS174T, HT55 (moderate expressor); HT29
& HCT116 (low expressors) were compared for their vulnerability to lysis by PBMCs in
the presence of hPR1A3. Results are summarised in figure 4.vii. The response of each
cell line to treatment with hPR1A3 was approximately proportionate to the expression of
CEA on the cell surface except for HT55 which seemed resistant to treatment with

PR1A3 despite being a moderate expressor of CEA. This is discussed below.
In the second experiment using SKCO-1, lysis of this cell line was affected by the

effector : target ratio as would be expected. The higher the effector : target ratio, the

greater the level of cell lysis (figure 4.viii).
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Figure 4.vii: Comparison of PR1A3-induced lysis in cell lines with different levels of

ELISA CEA expression (shown in parentheses), expressed as % of the highest

expressing cell line, SKCO-1.

Results from EUTDA-based ADCC assay using human PBMCs as effectors at ratio of 100:1 with

the various target cell lines. Spontaneous killing levels have been subtracted to reflect antibody

specific lysis only so that a more accurate comparison can be made. Each experiment carried out

in triplicate.
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Figure 4.viii: The effect of increasing effector : target cell ratio on the level of target
cell lysis in the presence of 50pg/ml hPR1AS.

EuTDA ADCC assay using SKCO-1 as CEA-expressing target cell and human PBMC as
effectors at effector : target ratios varying from 25:1 to 100:1. All columns represent wells
containing 50ug/ml hPR1A3 in addition to the target and effector cells.

Each effector : target ratio tested was carried out in triplicate. Error bars indicate standard error of
the mean (SEM).

Spontaneous killing levels have been subtracted to reflect antibody specific lysis only.
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4.4.3 Discussion

The conclusions of chapters 4.2 and 4.3 were tested in a wider panel of cell lines with a
range of levels of CEA expression. These conclusions seem applicable to other colorectal
cell lines, with hPR1A3 causing a dose-dependent level of cancer cell lysis in those lines

with moderate-high CEA cell surface expression but not in those with low levels of
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expression. Percentage lysis was not directly proportional to CEA expression however
and this was expected given that the level of antigen expression required to induce ADCC
is relatively low compared with other reported mechanisms of antibody action such as
receptor blockade (Bleeker et al., 2004).

There were certain anomalies which would be prudent to look at again by repeating these
experiments. The unresponsiveness of SKCO-1 to lysis by lower concentrations of
antibody may simply be experimental error. It did show the highest level of lysis with
50ug/ml of antibody in keeping with its status as the highest CEA expressor, and it is
likely that this reflects its true vulnerability to lysis by hPR1A3. The moderate CEA-
expressing cell line HT55 does not seem as vulnerable to hPR1A3 as would be expected
from its ELISA CEA expression. It is interesting to note that a discrepancy exists between
the ELISA and microarray data for this cell line with the latter suggesting it to be a low
CEA expressor. However, the ELISA data are more likely to be a true reflection of CEA
cell-surface expression given that the microarray looks at gene expression rather than
protein and, in addition, the ELISA also agrees with the FACS analysis which also looks
at cell-surface expression. It would be interesting to look further at whether this resistance
to PR1AS3 is replicated with changes in culture conditions (eg PR1A3 incubation) and, if
this resistance is consistent, whether it also shows resistance to other antibodies and to
look at the mechanisms behind such resistance. It is interesting to note that HT55 also
showed some resistance to the effect of an antibody against hepatocyte growth factor (a
growth factor regulating cell growth, cell motility, and morphogenesis in epithelial and
endothelilal cells) despite the same antibody inhibiting cell motility in other colorectal
cell lines (Jiang et al., 1993).

The overall level of cell lysis was slightly disappointing given that certain other
therapeutic antibodies in the clinical arena such as trastuzumab, cetuximab and rituximab
showed comparable levels of lysis at much lower concentrations of antibody (Carter et
al., 1992; Kawaguchi et al., 2007; Kurai et al., 2007; Reff et al., 1994) . This leads to
questions about the affinity of the antibody for its target, the condition or lack of

preconditioning of the effector cells, and also the duration of the assay:
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1) Antibody affinity. As discussed in the introduction (chapter 1.6.1.2) there is an
optimum binding affinity for antibodies working by ADCC in vivo. However this does
not translate to the in vitro ADCC assay where cells are in solution and the constraints of
a binding site barrier, hypovascularisation or any other physiological barriers to antibody
penetration do not apply. As a result, a discrepancy between optimum antibody
concentration for efficacy in vitro and that in vivo may be understandable. In these
experimental conditions, higher binding affinities generally lead to higher levels of cell
lysis. As mentioned in chapter 1.5.1, two binding affinities are quoted for PR1A3
(Stewart et al., 1999), one of higher affinity (1nM) and the other at lower affinity (60nM).
These relate to different binding sites for the antibody on the gastric carcinoma cell line
MKN45. It may be, of course, that the lower affinity binding site predominates in vivo
and that affinity maturation is required for optimal ADCC. Although some authorities
quote a binding affinity of 1nM as optimal for ADCC, there is a considerable range (0.08-
32nM) amongst the antibodies in clinical use (Carter, 2006).

2) Preconditioning of PBMCs. Many studies have used cytokine-stimulated PBMCs in
ADCC assays (Carter et al., 1992; Reff et al.,, 1994). This causes both increased
spontaneous killing but also increased antibody-specific lysis of cells. Interestingly
however, although all NK cells express an intermediate-affinity IL-2 receptor (IL2RBy),
only the CD56™™ subset, which have a low concentration of the CD16 receptor
mediating ADCC, constitutively express the high affinity IL-2 receptor (IL2afy)
(Caligiuri et al., 1990). So although IL-2 may not directly activate the CD16"™ subset of
NK cells, it may do so through the activation of CD56”"™ NK cells, which then release
cytokines such as gamma-interferon (IFN-y) (Cooper et al., 2001b) resulting in an
immune cascade and the proliferation and activation of CD16°"" cells. This thought is
backed up by evidence demonstrating enhanced ADCC following IL-2 stimulation of NK
cells (Kawaguchi et al., 2007). Hence this partially explains why the killing in these

experiments is not as high as that seen in other studies.

3) Duration of the assay. The comparison between cell lines was carried out using the
EUuTDA assay. As mentioned above (chapter 4.2.3) this fluorescence-based assay ran for
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half the time of a standard Cr-release ADCC assay (2hrs vs 4hrs) and this will, of course,
have had a significant effect on the percentage of cells lysed during the assay.

200



45 Effect of hPR1A3 in the absence of effector cells

45.1
The literature relating to the mechanism of naked antibody-based cancer therapy

Introduction

concentrates predominantly on antibodies binding to cell-surface receptors to cause a
block of function, as proposed for cetuximab (Baselga, 2001) and trastuzumab (Baselga
and Albanell, 2001; Lewis et al., 1993). To test this potential mechanism of action for
PR1A3, the antibody was incubated with various cell lines in the absence of PBMCs to
test for any direct cytotoxicity for the targets using PR1A3. The same conditions were

used as for other ADCC assays using both Cr-release and BATDA assays.

45.2 Results

PR1A3 alone caused no direct cytotoxicity to the cell lines, irrespective of their level of
CEA expression. The average of the MKN45 experiments is given in table 4.iv using
10ug/ml hPR1A3. Higher doses of antibody had no impact on the results in other
experiments and similar results were seen using C70, PC-JW, LoVo and HCT-116 (table
4.v)

Table 4.iv: Effect of hPR1A3 on MKN45 in the absence of effector cells
ADCC assay involving MKN45 cells in the presence of hPR1A3 or PBMC or both.

Average of 14 experiments.

MKN45 + 10pg/mi

MKN45 + hPBMC

MKN45 + PBMC +

hPR1A3 10pg/ml hPR1A3
% lysis of MKN45 0.15 16.47 41.01
SE mean 0.71 2.18 3.86
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Table 4.v: Effect of hPR1A3 on colorectal cell lines in the absence of effector cells

10pg/ml hPR1A3 but no PBMC but no t-test
PBMC antibody
C70 -1.9 (+/- 0.6) 7.9 (+/-2.2) p=0.008
% lysis PC-JW 1.1 (+/-1.0) 37.3 (+/- 3.5) p=0.003
(+/- SEM) | LoVo -1.8 (+/-0.7) 19.8 (+/- 1.1) p<0.001
HCT-116 5(+/-3.1) 21.0 (+/-0.2) p=0.007

4.5.3 Discussion

The mechanism of action of hPR1A3 is likely to be by ADCC. Although a member of the
Ig superfamily, CEA is linked to the cell membrane by a glycophosphatidylinositol (GPI)
anchor (Thompson et al., 1991) and thus has no direct intracellular signaling motif. The
function of CEA in both normal and colorectal cancer is not clear and the functional
significance, if any, of its overexpression in colorectal cancer remains uncertain.
Consequently it would seem unlikely that hPR1A3 binding to CEA could disrupt any
vital cellular function. This is borne out by the results shown here which demonstrate no
increase in tumour cell lysis in the presence of hPR1A3 except when PBMCs are also
present.

However, these results are carried out with antibody incubated with the cell lines in 2 or 4
hour assays and an effect over a longer period of incubation cannot be excluded although
this is unlikely. In addition these assays look only at cell lysis and do not take into
account any effect that the antibody may have had on other tumourogenic factors such as
tumour growth and blocking differentiation. In antibodies reporting these modes of action
in vitro, the assays often involve incubation with the cell line over days (Huang et al.,
1999; Petit et al., 1997).
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4.6  Comparison of NK cells alone versus PBMC in ADCC assay with
hPR1A3

4.6.1 Rationale

Natural killer cells are believed to play a primary role in ADCC in vivo (Clynes et al.,
2000; Kawaguchi et al., 2007) and hence would be important in antibody-based cancer
therapy. To assess whether NK cells can independently reproduce ADCC in cell lines
which are consistently affected by the unselected PBMC population, it is necessary to
isolate NK cells from the PBMC population. It would also provide further evidence that
hPR1A3 acts by ADCC in vitro and demonstrate the contribution of NK cells to the
spontaneous Killing seen in the absence of antibody. Negative selection was used to avoid
stimulation of the NK cells during the selection process (chapter 2.2.2). Since NK cells
make up only about 4% of the white cell population, it is necessary to use a buffy coat or

leucodepletion filter (LDFs) to achieve a reasonable harvest of NK cells after recovery.

4.6.2 Results

The harvest of cells following the negative selection was small (1.5 x 10° cells) and hence
no characterisation of the recovered cells was possible since they were all used in the
assay. The results shown in figure 4.ix must therefore be interpreted with caution, as the
fold enrichment of NK cells was not determined. The results do show a difference
between the selected cells and unselected cells at a ratio of 10 effectors : 1 target in that
there was no obvious killing seen in any of the wells from the unselected population.
However the level of killing from the wells using the NK-selected effector cells was poor.
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Figure 4.ix: Effect of increasing concentrations of hPR1A3 on killing of MKNA45 cells
in the presence of NK cells alone or PBMCs at varying target : effector ratios.
EuTDA ADCC assay using MKN45 as CEA-expressing target cell and human NK-cell fraction or
whole PBMC (from the same donor) as effectors at ratio of 1:10 and 1:100 as shown. All columns
represent wells containing target and effector cells with some containing varying concentrations
of PR1A3 monoclonal antibody as shown.

Each antibody concentration tested was carried out in triplicate. Error bars indicate standard error
of the mean (SEM). All significance testing was on comparison with the respective wells
containing no antibody.
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4.6.3 Discussion

The yield of NK cells from this technique was poor. From 40mls of blood eluted from an
LDF filter, one could expect about 8 x 10° NK cells and recovery is expected to be at
least 50% of this figure. However, recovery in this experiment yielded only 1.5 x 10°. The
reasons for this are as yet unknown and may simply be experimental error. This prevented
any analysis of the recovered population making the interpretation of the results difficult.
However it is likely that the recovered population were at least NK-rich and may explain
the small differences seen between the unselected and selected PBMC populations at the
10:1 effector : target ratio.

The quality of the cells from the LDF was less consistent than those from fresh blood.
LDF blood was taken the day before at a nearby national blood service and then screened
for pathogens before being separated into constituent fractions. This process meant that
blood was only available the next morning, often about 24 hours after donation. Clearly
this experiment needs to be repeated both to gain a greater yield of NK cells to enable
characterisation of the recovered population and to be sure of the validity of the results.
The reason a negative selection method was used to isolate the NK population was in an

attempt to avoid unrecognised activation or other stimulation of the recovered population.
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CHAPTER 5

The importance of the FcyIIIA receptor and the antibody Fc-
fragment in the action of PR1A3

An effective anti-tumour response or antibody-based cancer therapy requires not only
recognition of the tumour by cellular or humoral components of the immune system or
exogenous antibody, but also interaction of these with functioning effector cells. Failure
at any one of these levels can lead to susceptibility to tumour growth or viable metastases
and a failure to respond to antibody-based cancer therapy. However these interactions
provide possibilities to enhance the antibody response. One of these important
interactions is the coupling of the Fc-portion of the antibody to the FcylllA on the effector

cell.

5.1 Effect of murine PR1A3 (MPR1A3) on the MKN45 cell line

5.1.1 Introduction

It has previously been shown that murine 1gG2a is the major antibody for effecting
ADCC responses in the mouse and that 1gG2a binds with high affinity to human Fcy
receptors (Lubeck et al., 1985). However murine IgG1 binds to the human Fcy receptors
with an affinity 100-1000 times lower than the human IgG1l (Lubeck et al., 1985) and
hence is poor at inducing ADCC responses from human effector cells. The binding
affinity of murine and human PR1A3 to CEA, however, is the same (Stewart et al., 1999).
Hence substituting the Fc segment of hPR1A3 for a murine 1gGlx Fc segment would
significantly diminish the interaction of the antibody with the Fcy receptors on the human
effector cells, and would thus determine whether ADCC was an important mechanism in
the action of PR1A3.
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% lysis

5.1.2 Comparison of mPR1A3 with hPR1A3
Whilst hPR1A3 caused dose-dependent lysis of the MKN45 cell line in the presence of
human PBMCs, the murine Ab used at identical doses showed no ADCC. The results are

summarised in figure 5.i.

Figure 5.i: Comparison of ADCC elicited by murine and humanised PR1A3.

EuTDA ADCC assay using MKN45 as CEA-expressing target cell and human PBMC as effectors
at ratio of 1:100. All columns represent wells containing target and effector cells with some
containing varying concentrations of either murine or humanised 1gG1 PR1A3 monoclonal
antibody as shown.

Each antibody concentration tested was carried out in triplicate. Error bars indicate standard error
of the mean (SEM). All significance testing was on comparison between the wells containing
murine and humanised antibody of the same concentration with significant results (p<0.05)

shown.

90

BHumanised

B Murine p=0.02

80 -

p=0.04

70 T

60

50

40

30 -

20 -

10

No antibody Tug/ml 10ug/ml 50ug/ml
PR1A3 concentration

207



5.1.3 Discussion
Murine IgG1 is ineffective at eliciting ADCC from human PBMCs against CEA-positive
cancer cells, despite equivalent affinity for its target. This is presumably because of the
known poor interaction between the Fc portion of the murine IgG1 antibody and the
human Fc receptors. This would add support to the hypothesis that PR1A3 has its effect
in vitro by ADCC.
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5.2 Effect of an antibody against the FcyIlIA (CD16) receptor on
PR1A3-induced lysis

5.2.1 Rationale

Having demonstrated the importance of the antibody Fc portion in chapter 5.1, we then
sought to disrupt the Fc-Fcy receptor interaction by targeting the FcylllA receptor
(CD16A) in order to further test the hypothesis that PR1A3 acts by ADCC. This was
achieved by using anti-CD16 antibody as whole antibody and Fab fragments.

5.2.2 Effect of whole antibody of anti-CD16

In the standard fluorescence-based ADCC assay, various concentrations of a monoclonal
antibody to CD16 (MEM-154 clone) were added to wells containing target and effector
cells with or without 10pug/ml hPR1A3. Results are shown in figure 5.ii.

The hypothesis was that blocking the CD16 receptors on the effector cells would inhibit
antibody-mediated killing but would not affect the spontaneous spontaneous Killing by
the effector cells in the absence of antibody. Interestingly however, the data show that the
anti-CD16 antibody blocked not only PR1A3-induced killing but also spontaneous
Killing.

To ensure that this result with the anti-CD16 antibody was not a clone-specific effect, an
anti-CD16 from a second clone (3G8 clone) was used with identical results (figure 5.iii).
To ensure also that this was a direct effect caused by blockade of the CD16 receptor and
not a consequence of adding a second antibody to compete for Fc-receptor sites, a non-
specific antibody against prostate specific membrane antigen (PSMA) was added. As
expected, this did not affect the ability of PR1A3 to induce ADCC nor indeed of PBMCs
to effect spontaneous killing of the target cells (figure 5.iii).
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Figure: 5.ii: Effect of varying doses of anti-CD16 antibody (MEMZ154 clone) on Ab-
dependent and Ab-independent lysis of CEA-positive target cells.

EuTDA ADCC assay using MKN45 as CEA-expressing target cell and human PBMC as effectors
at ratio of 1:100. All columns represent wells containing target and effector cells with some
containing varying concentrations of either anti-CD16 monoclonal antibody alone (blue) or the
same anti-CD16 concentrations but also with 10ug/ml hPR1A3 (purple).

Each antibody concentration tested was carried out in triplicate. Error bars indicate standard error
of the mean (SEM). All significance testing was on comparison between the wells containing
hPR1A3 vs those without hPR1A3 for the same concentration of anti-CD16. The only significant
result (p<0.05) is shown.
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Figure 5.iii: Effect of varying doses of anti-CD16 antibody (3G8 clone) on Ab-
dependent and Ab-independent lysis of CEA-positive target cells.

EuTDA ADCC assay using MKN45 as CEA-expressing target cell and human PBMC as effectors
at ratio of 1:100. All columns represent wells containing target and effector cells with some
containing varying concentrations of either anti-CD16 monoclonal antibody alone (blue) or the
same anti-CD16 concentrations (or anti PSMA as an isotype control for anti-CD16) but also with
10ug/ml hPR1AS3 (purple).

Each antibody concentration tested was carried out in triplicate. Error bars indicate standard error
of the mean (SEM). All significance testing was on comparison between the wells containing
hPR1A3 vs those without hPR1A3 for the same concentration of anti-CD16. The only significant
result (p<0.05) is shown.

70

60 ONo PR1A3
@ 10ug/ml PR1A3 l 58

60

p=0.01

50

40

24
30

20

10

1 2
0 0
— 1 o o

|
No antiCD16 lug/ml anti CD16 10ug/ml antiCD16 10ug/ml PSMA

To further investigate this effect whereby introducing anti-CD16 antibody abolished even
spontaneous Killing, the experiments were repeated with reducing amounts of foetal calf
serum (FCS) in the assay media. A possibility was that FCS might be providing an
additional source of antibody which might account for some part of the spontaneous
killing seen in the absence of hPR1A3. If true, this would explain a possible mechanism
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whereby spontaneous killing would be abrogated by blocking with anti-CD16. To test this
hypothesis we compared different concentrations of FCS in the assay media (chapter
2.4.2.1) to investigate whether this would alter not only the level of spontaneous killing
but also the effect that the anti-CD16 antibody has on this spontaneous component.
However the level of spontaneous killing and the effect of the whole anti-CD16 antibody
persist irrespective of the FCS concentration (figure 5.iv).

5.2.3 Effect of F(ab’), fragment of anti-CD16

Two other possible explanations were considered for the effect seen with whole anti-
CD16 antibody. Firstly, since the anti-CD16 antibody binds to the NK cells and other
CD16-bearing cells such as monocytes, these effector cells may then kill each other by
ADCC via the anti-CD16 attached to their Fcy receptors or form clusters of linked
effector cells and antibody, so diminishing the number of effector cells to mediate the
spontaneous Killing. Secondly, we considered whether the anti-CD16 mAb was cross-
linking the CD16 receptor on the surface of the effector cells causing activation in the
absence of a bound target, degranulation and subsequent apoptosis of the effector (Azzoni
et al.,, 1995; Ortaldo et al., 1995). To investigate both these possibilities a F(ab’);
fragment of the anti-CD16 antibody was used instead of the whole antibody. This was
made from the same 3G8 clone as one of the whole antibodies and used alongside it in an
ADCC assay as comparison.

Unlike the whole antibody, the F(ab’), had no effect on the spontaneous killing. It did
however abolish the antibody-dependent killing (figure 5.v). This demonstrates that the
FcylllA (CD16) receptor is critical for the effect of hPR1A3 in vitro and provides further
evidence that PR1A3 acts by ADCC and not by any block of function. This result may
lend support to the idea that the loss of spontaneous killing seen with the whole anti-
CD16 antibody is a result of the effector cells targeting each other for lysis. However, it
refutes the other possibility that cross-linking the CD16 receptors was responsible for the
loss of effector cells to carry out spontaneous killing, since cross-linking would still be

possible with the F(ab’), as with the whole antibody.

212



% lysis

-10

Figure 5.iv: Effect of foetal calf serum concentration on spontaneous killing of
MKN45 cells by PBMCs and on the inhibition of cell lysis caused by anti-CD16
antibody.

EuTDA ADCC assay using MKN45 as CEA-expressing target cell and human PBMC as effectors
at ratio of 1:100. Different concentrations of foetal calf serum in the medium of the assay wells
were used — 10%, 5% and 1%. All columns represent wells containing target and effector cells
with some containing varying concentrations of either anti-CD16 monoclonal antibody alone
(blue) or the same anti-CD16 concentrations but also with 10ug/ml hPR1A3 (purple).

Each antibody concentration tested was carried out in triplicate. Error bars indicate standard error
of the mean (SEM). All significance testing was on comparison between the wells containing
hPR1A3 vs those without hPR1A3 for the same concentration of anti-CD16. Only significant

results (p<0.05) are shown.
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Figure 5.v: Effect of whole antibody and a F(ab’), fragment of anti-CD16 (3G8
clone) on PR1A3-induced lysis.

EuTDA ADCC assay using MKN45 as CEA-expressing target cell and human PBMC as effectors
at ratio of 1:100. All columns represent wells containing target and effector cells with some also
containing varying concentrations of either whole anti-CD16 monoclonal antibody (purple) or a
F(ab’), of the same anti-CD16 clone (green). The anti-CD16 constructs were added at the same
time as the effector cells without prior incubation. Apart from the “No antibody” group, all
wells also contain 10pg/ml hPR1A3.

Each antibody concentration tested was carried out in triplicate. Error bars indicate standard error
of the mean (SEM). All significance testing was on comparison between the wells containing
whole anti-CD16 antibody vs those with the F(ab’), anti-CD16 of the same concentration. Only

significant results (p<0.05) are shown.
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5.2.4. Discussion

These experiments provide further evidence that interaction of hPR1A3 with the effector
cell is critical to its action. Blockade of the interaction between antibody and effector cell
by using an antibody to the Fcyllla (CD16a) receptor (either whole antibody or F(ab’),)
led to an abolition of antibody-mediated response. Two different clones of anti-CD16
antibody were used. The 3G8 clone and MEM154 bind different epitopes on the receptor.
There have been reports that the binding of certain clones is influenced by the
polymorphism at aal58 which has been previously discussed (chapter 1.3.1). For example
Koene et al (Koene et al., 1997) report that the binding of MEM154 required the presence
of valine at position 158 and Wu et al (Wu et al., 1997) found the same trend with the
3G8 clone. A clear effect is seen with both antibodies in our study although they were not
tried with effector cells from donors who were phenylalanine homozygotes at aal58.

The finding that whole anti-CD16 antibody caused the blockade of spontaneous killing,
as well as the antibody-dependent killing, was unexpected and is not, as yet, fully
explained. It does not appear to be discussed in the literature although it was a consistent
finding in a number of repeated experiments. Given that spontaneous Killing is restored
when a F(ab’), fragment is used instead of the whole antibody led us to believe that
interaction of the Fc-portion of the blocking antibody with effector cells was involved.
Given that the blocking antibody would target all CD16" cells, it may be that these cells
themselves become targets for ADCC. It is also possible that CD16" cells with bound
anti-CD16 antibody form clusters of linked effector cells and antibody and as a result
have reduced mobility in the wells. This would then impede their ability to carry out
antibody-independent Killing.

The persistence of the effect of whole anti-CD16 antibody irrespective of the FCS
concentration reduces the possibility that FCS provides a source of additional antibody
contributing to spontaneous killing.

The effect of the anti-CD16 antibodies was also seen at low concentrations. Full blockade
of antibody-dependent and spontaneous killing was seen with concentrations of 1ug/ml.
This is unusual in that one would have thought that saturation of the CD16 receptor was
essential to fully block antibody-mediated Killing. It could mean that blockade of some
CD16 receptors allowed inhibitory signals to predominate and that it is a combination of
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increased inhibitory signals and reduced ADCC which cause complete blockade at low
concentrations. Alternatively if ADCC or immune clustering is the mechanism by which
anti-CD16 inhibits spontaneous killing by targeting the effector cells themselves it may
only require a low concentration of anti-CD16 to significantly diminish the activity of the
effector cell population and effectively abolish spontaneous killing. This mechanism
could be investigated by labelling the effector cells in an experiment using anti-CD16 to

see if effector cell lysis occurs to any great extent.

Other groups have reported on the involvement of the Fc receptors in influencing active
immunity and spontaneous Killing. Clynes et al (Clynes et al., 2000) demonstrated that
mice deficient in the FcylIB receptor not only had a potentiated response to an anti-
melanoma antibody in a metastatic melanoma model, they also had increased spontaneous
tumour protection even in the absence of antibody treatment, leading to a reduced tumour
burden. Bolland and Ravetch (Bolland and Ravetch, 1999) also implicated the inhibitory
Fc-receptors in modulating cytotoxic responses against tumour cells for both antibody-
independent as well as antibody-dependent pathways.

In earlier work, Clynes had used mice deficient in the Fcyl and Fcyllla receptors. They
demonstrated that if nude mice were initially immunised with the gp75 protein (a
melanoma target) to induce ‘immunity’ to future melanoma inoculation and then later
inoculated with melanoma cells, the anti-tumour response was diminished in the FcyR
deficient mice whereas there was a significant reduction in the number of lung metastases
in the wild-type mice (Clynes et al., 1998). Hence the FcRs seem also to be required for

active immunity and not just regulating the humoral antibody response.
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5.3 Genetic typing of donors for a polymorphism in the FcylllA gene

5.3.1 Rationale

There is evidence to suggest that the interaction between the Fc fragment of the IgG
antibody and the Fcyllla receptor on effector cells, in particular NK cells, is influenced by
polymorphisms in the gene encoding this receptor and this translates to differential
activation in response to binding antibody (Cartron et al., 2002; Wu et al., 1997). The
most commonly described is the T to G substitution at nucleotide 559 (exon 4) of the
FcyRIlla gene (FCGR3A) which changes the amino acid sequence of the receptor from
phenylalanine to valine in an area of the receptor responsible for antibody binding (Tamm
and Schmidt, 1996). If donors could be genotyped for this polymorphism, a comparison
could be made on the magnitude of the ADCC response against a given cell line between
donors with a high-binding polymorphism and those with the low-binding polymorphism.
In the future this could be extended to the typing of FCGR3A in patients with CRC to
assess their likelihood of response to anti-tumour antibody therapy in subsequent clinical

trials.

5.3.2 Results

Blood from leucodepletion filters, fresh donors, cell lines and human random control
DNA used in previous studies, were genotyped for the Fc-yllla receptor. This proved
difficult due to the close homology of FCGR3A to the FcyR3b gene, FCGR3B (figures
2.iv and 5.vi). Forward primers were designed to discriminate between the 2 genes so as
only to select the Fcgr3a gene and then reverse primers were used to discriminate
between the T- and G-polymorphisms of the Fcgr3a gene in an allele-specific polymerase

chain reaction (PCR).
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Figure 5.vi: Comparison of amino acid sequence of the Fcgr3a and Fcgr3b proteins.
The polymorphism of interest in FCGR3A is at aa212 and is underlined and highlighted.

It is listed as the more common phenylalanine (F) amino acid.

| MGGGAGERLF TSSCLVGLVP LGLRISLVTC PLQCGIMWQL
MGGGTGERLF TPSCLVGLVP LGLRISLVIC PLQCGIMWQL

41 LLPTALLLLY SAGMRTEDLP KAVVFLEPQW YRVLEKDSVT
LLPTALLLLY SAGMRTEDLP KAVVFLEPQW YSVLEKDSVT

81 LKCQGAYSPE DNSTQWFHNE SLISSQASSY FIDAATVDDS
LKCQGAYSPE DNSTQWFHNE NLISSQASSY FIDAATVNDS

121 GEYRCQINLS TLSDPVQLEV HIGWLLLQAP RWVFKEEDPI
GEYRCQINLS TLSDPVQLEV HIGWLLLQAP RWVFKEEDPI

161  HLRCHSWKNT ALHKVTYLQN GKGRKYFHHN SDFYIPKATL
HLRCHSWKNT ALHKVTYLQN GKDRKYFHHN SDFHIPKATL

201 KDSGSYFCRG LEGSKNVSSE TVNITITQGL AVSTISSFFP
KDSGSYFCRG LVGSKNVSSE TVNITITQGL AVSTISSFSP

241 PGYQVSFCLV MVLLFAVDTG LYFSVKTINIR SSTRDWKDHK
PGYQVSFCLV MVLLFAVDTG LYFSVKTNI

281  FKWRKDPQDK

Black text: Fc-yllla receptor amino acid sequence

Red text: Fc-ylllb receptor amino acid sequence

Blue text: Areas of variation between the 2 receptors (amino acid 212
underlined and highlighted; site of F/V polymorphism under investigation)

Optimising PCR
A temperature gradient was used to optimise the PCR using 8 temperatures from the
range 60-68°C. Two different MgCl, concentrations were tested — 1.5mM and 2mM — and

the samples were tried with and without the ‘Q-solution’ detergent provided by the Taq
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manufacturers (Qiagen, Crawley, UK). The PCR deteriorated at the higher end of the
temperature gradient especially for the T-allele and so the annealing temperature chosen
was 60°C for the T-allele and 63°C for the G-allele, both with 2mM MgCl, and without

Q-solution.

50-100ng DNA was added to each PCR reaction. Neat solutions were approximately
30ng/ml except where shown on the plate setup below. Fresh samples 2-5 however were
weaker solutions (as shown) and contained only 30ng DNA. Samples were set up as

below on the plate.

Filter 1 | Filter 2 Fresh Fresh Fresh Fresh Fresh Vaco400
20ng/ml sample 1 | sample 2 | sample 3 | sample 4 | sample 5

5ng/ml 5ng/ml 5ng/ml 5ng/ml
SW948 | SW1417 | LS411 | SnuC2B | HCT116 | MKN1 MKN28 MKN45
HRC1 | HRC3 HRC4 HRC5 HRC6 HRC8 HRC9 HRC10
HRC13 | HRC15 | HRC19 | HRC20 Blank

HRC = human random control

Results for the T (phenylalanine) and the G (valine) polymorphism are shown in figure
5.vii and summarised in table 5.i. Variation in the DNA concentration from the fresh
samples led to the variability seen in the intensity of the bands. The results show only 2
samples out of 28 which were homozygous for the valine polymorphism but with 17
heterozygotes, an allele frequency for the valine polymorphism of 0.38. The group
however is heterogeneous, containing healthy volunteers, colorectal cell lines and random
control DNA samples. Sadly neither of the valine homozygotes were from identifiable
volunteers, being instead from the VVaco400 cell line and from one of the human random
controls (HRC19).
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Figure 5.vii: Genotyping of DNA samples obtained from stored human random
controls, LDFs, fresh blood samples and cell lines. Allele-specific PCR typing for
polymorphism in the FCGR3A gene coding for either phenylalanine or valine.
Forward primer: TCCAAAAGCCACACTCAAAGAC

Reverse primer: CTGAAGACACATTTTTACTCCCAAAIC

Annealing temperature 60°C. All samples at approx 100ng DNA per PCR reaction apart from

those shown

Samples only at 15-30ng DNA/50ul PCR reaction
A

4 1\

T (phenylalanine)
polymorphism

O = samples negative
for T-allele

G (valine)
polymorphism
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Table 5.i: Genotyping of DNA samples obtained from stored human random
controls (HRC), leucodepletion filters, fresh blood samples and cell lines.
Allele-specific PCR typing for polymorphism in the FCGR3A gene coding for either

phenylalanine (T allele) or valine (G allele).

Sample Genotype Sample Genotype
Filter 1 TG MKN28 TT
Filter 2 TG MKN45 TT
Fresh sample 1 TG HRC1 TG
Fresh sample 2 TT HRC3 TG
Fresh sample 3 TT HRV4 TG
Fresh sample 4 TG HRC5 TG
Fresh sample 5 TG HRC6 TG
Vaco400 GG HRCS8 TG
SwWo48 TT HRC9 TG
SW1417 TT HRC10 TT
LS411 TT HRC13 TG
SNUC2B TG HRC15 TG
HCT116 TG HRC19 GG
MKN1 TT HRC20 TG

There is always the concern that with a second gene (FCGR3B) with such close
homology to FCGR3A, it may be amplified within the PCR and so interfere with the data
interpretation. However FCGR3B codes for G at position 634 and so any unintentional
amplification of this gene would increase the apparent number of valine homozygotes and
so this is unlikely to have happened within the study. Despite this the typing was repeated
on a limited number of these same samples using a different forward primer which would
amplify a region that contains a second base difference from FCGR3B and so was even
less likely to amplify this gene. Vaco400 was included as it was one of only two samples

from the first experiment which was potentially homozygous for the G-allele.
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The samples were set up as below:

T-allele G-allele
60°C 61.3°C 62.3°C 63.5°C 60°C 61.3°C 62.3°C 63.5°C
Filter 2 Filter 2
Vaco 400 Vaco 400
Fresh sample 1 Fresh sample 1
Fresh sample 4 Fresh sample 4

The results were the same as with the original forward primer (figure v.iii).

5.3.3 Discussion

The failure to find any identifiable valine homozygote in the genotyping from whom we
could obtain blood prevented any comparative ADCC study. It is possible that this
paucity of valine homozygotes is influenced by technical error and chance and
sequencing of the amplified sequence is necessary to be sure. From the published data the
valine polymorphism allele frequency seems to vary from 0.15 to 0.55 (Cartron et al.,
2002; Chen et al., 2006; Farag et al., 2004; Gruel et al., 2004; Koene et al., 1997; Niwa et
al., 2004a; Treon et al., 2005; Weisenseel et al., 2007; Wu et al., 1997) although not all of
these allele frequencies would fit within the Hardy-Weinberg equilibrium. Some however
are taken from specific disease groups which may predispose patients towards these
illnesses and so, in these patients, the frequency with which individual alleles are found

may not follow a Mendelian pattern.

The T-G sequence polymorphism in the Fcyllla receptor gene predicts a change from

phenylalanine to valine in the membrane proximal extracellular domain EC2 of the
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Figure 5.viii: Genotyping of DNA samples obtained from leucodepletion filters, fresh
blood samples and cell lines. Allele-specific PCR typing for polymorphism in the
FCGRS3A gene coding for either phenylalanine or valine.

Temperature gradient from 60-63.5°C.

Forward primer: CACATATTTACAGAATGGCAAAGG

Reverse primers as for figure 5.vii: CTGAAGACACATTTTTACTCCCAAA/C

T-allele primer G-allele primer
A A
r N\ r N\
(@] » C()-) O > OL)
S > Yo o) » Te)
o [92] o ™
© © © ©

TG Filter 2

GG Vaco400
TG Fresh 1
TG Fresh 2
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receptor (nucleotide 559; exon 4). This is variably reported as amino acid 158 or 176
depending on the transcript sequence. The region in which this polymorphism is found is
important in ligand binding (Tamm and Schmidt, 1996) and thus would further support
the evidence that this polymorphism influences the interaction between the receptor and
its ligand — the Fc portion of the antibody — and as a result may lead to differential results
of antibody-based cancer therapy depending on the patient’s genotype for the Fcyllla
receptor (Cartron et al., 2002; Treon et al., 2005). Hence further typing of volunteers and
patients would be beneficial to identify more valine homozygotes with a view to
examining the response of their PBMCs to hPR1A3 in an ADCC assay and comparing

these with heterozygotes and phenylalanine homozygotes.
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CHAPTER 6

Combination therapy: PR1A3 with other antibodies

6.1 PR1A3 and other antibodies

6.1.1 Rationale

6.1.1.1 Antigen escape

There are multiple mechanisms by which tumour cells could potentially evade either
immune surveillance or attack. Antigen escape is one such mechanism in which a tumour
being treated by antibody-based cancer therapy could, under selection pressure,
increasingly consist of cells which have downregulated or lost the relevant tumour-
associated antigen, hence making the tumour resistant to therapy or enabling it to evade
immune detection. The best known example of antigen loss in colorectal cancer is the loss
of HLA expression (Browning et al., 1993). In the case of treatment with PR1A3 this
could lead to the emergence of a CEA-negative colorectal cancer over time.

One way of overcoming this problem is to combine PR1AS3 treatment with either other
antibodies or to combine it with other chemotherapy agents. This would minimise the
chance of expansion of a cell population that had undergone antigen loss. In addition, a
policy of using monoclonal antibodies to treat micrometastatic disease, in contrast to
gross metastatic disease, reduces the risk of a surviving remnant of tumour cells with
antigen-loss.

A dual antibody approach can also be useful in targeting non-tumour sites which are

essential for tumour survival, such as angiogenesis.
6.1.1.2 Targeting complimentary non-tumour sites
There are certain non-tumour sites which are essential to tumour survival and hence serve

as useful targets to treat together with a tumour-associated antigen. The most obvious site

225



is the blood supply to the tumour giving rise to the current interest in the anti-VEGF
antibody, bevacizumab

6.1.1.3 Cost

Trials of dual antibody therapy are currently lacking as the cost of using 2 antibodies
through the prolonged course of a clinical trial is often prohibitive and the place of single
antibody therapy, particularly in the setting of adjuvant treatment rather than for the
treatment of metastatic disease, is still being established. However if in vitro studies could

show clear additive or synergistic effects then such trials may become viable.

6.1.2 The monoclonal antibody, A33

A33 is a monoclonal antibody developed in mice (IgG2a) and later humanised (IgG1). It
binds to a 43KDa glycoprotein of unknown function whose expression is restricted to
colorectal epithelium (Welt et al., 2003). It continues to be expressed homogeneously in
more than 95% of colorectal cancers. A33 has been tested in a phase | clinical trial (Welt
et al., 2003) although immunogenicity of the antibody prevented further evaluation. As
shown in chapter 3.1.3, a panel of colorectal cell lines has been tested for A33 antigen

expression using the murine parent of this antibody in an ELISA.

6.1.3 Dual treatment of a colorectal cell line with A33 and PR1A3

The cell line SKCO was used in this EUTDA ADCC assay. It is a high expressor of CEA
(figure 3.ii) and a moderate expressor of A33 (figure 3.iii). These data are supported by
our microarray results for A33 as also shown earlier for CEA. Antibodies were tested
individually at 2 concentrations and then together at the lower concentration for each
antibody. Results are shown in figure 6.i. As expected there was a dose-dependent
increase for both antibodies when used individually. However there was also a possible
synergistic effect when the antibodies were used in combination. At the lower dose of
10ug/ml hPR1A3 and 6ug/ml hA33, the antibodies alone lysed 9% and 32% of the cells

respectively in an antibody-dependent fashion (i.e. lysis above the spontaneous killing
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% lysis

seen in the first column). However in combination at the same doses they achieved 52%

lysis.

Figure 6.i: Effect of hPR1A3 and hA33 alone and in combination on the CEA

positive and A33 antigen positive cell line, SKCO-1

EuTDA ADCC assay using SKCO-1 as A33- and CEA-expressing target cell and human PBMC
as effectors at ratio of 1:100. All columns represent wells containing target and effector cells with
some containing varying concentrations of either hPR1A3 or hA33 or both.

Each antibody concentration tested was carried out in triplicate. Error bars indicate standard error
of the mean (SEM). Significance testing was on comparison between the wells containing
antibody and those that contained neither (*) or between single antibody wells and the dual
antibody wells (T ; one way ANOVA) with significant results (p<0.05) shown.

*p<0.01 p=0.001
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6.1.4 Discussion

Combination antibody therapy is one of the potential solutions to the problem of antigen
escape. hPR1A3 when combined with another cytotoxic antibody in vitro demonstrates an
additive and possibly a small synergistic effect. To confirm which effect is occurring
would require further testing at different doses of both antibodies. It is interesting to note
that the cytotoxic effect of hA33 was greater than that of hPR1A3 but this may be related
to the relative level of expression of the two proteins on the cell surface. Although
SKCO-1 is only a moderate A33 expressor compared to other colorectal cell lines, the
actual level of expression in terms of copy number on the cell surface, has not been
evaluated. The proteins were assessed in the same ELISA assay on occasions but different
concentrations of antibody were used and this makes a comparison between the two
difficult with the data available, since this was not critical to the study. However it is
more likely to be a consequence of better affinity for its target in the case of hA33
compared with hPR1AS3.

It was important to establish that an additive and not inhibitory effect was seen when
combining the antibodies and this is clear from the results. The results from the clinical
trial of hA33 were disappointing in that in eight of the eleven patients, a significant
immunogenic response (human anti-human antibodies; HAHA) was mounted against the
antibody. Since the A33 antigen is also expressed homogeneously in normal colorectal
epithelium, it remains to be seen whether this antibody will have significant
gastrointestinal toxicity when a less immunogenic form of the antibody is developed.
Although SKCO-1 had differing expression levels for CEA and A33, a major benefit of
dual antibody therapy may come in those tumours where the expression of the target
antigens in question are at the opposite ends of the expression spectrum (e.g. high CEA
expressors and low A33 protein expressors in the case of using PR1A3 and A33). This
would ensure that any tumour cell population that evaded cytotoxic attack by one of the

antibodies was more likely to be targeted by the second antibody.
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CHAPTER 7

Future directions

7.1 Future directions of antibody-based cancer therapy

7.1.1 Optimising antibody binding to target and effector

Evidence from the success of various antibody constructs in clinical trials would suggest
that the naked whole antibody is key to the clinical effect of monoclonal antibody
therapy. The introduction above and the results of this thesis have set out the likely
reasons behind this finding and | have postulated that the primary mechanism by which
the majority of such naked antibodies have their effect is antibody-dependent cellular
cytotoxicity (ADCC). Successful future direction is thus likely to concentrate on
enhancing this mechanism. Optimising the affinity of antibodies for their target;
enhancing the interaction between the Fc portion of the antibody and the activating
FcyRs, especially FcyRIIIA, whilst minimising their affinity for the inhibitory FcyRs,
especially FcyRIIb; suppressing the inhibitors of ADCC and enhancing the potential of
antibodies to stimulate the adaptive immune response are all potential pathways to
improved antibody efficacy.

Alteration of the complementarity determining sequence by site-directed or random
mutagenesis with display libraries (eg. phage, yeast, ribosome mMRNA) is now
commonplace although other novel approaches are now being suggested (Tanaka and
Barbas, 2002).

The combination of mutagenesis of the Fc region with computer-based protein modelling
can rapidly reduce the possible amino acid sequences to a size amenable to experimental
screening to select for variants with optimal binding qualities, such as high affinity for
activating Fc receptors and for FcRn, low affinity for inhibitory Fc receptors and ability

to bind complement.
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Selection can also be tailored to those antibodies which enhance antibody presentation by
dendritic cells, based again on differential binding to FcRs so that such antibodies can
promote cytotoxic T-cell responses. For example, an antibody that preferentially
associates with the activating isoform FcyRIIIA is more likely to induce Ty;-dependent
T-cell response, whereas those preferentially associating with FcyRIIB are more likely to

induce Ty, responses.

7.1.2 Targeting small volume disease

It is likely that more antibodies will be tested in the adjuvant and neoadjuvant setting in
the future. Although most new treatments are tested in the metastatic setting initially, as
has been the case for mAbs, there are strong theoretical reasons why this is not their
optimal setting and hence should only be used to test toxicity rather than efficacy. The
naked antibody is a large 150KDa molecule which penetrates only slowly through the
interstitium of a poorly vascularised tumour, as is the case in metastatic disease. The use
of mAb in adjuvant therapy would allow their use in the setting of potential
micrometastatic disease. In addition, the effect of the binding site barrier is diminished in
small volume disease, allowing the use of higher affinity antibodies with their increased
potential for ADCC without the concern of the therapeutic Ab being restricted to the
periphery of the tumour.

The few trials looking at antibodies in these settings have shown improved outcomes
compared to control groups. Trastuzumab was tested in such an environment in two
randomised controlled trials (Piccart-Gebhart et al., 2005). Both compared trastuzumab in
the adjuvant setting following locoregional control (surgery with or without
radiotherapy). In the American trial, trastuzumab treatment following initial post-
operative chemotherapy was associated with a 33% reduction in mortality risk compared
to chemotherapy alone with an advantage in disease free survival (DFS) of 85.3% vs
67.1%. In the European study, analysis at one year showed no difference in overall
survival as might be expected in such a time-frame but it did show an improved DFS in
the group receiving trastuzumab following chemotherapy (or having had neoadjuvant

chemotherapy) compared to the group having standard chemotherapy alone; 13% vs
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7.5%. Hence it would seem that trastuzumab is beneficial in the adjuvant setting and not
just in the context of metastatic disease. Trials of cetuximab (PETACC-8 trial, NCCTG-
N0147) and bevacizumab (AVANT trial, QUASAR-2) in the adjuvant setting are already

underway with some already finished recruiting.

7.1.3 Dual antibody therapy

There is also likely to be a future increase in combinatorial mAb treatment. Given the
potential of tumours to select for antigen-loss variants, a dual antibody approach may
seem sensible. In addition, treating micrometastatic disease, in contrast to gross metastatic
disease, reduces the risk of a surviving remnant of tumour cells with antigen-loss.
Targeting tumour vasculature as one arm of dual antibody therapy holds the advantages
not only of reducing blood flow to the tumour, but also of targeting a non-neoplastic
component of the tumour which is thus less prone to antigen-loss. The disadvantage of
bevacizumab in dual Ab therapy is that it is not directly cytotoxic and so does not have
the dual antigen capabilities in combination that two cytotoxic antibodies potentially
have.

There have already been some early studies using antibody combinations. Following the
results in the cetuximab trials, some researchers have tried bevacizumab and cetuximab
together in the hope of further enhancing the effect of chemotherapy in metastatic CRC
(Saltz et al., 2007).

7.1.4 Modulating immune responses to enhance the effect of cytotoxic

antibodies
In addition to using therapy that would recruit the adaptive immune response, immune
modulation could also be used to inhibit the natural suppressors of the immune system.
Antibodies to block access to FcyRIIB and CTLA-4 have both been suggested and trials
with the latter have shown early encouragement in potentiating the anti-tumour potential
of the immune system alone (Small et al., 2007) or of an antibody-based vaccine (Phan et

al., 2003). Among other immunomodulatory treatments in early development are anti-
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CD25 antibodies for the depletion of regulatory T-cells (Murillo et al., 2003). In a similar
way, boosting the activating arm of immune control has been revisited. Combining IL-2
(Friedberg et al., 2002) and IL-12 (Parihar et al., 2004) with antibody treatment has been
tried with some early-trial success.

The obvious disadvantage of such treatment is the development of autoimmunity or,

potentially, dangerous unregulated immune activation.

7.1.5 Development of antibody fragments

Despite the advancements in antibody technology, creating antibody fragments with
multiple binding sites, occasionally for more than one antigen, and the development of
radioactive and toxin conjugates, only the naked antibody shows any success in clinical
trials. Although these newer constructs occasionally show benefits in mouse xenograft
models (Trail et al., 1993), they fail to improve outcomes in clinical trials (Ajani et al.,
2000; Tolcher et al., 1999).

There has been recent encouragement, however, with bispecific T-cell engager (BiTE)
antibodies. These are single chain bispecific antibodies (2 scFv fragments) with
specificity for the CD3 receptor on T-cells and a target cell antigen (eg EpCAM, CD19).
By binding to the CD3 receptor on T-cells, these BIiTE antibodies are able to transiently
engage the T-cell with the target cell, despite the T-cell having no specificity for an
antigen on the target cell and without reference to MHC class I. By this they are able to
induce a polyclonal T-cell response that is not limited by the T-cell receptor (TCR)
specificity, presence of MHC I, generation and presentation of antigen or the need for T-
cell co-stimulation. Hence this construct overcomes the greatest disadvantage of antibody
fragments — the inability to engage immune effector cells. Instead they have the potential
to engage Tc and Ty cells which lack Fc receptors and hence are not normally engaged
even by whole antibody. Early studies have been encouraging: a CD19 construct
(blinatumomab) was used in late-stage non-Hodgkins lymphoma and shown to induce a
partial or complete tumour response at very low concentrations (0.015-0.06mg/m?/day) in

all patients examined (Bargou et al., 2008). Preclinical trials have also shown promise
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with various other antigens including EpCAM (Brischwein et al., 2006) and CEA
(Lutterbuese et al., 2009).

7.1.6 Development of conjugated antibodies

Recent attention has focussed on conjugating radioisotopes and drugs to established
naked antibodies. For example in vitro studies are already underway using an o-emitter-
trastuzumab conjugate in the hope that the shorter range of the a-emitters will reduce the
bystander toxicity seen with - and y-emitters (Ballangrud et al., 2004). Trastuzumab has
also been linked to a chemical conjugate, geldanamycin - a drug which acts as an
inhibitor of several oncogenes by inducing their degradation. This construct has shown
some good results in xenograft models using human breast carcinoma lines. The
conjugated antibody achieved 69% tumour regression compared to 7% with trastuzumab
alone (Mandler et al., 2004). One proposed method to reduce systemic toxicity caused by
drug-antibody conjugates is to modify the linker connecting the two molecules so that
clearance is accelerated. Liver uptake is a major source of hepatic toxicity and linkers
have now been created which are cleavable by hepatocyte lysosome proteases which has
the effect of speeding clearance from the liver. Preclinical evaluation of such
radioimmunoconjugates has already been performed showing reduced hepatic
radioactivity in both mice and humans using a cathepsin-degradeable peptide linker
(Richman et al., 2005). The ADEPT technique described in the introduction, which is

also designed to reduce systemic toxicity, requires further evaluation in larger studies.

7.2 Future directions with PR1A3

7.2.1 Altered glycosylation of the Fc fragment and affinity maturation
of the antibody

It is now recognised that the cytotoxic activity of all human antibody isotypes can be

increased by modifying the glycosylation pattern of antibodies and this is directly related
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to increasing their binding affinity to FcyRs (Schuster et al., 2005; Shields et al., 2002;
Umana et al., 1999). We have recently collaborated to produce a glycoengineered re-
humanised 1gG1 version of our antibody, hPR1A3. We will compare this against the
unmodified antibody in ADCC assays as described in this thesis and would expect
cytotoxic activity at lower concentrations of antibody in vitro.

This will be combined with affinity maturation of hPR1A3 to a level consistent with other

naked antibodies in clinical use. This will maximise the potential for ADCC.

7.2.2 lsolation of subpopulations of peripheral blood mononuclear cells
for testing in ADCC

In an attempt to further characterise the nature of PR1A3 activity in tumour cell lysis we
plan to negatively select cell populations from the effector peripheral blood mononuclear
cells (PBMC). We hope to assess whether NK cells, macrophages, and granulocytes can
independently reproduce ADCC in cell lines which are consistently affected by the
unselected PBMC population (eg MKN45).

Given the interaction believed to occur between innate and adaptive immune responses
during antibody-based cancer therapy (Dhodapkar et al., 2005; Nimmerjahn and Ravetch,
2008), future work would involve analysing these interactions in antibody responses
especially in cells such as macrophages and dendritic cells. We will be culturing
monocyte-derived macrophages and dendritic cells under a variety of conditions to
explore the circumstances under which induction of FcyRI and FcyRIIla occurs. Cells
would then be tested in standard cytotoxicity assays to ensure that this expression
correlated with function.

Individual cell groups and PBMC as a whole will also be tested in the co-presence of
hPR1A3 and complement given that complement may play at least some role in the
mechanism of antibody action. Our colorectal panel will be screened for levels of
expression of the membrane regulatory proteins which inhibit complement and then
examined to see if the level of expression of these proteins influences the magnitude of

the cytotoxic response to antibody for a given level of CEA.
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These studies will enable a better understanding of the key components of ADCC and

how this can be used to initiate a wider immune response.

7.2.3 FcyR studies with hPR1A3

As noted above, there is evidence to suggest that the interaction between the Fc fragment
of the IgG antibody and the Fcyllla receptor on effector cells, in particular NK cells, is
influenced by a polymorphism in the gene encoding this receptor and this translates to
differential magnitude of cytotoxicity in response to binding antibody (Koene et al., 1997;
Wu et al., 1997) and in clinical response (Cartron et al., 2002; Dall'Ozzo et al., 2004;
Weng and Levy, 2003). We plan to genotype the polymorphisms from the donor effector
cells and compare this with donor variation in ADCC for a given cell-line. In the future
this could be extended to the typing of Fcyllla receptors in patients with CRC to assess
their likelihood of response to anti-tumour antibody therapy in subsequent clinical trials
We will also further characterize the importance of stimulatory and inhibitory Fc-y
receptors by selectively blocking their function with anti-receptor antibodies. We would
plan to investigate further the reason behind the loss of antibody-independent cytotoxicity
during blockade of the Fcyllla receptor with whole anti-receptor antibody and why this

doesn’t occur with a F(ab”), from the same clone.

7.2.4 Further combination studies

The possibility of enhancing ADCC will be tested by looking for synergy with other
agents. We will examine the effect of adding immunomodulators such as gamma
interferon, GM-CSF and IL-6 which have been shown either to upregulate the expression
of CEA on CRC cells or to upregulate the expression of Fcyllla on effector cells, as well
as potentiating NK cell activation.

Antibodies such as cetuximab, trastuzumab and bevacizumab have all been used in
combination with standard chemotherapy and it is envisaged that hPR1A3 will be used in

a similar manner. The results above suggest that there may be some up-regulation of CEA
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expression in response to 5-fluorouracil treatment. The next step would be to examine the
effect of dual treatment in cytotoxicity assays.

7.2.5 In vivo studies using mPR1A3 in the APC™™CEA.tg"" mouse

model of colorectal cancer
Traditionally animal studies of tumour therapies are carried out on human xenografts
implanted into immuno-incompetent mice (eg nude mice). In the setting of immune-based
therapies such immunologically incompetent mice are unsuitable. In addition xenografts
are abnormally vascularised and in a non-orthotopic site which makes interpretation of
results difficult.
As discussed in chapter 1.2.9.2.4, the Apc™™"CEA.tg*" (MINCEA) mouse represents a
good model for the investigation of CEA-targeted immunotherapies for CRC in that they
e express CEA in the same spatiotemporal pattern as seen in humans
e develop CEA-expressing tumours spontaneously in the bowel, with a tumour
vasculature comparable to that seen in tumours in humans, and in a mouse with an
intact immune system
e express CEA on such adenomas with the same loss of polarisation as seen in
colorectal cancer, hence making the protein accessible to antibody-mediated
therapy.

Following our pilot study (chapter 1.5.3), future work will now involve studies using an
engineered murine IgG2a construct of the PR1A3 antibody. We will investigate the
ability of the antibody to reduce the number and size of polyps in the MINCEA mice
using both non-transgenic MIN mice treated with the same dose of antibody and
untreated MINCEA mice as controls, the former to ensure there is no non-specific effect

on polyp size and number from injecting antibody.

The assessment of potential synergy of antibody-mediated therapies with standard
chemotherapeutic agents is an important step in progressing to clinical trials. Nearly all
clinical trials of antibody-based therapies involved combination with another
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chemotherapeutic agent. As such, we intend to compare the effectiveness of antibody or
chemotherapy monotherapy with the combination of the two treatments in this mouse
model. In addition dual antibody treatment as suggested for the in vitro work would be

explored.

7.2.6 Phase I clinical trial

There is already strong interest in the development of targeted antibody therapy for the
palliative treatment of cancer and now also for use as adjuvant treatment of
micrometastases. | have outlined the ideal nature of PR1A3 as a potential antibody-based
therapy and the initial success in both in vitro and in vivo studies.

Studies involving the early use of hPR1A3 in the adjuvant treatment of CRC would be the
ideal setting for such a clinical study. Optimising the affinity of the antibody for its target
and the FcylllA receptor as highlighted in chapter 7.2.1 is a prerequisite before such a

trial is undertaken.
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CHAPTER 8

Conclusions

The results of this thesis clearly demonstrate that humanised PR1A3 (hPR1A3) can
mediate the killing of colorectal cancer cell lines expressing CEA and that the level of
cytotoxicity is proportional to the level of CEA expression on the cell line. Although this
work demonstrates a wide variability in CEA expression amongst different colorectal cell
lines, it is known from previous work on colorectal cancer specimens that the majority of
colorectal cancers express CEA to a level which makes them detectable to antibody
(Wagener et al., 1984) and that PR1A3 is able to bind specifically to the large majority of
colorectal tumours in vivo (Granowska et al., 1993). In addition, CEA also fulfils many of
the properties of an ideal tumour-associated antigen. The major disadvantage has been
that CEA is shed from the cell surface and circulates free in the lymphatic system and
blood stream where it can be detected in high concentrations (Kubo et al., 1992;
Wiratkapun et al., 2001). The advantage of PR1A3 over previous anti-CEA antibodies is
that PR1A3 only binds to membrane-bound CEA as shown in vitro (Conaghan et al.,
2008; Durbin et al., 1994) and demonstrated in vivo by its low false positive rate for
lymph node metastases when used in immunoscintigraphy (Granowska et al., 1993).

This thesis has demonstrated further advantages of CEA as a target for immunotherapy in
colorectal cancer. It has shown that CEA levels on colorectal cancer cells are upregulated
by 5-fluorouracil, the most commonly used drug in adjuvant and neoadjuvant treatment of
this disease. The increase in expression was modest although it is likely that the in vivo
levels within the tumour will be higher than those used in these experiments which were
based on average plasma concentrations. This thesis has also shown that CEA levels
increase with increasing cell confluence, although | would maintain the stance that
immunotherapy is best served in micrometastatic disease. Although not confirmed by our
results, other workers have shown that CEA is upregulated by cytokines commonly found

in the microenvironment of an anti-tumour response. These include IFN-y (Guadagni et
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al., 1990; Hauck and Stanners, 1991) and IL-6 (Ullmann et al., 1992) and such a response
would serve to increase the cytotoxic potential of PR1AS.

In terms of antibody mechanism this thesis has strongly suggested that PR1A3 acts in
vitro by ADCC and has no ability to block any putative function of CEA. ADCC is likely
to be the mode of action in vivo. This assertion is based on the following findings:

1. hPR1A3 has no cytotoxic activity in the absence of effector cells.

2. Changing the Fc portion of PR1A3 to a murine IgG1 results in the antibody
losing cytotoxicity because murine 1gG1 binds poorly with the Fcyllla
receptor on the effector cell.

3. The addition of anti-CD16 antibody completely abolishes the cytotoxic
activity of hPR1A3

4. hPR1A3 works at a lower effector : target cell concentration if NK cells
alone are used as the effector instead of unfractionated PBMC. NK cells
have a high concentration of Fcyllla on their surface and are the major
effector involved in ADCC in humans.

I have made the case that ADCC is likely to be the main mode of action of the majority of
naked antibodies in clinical use.

This thesis has demonstrated that the interaction of the Fc portion of the antibody with the
human Fcyllla receptor is critical for antibody function. Genotyping of a polymorphism
in the binding site of the FcyRIlla may be of benefit in tailoring antibody treatment to
individuals as it influences the strength of effector-antibody binding and influences the
response to antibody therapy (Cartron et al., 2002). Identifying a valine homozygote

would allow some comparative ADCC studies with lower binding polymorphisms.

This thesis has demonstrated an additive effect between hPR1A3 and a non-CEA
antibody, A33. Combination antibody therapy is one of the potential solutions to the
problem of antigen escape. The ability of the A33 antibody and hPR1A3 to combine their
cytotoxic potential whilst targeting different antigens is encouraging and there was no
inhibition of hPR1AS3 activity by the addition of a second antibody. Although we have not
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yet demonstrated a synergistic action of 5-FU with PR1A3, the upregulation of CEA by
5-FU discussed above, gives us hope that such synergy is possible.

Experimentally we have also explored novel ways of measuring cytotoxic activity in
vitro. There are well-recognised problems in targeting cells which have been in some way
been exposed to a labelling process. The concern is that the labelling itself may influence
its response to the antibody treatment. Chromium-labelling has the added disadvantage of
the radioactive risk to the investigator. We designed a label-free cytotoxic assay based on
the apoptosis marker, M30. We were able to demonstrate a typical cytotoxic graph of
increasing lysis (M30 concentration) with increasing levels of hPR1A3 in a label free
cytotoxicity assay. However this assay was by no means optimised and further work is

required before we can assess whether it will be useful in routine use.

The cytotoxic assays used within this thesis are all done with unstimulated white cells.
Most studies in the literature use preconditioned effector cells which have been stimulated
with IFN-y or IL-2. This may indeed reflect more accurately the in vivo conditions where
immune activation leads to local pro-inflammatory cytokine release. However it may also
lead to hyper-responsiveness both to spontaneous killing and to antibody therapy. This
could either give a false impression about an antibody’s potential or indeed obscure its
potential by significantly increasing the level of spontaneous Killing. The lack of
preconditioning however may account for some of the differences noted such as the low
level of killing in occasional assays, especially when using cells from leucodepletion
filters, rather than whole blood, the former having been through a cell sorting process and
then compacted within the filter for about 18 hours before use, hence potentially losing

some of their responsiveness.

Further improvements in the cytotoxicity of PR1A3 will undoubtedly be seen following
affinity maturation and glycosylation of the antibody as described above.
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In summary, the work that is presented here underlines the potential application of
PR1A3, a monoclonal antibody targeting CEA, in the adjuvant treatment of colorectal

cancer.
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APPENDIX 1

E4 MEDIUM (DULBECCO’S MODIFICATION OF EAGLE’S MEDIUM)

Inorganic Salts
CaCl2.2H20
Fe(NO3)

KCI

MgS0O4. 7TH20
NaCl
NaH2PO4.2H20
Amino Acids

L- Arginine mono.HCI
L-Cystine
L-Histidine mono.HCI
L-Glutamine
Glycine
L-Isoleucine
L-Leucine
L-Lysine mono.HCI
L-Methionine
L-Phenylalanine
L-Serine
L-Threonine
L-Tryptophan
L-Tyrosine
L-Valine

Inositol

Vitamins

Choline Chloride

Folic acid

mg/litre

265.00
301
400.00
200.00
6400.00
140.00

84.00
48.00
42.00
584.00
30.00
104.80
104.80
146.20
30.00
66.00
42.00
95.20
16.00
72.40
93.60
7.00

4.00
4.00
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Nicotinamide
DL-pantothenic acid, Ca salt
Pyridoxal HCI
Riboflavin

Thiamine HCI (aneurine)
Other Compounds
D-Glucose

Phenol red

NaHCO3

Penicillin

Streptomycin Sulphate

Sodium pyruvate

Antimycotic (Butyl-p-hydroxybenzoate)

4.00
4.00
4.00
0.40
4.00

4500.00
15.00
3700.00
100,000 units
100.00
110.00

0.2
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2% RPMI (ROSWELL PARK MEMORIAL INSTITUTE)

mg/litre
Inorganic Salts mg/litre
Ca (NO3)2. 4H20 100.00
KCI 400.00
MgSO4 48.84
NaCl 6000.00
Na2HPO4 (anhydrous) 800.00
Amino Acids
L-Arginine (free base) 200.00
L-Asparagine 50.00
L-Aspartic acid 20.00
L-Cystine (2HCI) 65.15
L-Glutamic acid 20.00
L-Glutamine 300.00
Glycine 10.00
L-Histidine (free base) 15.00
L-Hydroxyproline 20.00
L-Isoleucine (Allo free) 50.00
L-Leucine (Methionine free) 50.00
L-Lysine HCI 40.00
L-Methionine 15.00
L-Phenylalanine 15.00
L-Proline (Hydroxy L-Proline free) 20.00
L-Serine 30.00
L-Threonine (Allo free) 20.00
L-Tryptophan 5.00
L-Tyrosine (Na salt) 28.83
L-Valine 20.00
Vitamins
Biotin 0.20
D-Ca Panthothenate 0.25
Choline Chloride 3.00

284



Folic acid

i-Inositol
Nicotinamide
Para-aminobenzoic acid
Pyridoxine HCI
Riboflavin

Thiamine HCI
Vitamin B12

Other Compounds
D-Glucose
Glutathione (reduced)
Phenol red

NaHCO3

Penicillin

Streptomycin

1.00
35.00
1.00
1.00
1.00
0.20
1.00
0.005

2000.00

1.00

5.00

2000.00
100,000 units
100.00
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ISCOVE’S MODIFIED DULBECCO’S MEDIUM (IMDM)
E4 medium

25mM HEPES

3.024mg/L NaHCO4

PHOSPHATE-BUFFERED SALINE (PBSA)

The following salts dissolved in distilled water:

NaCl 8g/L

KCI 0.25¢/L
Na,HPO, 1.43g/L
KH,PO, 0.25g/L

TRIS/BORATE /EDTA (TBE) BUFFER
Tris base 10.8g/L

Boric acid 5.5¢/L
Dissolved in 2mM EDTA (pH 8.0)
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