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Abstract

Background

Fluorescent laparoscopic imaging of primary colorectal tumours and lymph node

metastases would improve localisation of early tumours and allow intra-operative
staging, potentially facilitating intra-operative stratification of the extent of surgical
resections thereby improving patient outcomes. | aimed to develop and test a

fluorescent molecular probe capable of allowing localisation of tumours in vivo.

Methods

Immunohistochemistry was used to identify the most appropriate colorectal cancer
target from a panel of seven biomarkers in prospectively collected, matched normal
and tumour tissue from 280 colorectal cancer patients. The availability of targets for
antibody binding was assessed in live cells, fresh frozen tumour samples and ex vivo
cancer specimens. Indocyanine green was conjugated to anti-CEA and control IgG
antibodies, and CEA-specific fluorescence was quantified in live cancer cells. Dye-
doped silica nanoparticles loaded with NIR664 dye were synthesised using a water-
in-oil microemulsion technique. Anti-CEA IgGs or control IgGs were conjugated to
nanoparticles using a variety of different chemical conjugation strategies and binding
to cells was quantified in vitro. A murine xenograft model and live IVIS imaging were

used to assess PAMAM-linked nanopatrticles in vivo.

Results

Of the biomarkers tested, CEA showed the greatest differential expression between
normal and tumour samples (p<0.001) and the best sensitivity (93.7%) and specificity
(96.1%) for colorectal cancer detection. ICG-anti-CEA exhibited CEA-specific

fluorescence in all three cell lines tested (p<0.01) with fluorescence peaking at 24-36



hours. CEA-targeted, PAMAM dendrimer-conjugated nanopatrticles allowed strong
tumour-specific targeting, demonstrating up to 12.3-fold greater fluorescence than
control nanoparticles when incubated with colorectal cancer cell lines (p<0.002). In
LS174T xenografts, CEA-targeted nanoparticles demonstrated clear tumour-specific
fluorescence from 6 to 72h after injection, as compared to only background

fluorescence for control IgG-targeted nanoparticles at all time points (p<0.0001).

Conclusions

CEA has the greatest potential to allow highly specific tumour imaging. ICG-
conjugated anti-CEA antibodies allow CEA-specific imaging of colorectal cancer cells
in vitro. Dye-doped silica nanoparticles conjugated to anti-CEA antibodies via
PAMAM dendrimers have potential to allow intra-operative fluorescent visualisation
of tumour cells. These findings are the first to demonstrate live tumour-specific

fluorescent colorectal cancer imaging using an antibody-targeted nanoparticle in vivo.
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Chapter One

Introduction

Some parts of the text in this chapter have been published in the manuscript “Intra-
operative tumour detection and staging in colorectal cancer surgery” (Colorectal

Disease 2012;14(9):e510-20) and reproduced here with permission.
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1 INTRODUCTION

My project has focussed on developing an intra-operative, fluorescent imaging
system for laparoscopic colorectal cancer surgery. Here, | describe the various
clinical factors that such a system would address and current, relevant in vivo tumour
targeting technologies. | then describe the three principle components of my
proposed solution: tumour-specific localisation, fluorescent visualisation and

nanoparticle linkage.

1.1 The clinical problem

Colorectal cancer (CRC) is the fourth most common cancer in the UK, accounting for
13% of all new cancer cases. In 2010 there were 22834 new cases diagnosed in
men (56%) and 17861 in women (CRUK, 2010). Although five year survival from
colorectal cancer has doubled in the last 30 years, from 25% for those diagnosed in
1971-75 to over 50% for those diagnosed in 2001-06 (Office for National Statistics,
2010), overall incidence rates have been increasing since the mid-1970s (CRUK,
2010). The mainstay of treatment is surgical resection, although this is aided by neo-
adjuvant and adjuvant therapies, which can improve disease-free survival,
downstage tumours and render initially unresectable tumours resectable. Surgical
resection is a one-size-fits-all approach, with the tumour, the supplying blood vessels

and the draining lymphatics resected in an en bloc fashion.

A number of different clinical factors, some long-standing and others due to more

recent developments have highlighted the limitations of current treatment paradigms
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and the potential benefit of intra-operative tumour detection. Factors are listed here,

with further detailed discussion below.

e Current limitations in pre-operative staging;

e The widespread use of laparoscopic resection;

e The effect of the National Bowel Cancer Screening Programme on case mix;
¢ Evidence that more radical resections improve survival;

e The under-staging of stage Il tumours.

1.1.1 Current limitations in pre-operative staging

There are explicit guidelines that dictate a common patient pathway from diagnosis of
a colorectal cancer through to various treatment modalities depending on the
patient’s physiological reserve, the anatomical location of the tumour and the stage of
their disease (ACPGBI, 2007). Colorectal cancer has been shown to metastasise

via the portal venous and lymphatic systems (Jamieson and Dobson, 1909). The
large Wessex (George et al., 2006) and Trent/Wales (Mella et al., 1997) audits of the
1990s and early 2000s showed that over 20% of patients have distant metastases at
initial presentation. Patients therefore undergo detailed pre-operative staging to
assess tumour extent, location, and both local and distant metastases. The
Association of Coloprocotologists of Great Britain and Ireland dictate that, ideally, all
patients undergo a colonoscopy with tissue taken for histology, a staging thoracic
and abdominal computed tomography (CT) scan, and in the case of rectal tumours a
magnetic resonance imaging (MRI) scan with endoanal ultrasound if necessary
(ACPGBI, 2007). In patients with distant metastases (most commonly hepatic or
thoracic), the appropriateness and timing of surgery for the primary and secondary

tumours must be decided, and additionally whether neo-adjuvant chemotherapy is
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required. If the mestastases are resectable, surgery is planned to resect both the
primary and the secondary tumours and chemotherapy is indicated due to the
presence of metastases. For resectable metastases, a ‘staged approach’ has
traditionally been used, with initial resection of the primary, followed by
chemotherapy and then by hepatectomy or pulmonectomy (de Haas et al., 2010,
Feng et al., 2014), on the basis that locoregional control is the priority. For hepatic
metastases, there has been a recent trend towards simultaneous resection of both
the primary and secondary tumours during the same procedure, particularly with
advances in peri- and post-operative care, and minimally invasive techniques (Adam
et al., 2004, Siriwardena et al., 2014). In the case of rectal tumours, neo-adjuvant
radiotherapy with or without chemotherapy is indicated where there is local lymph

node metastasis or the circumferential resection margin is threatened.

It is clear that the accuracy of the information gathered from histopathological
examination and radiological investigations has a huge bearing on the treatment
pathway and chance of recurrence. Despite this extensive pre-operative work-up,
small metastases are often missed; a meta-analysis showed CT to have a sensitivity
of 70% (95% confidence interval: 65-73%) and specificity of 78% (95% confidence
interval: 73-82%) in detecting nodal disease in colonic cancer (Dighe et al., 2010)
whilst MRI has a sensitivity of 66-85% and specificity of 41-97% in nodal staging for
rectal cancer (Kim et al., 2000, Bipat et al., 2004, Brown et al., 2003). Positron
emission tomography (PET) scanning combined with CT colonography has been
shown to be significantly more accurate in detecting lymph node metastases than CT
alone (Veit-Haibach et al., 2006, Sun et al., 2008), but is still not sensitive enough to
detect micro-metastases (tumour deposits of 0.2 to 2mm (Hermanek et al., 1999)).
Potentially, intra-operative tumour visulaisation would allow more accurate tumour

staging by sensitive detection of lymph node deposits.



23

1.1.2 Laparoscopic surgery and the National Bowel Cancer

Screening Programme

Lapraroscopic or ‘keyhole’ resection for CRC has slowly gained popularity in the UK
since its introduction in 1991 (Jacobs et al., 1991, Taylor et al., 2013) and short-term
advantages have been demonstrated. This minimally invasive approach results in
several small scars instead of the traditional midline laparotomy wound that is
associated with post-operative pain and compromises respiratory function (Schwenk
et al., 1999). As a result, randomised controlled trials have demonstrated a shorter
hospital stay, earlier mobilisation and quicker functional recovery (Stead et al., 2000,
van der Pas et al., 2013, COLOR Study Group, 2005, Weeks et al., 2002, Guillou et
al., 2005, Abraham et al., 2004) following laparoscopic resection, without
compromising oncological clearance. One important disadvantage is the loss of
haptic feedback that is present at open surgery: the surgeon’s fingertips are an
important and sensitive tool used to locate primary tumour margins, metastatic
deposits and both embryological and oncological resection planes. Early tumours
tend to be small and can be impossible to locate accurately with laparoscopic
instruments. Colonic tattooing, where a tumour is injected with a permanent dye at
endoscopy prior to surgery, is often used to help locate small tumours. This then
appears as an ink stain on the colonic wall but the technique can be variable and

unreliable (Conaghan et al., 2010).

This problem has been compounded by an increasing proportion of tumours detected
early in their natural history by the National Bowel Cancer Screening Programme
(NBCSP), introduced in 2006. The incidence of Dukes A tumours (confined to the
mucosa (Dukes, 1932)) in the NBCSP is 32% (Logan et al., 2011) compared to 8.7%

in symptomatic patients (National Cancer Intelligence Network (NCIN), 2009). This
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shift towards earlier disease means that surgeons will be required to resect a higher
proportion of small tumours that are difficult to locate intra-operatively. A sensitive
intra-operative tumour visualisation system would allow small tumours to be located
with ease and aid laparoscopic resection. It could also be used to exclude lymph
node metastasis in patients who might otherwise be suitable for endoscopic resection

of a tumour.

1.1.3 Radical resections

1.1.3.1 Current practice and rationale

When resecting a colorectal tumour, the aim is to remove the tumour with clear
margins and remove the surrounding lymph nodes that drain it ((Jamieson and
Dobson, 1909)). The intra-abdominal lymph nodes lie in close proximity to the blood
vessels that supply the colorectum; the typical lymphovascular route of colorectal
cancer metastasis requires that the entire anatomical territory of the artery supplying
the tumour is resected en bloc along with the tumour. The exact location of the

tumour therefore dictates the operation.

1.1.3.2 Complete mesocolic resection and central vascular ligation.

There is emerging evidence that survival outcomes following colon cancer surgery
might be improved by increasing the radicality of lymphadenectomy and meticulously
adhering to oncological planes of resection. The technique of complete mesocolic
excision with extended lymphadenectomy (central vascular ligation), as described by
Hohenberger (Hohenberger et al., 2009), has reported local recurrence rates of 3.6%
and 5-year disease free survival of 89.1%. This has been attributed to the removal of

more tissue and lymph nodes in the correct surgical planes. These figures compare
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favourably to local recurrence rates of 8-10% reported elsewhere (Jayne et al.,
2010). Further, West et al showed a survival advantage from mesocolic plane
surgery in patients with lymph node involvement (West et al., 2008), an observation
that has been corroborated in the Medical Research Council (MRC) CLASICC trial
that compared laparoscopic to open resection. There is, however, a reluctance to
adopt this approach for all patients due to a lack of robust survival data, with papers
focussing on pathological specimen quality only (West et al., 2010, Bertelsen et al.,
2011). A study of 914 patients undergoing potentially curative surgery for T2-T4
colonic tumours by Hashiguchi et al (Hashiguchi et al., 2011) found no staging
benefit and minimal survival benefit in removing nodes greater than five centimetres

from the tumour.

It could therefore be argued that as only some 30% of colorectal cancers have
evidence of nodal disease (CRUK, 2007), subjecting all patients to a radical
segmental resection is over-treatment for the majority (Cabhill et al., 2009). Whether
this translates into unnecessary morbidity is a point of debate; experience would
suggest that the close dissection of the delicate structures around the root of the
mesentery, the increase in length of colon mobilised and excised, and an increase in
operative time all add up to a longer and potentially more problematic peri-operative
period. Hohenberger reported no difference in complication rates pre- and post-
introduction of the complete mesocolic resection and central vascular ligation
technique, but there are a number of potentially confounding issues such as the
experience of the surgeon and the ancillary staff, a 24 year study period, and the
limitations of extrapolating results from a single institution experience (Hogan and
Winter, 2009). If patients with lymph node metastases could be identified accurately
either pre- or intra-operatively, those most likely to benefit from a more radical

resection could be selected.
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This ‘personalised’ approach, where the operation is tailored to the individual biology
of the tumour, offers a number of advantages. The aim is to ensure that an adequate
oncological resection is performed whilst minimising the impact of surgical trauma on
postoperative function. It is probably best exemplified in rectal cancer where the
benefits of transanal endoscopic microsurgery (TEMS), with or without radiotherapy,
for early stage disease (T1-2, NO) are beginning to be recognised, particularly in
terms of organ preservation, restoration of normal bowel function and quality of life
(Doornebosch et al., 2007, Doornebosch et al., 2008, Suppiah et al., 2008). The
concept of tailored cancer surgery also fits comfortably with recent developments in
minimally invasive surgery, including single incision laparoscopic surgery (SILS) and
natural orifice transluminal endoscopic surgery (NOTES) (Cahill, 2010). These
techniques aim to facilitate patient recovery by minimising surgical access trauma,
and if they can be combined with a reduction in surgical site trauma then the

outcomes might be appreciably better.

1.1.4 Under-staging of stage Il tumours

Following surgical resection and post-operative histopathological examination of the
specimen, patients diagnosed as having stage Il disease (no evidence of lymph node
metastasis, Table 1.1) and no evidence of ‘high risk’ features (lymphovascular
invasion, poor differentiation) are considered to have had a curative resection and
adjuvant chemotherapy is not offered, on the grounds that no benefit has been
shown (Andre et al., 2009). However, some 25% of stage Il patients subsequently
develop metastatic disease (Chen and Bilchik, 2006, Weitz et al., 2005), implying that
a proportion of these patients might have had occult lymph node metastases that

were not detected during routine histopathological examination.
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Stage T N M Dukes
0 Tis NO MO -
I T1 NO MO A
T2 NO MO
Il T3 NO MO B
T4 NO MO
1 Any T N1 MO
Any T N2 MO C
Y Any T Any N M1
Definitions
Primary tumour (T)
TX Primary tumour cannot be assessed
TO No evidence of primary
Tis Carcinoma in-situ or invasion of lamina propria
T1 Invades submucosa
T2 Invades muscularis propria
T3 Invades through muscularis propria
T4 Tumour directly invades other organs or structures, and/or

perforates visceral peritoneum (including colorectum)

Regional lymph nodes (N)

NX Regional lymph nodes cannot be assessed
NO No regional lymph node metastsis

N1 Metastasis in 1-3 regional nodes

N2 Metastasis in 24 regional nodes

Distant metastases (M)

MX Distant metastasis cannot be assessed

MO No distant metastasis

M1 Distant metastasis

Table 1.1. Colon and rectum cancer staging (American Joint Committee on

Cancer 5™ Edition).

1.1.41 The clinical significance of micrometastases

There has been significant debate over the last two decades about whether
histologically detected ‘micro-metastases’ (lymph node deposits 0.2 — 2 mm (AJCC,
2002)) actually impact overall survival. A meta-analysis by Iddings et al (Iddings et
al., 2006) reported no difference in 3-year survival when step-sectioning and

immunohistochemistry were performed to identify micrometastases, but when
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reverse-transcription polymerase chain reaction (RT-PCR) was used the presence of
micro-metastases was associated with a significantly worse outcome. Bilchik et al
(Bilchik et al., 2007) published their interim results of a prospective, multi-centre trial
that suggested a possible survival benefit in patients with no micro-metastases in the
sentinel lymph node. However a detailed meta-analysis by Rahbari et al (Rahbari et
al., 2012) has shown them to be clinically significant, suggesting these patients would

benefit from adjuvant therapy if they could be identified.

This has led some to argue that histological ‘ultra-staging’, where each lymph node is
evaluated using a combination of exhaustive step-sectioning, immunohistochemical
staining for cytokeratins and/or polymerase chain reaction (Bilchik et al., 2002,
Bembenek et al., 2005), would lead to higher rates of micrometastasis detection. This
would mean a proportion of stage Il patients would be ‘up-staged’ to stage Il and
therefore benefit from adjuvant chemotherapy (Bilchik et al., 2010). Currently only
nodes that are positive either on macroscopic examination or on single section
examination undergo further examination; ultra-staging every node would have
significant cost and time implications (Wiese et al., 2010) that, in a resource-limited
healthcare system such as the NHS, are difficult to justify. Sentinel lymph node
mapping, which targets those nodes most likely to contain metastases, has been

proposed as a compromise (discussed in section 1.2.4).
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1.2 In vivo colorectal cancer detection: current

technologies

1.2.1 Radioimmunoguided surgery

Radioimmunoguided surgery (RIGS) is an intra-operative tumour detection system
pioneered in the 1990s that is effectively a precursor to this project. This system has
three components: an antibody to an antigen expressed by the tumour in question; a
radionuclide that can be used to radiolabel the antibody; and a hand-held gamma
detector that can be used intra-operatively to detect the antibody/radionuclide
complex bound to the tumour cells. It was first described by Aitken et al in 1984
(Aitken et al., 1984). This initial report has been followed by 29 clinical trials for
colorectal cancer, using either carcinoembryonic antigen (CEA) or tumour-associated
glycoprotein 72 (TAG-72) as the target antigen. Overall the sensitivity of RIGS in
detecting colorectal cancer ranged from 20% (Hamy et al., 1995) to 100% (Kim et al.,
2005) for primary disease and 63% (Cohen et al., 1991) to 97% (Arnold et al., 1992)
for recurrent disease, although in the vast majority it was over 75% and tended to be
higher in cases of recurrence. There have been no systematic reviews or meta-

analyses due to significant heterogeneity between studies.

Despite showing promise in both detection and an ability to improve outcomes (Sun
et al., 2007), the difficulties in handling and disposing of radiolabelled material
combined with ever-improving imaging modalities for pre-operative staging and
management planning have meant that RIGS has become relatively redundant in the

last decade.
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1.2.2 Radioimmunotherapy and targeted chemotherapy

Radioimmunotherapy uses antibodies to cancer-specific antigens to deliver cytotoxic
radiation directly to tumour cells and minimise collateral damage to normal cells
(Meyer et al., 2009, Meredith et al., 1996, de Jong et al., 2011). The majority of work
has targeted CEA or TAG-72 and it has shown to be effective in small-volume
disease (Koppe et al., 2005, Barbet et al., 2012) but has only had limited translational
success. Similarly, targeted cytotoxic drug delivery has the potential to deliver high
dose chemotherapy to cancer cells whilst limiting damage to normal cells, and has
utilised a variety of biomarkers, including FRa (Zhang et al., 2012, Elias et al., 2011),

EGFR (Kopansky et al., 2011) and CEA (Conaghan et al., 2008).

1.2.3 Targeted non-invasive imaging

Pre- and post-operative imaging is essential in the planning and follow-up of
colorectal cancer patients. Recently lodine-124-labelled antibodies to CEA have
been administered to patients systemically and detected using positron emission
tomography (PET) scanning (Carrasquillo et al., 2011, Schoffelen et al., 2012,
O'Donoghue et al., 2011, Meller et al., 2011, Schoffelen et al., 2010, Boerman and
Oyen, 2011); a high target-to-background ratio has the potential to add specificity
when evaluating undetermined masses, a common clinical scenario during the
follow-up of colorectal cancer patients. Other experimental work has used antibodies
to CEA or EGFR to deliver MRI contrast agents to cancer-specific antigens
(Cherukuri and Curley, 2010, Kamphuis et al., 2010, Vigor et al., 2010) to improve

sensitivity and specificity.
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1.2.4 Sentinel lymph node mapping

In colorectal cancer surgery, sentinel lymph node mapping (using a dye injected
subserosally around the tumour) can be used to allow focussed ultra-staging of one
or more nodes most likely to contain metastases. It is used routinely in the
management of breast cancer (Association of Breast Surgery at BASO, 2009) and
melanoma (Marsden et al., 2010) and relies on the assumption that if a sentinel
lymph node is tumour free, then there will be no lymphatic metastases in any
remaining nodes (Bembenek et al., 2005, Wiese et al., 2010). This provides a
practical means for avoiding the resource implications of ultra-staging every resected
lymph node. Since its introduction in 1999 (Joosten et al., 1999), hundreds of studies
have been published, including a number of systematic reviews and meta-analyses
(Mulsow et al., 2003, Bembenek et al., 2008, Des Guetz et al., 2007, van der Pas et
al., 2011). These have highlighted various limitations, including false negatives,
variable sensitivity in detecting the sentinel node, technical difficulties (particularly
with rectal tumours) and aberrant drainage patterns. However, in the most recent and
in-depth meta-analysis, Van der Pas et al (van der Pas et al., 2011) suggest that a
sentinel lymph node procedure should be considered in all colon cancer patients

without clinical evidence of lymph node metastases.

Although this is basically a method for intra-operatively delineating normal anatomy
rather than tumour-specific detection, when combined with pathological ultra-staging
it has the potential to alter post-operative management and has attracted further
technological development. These developments have led to the emphasis of
sentinel lymph node mapping shifting from a post-operative staging tool to a potential
role in selective lymphadenectomy, by combining it with more cutting edge
technologies such as near-infrared laparoscopy, optical coherence tomography or

real time elastography.
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1.2.4.1 Near-infrared laparoscopy

Indocyanine green (ICG) is a photosensitive tricarbocyanine dye with a peak spectral
absorbance at approximately 780 nm (Landsman et al., 1976, Haritoglou et al.,
2003), in the near-infrared region. Several feasibility studies have used indocyanine
green as a substitute for patent blue V dye in sentinel lymph node mapping in
colorectal cancer (Nagata et al., 2006, Kusano et al., 2008, Hutteman et al., 2011,
Cahill et al., 2012). It can be injected subserosally (either lumenally via a
colonoscope or laparoscopically) and a modified laparoscope used to detect the
fluorescent signal. Compared to conventional blue dye mapping, it penetrates more
deeply through living tissue and does not distort the view of the surgical field. The
technique is not tumour-specific, but if combined with intra-operative, morphological
sentinel node assessment, it has the potential to allow intra-operative staging and

surgical stratification.

Cahill et al recently combined the technique with intra-operative ultrasound
assessment of the sentinel node in patients with early-stage cancer (Cabhill et al.,
2012). The sensitivity of a 12 MHz probe is currently not high enough to detect micro-
metastases but it is foreseeable that the resolution will increase with further
development of high frequency ultrasound. Optical coherence tomography and
elastography (see sections 1.2.4.2 and 1.2.4.3) may offer a better chance of
accurately assessing the sentinel node for small deposits and micrometastases via a

‘virtual biopsy’.

1.2.4.2 Optical coherence tomography

Optical coherence tomography (OCT) works in a similar way to conventional

ultrasound but uses light instead of sound waves (Huang et al., 1991, Osiac et al.,
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2011). Near-infrared light is used to penetrate a ‘scattering media’ (in this case
human tissue) and back-scattering is detected to construct a three-dimensional,
cross-sectional image. The properties of certain biological tissues enable OCT to act
as a real-time, high resolution, microscopic imaging technique (Boppart et al., 1998,
Boppart et al., 1999, Boppart et al., 2004). OCT has been used in a variety of clinical
applications, including ophthalmology, evaluating coronary artery disease and, of
note here, lymph node imaging (Zysk et al., 2007). When compared to conventional
histopathology there is a strong correlation between images of lymph nodes
(McLaughlin et al., 2010) but penetration tends to be limited to a few millimetres. The
technique has since been applied to colorectal cancer surgery (Cahill et al., 2010) by
passing a fibred OCT probe down the working channel of an endoscope in order to
perform a real-time, in vivo, ‘virtual biopsy’ of peritoneal lymph nodes via a
transgastric NOTES approach in a porcine model. OCT therefore has the potential to
provide an intra-operative, real-time assessment of a sentinel node following near-

infrared laparoscopic mapping.

1.2.4.3 Real-time elastography

Real time elastography is a method of assessing the elasticity of tissues and exploits
the fact that most tumours are harder or stiffer than surrounding normal tissue. When
an external compression force is applied to the tissue, high frequency ultrasound is
used to measure the strain in the tissue and construct elastography images. It was
used initially to image breast (Itoh et al., 2006), thyroid (Lyshchik et al., 2005) and
prostate tumours (Konig et al., 2005). Development of intra-operative staging
applications is at an early stage with work focussing on liver and pancreatic tumours
(Kato et al., 2008, Inoue et al., 2010, Elias et al., 2011) but it has also been applied to

the detection of malignant lymph node deposits (Saftoiu et al., 2007, McCormack et
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al., 2009). This is another technology that could be combined with sentinel lymph

node mapping to provide a real-time virtual biopsy of the sentinel node.

Intra-operative sentinel lymph node mapping with real-time virtual biopsy retains the
limitations of conventional lymph node mapping. The assessed stage of a colorectal
tumour would be entirely dependent on the assumption that the sentinel node is
reflective of the true nodal status. Tan et al (Tan et al., 2010b) conducted a study to
determine the distribution of the first metastatic lymph node in colorectal cancer by
examining the mesentery of 93 patients who had only one involved lymph node found
on histology. This node was not located directly below the tumour in 48% of cases
and was found to have skipped the pericolic nodes or to be 5 cm beyond the
longitudinal tumour margin in 18% of cases. Similarly, Park et al (Park et al., 2009)
reported that in 6% of caecal cancers, metastasis occurred to lymph nodes along the
right branch of the middle colic artery rather than the expected location of the sentinel
node alongside the ileocolic artery. This suggests that however accurate the in vivo
biopsy technology is at assessing the sentinel node, the results may not reflect the

true disease stage.

1.3 A potential solution: intra-operative fluorescent

imaging

My proposed solution to the limitations of current treatment paradigms is a tumour-
specific fluorescent probe, capable of binding to colorectal cancer tissue at a
molecular level, which could be administered to a patient prior to undergoing
laparoscopic surgery. A modified laparoscopic system could then be used to identify

the fluorescent probe bound to cancer cells, enabling delineation of the primary
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tumour margins and detection of metastatic disease. This would then allow an intra-
operative assessment of the stage of the tumour and the appropriate resection to
take place. Such an application requires at least two components: a tumour-specific
localisation component and a fluorescent visualisation component. A third component
- a scaffold to chemically attach and arrange the two - could be used to optimise the

fluorescent signal.

1.3.1 Tumour-specific localisation component

There is much interest in developing strategies for tumour-specific delivery of agents
to increase our diagnostic capability or enhance the selectivity and effectiveness of
therapeutics. These strategies rely on the ability to target tumour cells accurately
using biomarkers that are differentially expressed between tumour and normal tissue.
Antibodies to various tumour-associated antigens provide an ideal mechanism for
this (Chester et al., 2004, Brennan et al., 2010). In colorectal cancer, the most
commonly used biomarkers include carcinoembryonic antigen (CEA) (Muguruma et
al., 1999, Heine et al., 2011, Sharkey et al., 2005, Yazaki et al., 2008, Kaushal et al.,
2008), tumour-associated glycoprotein 72 (TAG-72) (Tang et al., 2007, Zou et al.,
2009, Chen et al., 2008, Chen et al., 2011b), endothelial growth factor receptor
(EGFR) (Qi et al., 2012, Goetz et al., 2010, Jeong et al., 2012), and folate receptor

alpha (FRa) (Reddy and Low, 1998, Chen et al., 2005, Yang et al., 2010a).

Carcinoembryonic antigen (CEA):

CEA is a membrane-bound glycoprotein that is over-expressed in approximately 90%
of colorectal cancers and is minimally expressed in normal colonic cells (Jantscheff
et al., 2003). It is expressed less strongly in gastric, pancreatic, breast, lung and

medullary thyroid cancer (Hammarstrém, 1999). CEA actually represents a family of
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proteins encoded by 29 genes (Hammarstrém, 1999), meaning the actual epitope is

not always clear.

Tumour-associated glycoprotein 72 (TAG-72):

TAG-72 is a mucin-like molecule with a similar expression to CEA in colorectal
cancer and normal tissue. It is also over-expressed on the surface of a variety of
adenocarcinomas including gastric, pancreatic, breast, prostrate, endometrial and
ovarian tumours (Colcher et al., 1989, Johnson et al., 1986). Like CEA, TAG-72 is

not encoded by a single gene.

Folate receptor a (FRe):

FRa is a membrane-bound protein that binds and transports folic acid and is over-
expressed in epithelial-derived cancers, including those of the colorectum (Shia et
al., 2008). It appears to be expressed relatively infrequently in colorectal tumours but
is absent in the vast majority of normal tissues, hinting at a potentially high specificity

(Shia et al., 2008).

Epidermal growth factor receptor (EGFR):

EGFR is a well-known target for anti-cancer therapies but the literature concerning
the degree and frequency of EGFR over-expression in colorectal cancer is
contradictory, with reported expression varying from 33% to 97% of cases (Koretz et
al., 1990, Lee et al., 2002, Spano et al., 2005, Bhargava et al., 2006). It is also
reported to be expressed in up to 48% of normal colorectal samples (Koretz et al.,

1990), which could compromise its specificity for cancer tissue.

These four biomarkers have been targeted in the majority of diagnostic and
therapeutic applications in colorectal cancer. A surprising feature of all the examples

of in vivo tumour targeting described in section 0 is that the choice of biomarker used
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is rarely justified in terms of its tumour sensitivity and specificity. The characteristics
of suitable cancer biomarkers are that they must be highly expressed in a large
majority of tumours and have low or no expression in normal tissue, encompassing
the normal tissue from which the tumour is derived and — ideally — most or all normal
adult tissues accessible to systemic delivery. Suitable molecules must also be
located on the external facing surfaces of cancer cells so as to be accessible to
systemically-delivered recognition molecules. To my knowledge, expression of the
most commonly used markers for colorectal cancer has never been rigorously
evaluated in a well-defined cohort of cancer and normal tissue. | will need to choose

the most appropriate biomarker-specific antibody to use for my application

1.3.2 Fluorescent visualisation component

Once bound specifically to a cancer cell, the antibody must be visible to the operating
surgeon but must not distort views of the surrounding anatomy. Fluorescence is ideal
for this purpose as it can effectively be turned on or off on the screen of a modified
laparoscope using selective filters of different wavelengths. Fluorescence occurs
when a substance (a fluorophore) absorbs electromagnetic radiation, exciting
electrons to a higher quantum state before returning to their ground state and
emitting a photon (light) at a different wavelength to that which was absorbed.
Normal biological tissues naturally emit non-specific auto-fluorescence when excited
by light with wavelengths commonly used in fluorescent imaging (e.g. from
mitochondria and lysosomes) which can potentially interfere with an imaging system
(Monici, 2005). | require a fluorophore that absorbs electromagnetic radiation at a
wavelength that penetrates tissues deeply without damaging them, emits light at a
wavelength different to that of auto-fluorescing tissues, and is suitably bright. Near

infra-red light (wavelength approximately 700 - 3000 nm) is ideal because
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haemoglobin, lipids and water tend to absorb the least amount of light at wavelengths
in the near-infrared range, allowing deeper tissue penetration than other wavelengths
(Weissleder and Ntziachristos, 2003, Hilderbrand and Weissleder, 2010). Non-
specific tissue auto-fluorescence is also significantly lower at longer wavelengths,
improving the target to background ratio (Muller et al., 2001). A fluorophore with a
longer wavelength is therefore desirable in an in vivo imaging system. The near-
infrared cyanine (Cy) dyes (absorption wavelength 650-900 nm) have been used in
clinical trials for anatomical delineation of lymph channels and nodes, bile ducts,
mesenteric and anastomotic perfursion, and ureters (Ashitate et al., 2012, Soltesz et
al., 2006, Kusano et al., 2008, Hutteman et al., 2010, Cahill et al., 2011, Matsui et al.,
2011, Cahill et al., 2012), frequently combined with modified laparoscopes. However,
none of these applications use fluorophores targeted to specific tissues or cells -

instead they are simply inserted into the anatomical compartment of interest.

Several groups have published small studies evaluating fluorophores conjugated to
targeting antibodies in murine models of colorectal (Kaushal et al., 2008, Zou et al.,
2009), pancreatic (Kaushal et al., 2008), breast (van Scheltinga et al., 2011, Wu et
al., 2013) and head and neck cancers (Heath et al., 2012, van Scheltinga et al.,
2011) using near infrared dyes including Oregon Green Thermo (Thermo-Fisher,
Massachusetts, USA), Cy7, IRDye 800CW (Li-Cor, Nebraska, USA) and rhodamine
as the fluorophore. All studies demonstrated fluorescent labelling of the tumours but
when the tumour-to-background ratio and non-specific fluorescence were taken into
account the results were potentially less impressive, as detailed below. For such
systems to be effective in laparoscopic colorectal cancer surgery, three important
criteria must be fulfilled: the fluorescent signal must be of adequate magnitude to
pass through the muscular bowel wall and the fatty mesentery; the tumour-to-
background ratio must be large enough to allow sensitive and specific detection; and

the fluorophore must be relatively resistant to photobleaching, a particular issue due
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to the sometimes extended duration of operations for colorectal cancers. The results
of the published studies suggest that the systems used were unlikely to fulfil these
criteria. For example, Heath et al used a IRDye800CW-conjugated anti-EGFR
antibody in mice with head and neck xenograft tumours combined with a fluorescent
intra-operative imaging system (Heath et al., 2012). The authors found the signal-to-
background ratio to be only 2.9 for the test particle and 1.4 for their control antibody,
meaning the fluorescence achieved was not dramatically above background and
exhibited only slight antibody directed targeting. Similarly, van Scheltinga et al
achieved a tumour-to-background ratio of 2.8 using the same dye in a murine breast
cancer model (van Scheltinga et al., 2011). It is notable that despite initial studies
suggesting potential for translation to the operating theatre in 2008, there has been

no progress beyond mouse models.

1.3.2.1 Indocyanine green

Unlike the dyes used in the examples above, indocyanine green (ICG) is insoluble in
water at physiological pHs and is not easily conjugated to protein molecules
(Landsman et al., 1976). Ito et al developed ICG-Sulfo-OSu, which has a
succinimidyl ester available for binding to a free amine group on an IgG molecule (lto
et al., 1995). Following this there were limited attempts to use ICG-labelled
antibodies for fluorescent immunohistochemistry of fixed tissues (Muguruma et al.,
1998, Muguruma et al., 1999) that received no further attention. This might be
explained by the data published by Ogawa et al (Ogawa et al., 2009): the authors
showed that when ICG-Sufo-OSu was conjugated to IgG antibody the fluorescence
intensity was low and this remained the case when alternative antibodies were used.
Furthermore, when the antibody to ICG molar ratio was increased, this ‘queching’

effect also increased; at 1:1 conjugation the observed quenching capacity was 6-fold,
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whereas at 1:8 it was 58-fold. When the authors added 2% sodium dodecyl sulphate
(SDS) and 2-mercaptoethanol (2-MEA), the fluorescence dramatically increased. The
authors hypothesised that this was due to the covalent bond between the two being
cleaved although this mechanism is not fully understood. They found that following
cell membrane binding, ICG-antibody conjugates were gradually internalised into the
cell cytoplasm and gradually became ‘activated’ over eight hours, producing
detectable cytoplasmic fluorescence. Presumably this occurs during lysosomal
metabolism. The authors exploited this phenomenon by conjugating ICG-Sulfo-OSu
to anti-human epidermal growth factor receptor 2 (HER2) monoclonal antibodies and
successfully using them for in vivo imaging in a murine xenograft model of breast
cancer. The same group also published further similar work using a murine xenograft
of prostate cancer (Nakajima et al., 2011). This property implies that the non-specific
background signal in an in vivo system would be reduced, as only internalised ICG
will be fluorescent and all other ICG-antibody conjugates that have not bound to the
target antigen will remain quenched. In addition, the ICG appears to remain
fluorescent within the cytoplasm for up to 10 days (Nakajima et al., 2011). The
logistics involved in administering the drug and scheduling surgery would therefore
be more flexible and multiple doses could be administered to increase the number of
ICG molecules in the cell. These factors may allow improved fluorescent detection

compared to simple surface-bound fluorescent antibody systems.

Importantly, ICG is a U.S. Food and Drug Standards Agency (FDA) and UK
Medicines and Healthcare Products Rugulatory Agency (MHRA) approved dye, so
translation from in vitro studies to clinical trials could be rapid. Its potential as a
medical dye was first described in 1957 (Fox et al., 1957) and it has been used in
clinical studies for ophthalmic angiography (Holz et al., 1998), hepatosplanchnic
blood flow estimation (Uusaro et al., 1995), intra-operative small bowel angiography

(Matsui et al., 2011), biliary cholangiography (Ishizawa et al., 2009), anastomotic
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perfusion estimation (Ris et al., 2014) and sentinel lymph node mapping (Cahill et al.,
2012, Kusano et al., 2008, Soltesz et al., 2006). It has been used in the majority of
the anatomical delineation clinical trials mentioned in section 1.2.4.1 with no reported
side effects. It also has an emission spectrum in the near-infrared range (810 nm in
water and 830 nm in blood (Fox et al., 1957)), potentially reducing background

autofluorescence (Vahrmeijer et al., 2013, Alander et al., 2012).

1.3.3 Nanoparticle scaffold

A nanoparticle is generally considered to be a particle with lengths in two or three
dimensions of between one and 100 nm (ISO, 2008, ASTM, 2012). They can be
synthesised in a vast number of shapes, sizes and materials, with a similarly variable
chemical composition and surface chemistry. There has been great interest in their
potential for biomedical applications ever since the field of nanotechnology was

established and throughout its subsequent rapid expansion.

A fluorescent, tumour-specific molecular probe for live in vivo colorectal cancer

imaging must fulfil the following criteria:

e The molecule must have pharmacokinetic properties that enable it to be
delivered efficiently to a tumour following systemic vasculature delivery;

e The fluorescent signal must be of adequate magnitude to pass through the
muscular bowel wall and the mesentery;

e The tumour-to-background ratio must be large enough to allow sensitive and
specific detection;

e The fluorophore must be relatively resistant to photobleaching;

e It must have a favourable toxicity profile.
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Nanotechnology may provide a potential solution to the limitations seen with simple
fluorophore-antibody conjugates and improve the above criteria. If a chemical
nanoparticle scaffold could be used to link the two components, the fluorescent
signal could be concentrated by providing many more fluorophore molecules per
antibody molecule. Multiple antibodies targeting different tumour-specific antigens

could theoretically be attached to maximise sensitivity.

For systemic delivery, the fluorophore-nanoparticle-antibody complex would have to
be small enough to pass through the small capillaries in tumour tissue to reach the
target antigen and be non-toxic. Although dependent upon many factors including
particle shape, surface chemistry and charge, it is generally accepted that for this to
occur, nanoparticles must have a diameter of less than 200 nm (Matsumura and
Maeda, 1986, Moghimi et al., 2012, Perrault et al., 2009). Solid tumours display an
inherent ‘leaky’ vasculature and deficient lymphatic drainage that allows
intravenously delivered nanoparticles to passively accumulate, known as the
enhanced permeation and retention effect (Peer et al., 2007, Matsumura and Maeda,
1986). The combination of small particle size and relatively permeable tumour-
associated vasculature enables deep tumour penetration (Brannon-Peppas and
Blanchette, 2004). They are usually rapidly sequestered by the liver, spleen and
other parts of the reticuloendothelial system (RES) depending on their surface
characteristics (Gabizon et al., 2003). The surface of a hanopatrticle can be
functionalised to carry a variety of chemical groups, enabling specific molecules
(such as antibodies or fluorophores) to bind to them. By controlling these surface
functional groups, a particle can be made to have a hydrophilic surface, reducing
uptake and prolonging circulation time and hence affording greater targeting potential
(Gaur et al., 2000). Incorporation of polyethylene glycol (PEG), a hydrophilic co-

polymer, to nanoparticle surfaces has been shown to effectively increase the
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circulating half-life by preventing opsonisation by the RES (Owens lii and Peppas,

2006).

1.3.3.1 Toxicity

Research into the potential toxicity of nanoparticles for biomedical applications
appears to have taken a backseat during the field’s rapid expansion (Lewinski et al.,
2008) but concerns have been raised regarding the toxic effects of exposure and
accumulation (Li et al., 2010, Marquis et al., 2009, Soenen and De Cuyper, 2010,
Yang et al., 2010b). This tends to affect the route of administration and the organ(s)
responsible for their clearance - if the nanoparticle is non-biodegradable,
accumulation in these organs can lead to toxicity (Ilium et al., 1986, Peracchia et al.,
1999) with unknown long term effects. In addition, the unique kinetic properties of
nanoparticles in solution have led to errors when extrapolating toxicity data obtained
in vitro experiments (Teeguarden et al., 2007). This is because nanoparticles usually
exist as a suspension in a fluid as opposed to a true solution, therefore predicting

their behaviour based on in vitro results can be difficult.

1.3.3.2 Liposomes, polymeric and silica nanoparticles

The variable shape, size, material and surface chemistry all impact the fate of a

nanoparticle in a complex biological system (Alexis et al., 2008). These factors and
the potential for toxicity has led to the majority of work concentrating on liposomes
and polymeric nanoparticles (Petros and DeSimone, 2010), which have shown the

greatest potential in vivo.
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Liposomes are vesicles consisting of spherical phospholipid bilayers. They provide a
non-toxic system for delivering drugs to target tissue and controlling their release, via
endocytosis at the cell membrane. They have been successfully employed in
delaying the release of local anaesthetic agents (Davidson et al., 2010) and in
delivering chemotherapy agents (Kaasgaard and Andresen, 2010, Andresen et al.,
2010), vaccines, anti-fungals, anti-virals and gene therapeutics (Lian and Ho, 2001).
Whilst ideal for delivery of a payload, they are less suitable for in vivo fluorescent

imaging because of rapid endocytosis and poor specificity (Miller et al., 1998).

Polymeric microspheres, synthesised using an emulsion polymerisation process,
have tended to be the most common type of particle used in biological applications
(Soppimath et al., 2001). Their size can be readily controlled and their surface can be
functionalised with a variety of groups for conjugation. Mesoporous silica, containing
multiple micropores, has been the preferred choice of material due to its relative non-
toxicity, ease of manufacture and optical transparency (allowing fluorophores to be
incorporated) (Burns et al., 2006, Li et al., 2012, Slowing et al., 2008, Tang et al.,

2012).

1.3.3.3 Dye-doped silica nanoparticles

Dye-doped silica nanoparticles fulfil many of the criteria required for a targeted intra-
operative imaging platform and are my preferred choice. They comprise a fluorescent
core with thousands of dye molecules embedded in silica. A silica shell that can be
functionalised with various chemical groups for conjugation surrounds this. They
were first described in 2001 (Qhobosheane et al., 2001) and since then a limited
number of studies have been published in which these particles have been

investigated as agents to allow fluorescent labelling of cancer cells in vitro (Huang et
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al., 2009, Santra et al., 2001, Tivnan et al., 2012). They have been shown to be
relatively non-toxic compared to many nanoparticles, with excretion via the faeces

and urine following intravenous administration (Fu et al., 2013).

There are two important limitations to the data presented: firstly, the methodology for
manufacturing this type of particle is highly variable, with large variations between
techniques and several different chemical conjugation strategies for linking a
targeting antibody to the nanoparticle; secondly, in the limited number of papers that
describe cell targeting experiments, the methodology is poor with a lack of robust
controls or fluorescence quantification. A key concern is the high level of non-specific
binding potentially exhibited by these particles when using some conjugations to
antibodies, meaning that use of appropriate non-tumour targeted controls is critical.
The vast majority of published work in this field has used either ‘bare’ nanoparticles
as a control, with no targeting antibody attached, or no control particle at all. There

are no reports of successful live in vivo tumour targeting in colorectal cancer.

1.3.3.4 Quantum dots

Quantum dots are fluorescent semiconductor nanocrystals that have a number of
characteristics differentiating them from organic fluores (Michalet et al., 2005). Their
size determines the absorption and emission spectra and can be closely controlled or
‘tuned’ during their manufacture. Their extinction coefficients - the amount of light that
can be absorbed - are also claimed to be longer and they are more stable than
conventional dyes, with a high resistance to photobleaching, where the the fluore is
damaged by the exciting light (Watson et al., 2003, Ballou et al., 2003). These
properties make quantum dots potentially ideal fluorophores for imaging purposes

but their toxicity remains a concern (Pelley et al., 2009), particularly as they are
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commonly constructed from cadmium and either tellurium or selenium, all of which
are toxic to humans. Efforts have been made to coat quantum dots with a chemical
shell, such as zinc sulphide, to reduce toxicity without compromising their optical
properties (Cho et al., 2010, Darbandi et al., 2010). It is also possible to conjugate
antibodies to their surface (Gao et al., 2004, Wu et al., 2003, Ballou et al., 2003,
Yang et al., 2009), allowing antigen-specific fluorescence. Despite early claims of
huge advantages over traditional fluorophores for biomedical imaging, supporting

robust and conclusive data have not been forthcoming.
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1.4 HYPOTHESIS AND AIMS

My hypothesis is that a tumour-specific, intra-operative fluorescent imaging system
for detecting colorectal cancer would allow more accurate identification of primary
tumour margins and more sensitive detection of metastatic disease, leading to more

effective tumour treatment and improvement in patient outcomes.

My aims are:

i) To identify sensitive and specific antibodies for colorectal cancer cell antigens
and examine their expression in a large cohort of tumour and normal colon
samples;

i) To produce a fluorescent nanopatrticle and conjugate it to the best performing
antibody;

iii) To examine the sensitivity and specificity of these fluorescent nanoparticles for
colorectal cancer cells using model systems including cell lines and xenograft

mouse models.

Use of this intra-operative imaging system could potentially be examined in future
clinical trials and if successful could improve outcomes for colorectal cancer

treatment.
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Chapter Two

Methods

The tissue micro-arrays described in this chapter were prepared by S Yeluri.
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2 METHODS

2.1 Immunohistochemistry

2.1.1 Immunohistochemistry methods

Blocks were sectioned (5 pm) onto SuperFrost Plus microscope slides (Menzel-
Glaser, Braunschweig, Germany), dewaxed with xylene and rehydrated through
graded ethanol before rinsing in water for 5 minutes. Antibody-binding epitopes were
retrieved either by heating the slides in pre-warmed 10mM citric acid buffer (pH 6.0),
using a microwave (buffer pre-heated at 900W for 2 minutes, slides heated at 900W
for 10 minutes), using a pressure cooker (pre-heated for 10 minutes, slides heated
for eight minutes, 125°C, 103.4 kilopascals), or by incubating with 100 pl of
proteinase K in 50 ml of phosphate buffered saline (PBS) at 37°C for 25 minutes.
Endogenous peroxidase activity was blocked with 10% hydrogen peroxide (H,O,) for
10 minutes before re-rinsing in water for 5 minutes. If non-specific stromal staining
was present, an extra block step was then performed using casein (1:10 dilution in
Tris-buffered saline, TBS; 60 ml 2.5 M NaCl mixed with 20 ml Tris-HCI pH 7.4 and
920 ml distilled water) for 20 minutes. Each slide was mounted in a sequenza
(Thermo Scientific, Massachusetts, USA) and rinsed with TBS followed by antibody
diluent reagent solution (Invitrogen, Carlsbad, USA) to prevent non-specific binding.
100pl of primary antibody diluted in diluent was added at a range of concentrations
and incubated at room temperature for 1 hour or overnight at 4°C. Slides were
washed twice with TBS-tween (TBS-T, TBS plus 10% [v/v] Tween-20) and once with
TBS, for five minutes each before incubating with an appropriate horseradish

peroxidise (HRP)-conjugated polymer secondary antibody (Invitrogen) for 30 minutes
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at room temperature. The slides were re-washed, twice with TBS-T and once with
TBS for 5 minutes. 100ul of 3,3’-diaminobenzidene DAB (Invitrogen) solution was
added to each slide for 10 minutes before a 5 minute wash in water. Slides were then
stained with haematoxylin for 1 minute, washed in water for 1 minute, washed in
Scott’s tap water for 1 minute and rewashed in water for 1 minute. They were then
dehydrated with graded ethanol and xylene before being mounted with DPX

Histology mountant (Sigma Aldrich, St Louis, USA).
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Antibodies to the eight chosen antigens were selected as detailed below:

Code & Publication
Anti T [
ntibody ype Clone Manufacturer S
. IgG1 monoclonal M7072, Dako, (Zoubir et
Anti-CEA mouse anti-human -7 Denmark al., 1990)
A5B7,
Biotherapeutics (Meyer et
Development al., 2009)
ANti-CEA IgG1 mongclonal ) Unit, Cancer (Dawson et
mouse anti-human Research UK, al., 1991)
Clare Hall (Lane et al.,
Laboratories, 1994)
Potters Bar, UK
(Povoski et
. IgG1 monoclonal sc-20043, Santa al., 2012)
Anti-TAG-72 mouse anti-human Cruz, Texas, USA | (Sun et al.,
2007)
. (Buckley
ANti-EGER IgG1 mongclonal 31G7 Invitrogen, and Kakar,
mouse anti-human Carlsbad, USA
2007)
(Duff et al.,
Anti- IgG1 monoclonal KDR/EIC ab9530, Abcam, (zgcc:)r?i)manski
VEGFR2 mouse anti-human Cambridge, UK ot al
2010b)
. Leica .
e | oo | ez | mosens, | G0
P Newcastle, UK v
(Grone et
. IgG1 polyclonal goat sc-16612, Santa | al., 2006)
Anti- 1 . |-2
nti-robo anti-human 0 Cruz, USA (Wang et
al., 2003)
(Bellone et
ANti-CD105 IgG1 polyc.lonal SNGh M3527, Dako, al., 2010)
mouse anti-human Denmark (Burrows et
al., 1995)

Table 2.1. Antibodies selected for the chosen panel of antigens.
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2.1.3 Optimisation

Thirteen specimens of formalin-fixed, paraffin-embedded colorectal cancer of various
grades and one sample of normal colonic tissue were used to optimise antibody
concentrations and experimental protocols. For each primary antibody, a range of
concentrations was tested according to the manufacturers’ guidelines and relevant
published papers. Control slides with no primary antibody were included. Duplicate
slides were tested using different methods of antigen retrieval: no retrieval; heat
retrieval; and proteinase K retrieval. Slides were examined by a pathologist (ETV)
and the quality of staining assessed, specifically comparing tumour samples to the
normal sample and looking for positive cancer cell staining with negative stromal
fibroblasts and leukocytes. If staining was non-specific, with stromal and cancer cell
staining present, fresh slides were incubated with 100pl of 10% casein for 20 minutes
and reassessed by a pathologist. If staining was absent, slides were incubated with

the primary antibody overnight at 4°C and reassessed.

2.1.4 Tissue micro-arrays

2141 Ethics and patient cohort

Ethical approval was obtained from the National Research Ethics Service (London-
Dulwich Committee), reference 12/L0O/1327. Formalin-fixed paraffin-embedded
(FFPE) tissue blocks containing primary colorectal carcinoma and matched normal
colorectal mucosa, collected prospectively for the MRC CLASICC trial (Guillou et al.,
2005), were available from 280 patients. FFPE blocks containing mesenteric lymph

nodes (both tumour-cell positive and negative) were available for 18 of the patients.
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2.1.4.2 Procedure

Tissue microarrays (TMAs) were constructed from formalin-fixed samples of
colorectal cancer and normal colonic mucosa using 0.6mm cores embedded in
paraffin blocks by SY. For each patient, three cores selected from the most
representative tumour area (as determined by haematoxylin and eosin (H&E)
staining) and three cores from normal colon were included. The 280 colorectal
tumours and matched normal tissues were sampled in seven TMAs, with three cores
for each tumour and three cores for each matched normal tissue sample.
Immunohistochemistry was performed on each TMA with anti-CEA (A5B7), anti-TAG-
72, anti-EGFR and anti-FRa at concentrations of 1:150000, 1:100, 1:50 and 1:25
respectively. Microwave antigen retrieval was used for anti-CEA and anti-TAG-72,
proteinase K retrieval was used for anti-EGFR and pressure cooker retrieval was

used for anti-FRa.

2.1.5 Scoring

Slides were digitally scanned using Scanscope XT (Aperio, Vista, USA) at 20x
magnification and were observed for scoring using ImageScope v11 (Aperio,
Vista,USA). Staining was assessed semi-quantitatively using a bespoke scoring
system developed in consultation with two pathologists (ETV and NPW). Cores were
scored for intensity of epithelial cell staining (0, no staining; 1, mild; 2, moderate; 3,
strong) and an estimate of the percentage of epithelial cells staining positively (0,
<5%; 1, 5-20%; 2, 21-40%; 3, 41-60%; 4, 61-80%; 5, 81-100%). These scores were
multiplied to give final scores of 0 to 15, as has been done previously (Lombardi et
al., 1999, Soslow et al., 2000, Lyall et al., 2006, Leeman et al., 2002). A mean score
was calculated from the core scores for each tumour and each matched normal

sample. Tumour cores with no tumour cells and normal cores with no epithelial cells
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visible were discounted. Carcinoembryonic antigen and TAG-72 were scored for
apical membranous staining only. Folate receptor a showed mild cytoplasmic
staining only, and was scored solely for this. EGFR showed membranous, and -
more rarely - cytoplasmic and nuclear staining. However, following established
literature (Buckley and Kakar, 2007, Scartozzi et al., 2004) EGFR was scored for
membranous expression only. Two independent observers were involved in the
scoring: | scored all cores and a pathologist (ETV) blinded to the antibodies scored a
sample representing 15% of the cases. Scoring reproducibility was determined for
each antibody using the intra-class correlation coefficient; the process of calculating
the mean score for each patient led to 61 possible outcomes and therefore the data
were treated as continuous rather than categorical. Scores for each case of tumour
or normal tissue were means of scores allocated by me for each core from that
tissue. If only one core score was available, for example due to lack of appropriate
cell types or core loss (where the core is stripped from the slide during the staining
process) this single score was used; a method that has been validated previously
(Camp et al., 2000, Torhorst et al., 2001)). Means for normal and tumour tissue were
compared using Wilcoxon signed-rank tests for paired non-parametric data.
Sensitivities and specificities were calculated from the mean scores for tumour and
normal tissue expression for each case using two different cut-off points: the 95™
percentile of the normal tissue score distribution and optimal cut-offs identified by

receiver operating characteristic curves (Maraga et al., 2008).

2.2 Tissue culture

Six cell lines were used in this work, as detailed in Table 2.2. All cell lines tested

negative for mycoplasma. Cells were grown in T75 flasks at 37°C and 5% CO..
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Cell line Description Supplier Media
Human RPMI 1640 +
0,
HT-29 colorectal ATCC 10% fetal calf
: serum (Life
adenocarcinoma .
Technologies)
Human RPMI 1640 +
0,
HRT-18 colorectal ATCC 10% fetal f:alf
. serum (Life
adenocarcinoma .
Technologies)
Human RPMI 1640 +
0,
CACO2 colorectal ATCC 10% fetal calf
) serum (Life
adenocarcinoma .
Technologies)
Dukes’ B human Advanced MEM
LS174T colorectal ATCC + 10% fetal calf
adenocarcinoma serum (ATCC)
Dukes’ C human o
LoVo colorectal ATCC F12 Nutmix (Life

: Technologies)
adenocarcinoma

o RPMI 1640 +
0,
HCT116 colorectal ATCC 10% fetal calf
serum (Life

adenocarcinoma

Technologies)

Table 2.2. Cell lines used for in vitro experiments.

2.2.1 Cell line authentication

The cell lines used most extensively in this work, LS174T, LoVo and HCT116, were
authenticated using deoxyribonucleic acid (DNA) profiling. Genomic DNA was
extracted using a Qiagen DNA extraction kit (Qiagen, Venio, Netherlands). This was
then sent to Dr Claire Taylor of the Leeds Genomic Centre who used a PowerPlex 16
HS system (Promega, Wisconin, USA) to profile the cellular DNA and compared the

results to reference material for each cell line. All three were considered authentic.
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2.3 Immunofluorescence

2.3.1 Cell lines

HT-29, HRT-18 and CACO2 colorectal cancer cells were cultured on plastic in RPMI
1640 with L-glutamine media supplemented with 10% heat-treated foetal calf serum
(FCS) (GIBCO, 21875, Invitrogen, UK). Human umbilical vein endothelial cells
(HUVEC) were cultured on plastic in large vessel endothelial growth media (ZHM
2961, TSC Cellworks, UK). All cell lines were incubated at 37°C and 5% CO,. For
immunofluorescence, cells were seeded on to glass cover slips in six well plates at

least 24 hours before use.

2.3.1.1 Fixed cells

The media was removed and the coverslips were washed in PBS before being
incubated in 4% paraformaldehyde for 10 minutes at room temperature. The
paraformaldehyde was removed and the cells were washed twice in PBS. The
coverslips were washed in diluent reagent solution to prevent non-specific binding
and incubated with each primary antibody, diluted to the appropriate concentration
with diluent, for one hour at room temperature. Control slides with no primary
antibody were included. They were washed twice with TBS-T and once with TBS for
five minutes each and incubated with a fluorescent secondary antibody (Alexa Fluor
594 or 488 goat anti-mouse, Life Technologies, Carlsbad, USA) for 30 minutes at
room temperature in the dark. Five minute washes with TBS-T and TBS were
repeated. The coverslips were then mounted onto SuperFrost Plus microscope slides
(Menzel-Glaser) using Prolong Gold Anti-fade DAPI Reagent (Invitrogen) and left
overnight in the dark to cure. Slides were viewed using a Zeiss Axiovision fluorescent

microscope (Carl Zeiss, Oberkochen, Germany) with the appropriate filter for the
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secondary antibody. Phase and fluorescent (DAPI and FITC or Texas Red) images

were captured at 63X magnification.

2.3.1.2 Live cells

As above, except coverslips were not incubated in chilled methanol.

2.3.2 Fresh frozen tissue

Ethical approval from the National Research Ethics Service (Leeds East), reference
15/YH/0080, was already in place for the Leeds Multidisciplinary Research Tissue
Bank. Archived samples of freshly frozen colorectal cancer tissue and matched
normal controls from five patients were cryosectioned (Leica LM3050, Leica
Biosystems, Newcastle, UK) into 5 um thick sections using and mounted directly onto
SuperFrost Plus slides. They were left to dry at room temperature for 60 minutes and
rehydrated with TBS. They were then incubated with each antibody, mounted,

viewed and captured as per the live cells.

2.4 EX vivo model

2.4.1 In vitro proof of concept

LS174T cells were grown and seeded onto glass coverslips in a six-well plate as in
2.2. The media was removed, the cells were washed with PBS and anti-CEA was
then added and incubated for one hour at room temperature. The cells were washed

twice with TBS and once with TBS-T and then fixed in formalin (one hour at room
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temperature). They were then washed, incubated with a fluorescent secondary
antibody and mounted as per section 2.3. The slides were analysed using a Zeiss
Axiovision fluorescent microscope with the appropriate filter for the secondary
antibody. The results were compared to immunfluorescence carried out on fixed cells

where the primary antibody was added following fixation in formalin.

2.4.2 Human study

Ethical approval for this work was obtained from the National Research Ethics
Service (Leeds), reference 12/YH/0002. Three patients undergoing elective resection
of colorectal cancer were recruited. Immediately following resection of the specimen,
a 21G cannula was inserted into the inferior mesenteric artery (descending/sigmoid
colon tumour), ileocolic artery (caecal tumour) or right colic artery (ascending colon
tumour) and secured with a vicryl ligature. Three ml of 0.48 mg/ml A5B7 anti-CEA in
PBS was injected and the artery ligated. The specimen was fixed in formalin and
underwent routine histopathological examination. Paraffin-embedded blocks of
tumour tissue were then cut and mounted onto glass slides. The slides were

subjected to routine immunohistochemisty but only a secondary antibody was used.

2.5 Antibody-fluorophore conjugates

2.5.1 Antibody-fluorescein

A 15-fold molar excess of NHS-fluoroscein dye (Thermo Scientific) to IgG antibody

was used. One mg of NHS-fluorescein was dissolved in 100 pl of DMSO. Five pl of
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the NHS-fluorescein solution was added to 500 ul of 2 mg/ml IgG dissolved in borate
buffer (0.05 M, pH 8.5) and mixed thoroughly. It was incubated for 1 hour at room
temperature. It was then transferred to a 10 kDa cut-off spin filter (Amicon) and
centrifuged for 2.5 minutes at 16100 g. The eluent was discarded and the chamber
was topped up with borate buffer (0.05 M, pH 8.5) and the spin repeated. This was
repeated a futher six times but PBS was added between spins. The flow-through was
tested for fluorescence using a fluorometer to ensure no further unbound fluorescein
was present. The filtrate was then collected in a fresh collection tube by inverting the
filter chamber and centrifuging at 100 g for 30 seconds. The total volume was made
up to 500 pl with PBS and used as a stock solution. It was stored at 4°C in the dark.

The degree of fluorescein labelling was calculated using the following formulae:

Azso
Apax Of fluoroscein

Correction factor,CF =

- Ay = absorbance of the labelled antibody at 280 nm

- Anax = maximum absorbance

A280 - (Amax X CF)

gantibody

Antibody concentration (moles) = x dilution factor

- E€antibody = Molar extinction coefficient of IgG

Aaxof labelled antibody
Efluorescein X antibody concentration

Moles fluorescein per mole antibody =
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LS174T colorectal cancer cells were cultured on plastic in Advanced MEM (ATCC,
Virginia, USA) media supplemented with 10% FCS and L-glutamine (1%). They were
incubated at 37°C and 5% CO, and grown in T75 flasks (Corning, New York, USA)
until confluent. They were seeded onto glass coverslips and left for 48 hours for the
cells to become confluent. 200 pg of Fluoroscein-anti-CEA was added to one well
and 200 ug of fluorescein anti-digoxin was added to another. After one hour
incubation at 37°C, the media was removed, the cells washed and the coverslips
mounted as in section 2.3. A Nikon A1R-A1l confocal microscope (Nikon, Tokyo,
Japan) with NHS Elements software (version 4.0) was used for imaging. For each
slide, the cells were focussed in phase mode and fluorescent images were captured
with the appropriate wavelength filter selected. The settings (such as laser power and

gain) remained constant for each slide.

2.5.2 Antibody-indocyanine green

ICG-Sulfo-OSu was purchased from Dojindo, USA. The conjugation method was
adapted from Ogawa and Nakajima (Ogawa et al., 2009, Nakajima et al., 2011). An
approximate 8-fold molar excess of ICG-Sulfo-OSu to IgG antibody was used for
labelling. 1.1 pl of a 10 mM stock solution of ICG-sulfo-OSu in dimethylsulfoxide
(DMSO, 10.9 nM) was added to 200 pg (1.34 nM) of IgG suspended in carbonate-
bicarbonate buffer (0.1 M, pH 9.1) and mixed thoroughly. It was left to react in the
dark for two hours with gentle stirring. Excess dye was removed using the same spin
filter protocol as in 2.5.1, washing first with carbonate-bicarbonate buffer and then
PBS. The flow-through was tested for fluorescence using a fluorometer to ensure no

further unbound ICG was present. The total volume was made up to 500 pl with PBS.
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2521 Pilot incubation and qualitative analysis

LS174T colorectal cancer cells were cultured as above (section 2.5.1). Cells were
seeded onto 35 mm glass-bottomed wells (Iwaki, Japan, two per cell line) with 2 ml of
the appropriate media. After 24 hours the media was replaced and at 48 hours 200
pl, 20 pl or 2 pl of 1 pg/ul ICG-anti-CEA was added to wells. As a control, | incubated
one well of cells with free, unbound anti-CEA antibody at 480 ug/ml for one hour,
discarded the media/antibody solution, washed the cells, and replaced the media. |
then incubated the cells with the ICG-anti-CEA conjugates at as above. The wells
were then imaged at 1, 4, 8, 12, 16, 30 and 80 hours after the start of incubation

using confocal microscopy and the images saved.

25.2.2 Continuous incubation

LS174T cells were grown as above. LoVo and HCT116 cells were grown in F12K
Nutmix (Life Technologies) and RPMI1640 (Life Technologies) media respectively,
supplemented with fetal calf serum (FCS,10%) and L-glutamine (1%) at 37°C and
5% CO,, in T75 flasks (Corning, New York, USA) until confluent. Cells were seeded
onto 35 mm glass-bottomed wells (Iwaki, Japan, two per cell line) with 2 ml of the
appropriate media. After 24 hours the media was replaced and at 48 hours, for each
cell line, 200 pl of 1 pg/pl ICG-anti-CEA was added to one well and 200 pl 1 pg/pl of
ICG-anti-digoxin added to the other. The wells were then imaged individually at 1, 6,

12, 24, 36 and 48 hours using confocal microscopy (maintaining 37°C and 5% CO.).

For each slide, the cells were focussed in phase mode in the centre of one quadrant
of the coverslip (Figure 2.1). The operator did not view the fluorescent image prior to
cell selection. The Cy7 and phase filters were then selected and automatically
calibrated for the first image capture only; the settings (such as laser power and gain)

were then saved and used for all subsequent image capture. A phase/Cy7 z-stack
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image (distance between stacks: 0.5 um, 0.2 um and 0.4 um for LS174T, LoVo and
HCT116 cells respectively, chosen to produce a similar number of z-stack images)
was captured for the first quadrant. The upper and lower limits of the z-stack were set
to ensure that the whole depth of at least one cell was included. The microscope
stage was then moved to the next quadrant, the white light image focussed, and a z-
stack captured without the operator viewing the fluorescent image. This was

repeated so that for each coverslip, five z-stack files were captured: an image from
approximately the centre of each quadrant and one from the centre of the entire
coverslip. By not examining the fluorescent image during image location selection,

potential selection bias was removed.



63

Figure 2.1. Cell selection for fluorescence gquantification.
For each coverslip, confocal cellular images were captured from five points as
shown. Cells were selected using white light (phase) imaging only to prevent

selection bias.

25.2.2.1 Image analysis

A single slice from each z-stack was selected. This was chosen by identifying a
distance from the base of the cells for each cell line such that the slice would always
be approximately half way between the base and top of the cell. These distances
were 5 um, 1.4 um and 4.8 um for LS174T, LoVo and HCT116 cells respectively.
These slices were saved as fluorescent, phase and combined “.tiff images for each
cell analysed. LS174T cells grow as clusters so small clusters of a similar size were

selected (mean 6 cells). Fluorescence was quantified using ImageJ software version
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1.42q (NIH Freeware, Maryland, USA). The phases were ‘stacked’ and, using the
phase image only (to prevent operator bias), the outer boundaries of cell membranes
were traced using the freehand tool (Figure 2.2A). This trace was then applied to the
fluorescent only image and the raw integrated density (RawIntDen, the sum of the
pixel values in the selected area) and the area of the selection were recorded (Figure
2.2 B). A background area was then selected (ie. an area with no cell fluorescence)
and the same measurements taken (Figure 2.2 C-D). This process was repeated for

each coverslip, for both ICG-anti-CEA and ICG-anti-digoxin, at each time point.
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8 OO0 Results

|Area  |Mean |[IntDen |RawIntDen |
1 28448 21.00 597283 597283
2 9479 541 51298 51298

Figure 2.2. Whole cell fluorescence quantification.

Image J was used to quantify the fluorescence seen on confocal microscopy. Phase
and fluorescent images were stacked. The cell membrane was traced on the phase
image (A) and measurements taken for the fluorescent image (B). A mean

background measurement was taken (C) and subtracted from the cell measurement

(D).
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If the fluorescence of every cell on any given coverslip were to be measured, the
data would most likely follow a Gaussian distribution. However, for completeness |
treated the data as both parametric and non-parametric. The mean fluorescence was
compared for CEA-targeted ICG and control IgG-targeted ICG in all three cell lines at
all time points using the unpaired t-test (if the data are considered to be parametric)
and the median fluorescence was compared using the Mann-Whitney test (if the data

are considered to be non-parametric).

2.5.2.3 LS174T pulse and chase incubation

LS174T cells were grown and seeded onto two 35 mm glass-bottomed wells. The
media was changed at 24 hours and at 48 hours 80 pl of 1 ug/pl anti-CEA-ICG was
added to the first well and incubated for two hours. The media/antibody-ICG mixture
was then removed and the media from the second well was added in its place. The
well was imaged at 6, 12, 24, 36, 48 and 72 hours using the same confocal

microscopy protocol. The same analysis as in 2.5.2.2.1 was used.

2.6 Western Blot

The three cell lines used in 2.5.2.2 have all been shown to express CEA: LS174T
(intermediate/high expression (Fahlgren et al., 2003), LoVo (high expression (Ashraf

et al., 2009)) and HCT116 (low expression (Wang et al., 1999)).
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2.6.1 Protein lysate production and protein standardisation

Protein lysate buffer was made by mixing 12.5 ml of a solution containing 5 ml of 1 M
Tris-HCI (pH 7.4), 6 ml of 2.5 M NacCl, 1 ml of 10% NP40 (Sigma, USA) and 38 ml of
distilled water with 12.5 ml of Complete Tabs solution (1 tablet dissolved in 12.5 ml of
distilled water; Roche, Penzberg, Germany). LS174T, LoVo and HCT116 cells were
grown in Advanced MEM (ATCC, Virginia, USA), F12K Nutmix (Life Technologies)
and RPMI1640 (Life Technologies) media respectively, supplemented with FCS
(10%) and L-glutamine (1%) at 37°C and 5% CO, were grown in T75 flasks (Corning,
New York, USA) until confluent. The media was removed and the cells were washed
three times with fresh media (with no FCS added) and 2 ml of ice cold protein lysis
buffer was added to each flask and incubated at 4°C for 10 minutes. The cells were
then gently scraped from the plastic and each lysis buffer/cell mix was removed and
placed in a 1.5 ml microfuge tube. These were centrifuged at 14000 rpm for 10

minutes at 4°C. The supernatant was then removed and stored at -80°C.

The protein concentration in each supernatant was measured using the Bio-Rad DC
protein assay (Biorad Laboratories, Hercules, USA) which is adapted from the Lowry
assay (Lowry et al., 1951). A standard curve for bovine serum albumin (BSA) was
prepared using concentrations of 0.1, 0.5, 1 and 2 mg/ml and 18 pl of each cell lysate

containing equal amounts of protein was prepared for the running gel.

2.6.2 Gel electrophoresis

The LS174T, LoVo and HCT116 lysates were mixed with 6 pl of a mixture containing
60 ul of NuPAGE LDS Sample Buffer (Invitrogen) and 12 ul of 2-mercaptoethanol.
The samples were heated at 100°C for five minutes and then cooled on ice prior to

electrophoresis. A NuPage 10% Bis-Tris precast gel (1 mm, 10 lanes) was loaded
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into a NuPage gel tank and filled with running buffer (25 ml of NuPage MOPS SDS
running buffer + 475 ml distilled water). The gel was loaded with 20 ul of each cell
line sample and 5 pl of SeeBlue Plus 2 molecular marker (Invitrogen). Spare lanes
were filled with a distilled water/buffer mix. Elctrophoresis was performed at 180 V for
90 minutes. Proteins were transferred onto a nitrocellulose membrane (Hybond P,
G.E.Helathcare, Little Chalfont, UK). Transfer buffer was prepared by mixing 25 ml of
NuPage 20X Transfer Buffer with 425 ml of distilled water and 50 ml of 100%
methanol. The membrane and two pieces of 3MM filter paper (Whatman
International, Maidstone, UK) were soaked in 100% methanol for 30 seconds, rinsed
in running water for five minutes and soaked in transfer buffer. Sponges were soaked
in water and then transfer buffer. The membrane was then loaded into the transfer
module between the two pieces of filter paper with sponges placed on either side.
Transfer buffer was added to the module so that the sponges were immersed and
distilled water was added to the outer tank. A constant voltage of 30 V was applied
for 1 hour. The membrane was removed and incubated with blocking buffer (5% [w/v]
skimmed milk in TBS-T) overnight at 4°C on a rocker. This was replaced with 1%
[w/v] skimmed milk in TBS-T containing 1:100000 A5B7 anti-CEA antibody and
incubated at room temperature for one hour on a rocker. The membrane was washed
with TBS-T (3 x 10 minutes) and then incubated in 1% [w/v] skimmed milk in TBS-T
containing 1:1000 horseradish peroxidae-conjugated goat anti-mouse secondary
antibody (sc-2005, Santa Cruz) at room temperature for 1 hour on a rocker.
Following further TBS-T washes (3 x 10 minutes), the membrane was covered with 3
ml of a solution containing SuperSignal West Pico and SuperSignal West Femto
(Thermo Scientific, Waltham, USA) mixed in a 5:1 ratio for 2 minutes. Excess fluid
was drained from the membrane and it was then exposed to Hyperfiim (GE
Healthcar, UK) for 1 minute. The film was developed with a Compact X2 X-Ograph

automatic film processor (Compact, Malmesbury, UK).
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2.7 Nanoparticles

Dye-doped silica nanoparticles were manufactured using methods adapted from
Santra et al (Santra et al., 2001), Huang et al (Huang et al., 2009) and Gubala et al
(Gubala et al., 2010). IgG antibodies were then conjugated to the surface of the
particles using both novel and published experimental techniques. The effectiveness
of the linking methods was evaluated and compared in vitro by quantifying specific
tumour cell binding using confocal microscopy. Unless otherwise stated, all
chemicals were purchased from Sigma (Sigma Aldrich, St Louis, USA). ‘Wash’ steps
refer to the nanoparticles being pelleted via centrifugation, resuspended in the wash
solution using ultrasound sonication, re-pelleted with centrifugation and the

supernatant discarded.

2.7.1 Dendrimer-linked nanoparticle-lgG conjugates

27.11 NIR664-doped silica nanoparticle manufacture

Two batches of particles were made; one was dried overnight to calculate the yield
for calculations in the conjugation steps. For each batch, five mg of NIR 664-
iodoacetamide dye was dissolved in 6.25 ml of 1-hexanol and 3.25 pl of (3-
mercaptopropyl) triethoxysilane, (MPTES) to give a dye:MPTES molar ratio of 1:2.
The mixture was stirred under nitrogen gas for four hours at room temperature to

ensure conjugation of the dye and organosilane.

3.78 g (4.045 ml) of the non-ionic surfactant Triton X-100 was added to 15 ml of
cyclohexane, 1.6 ml of 1-hexanol, 2 ml of the conjugated dye and 960 pl of distilled

water in a plastic tube covered in aluminium foil. The mixture was stirred for five
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minutes until a microemulsion had formed. 200 ul of tetraethyl orthosilicate (TEOS)
was then added and the tube was stirred for 30 minutes at room temperature. 120 pl
of ammonia hydroxide (28% [w/w]) was added as a catalyst and the mixture was
stirred for 24 hours at room temperature. 150 ul of TEOS was then added and the
tube contents stirred for a further 30 minutes at room temperature.

The microemulsion was then broken by adding excess ethanol (20 ml) and the
contents were divided into two equal volumes and added to 30 ml Corex centrifuge
tubes (Corning). These underwent centrifugation at 11 000g for 25 minutes at room
temperature. The liquid was discarded and the particles were resusupended in
ethanol using sonication. The particles were washed four times in this way with
ethanol. One of the tubes was stored at 4°C and the other left to dry out overnight so

that the particles could be weighed and the yield calculated.

2.7.1.2 Amination

4 ml of 2 mg/ml nanoparticles suspended in ethanol plus 4% (3-
aminopropyl)triethoxysilane (APTES) was reacted for three hours at room
temperature with stirring in a 15 ml Falcon tube. The contents were then transferred
to a Corex centrifuge tube and washed twice with ethanol at 11000g for 25 minutes.
The patrticles were then washed once in 2-(N-morpholino)ethanesulfonic acid (MES)

buffer, pH 7.0 before being re-suspended in MES buffer pH 7.0 at 2 mg/ml.

2.7.1.3  Amine quantification

The number of free amine groups on the surface of the nanopatrticles was
determined using Fluorenylmethyloxycarbonyl chloride (Fmoc-Cl) in a method
adapted from Chen et al (Chen and Zhang, 2011). This assay involves binding the
fluorescent Fmoc-Cl molecule (a protecting reagent for amino groups, used in

peptide synthesis (King et al., 1990)) to free amine groups on the silica hanopatrticle
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outer shell, cleaving them with piperidine and calculating how many amino groups
were bound. The fluorescent core of dye-doped silica nanoparticles precludes
common amine quantification assays (eg. 2,4,6-Trinitrobenzene sulfonic acid,
TNBSA (Goodwin and Choi, 1970)) because it confounds the result. The
quantification step of the Fmoc-Cl fluorescent assay takes place independently of the
nanoparticles and therefore is ideal for particles with inherent fluorescent properties.
A standard callibration curve of Fmoc fluorescence was created by measuring the
fluorescence of various concentrations of Fmoc-Cl in a borate buffer (0.1 M, pH 8.0)
containing 10% piperidine. The relationship between Fmoc-Cl and fluorescence is
linear at concentrations below 1x10° mol L™ (Chen and Zhang, 2011). The
nanoparticles were suspended in borate buffer (0.1 M, pH 8.0) at a concentration of
60 mg/ml. 435 pl of the particle suspension was mixed with 15 pl of Fmoc-Cl solution
(0.01 M in acetonitrile) and incubated at room temperature for 40 minutes with
mixing. The particles were then washed twice with 10 ml of 0.5% Tween-20 and four
times with distilled water, until the fluorescence of the unconjugated Fmoc-Cl in the
supernatant was approximately zero when measured on a fluorometer at an
excitation wavelength of 267 nm. The particles were then resuspended in 450 pl of
borate buffer and 50 pl of piperidine was added (giving a 10% piperidine solution) to
release the Fmoc bound to the amine groups. The reaction was allowed to proceed
for 10 minutes and then the mixture was centrifuged at 10000g for 15 minutes. The
supernatant was removed and its fluorescence recorded at an excitation wavelength

of 267 nm.

2.7.1.4 Dendrimer conjugation

41.7 mg of sulfo-NHS and 71.6 mg of N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide (EDC) were added to 1 umol of PAMAM dendrimer generation 4.5

(Dentritech, Midland, USA) dissolved in distilled water. The total reaction volume was
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made up to 1 ml using MES buffer, pH 6.0. The reaction mixture was stirred at room
temperature for 25 minutes and then added to 1 ml of 2 mg/ml nanoparticles

suspended in MES pH 7.0. The reaction mixture was stirred at room temperature for
25 minutes. Unbound dendrimer was removed in the supernatant after centrifugation

(16 000g for 8 minutes) and the particles were washed twice with MES buffer pH 7.0.

2.7.1.5 Antibody conjugation

The reaction mixture was split into two and 10 pg of anti-CEA IgG antibody were
added to one sample and 10 pg of anti-digoxin IgG antibody to the other. These were
then incubated at room temperature for four hours with gentle stirring. The reaction
was halted by the addition of 100 ul of sodium hydroxide pH 9.0. The functionalised
nanoparticles were washed in 0.1M sodium phosphate, 0.15 M sodium chloride, pH
7.2 (referred to hereon in as 0.1M PBS) twice (11 000g x 25 minutes) to remove
unbound IgG antibody before being resuspended in 0.1M PBS at 2 mg/ml. 2% [w/V]
bovine serum albumin (BSA) was added and the particles were stored at 4°C in the

dark.

2.7.2 SMCC-linked nanoparticle-lgG conjugates

2.7.2.1  Antibody reduction

500 ul of 4.8 mg/ml anti-CEA 1gG antibody was added to 500 pl of 9.6 mg/ml 2-
mercaptoethylamine (2-MEA). The mixture was incubated at 37°C for 90 minutes and
then cooled rapidly on ice. 2-MEA was then removed using a 100 kDa spin centrifuge
filter (Millipore, Billerica, USA); the mixture was centrifuged in 0.1M PBS (14000g for
2.5 minutes) and the eluent discarded. This was repeated seven times. The

concentrated antibody solution was then retrieved by gentle centrifugation with the
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tube inverted (1000g x 30 seconds) and 0.1M PBS was added to make the total
volume up to 500 pl. A Dionex Ultimate 300 high pressure liguid chromatography
system (Thermo Scientific) was used to confirm that this product contained both half
and whole 1gG molecules. The solution was reacted with the nanoparticles

immediately.

2.7.2.2 Nanoparticle manufacture

Two batches of particles were made; one was dried overnight to calculate the yield.
For each batch, 1.77 ml of triton X-100, 7.5 ml cyclohexane and 1.8 ml n-hexanol
were added to a 50 ml Falcon tube to form a microemulsion. This was shaken until it
was transparent. 400 pl of deionised water, 80 pl of 43 mM aqueous Ru(bpy)s**
solution and 60 pl ammonium hydroxide (28-30%) was added to the tube and it was
stirred for 15 minutes at room temperature. 50 ul of TEOS was added and the
reaction was stirred for a further 24 hours. Another 50 pl of TEOS was added and the
reaction stirred for 30 minutes. 10 ul of APTES was then added and the reaction
stirred for a further 24 hours. 10 ml of acetone was added to break the
microemulsion. The contents were transferred to a Corex centrifugation tube and
centrifuged at 100009 for 15 minutes. They were then resuspended in ethanol and
washed twice with ethanol and twice with water. Finally, they were resuspended in

0.1M PBS at a concentration of 1 mg/ml.

2.7.2.3 SMCC reaction

6 mg of fresh sulfo-SMCC was added to 4 ml of 1mg/ml nanopatrticles and stirred at
room temperature for 1 hour. The maleimide-activated particles were then washed
twice in PBS (10000g x 15 minutes) to remove unbound sulfo-SMCC and
resuspended at 2 mg/ml. The sample was split into two and 30 pg of reduced anti-

CEA or anti-digoxin was added to each tube. The reaction mixture was gently stirred
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at room temperature for 2 hours and then washed twice with PBS (6000g x 15
minutes). Finally, the particles were resuspended at 2 mg/ml and 0.1% [w/v] BSA

added. The finished nanoparticles were stored in the dark at 4°C.

2.7.3 Polyethylene glycol (PEG)-linked nanoparticle-lgG

conjugates

Antibodies were reduced as per section 2.7.2.1 and particles manufactured as per
section 2.7.2.2. A stock solution of 250 mM NHS-PEG-Maleimide (SM(PEG)), was
made by dissolving 100 mg in 680 pl of dimethyl sulfoxide (DMSO). 8 ul of 250 mM
SM(PEG), solution was added to 5 ml of 2 mg/ml nanopatrticles and reacted for 30
minutes at room temperature with gentle mixing. Unreacted linker was removed by
washing the particles twice with PBS (pH 7.2, 10000g x 15 minutes) and
resuspending them in PBS at 2mg/ml. The sample was divided into two. 30 pl of
either anti-CEA or anti-digoxin 1gG was added for each mg of nanoparticles. The
reaction mixture was incubated at room temperature for 2 hours with gentle mixing.
The particles were then washed twice with PBS and resuspended at 2 mg/ml. 0.1%

[w/v] BSA was added and they were stored in the dark at 4°C.

2.7.4 EDC-linked nanoparticle-lgG conjugates

Nanoparticles were manufactured as per section 2.7.2.2.

2.7.4.1 Carboxylation

The nanopatrticles were washed twice in DMF (10000g x 15 minutes). They were

then resuspended at 1 mg/ml in 15 ml of 10% succinic anhydride dissolved in DMF.
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They were reacted under argon gas at room temperature for 4 hours with gentle

stirring. The carboxylated particles were then washed three times with distilled water.

2.7.4.2 EDC conjugation

10mg of carboxylated nanopatrticles were suspended in 5 ml of 0.1M MES, 0.5M
NacCl, pH 6.0 and 1.92 mg of EDC and 5.43 mg of sulfo-NHS were added. They were
reacted for 15 minutes at room temperature with gentle mixing, after which the
reaction was quenched by the addition of 20mM 2-MEA. Excess reactants were
removed by washing the particles twice with PBS (6000g x 10 minutes) and
resuspended at 2 mg/mlin 0.1M PBS. 10 pg of either anti-CEA or anti-digoxin 1gG
was added for each mg of nanoparticles. The reaction mixture was incubated at room
temperature for 2 hours with gentle mixing. The particles were then washed twice
with PBS and resuspended at 2 mg/ml. 0.1% [w/v] BSA was added and they were

stored in the dark at 4°C.

2.7.5 Nanoparticle in vitro assay

2.75.1 Cell lines

LS174T, LoVo and HCT116 cells were grown as described previously. Each cell line
was seeded onto three sterile glass coverslips (Cellpath, Newtown Powys, UK) in a
six-well plate (Corning) and grown for 24 hours. The media was then removed and
the cells washed twice with PBS. They were fixed by adding paraformaldehyde (4%)
and incubated at room temperature for 30 minutes. The paraformaldehyde was
removed and they were washed thrice with PBS. Bovine serum albumin (BSA, 0.1%
[w/v], (EMD chemicals, San Diego, USA)) was added to each well for 30 minutes at

room temperature to block non-specific binding. The BSA was removed and the cells
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were washed three times with PBS. Anti-CEA conjugated nanoparticles and control
IgG nanoparticles (suspended in PBS at 1 mg/ml) were added to the wells and
incubated at room temperature in the dark. After one hour the particle suspension
was removed and the cells washed three times with PBS. The coverslips were then
mounted onto glass slides using Depex (Waltham, Massachusettes, USA) and left

overnight to cure before being stored at 4°C in the dark.

2.75.2 Confocal microscopy

A Nikon A1R-A1 confocal microscope (Nikon, Tokyo, Japan) with NHS Elements
software (version 4.0) was used for all imaging. For each slide, the cells were
focussed in phase mode in the centre of one quadrant of the coverslip. The Cy7 and
phase filters were selected and automatically calibrated for the first image capture
only; the settings (such as laser power and gain) were then saved and used for all
subsequent image capture. A phase/Cy7 z-stack image (distance between stacks:
0.5 um, 0.2 um and 0.4 um for LS174T, LoVo and HCT116 cells respectively, chosen
to produce a similar number of z-stack images) was captured for the first quadrant.
The upper and lower limits of the z-stack were set to ensure that the whole depth of
at least one cell was included. The microscope stage was then moved to the next
quadrant, the white light image focussed, and a z-stack captured. This was repeated
so that for each coverslip, five z-stack files were captured: an image from
approximately the centre of each quadrant and one from the centre of the entire
coverslip. By not examining the fluorescent image during image location selection,

potential selection bias was removed.

2753 Nanoparticle image analysis: single z-stack slice

Two analyses were employed to measure the fluorescence of the cells. Firstly, a

single slice from each z-stack was selected. This was chosen by identifying a



77

distance from the base of the cells for each cell line such that the slice would always
be approximately half way between the base and top of the cell. These distances
were 5 um, 1.4 um and 4.8 um for LS174T, LoVo and HCT116 cells respectively.
These slices were saved as fluorescent, phase and combined “.tiff images for each
cell analysed. LS174T cells grow as clusters so small clusters of a similar size were
selected (mean 6 cells). Fluorescence was quantified using ImageJ software version
1.42qg (NIH Freeware, Maryland, USA). The distance per pixel was measured using
the scale bar on the image to allow fluorescence measurments to be calibrated to the
cell size. Using the phase image, the inner and outer boundaries of the cell
membrane were traced using the freehand tool. This trace was then applied to the
fluorescent only image and the raw integrated density (RawlntDen, the sum of the
pixel values in the selected area) and the area of the selection were recorded (). A
background area was then selected (ie. an area with no cell fluorescence) and the

same measurements taken.

1/2; 512x512 p RCS; 2M8 2/2; 512x512 pixels; RC8; 2M8. 2/2; 512x512 pixels; RGS; 2M8

Figure 2.3. Membrane fluorescence quantification.

To quantify the fluorescence on confocal microscope images, | traced around the cell
membrane (left) of the phase image, applied the trace to the fluorescent image only
(middle) and took a measurement. | then subtracted the mean background

fluorescence (right).
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Finally, the circumference of the cell in question was measured. A fluorescence value

per um of membrane for the image was calculated as follows:

Membrance fluorescence per pm

RawIntDenyqck grouna
JRaWIntDenmembrane - [( ) X Areamembrane] l

Areapacground
Circumference

\ )

This procedure was followed for five z-stacks per cell line, in all three cell lines and
for test and control particles in each case, yielding 30 measurements per conjugation

method.

2.75.4 Nanoparticle image analysis: maximum image projection

The second image analysis utilised the maximum image projection (MIP) function in
NHS Elements software. This function analyses all of the z-stack images and
constructs a new single image by taking the brightest pixel from all of the z-stacks. It
should be noted that this is not a true cumulative image as a saturated bright pixel
cannot be made any brighter. It therefore dampens down the overall fluorescence but
can be used to verify the results of the single z-stack slice analysis. To analyse the
MIP images, the entire cell or cell cluster was traced, including the cell cytoplasm,
and the RawIntDen and area were measured. A background measurement was

taken as above and the following formula used to calculate the fluorescence:

Mean cell fluorescence = (RawlntDence”) — (RaWIntDenbaCkgmund>

Areacell Areabackground
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2.7.55 Image analysis: statistical methods

The mean fluorescence and standard error was compared for CEA-targeted
nanoparticles and control IgG-targeted nanopatrticles for each conjugation method in
all three cell lines using the both unpaired t-test (if the data are considered to be
parametric) and the Mann-Whitney test (if the data are considered to be non-

parametric).

2.7.6 Nanoparticle Characterisation

The size of the nanoparticles was measured using a Zetasizer (Malvern Instruments,
Malver, UK), Nanosight (Nanosight, Amesbury, UK) and field emission gun scanning
electron microscopy (FEG-SEM, LEO 1530 Gemini FEGSEM fitted with an Oxford

Instruments 80 mm X-Max SDD detector, Carl Zeiss).

2.8 Animal model

All procedures were approved and licensed by the Home Office and carried out in
accordance with the local ethical review committee. All reasonable efforts were made
to minimise any likely suffering and the animals were inspected daily by a qualified
technician. The animals were weighed and the tumour dimensions measured twice
per week. Nine 4 to 6 week old BALB/c nu/nu female mice were injected
subcutaneously with 1.5 x 10° LS174T cells to the right flank. When the tumours
reached approximately 8-10 mm in diameter (approximately 12 days), the mice were
imaged using an IVIS small animal molecular imaging system (Perkin Elmer,

Waltham, USA) with excitation and emission filters set at 672 and 694 nm



80

respectively). As a pilot experiment, three mice were injected with CEA-targeted
nanoparticles via the tail vein and images taken at various time points, comparing
them to a control mouse that had not undergone injection. Mice were sacrificed under
anaesthesia and sample organs were imaged ex vivo. In a second experiment, four
mice were injected with CEA-targeted nanoparticle and three were injected with
digoxin-targeted nanoparticles via the tail vein (suspended in 100 pl of PBS, dose 50
mg/kg). The mice were imaged at 1 minute, 1 hour, 6 hours, 24 hours, 36 hours, 48
hours and 72 hours post injection. The animals were then sacrificed under
anaesthesia. Fluorescence measurements were taken using Living Image (version
4.3.1, Caliper Life Sciences, Massachusetts, USA). The tumour was traced as a
‘region of interest’ and a mean quantum efficiency measurement taken. A second
region of interest was drawn on the opposite flank and another mean quantum
efficiency measurement taken (background fluorescence) and subtracted from the

tumour measurement.
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Chapter Three

Carcinoembryonic antigen is the
preferred biomarker for in vivo

colorectal cancer targeting

Some of the text and figures in this chapter have been published in the manuscript
“Carcinoembryonic antigen (CEA) is the preferred biomarker for in vivo colorectal
cancer targeting” (British Journal of Cancer 2013; 108(3):662-7) and reproduced here

with permission.
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3 CARCINOEMBRYONIC ANTIGEN IS THE

PREFERRED BIOMARKER FOR IN VIVO

COLORECTAL CANCER TARGETING

3.1 Abstract

Background

Colorectal cancer-specific biomarkers have been used as molecular targets for
fluorescent intra-operative imaging, targeted PET/MRI, and selective cytotoxic drug
delivery, yet the selection of the biomarkers used is rarely evidence-based. We
aimed to assess which of the four most commonly used potential biomarkers is most

suitable.

Methods

Expression of carcinoembryonic antigen (CEA), tumour-associated glycoprotein-72
(TAG-72), folate receptor alpha (FRa) and endothelial growth factor receptor
(EGFR).was evaluated semi-quantitatively in matched mucosal and colorectal cancer
tissues from 280 patients using immunohistochemistry (scores of 0-15). Matched
positive and negative lymph nodes from 18 patients were also examined.
Sensitivities and specificites in terms of colorectal cancer detection over normal

tissue were determined for each marker.
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Results

Markers were more highly expressed in tumour tissue than in matched normal tissue
in 98.8%, 79.0%, 37.1% and 32.8% of cases for CEA, TAG-72, FRa and EGFR
respectively. CEA showed the greatest differential expression, with tumours scoring a
mean of 10.8 points higher than normal tissues (95% CI 10.31-11.21, p<0.001).
Similarly, CEA showed the greatest differential expression between positive and
negative lymph nodes. Receiver operating characteristic analyses showed CEA to
have the best sensitivity (93.7%) and specificity (96.1%) for colorectal cancer

detection.

Conclusion
CEA has the greatest potential to allow highly specific tumour imaging and drug

delivery; future translational research should aim to exploit this.



84

3.2 Introduction

Intra-operative tumour visualisation would allow localisation of small tumours and the
nodal status of a colorectal cancer to be determined in real-time, allowing

stratification of resection type (as discussed in detail in section 1.1).

One way of achieving intra-operative tumour detection and staging is to target a
tumour-specific biomarker using antibodies. This biomarker target must have a
number of specific characteristics: it must be located on the tumour cell membrane to
allow systemic delivery; it must be highly expressed in a large majority of tumours;
and it must have low or no expression in normal tissue, encompassing the normal
tissue from which the tumour is derived and — ideally — most or all normal adult
tissues accessible by systemic delivery. Experimental work to date has relied mainly
on antibodies directed at the cell membrane proteins carcinoembryonic antigen
(CEA), tumour-associated glycoprotein 72 (TAG-72), folate receptor a (FRa) or
epithelial growth receptor (EGFR): Mugurama et al conjugated anti-CEA antibodies
to a near-infrared dye and used it to label colonic cancer cells in paraffin sections
with the aim of developing an endoscopic visualisation system (Muguruma et al.,
1999); Zou et al conjugated anti-TAG-72 antibodies to a near-infrared dye and
injected them into tumour-bearing mice (Zou et al., 2009); Goetz et al and Chen et al
used fluorescently labelled anti-EGFR and anti-folate receptor antibodes respectively
for endoscopic adenoma detection in mouse models (Goetz et al., 2010, Chen et al.,
2005). Surprisingly, given the dependency on accurate biomarker localisation, the
selection of the markers used for tumour-targeting is rarely justified based on their
sensitivity or specificity. One would not contemplate using a marker giving poor
specificity and sensitivity in routine laboratory analysis, and the same stringent

criteria should therefore apply to in vivo tumour identification. In order to determine
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the suitability of each of my potential antigens for use as tumour-specific markers |
first aimed to determine the expression frequency and levels of each antigen in a
large set of colorectal tumours and matched normal tissues. Only antigens expressed
in a relatively large proportion of tumours, and expressed infrequently or at low levels

in normal tissues would be suitable.
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3.3 Results

3.3.1 Selection of potential colorectal cancer-specific
biomarkers and optimisation of antibodies for their

analysis

Initially | performed a detailed literature search to identify potential suitable
biomarkers with the characteristic outlined above. | established a panel of seven
potential target antigens: carcinoembryonic antigen (CEA), tumour-associated
glycoprotein 72 (TAG-72), folate receptor alpha (FRa), epidermal growth factor
receptor (EGFR), VEGFR-2, roundabout protein 1 (ROBO1) and endoglin (CD105).
CEA, TAG-72, FRa and EGFR were all described in Chapter 1. VEGFR-2 is a
tyrosine kinase receptor for VEGF-A, C, D and E, which are signalling proteins
produced in response to hypoxia and that stimulate angiogenesis. Some 40-100% of
colorectal cancers are thought to express VEGFR-2 (Duff et al., 2006, Hanrahan et
al., 2003, Schimanski et al., 2010a, Amaya et al., 1997). Roundabout protein 1
(ROBO1) is a transmembrane receptor involved in tumour angiogenesis (Wang et al.,
2003) that is upregulated in colorectal tumour cells and endothelial cells of tumour
vessels compared with normal cells (Grone et al., 2006). Endoglin (CD105) is a
protein expressed by angiogenic endothelial cells and is up-regulated in response to
hypoxia (Sanchez-Elsner et al., 2002). It is also up-regulated in a range of tumour
endothelial cells including those of the colon (Burrows et al., 1995, Bellone et al.,

2010).

Antibodies to each antigen were selected by ensuring that they had been used in

peer-reviewed publications for colorectal cancer cell recognition. | had access to an
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anti-CEA antibody produced in-house by a Cancer Research UK-funded research
group in London that had been used in clinical trials for CEA targeting. To check its

performance | also used a commercially available anti-CEA antibody.

| used 13 specimens of formalin-fixed, paraffin-embedded colorectal cancer of
various grades and one sample of normal colonic tissue to optimise antibody
concentrations and experimental conditions for definitive immunohistochemical
analysis. | varied antibody concentration, antigen retrieval method and primary
antibody incubation conditions for each biomarker target to give a broad range of
epithelial staining intensities with minimal background staining (Table 3.1). A5B7
anti-CEA performed equally well as a commercially available, validated anti-CEA
antibody (Figure 3.1) and | therefore chose to use this for future work because it is
humanised and has been successfully used in both animal models and clinical trials
(Dearling et al., 2009, Meyer et al., 2009, Rajkumar et al., 2012). Antibodies to
VEGFR2 and robol produced no tumour-specific staining on colorectal cancer
specimens despite employing extensive optimisation techniques and were therefore
not evaluated further. Antibodies to CEA, TAG-72, EGFR and FRa produced tumour-
specific staining with little or no stromal or non-cancerous epithelial cell staining. Anti-
CD105 strongly stained vessels adjacent to tumour samples with some mild tumour
staining. However, the vascular density in the tumour specimens and the epithelial
cell staining were markedly variable between specimens (Figure 3.2). Although a
nanoparticle delivered systemically would potentially bind to the endothelium of neo-
vascularised regions of a tumour, this wide variability limits the potential of CD105 as
the sole target of a tumour-specific imaging system. Furthermore, to ascertain the
true endothelial and epithelial expression profile of CD105 in colorectal cancer, |
would require whole tumour blocks and dual staining for endothelial cells. | intended
to use tissue micro-arrays of colorectal cancer and matched normal samples, which

would not be suitable for this.
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| concluded that the biomarker targets most likely to allow differentiation of tumour
from normal tissue were CEA, TAG-72, EGFR and FRoa, and selected these for

evaluation using a large cohort of matched tumour and normal tissue samples.



89

Antigen Chosen
. Concentrations | Optimised '9 antigen Antibody
Antibody . retrieval ; . .
tested concentration retrieval incubation
methods
method
Anti-CEA 1:50, 1:100, . Heat retrieval .
(Dako) 1:200 1:100 No retrieval No retrieval 1 hour room temp
1:1, 1:100,
1:200, 1:400,
1:800, 1:1200,
. 1:1600, 1:2000, .
'&(‘;IB%E A 1:5000, 1:150 000 ngtte;ﬁggl/m No retrieval 1 hour room temp
1:20000,
1:100000,
1:150000,
1:200000
. 1:100, 1:125, :
ANti-TAG- | 1150, 1:200. 1:100 Heat retrieval |\ rorieval | 1 hour room temp
72 : No retrival
1:400
Heat retrieval
Anti- 1:50, 1:150, No retrieval
VEGR2 1:300 N/A Proteinase K N/A N/A
Casein block
Antl-folate 1:25, 1:50, 1:75 1:50 Heat re_trleval Proteinase K | 1 hour room temp
receptor a No retrieval
Heat retrieval
. 1:50, 1:250, No retrieval
Anti-robol 1:500 N/A Proteinase K N/A N/A
Casein block
- Heat retrieval
Anti- 1:20, 1:50, . . . . o
CD105 1100 1:20 No retrieval Proteinase K | Overnight 4°C

Proteinase K

Table 3.1. Antibody optimisation.

Antibodies to each antigen were optimised for immunohistochemistry using

specimens of formalin-fixed, paraffin-embedded colorectal cancer and normal tissue.

Concentration, retrieval method and antibody incubation conditions were

independently varied for each.
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Commercial antibody A5B7 antibody

Figure 3.1. Anti-CEA antibody comparison.

A5B7 anti-CEA produced immunostaining of a similar intensity and distribution to that
of a commercially available, validated anti-CEA antibody (Dako, USA). Formalin-
fixed, paraffin-embedded colorectal cancer were stained for CEA using each
antibody under optimised immunohistochemistry conditions. The staining observed
was diffuse with marked luminal accentuation in both. T = tumour, S = stroma.
Concentrations 1:100 (Dako) and 1:200000 (A5B7), magnification X20. Scale bar =

100 zm.



Figure 3.2. CD105 staining.

CD105 endothelial cell and malignant epithelial cell immunostaining varies between
specimens. Slides were stained for CD105 expression using immunohistochemistry.
1: mild endothelial (E) and tumour cell (T) staining. 2: Moderate endothelial cell (E)
and mild tumour cell (T) staining. 3: Strong endothelial cell (E) and tumour cell (T)

staining. Concentration 1:25, magnification X10 (1&2) and x40 (3).
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3.3.2 Expression of selected biomarkers in 280 matched

normal and tumour tissue samples

Having selected four biomarker targets with the potential to allow tumour-specific
targeting, | aimed to use a large cohort of matched normal and tumour tissue
samples to examine the expression of each. To do this | used the optimised
immunohistochemistry protocols from 3.3.1 and pre-existing tissue micro-arrays
containing three tumour samples and three matched normal colonic mucosa samples
from 280 patients with colorectal cancer. Clinicopathological data for this cohort are
shown in Table 3.2. Carcinoembryonic antigen, TAG-72 and EGFR showed
predominantly membranous staining with mild cytoplasmic staining while FRa
showed cytoplasmic staining only. Representative images of staining for each
antigen in both normal and tumour tissues are shown in Figure 3.3.
Carcinoembryonic antigen and TAG-72 were scored for apical membranous staining
only. Folate receptor a showed mild cytoplasmic staining only, and was scored solely
for this. EGFR showed membranous, and — more rarely - cytoplasmic and nuclear
staining. However, following established literature (Buckley and Kakar, 2007,
Scartozzi et al., 2004) EGFR was scored for membranous expression only.
Immunostaining was assessed semi-quantitatively using a bespoke scoring system
that assessed both the intensity of staining and the number of cells stained. | initially
tested two scoring systems using TMAs stained for CEA: a system based on that
described by Allred et al (Allred et al., 1993), where scores for staining intensity and
number of cells stained are added, and one based on the Histoscore system
(McCarty et al., 1986), where they are multiplied (Figure 3.4). No staining for any
marker was noted in blood cells within the sections, suggesting that expression in
this compartment is negligible. A pathologist scored a sample representing 15% of
cases. The intraclass correlation coefficient was 0.89, demonstrating good

agreement between scorers.



93

Characteristic Numberncz)fzggses (%)
Agerange:  33-93 years
Mean age: 68.9 years
Male 144 (51.4)
Female 136 (48.6)
pT stage 1 10 (3.6)
2 54 (19.3)
3 161 (57.5)
4 52 (18.6)
Unknown 3(1.1)

Table 3.2. Clinico-pathological details of patient cohort.
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EGFR FRa

Figure 3.3. CEA, TAG-72, EGFR and FRa expression in tumour and normal

tissue.

Representative tumour tissue microarray (TMA) cores of normal colorectal tissue (top

row) or colorectal tumours (bottom row) showing immunoreactivity as labelled. Tissue

microarrays containing tumour and matched normal tissue from 280 colorectal

cancer patients were stained using immunohistochemistry for CEA, TAG-72, EGFR

and FRea. The normal tissue cores shown demonstrate the median score for that
antigen in normal colorectal tissues (CEA = 1; TAG-72: = 2; EGFR: = 0; FRa: = 0).
The tumour cores shown demonstrate the median positive score for that antigen in
colorectal tumours (CEA = 15; TAG-72 = 10; EGFR = 2; FRa = 1). Nikon Eclipse

E1000, Japan, 20X magnification. Scale bar = 100 um.
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Figure 3.4. Allred versus modified Histoscore scoring results.

Comparison of two semi-quantitative scoring systems for assessing CEA expression
in matched normal and colorectal tumour tissue. The Allred method produces a
higher proportion of ‘high’ scoring tumours. ‘Low’ = lower third of scoring range,

‘moderate’ = middle third and ‘high’ = upper third.

Both the proportion of epithelial cells staining positively and the intensity of staining
varied widely throughout the cohort in normal and tumour tissues (Figure 3.5).
Strongly positive staining in normal tissues was relatively uncommon for all antigens,
especially for FRa (negative in over 99% at the concentrations used). In the tumours,
by contrast, strongly positive staining was prevalent for CEA and TAG-72, and was
more common for FRa than in normal tissue although tumours were also mostly
negative (61%). EGFR staining in tumours showed a similar range of scores to those
in normal tissues. CEA, TAG-72 and FRa, but not EGFR, were significantly more
highly expressed in colorectal tumour tissues than in the normal tissues (p<0.001;

Table 3.3).



Normal

- -
o (&)}
1 J

Expression (IHC score)
T

o
ol

CEA
TAG-72 :
EGFR
FRa

96

Cases

Tumour
154
"-'
£ +
;"‘f' ol
104 f J-J_'_«-'? -
'; ;- 4
¢ rd £
57F
F3 FJ
X E
r‘f ‘.-"ﬁ
0 ]
280

Figure 3.5. Biomarker expression in matched tumour and normal tissue.

Expression levels of CEA TAG-72, EGFR and FRa in normal colorectal tissue (left)

and in colorectal tumours (right). Expression levels were determined by

immunohistochemistry using a score of 0 to 15 in 280 matched normal and tumour

tissues. The scores for each marker are arranged independently in ascending order

to demonstrate the distributions across the cohort.

Antigen Mean normal Mean tumour p value
score score

CEA 1.7 12.4 <0.001

TAG-72 2.7 7.8 <0.001

FRa 0.0 0.7 <0.001

EGFR 0.9 1.3 0.08

Table 3.3. CEA, TAG-72 and FRa are significantly more highly expressed in

colorectal tumour tissue than matched normal tissue.
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3.3.21 Differential expression between matched normal and tumour tissue

If markers are to be used for tumour-specific imaging, the frequency and the
maghnitude of increased expression in tumours are key parameters. The frequency of
increased expression compared to normal tissue dictates the sensitivity of a
biomarker-dependent, tumour-specific imaging system. Expression scores were
higher in tumours as compared to matched normal tissues in 98.8%, 79.0%, 37.1%
and 32.8% of cases for CEA, TAG-72, FRa and EGFR respectively. Although this
percentage is relatively low for FRa it should be noted that expression was higher in
tumours as compared to matched normal tissue in almost all cases where positive
staining was detected in either tissue. However in the case of EGFR, expression was
higher in normal tissue (34% of cases) more frequently than in tumours (33% of
cases) indicating little or no bias for tumour-specific expression. | have estimated the
magnitude of the differences in expression between matched tumour and normal
tissues as the tumour expression score minus the normal expression score (Figure
3.6). CEA demonstrated the greatest difference in expression, with tumours scoring
on average 10.8 (95% confidence interval 10.31-11.21) points higher than normal
tissues. This difference was more than twice that of the next best marker, TAG-72,
which showed tumour expression to be 5.1 (95% CI 4.35-5.77) points higher than
normal tissue. Epithelial growth factor receptor and FRa showed a much smaller

difference of 0.4 (95% CI 0.09-0.79) and 0.7 points (95% CI 0.49-.086) respectively.
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Figure 3.6. Differential expression for each biomarker..

CEA shows the most consistent over-expression in tumour tissues and the greatest
differential expression between matched normal and tumour tissues. Expression
scores for normal tissues were subtracted from those for matched tumour tissues to
quantify the degree of tumour over-expression for each case. Over-expression
scores for each marker are arranged in ascending order to demonstrate the
distributions across the cohort (left). Minus scores reflect cases where tumour
expression was lower than expression in the matched normal tissue. Mean over-
expression scores (central marker) with 95% confidence intervals (error bars) are

also shown (right).
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3.3.3 Specificity and sensitivity of selected biomarkers for

tumour detection

Accurate imaging of tumours based on the expression of any marker is heavily
influenced by the limit of detection of the imaging system for marker expression. In a
fluorescent imaging system, | foresee the gain being adjusted to calibrate the lowest
limit of detection and prevent normal tissues producing a signal. | modelled this
influence for each marker by examining what proportion of tumours would be
successfully visualised when different expression scores were defined as the limit of
detection; this is the sensitivity. | also tested what proportion of normal tissues would
be “invisible”, as required for tumour-specific imaging, using the same limits; this is
the specificity. First, | arbitrarily set this cut-off point as the 95" percentile of the
normal score distribution, thereby tolerating a 5% chance of incorrectly detecting
normal tissue as positive (a specificity of 95%). This cut-off gave sensitivities of
93.7%, 45.4%, 39.3% and 11.8% for CEA, TAG-72, FRa and EGFR respectively. An
alternative approach is to use statistical techniques to identify a cut-off for each
marker that allows the maximum sensitivity and specificity. A receiver operating
characteristics (ROC) graph allows a visual and numerical assessment of the
performance of a classifier (Fawcett, 2006, Zweig and Campbell, 1993), in my case
the ability of a biomarker expression score to discriminate between tumour and
normal tissue. | produced ROC curves for each biomarker and calculated the ‘area
under the curve’ for each (Figure 3.7 and Table 3.4). CEA performed particularly well,
with the AUC approaching 1, whereas EGFR was little better than chance alone, with
an AUC approaching 0.5. The second best performing biomarker was TAG-72 with

an AUC of 0.795 followed by FRa with 0.695.
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Figure 3.7. Receiver operating characteristic curve for CEA, TAG-72, EGFR and

FRao..

CEA performs well in discriminating between tumour and normal tissue (greatest

area under the curve, AUC); EGFR performs poorly.
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Biomarker Area under the Sensitivity Specificity
curve
CEA 0.988 93.7 96.1
TAG-72 0.795 70.3 78.5
EGFR 0.527 39.3 99.2
FRa. 0.695 21.7 90.5

Table 3.4. Peak sensitivity and specificity for each biomarker.
CEA out-performed other markers, with a superior area under the curve on receiver

operator characteristic analysis, sensitivity and specificity.

In addition to AUC values, | was interested in the sensitivity and specificity of each
biomarker. Using the data outputs of the ROC analysis, | added the sensitivity and
specificity for each cut-off point and plotted the results (Figure 3.8). The calculated
optimal cut-off values were: CEA, 6.42; TAG-72, 4.42; EGFR, 2.17; and FRa, 0.
These cut-offs gave sensitivities and specificities of 93.7% and 96.1% for CEA,
70.3% and 78.5% for TAG-72, 39.3% and 99.2% for FRa, and 21.7% and 90.5% for

EGFR.

| concluded that, of the biomarkers tested, CEA is the best performing for tumour
discrimination in formalin-fixed, paraffin-embedded tissue: it shows the most
consistent over-expression in colorectal cancer; it shows the greatest differential
expression between normal and matched tumour tissue; and it has the greatest AUC

and sensitivity and specificity on ROC analysis.
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Figure 3.8. Optimum cut-off scores.
Optimum cut-off values were calculated for each marker by testing multiple cut-off
points and selecting the value with the greatest combined sensitivity and specificity.

Calculated optimal cut-off values: CEA, 6.42; TAG-72, 4.42; EGFR, 2.17; FRa, 0.

3.3.4 Expression of selected biomarkers in 18 matched

normal and metastatic mesenteric lymph nodes.

For intra-operative staging of colorectal cancer to be possible, the status of
mesenteric lymph nodes adjacent to primary tumours must be determined. Therefore
biomarker expression of both tumour cells in positive lymph nodes and of normal
lymph node cells are critical. | aimed to evaluate whether the biomarker expression

patterns | observed in primary tumours is similar in lymph node metastases. To do
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this | examined the expression of each biomarker in lymph nodes taken during
resection from patients from my cohort, using the same immunohistochemistry
protocols as above. | had access to the tissue from 18 patients. In each case, |
examined a node found to contain metastatic tumour cells (“positive”) and a node
that was clear of metastatic deposits (“negative”) (Figure 3.9). Expression of all
markers followed the same pattern as in primary tumours, and was uncommon in
negative nodes; TAG-72 showed the most staining in negative nodes, being
expressed at low levels by cells in the germinal centres in 5 out of 18 cases (Figure
3.10), a feature previously described (Marianicostantini et al., 1991).
Carcinoembryonic antigen also showed very slight germinal centre expression in two
of 18 cases, also previously described (Potomski et al., 1979). Carcinoembryonic
antigen was expressed in all positive nodes, with high scores in the majority (Figure
3.11). The distributions of expression in positive nodes were similar to the patterns
seen in primary tumours, with prevalent and strong expression of CEA and TAG-72

and less frequent and weaker expression of FRa and EGFR.

| concluded that, in this small cohort of samples, the expression of all four biomarkers
in metastatic and normal lymph nodes appears similar to the patterns seen in primary

tumours and normal colorectal mucosa.
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Figure 3.9. Biomaker expression in lymph nodes.

Biomarker expression is similar in lymph nodes to primary tumours. Expression
levels of CEA, TAG-72, EGFR or FRa in lymph nodes containing colorectal tumour
deposits (“positive”; right) and in matched lymph nodes lacking tumour cells
(“negative”; left). Expression levels were determined by immunohistochemistry using
scores of 0 to 15 in 18 cases. The scores for each marker are arranged
independently in ascending order to demonstrate the distributions across the cohort
(note: data points are linked by lines to aid interpretation of the distributions not to

imply adjacent data points are directly related).
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Figure 3.10. Non-specific staining in normal lymph nodes.

Lymph nodes containing no metastases showed moderate positive staining in the
germinal centres when incubated with anti-TAG-72 antibodies. Concentration 1:100,

magnification X20.
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Figure 3.11. Tumour specific expression in lymph nodes.

Metastatic deposits in lymph nodes stained heavily when incubated with anti-CEA
antibodies. Tumour-specific staining was present in all 18 positive lymph nodes
examined and showed a similar pattern of luminal accentuation to that seen in

corresponding primary tumours. Concentration 1:200000, magnification X20.
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3.4 Discussion

| have shown that CEA is the best performing biomarker for colorectal cancer-specific
targeting, with consistent over-expression in tumour tissue, a high differential
expression between normal and matched tumour tissue, and very high sensitivity and

specificity values on ROC analysis.

| sought to examine the expression of a panel of membrane-bound colorectal cancer
biomarkers in a large cohort of matched normal and tumour tissue using
immunohistochemistry to determine their potential for use in my project. My first step
was to use a small sample of formalin-fixed, paraffin-embedded colorectal cancer
samples and one normal colonic sample to test for tumour-specific immunostaining
and to optimise immunohistochemistry experimental conditions. CEA, TAG-72,
EGFR and FRa have all been used in experimental colorectal cancer targeting
studies (section 3.2) and were therefore obvious choices for inclusion in this work.
Antibodies to these biomarkers all showed tumour-specific immunostaining and were
selected for evaluation using TMAs. | also included three further biomarkers in this
initial phase: VEGFR-2, robol and CD105. VEGFR- 2 is an established therapeutic
target for metastatic colorectal cancer (Winder and Lenz, 2010, Duff et al., 2006,
Tonra et al., 2006, Giantonio et al., 2007) and has been used for in vivo imaging of
gastrointestinal tract tumours in murine models (Foersch et al., 2010). Most work has
concentrated on its expression by endothelial cells but there is some evidence that it
is also expressed by colorectal cancer cells (Hanrahan et al., 2003). Despite varying
the antibody concentration, incubation conditions and antigen retrieval methods, |
failed to demonstrate any tumour cell specific staining during my optimisation
process. The evidence for epithelial cell expression is limited to a few studies with

small sample sizes that have focussed on endothelial cell expression (Amaya et al.,
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1997, Duff et al., 2006, Hanrahan et al., 2003). Similarly, robol is thought to be
upregulated in both colorectal tumour cells and endothelial cells of tumour vessels
compared with normal cells (Wang et al., 2003, Grone et al., 2006), potentially
allowing specific binding in two compartments. The evidence for expression in either
compartment is limited and, as with VEGFR-2, | failed to demonstrate any tumour-
specific staining. Endoglin, also known as CD105, is up regulated in colon cancer
endothelial cells and one study has also reported upregulation in colorectal cancer
nodal metastases (Clasper et al., 2008). It showed marked variability in expression in
both malignant epithelial cells and endothelial cells. | considered this unsuitable as
the sole targeting component of a nanoparticle-based imaging system but it holds
promise as a secondary targeting antibody; it is conceivable that it could improve the
cancer-recognition performance of a nanoparticle with a more appropriate principle
targeting antibody such as anti-CEA. Although my antibody optimisation experiments
utilised just 14 colorectal cancer samples, the other four biomarkers all showed far

greater potential and | therefore decided to concentrate on them for the TMA work.

Immunohistochemistry is a relatively simple, established technique for examining the
expression of various antigens in human tissue. However, measuring and comparing
this expression is challenging due to the subjective assessment of the staining it
produces. Investigators have used a variety of subtly different scoring systems when
assessing protein expression in TMAs. These range from simple descriptive
measurements such as ‘weak’, ‘moderate’ and ‘strong’ (Adams et al., 1999), to fully
automated scoring using software packages (Rizzardi et al., 2012). Consensus
reports have been published (van Diest et al., 1997) advising that the staining pattern
and area of lesion of interest should first be defined, before scoring taking into
account intensity and number of cells. The staining observed in three of my four
biomarkers was predominantly membranous with varying degrees of mild

cytoplasmic staining. My project requires a membrane-bound target, and it was this
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expression that was of most interest. | therefore did not explore an automated
scoring method as the results would have potentially been skewed by co-existing
mild cytoplasmic staining. | tested two semi-quantitative scoring systems, based on
the two most common methods in similar published studies: the Allred method (Allred
et al., 1993) and a variation on the Histoscore method (McCarty et al., 1986). The
Allred method tended to produce a higher proportion of ‘high’ scores (defined as
being in the top third of the score range for each method) in tumour tissue, potentially
reducing the potential for discriminating between two high scoring biomarker targets.
Although the modified Histoscore tended to produce a higher proportion of ‘low’
scores in normal tissue, it allowed greater discrimination of high scores and |
therefore elected to use this system for my analysis so that | could compare
biomarker performance. The scoring system also appears to be reproducible, with

good agreement between observers (intraclass correlation 0.89).

Using this scoring system, | was able to investigate three key criteria: i) the
proportion of the cohort in which tumours stained positively for markers; ii) the
proportion of the cohort in which tumours stained more strongly for markers than the
matched normal tissues; and iii) the magnitude of over-expression in tumours. CEA
out-performed other markers dramatically in all three measures, showing the most
frequent tumour expression, and the most frequent and greatest tumour over-
expression. In particular, differential CEA expression within normal/tumour pairs was
notably greater as compared to other markers, providing evidence that CEA is the

most reliable marker for differentiating between normal and tumour tissue.

When | repeated the experiments using positive and matched normal lymph nodes,
CEA was again the superior target, with high levels and frequency of expression
within positive nodes. Although the sample of nodes used was small, the expression

pattern was identical to that seen in primary tumour epithelial cells and of a similar
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level. There was some low level staining seen in matched normal lymph node tissue
for CEA and TAG-72, but this occurred at the germinal centres and has been
described previously for both markers (Marianicostantini et al., 1991, Potomski et al.,
1979). In the context of my overall project, intra-operative staging relies on the
accurate assessment of the mesenteric lymph nodes; these findings suggest an anti-
CEA antibody would be suitable as the tumour-recognition component of my imaging

probe.

In practical imaging situations, the threshold, or cut-off, used to differentiate between
normal and tumour would be determined by the user, by adjusting the signal gain.
This could be altered to favour either sensitivity (lowering the cut-off to detect
tumours more easily at the risk of detecting normal tissue erroneously) or specificity
(raising the cut-off to avoid detection of normal tissue at the risk of missing tumour
cells). | quantified the abilities of the markers to be used in tumour cell detection
using their optimal cut-offs, as determined using ROC analyses, in terms of
sensitivity (proportion of tumours correctly detected) and specificity (proportion of
normal tissues correctly not detected). CEA was the most sensitive marker by a
considerable margin (93.7%, as compared to the nearest alternative TAG-72 at
70.3%), and was also highly specific (96.1%). FRa was the most specific marker
(99.2%), however its utility is limited by the fact that it was not detectable in the
majority of tumours, as previously reported (Shia et al., 2008), resulting in a poor
sensitivity (39.3%). In addition, the magnitude of differential expression between
normal and tumour was relatively narrow, providing less security in determining
tumour or normal identities. Most notably, EGFR was a surprisingly poor marker,
being detected in less than half the tumours and being commonly more highly
expressed in normal tissues than in tumours. Cetuximab, a monoclonal antibody
directed against EGFR, has been used in patients with tumours that show

immunohistochemical expression of this antigen (Jonker et al., 2007, Van Cutsem et
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al., 2009). My findings have no direct relevance to this therapy but the prevalence of
EGFR expression | have shown is lower than most published studies, some of which
claim up to 97% (Koretz et al., 1990, Lee et al., 2002, Spano et al., 2005, Bhargava
et al., 2006). There are a number of different antibodies available and this may be
due to differences between them. There is also controversy regarding the
relationship between EGFR expression (as assessed by immunohistochemistry) and
response to monoclonal antibody therapy (Cunningham et al., 2004) with EGFR-

negative patients responding to treatment (Chung et al., 2005).

| therefore concluded that of the four biomarkers tested, and on the basis of
immunohistochemical expression, CEA is the most suitable for intra-operative tumour
targeting with a fluorescent nanoparticle. However, these results apply to formalin-
fixed, paraffin-embedded tissue only; as part of a systemically delivered imaging
probe, the antibody will be required to perform in a far more complex biological
system. In the next chapter | describe experiments designed to model these

conditions.

This is the first immunohistochemistry study to compare commonly used biomarker
targets for in vivo targeting of colorectal cancer and these results are also relevant to

investigators in the fields of non-invasive targeted imaging and targeted therapeutics.
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Chapter Four

CEA and TAG-72 are available for

antibody binding in live cells



113

4 CEA AND TAG-72 ARE AVAILABLE FOR ANTIBODY

BINDING IN LIVE CELLS

4.1 Abstract

Background

Expression studies of CEA and TAG-72 using immunohistochemistry on formalin
fixed paraffin embedded tissue have demonstrated that these markers have potential
for use in vivo colorectal cancer targeting. | now aimed to ascertain whether these
antigens are available for antibody binding in live cancer cells and fresh frozen
tumour samples, as would be required in an in vivo setting. | also aimed to test
whether systemically delivered antibodies were able to reach tumour cells in an ex

vivo model.

Methods

| used three colorectal cancer cell lines and suitable controls for immunofluorescent
evaluation of anti-CEA and anti-TAG-72 antibody binding in both fixed cells and live
cells. | also examined binding in fresh frozen tumour tissue. Finally, | injected anti-
CEA antibodies into the supplying artery of three freshly resected CEA-expressing
human colorectal cancer specimens prior to fixation, and evaluated the tumour cells

for evidence of antibody binding using immunohistochemistry.

Results
Incubation with both anti-CEA and anti-TAG-72 antibodies produced staining in live
cells, but only anti-CEA produced staining in fixed cells. The staining tended to be

stronger and more diffuse with anti-CEA. Only non-specific staining was evident with
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both antibodies in fresh frozen tissue. No tumour-bound anti-CEA antibodies were

detected following arterial injection in ex vivo tumours.

Conclusion
CEA and TAG-72 are available for binding in live colorectal cancer cells but delivery

to a tumour in vivo may represent a challenge.
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4.2 Introduction

The key criteria for markers that are suitable for targeting colorectal cancer cells with
fluorescent particles have been described previously (see section 1.3). | have already
determined which of a range of candidates display suitable differential expression in
Chapter 3. The two best performing biomarkers from these experiments were TAG-
72 and CEA, both of which showed high levels of expression in the majority of
tumours, relatively low expression in matched normal tissue and a large differential in
expression levels between tumour and normal tissues. In this chapter, my aim was to
determine which of these antigens was available for antibody-binding in live cells.
Previously published work from other laboratories has demonstrated that some
antigens from these molecules are apparently available for binding following systemic
delivery; iodine™**-labelled anti-TAG-72 antibodies were used to locate occult tumour
cells intra-operatively in radio-immunoguided surgery (Povoski et al., 2012) and
iodine'*-labelled anti-CEA antibodies have been used for targeted cytotoxic delivery
in radioimmunotherapy applications (Meyer et al., 2009). However in some cases,
controls were relatively poor with no non-targeted antibody control to prove that the
apparent tumour specificity was due to antibody binding rather than an alternative
mechanism such as the EPR phenomenon (Matsumura and Maeda, 1986). Formally,
it remains unclear whether these antigens are truly available in a live biological
system and to what degree. | used three colorectal cancer cell lines for this work: HT-
29 cells, derived from grade Il human colonic adenocarcinoma (Fogh J, 1975);
CACO?2 cells, derived from a human colonic adenocarcinoma (Koivisto and
Salaspuro, 1997); and HRT-18 cells, derived from a human rectal adenocarcinoma

(Tompkins et al., 1974).
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4.3 Results

| aimed to assess the availability of CEA and TAG-72 in various cellular systems in
order to assess whether they are available for binding in a live biological system. |
used three system models to assess antigen availability: fixed and live cell lines;
freshly frozen human colorectal cancer tissue samples; and freshly resected, ex vivo
colorectal cancer specimens in situ within the resected colon. To evaluate antigen
availability and antigen binding in cell lines and in fresh frozen tissue | used

immunofluorescence or, for ex vivo samples, immunohistochemistry.

4.3.1 CEA, but not TAG-72, is available for antibody binding

in fixed cells

First, | aimed to assess whether CEA and TAG-72 antigens were available in fixed
colorectal cancer cell lines — this was to validate these lines as suitable CEA- and
TAG-72-epxressing models to use subsequently as live cell models. | used three
widely available colorectal cancer cell lines for this: HT-29, CACO2 and HRT18 cells.
Having demonstrated antigen availability in FFPE treated colorectal tissue, |
hypothesised that fixed colorectal tissue culture cells would show similar antigen
availability. | therefore fixed cells from each cell line with paraformaldehyde prior to
incubating them with the primary anti-CEA or anti-TAG-72 antibody followed by an
appropriate fluorescent secondary antibody. Control conditions involved incubating
cells with the fluorescent secondary antibody only, omitting the primary antibodies.
Staining was assessed subjectively in terms of whether the membranous staining
was present (mild, moderate or strong) or absent, and whether it was diffuse across

all cells or focal.
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Whilst staining was present in fixed cells in all three cell lines when incubated with
anti-CEA antibodies, staining was not present in fixed cells with anti-TAG-72
antibodies (Figure 4.1). When no primary antibody was used, no staining was
apparent in any cell line. The lack of staining with anti-TAG-72 antibodies was
surprising given the results obtained with FFPE tissue. | concluded that, in this fixed
cell in vitro model of colorectal cancer, CEA is available for immunostaining but TAG-

72 is not.
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Figure 4.1. Immunostaining in fixed cells.

Fixed HT29, CACO2 and HRT18 cells show colorectal cancer cell specific
immunostaining when incubated with anti-CEA but not anti-TAG-72 antibodies and a
suitable fluorescent antibody. Four images are shown for each: DAPI staining (top
left), CEA/TAG-72 staining (top right), phase contrast (bottom left) and merged image
(bottom right), X63 magnification. Although different fluorescent secondary antibodies
were used due to availability, gain and exposure settings were consistent. Scale bar

=40 pm.
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4.3.2 CEA and TAG-72 are available for antibody binding in

live cells

Next, | aimed to assess whether CEA and TAG-72 antigens were available in live
cells from the same three colorectal cancer cell lines. | used the same test and
control conditions (but with paraformaldehyde fixation omitted). In addition, human
endothelial cells (HUVECS) were used as a negative control cell line, since the
colorectal markers CEA and TAG-72 would not be expressed in these cells. In order
to demonstrate the specificity of any binding further, | used anti-CD105 antibodies as
negative control antibodies; CD105 is an endothelial cell marker that should not be
detectable on colorectal epithelial cells but should be detected on HUVEC cells (Li et

al., 2000).

4.3.2.1 Unfixed (live) cell immunofluorescence allows appropriate imaging of

cell surface markers

When live HUVEC cells were incubated with anti-CD105 antibodies, strong
fluorescent staining was observed (Figure 4.2). When anti-CD105 antibodies were
incubated with live colorectal cancer cell lines there was no evidence of any staining,
validating its use as a negative control. When live HUVEC cells were incubated with
anti-CEA and anti-TAG-72 antibodies, no fluorescent staining was observed (Figure
4.3). | concluded that live cell immunofluorescence allows appropriate imaging of cell
surface markers and that HUVEC cells and anti-CD105 antibodies are appropriate

controls for this work.
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Figure 4.2. Anti-CD105 antibodies as a negative control.

Anti-CD105 antibodies act as a suitable negative control to demonstrate the
specificity of anti-colorectal cell antigen/colorectal cancer cell binding. Four different
cell types, as labelled, were seeded on glass coverslips and incubated in live culture
with anti-CD105 antibodies (1h), before treatment to allow IF visualisation of

antibody:antigen binding. Magnification = 63X.
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Figure 4.3. HUVECs as a negative control cell line.

HUVECSs act as a suitable negative control cell line to demonstrate the specificity of
anti-colorectal cell antigen/colorectal cancer cell binding. HUVEC cells were seeded
on glass coverslips and incubated in live culture with anti-CD105, anti-CEA and anti-
TAG-72 antibodies (1h), before treatment to allow IF visualisation of antibody:antigen

binding. Magnification = 63X.
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4.3.2.2 CEA and TAG-72 are available for immune-recognition in live

colorectal cancer cells

Both CEA- and TAG-72-specific staining was demonstrated in live cells from all three
colorectal cancer cell lines (Figure 4.4). When no primary antibody was used, no

staining was apparent in any cell line.
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Figure 4.4. Immunostaining in live cells.

Live HT29, CACOZ2 and HRT18 cells show colorectal cancer cell specific
immunostaining when incubated with anti-CEA and anti-TAG-72 antibodies and a
suitable fluorescent antibody. Four images are shown for each: DAPI staining (top
left), CEA/TAG-72 staining (top right), phase contrast (bottom left) and merged image
(bottom right), X63 magnification. CEA-targeted staining appears to be stronger and

more diffuse than TAG-72. Scale bar = 40 um.
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Whilst staining was present in both fixed and live cells in all three cell lines when
incubated with anti-CEA antibodies, staining was only present in live cells with anti-

TAG-72 antibodies. The results are summarised in Table 4.1.

Cell line No primary CEA TAG-72
Fixed No staining Focal, strong Nil
HT-29
Live No staining Diffuse, strong Focal, moderate
Fixed No staining Diffuse, mild Nil
CACO2
Live No staining Diffuse, mild Focal, mild
Fixed No staining Diffuse, moderate Nil
HRT-18
Live No staining Focal, moderate Focal, mild

Table 4.1. Summary of immunostaining patterns.

Fluorescent immunostaining patterns of fixed and live cells from three colorectal
cancer cell lines when incubated with anti-CEA and anti-TAG-72 antibodies.
Incubation with anti-CEA antibodies appears to produce a stronger and more diffuse

staining pattern.

| concluded that both CEA and TAG-72 are available for antibody binding in a live cell
culture in vitro system. Although the results are qualitative only, incubation with anti-

CEA antibodies appears to produce a stronger and more diffuse staining pattern.
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4.3.3 Assessment of the accessibility of CEA and TAG-72 for

imaging in the context of tumour architecture

Having demonstrated the availability of CEA and TAG-72 for antigen-antibody
binding in live colorectal cancer cell lines, | aimed to investigate accessibility in fresh
frozen tissue, as this represents a model that is one step closer to live human tissue.
Sections of archived fresh frozen colorectal tumour and matched normal colon tissue
(five patients) were prepared and incubated with anti-CEA and anti-TAG-72
antibodies using the same immunofluorescence protocol as used previously. In each
case, one slide was incubated with the secondary antibody only as a negative control

and no staining was observed in any of these controls.

Although promising fluorescent images were obtained when fresh frozen colorectal
cancer tissue was incubated with anti-CEA and anti-TAG-72 antibodies (Figure 4.5
and Figure 4.6), matched normal colonic tissue also yielded fluorescence. This was
seen in all five matched patient samples. Extended TBS-Tween wash steps with
gentle agitation were added to the method in an attempt to ensure unbound primary
antibody was completely removed from the specimen but this had no effect (Figure

4.7).

| concluded that it was unclear if the fluorescent staining seen in fresh frozen tumour

samples was the result of genuine antigen-specific antibody binding.
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Tumour Normal

Figure 4.5. CEA immunostaining in fresh frozen tissue.

Fresh frozen colorectal cancer and matched normal tissue both exhibit fluorescent
staining when incubated with anti-CEA antibodies. Tissue samples were sectioned
and subjected to immunofluorescence with anti-CEA antibodies and an appropriate
fluorescent secondary antibody. Four images are shown: DAPI staining (top left),
CEA expression (top right), phase contrast (bottom left) and merged

DAPI/CEA/phase, X63 magnification.
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Tumour Normal

Figure 4.6. TAG-72 immunostaining in fresh frozen tissue.

Fresh frozen colorectal cancer and matched normal tissue both exhibit fluorescent
staining when incubated with anti-TAG-72 antibodies. Tissue samples were
sectioned and subjected to immunofluorescence with anti-TAG-72 antibodies and an
appropriate fluorescent secondary antibody. Four images are shown: DAPI staining
(top left), TAG-72 expression (top right), phase contrast (bottom left) and merged

DAPI/TAG-72/phase, X63 magnification.
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Tumour Normal

Figure 4.7. Immunostaining in fresh frozen tissue is not tumour-specific.
Fresh frozen colorectal cancer and matched normal tissue both exhibit fluorescent
staining when incubated with anti-CEA antibodies despite extended wash and
agitation steps prior to fluorescent secondary antibody incubation. Four images are
shown: DAPI staining (top left), CEA expression (top right), phase contrast (bottom

left) and merged DAPI/CEA/phase, X63 magnification.

4.3.4 Assessment of biomarker localisation in an ex vivo

model of systemic antibody delivery

Having shown that CEA is available for antigen-antibody binding in vitro at least in
cell lines, | sought to design a model to test whether antibodies could reach their
antigens on the surface of tumour cells in the context of genuine tumour architecture
and when delivered via the arterial vasculature. For this experiment | chose to focus
on CEA as a target biomarker because it had performed best in FFPE human tissue
samples and most consistently in cell lines. To do this | aimed to inject anti-CEA
antibodies into the main supplying artery of freshly resected tumour specimens in the

operating theatre, and then use immunohistochemistry to detect bound anti-CEA
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antibodies. However, to prove that this model had the potential for success, | needed
to show that routine histopathological examination, specifically fixation with formalin,
would not prevent a secondary antibody binding to the primary anti-CEA antibody-
antigen complex. | examined this by performing similar antibody-binding and
subsequent fixation in HT-29 cells with A5B7 anti-CEA antibodies. Live HT-29 cells
on coverslips were incubated with anti-CEA antibodies, and were then fixed with
formalin, and subsequently incubated with fluorescent secondary antibodies. Figure
4.8 shows HT-29 cells treated in this way, along with cells that had undergone
routine immunofluorescence with anti-CEA antibodies and a fluorescent secondary
antibody (ie. live cells treated in turn with primary and secondary antibodies, and
imaged unfixed). Successful localisation of the antibody-antigen complexes appeared

to be unaffected by formalin fixation.
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Figure 4.8. Formalin fixation did not prevent CEA immunostaining.

Formalin fixation of cells following incubation with anti-CEA antibodies but prior to
incubation with fluorescent secondary antibodies does not affect staining. Left: live
cells were incubated with anti-CEA antibodies and then fixed in formalin. Twenty-four
hours later they were incubated with a suitable fluorescent secondary antibody.
Right: live HT-29 cells were incubated with anti-CEA antibodies and a suitable
fluorescent secondary antibody. Four images are shown: DAPI staining (top left),
CEA expression (top right), phase contrast (bottom left) and merged

DAPI/CEA/phase, X63 magnification.

Having successfully shown that recognition of anti-CEA antibodies by secondary
antibodies was unaffected by formalin fixation, | proceeded to attempt to deliver the
primary antibody to tumour cells by injection into the arteries of ex vivo tumours. |
injected a solution of ASB7 antibody into the ileocolic artery of three freshly resected
right-sided colonic cancer specimens in the operating theatre. Following routine
histopathological staging, | subjected sections of paraffin embedded tumour tissue to

immunohistochemistry to identify bound A5B7 antibody. As a control | incubated
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slides with both the primary anti-CEA antibody and a suitable secondary antibody to
show that the tumours expressed CEA. | then incubated a separate slide with the
secondary antibody only: if primary anti-CEA antibodies had reached the tumour, |
would expect immunostaining to be present. Unfortunately this was not detectable in
any of the patients (Figure 4.9). | concluded that the antibodies may not reach the

tumour cells in this ex vivo model.

Control Test

Figure 4.9. Ex vivo model mmunohistochemical staining.

Anti-CEA antibodies injected into the main supplying artery of a freshly resected
CEA-secreting tumour specimen prior to formalin fixation and paraffin embedding did
not allow tumour specific immunohistochemical staining. Control: formalin fixed
paraffin embedded tumour tissue was subjected to routine immunohistochemical
analysis with further addition of anti-CEA antibodies. Test: Immunohistochemical

analysis was undertaken using secondary antibodies only. Magnificaiton 20X.
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4.4 Discussion

Although my immunohistochemistry biomarker study (Chapter 3) showed a
consistently high degree of CEA/ITAG-72 expression and therefore antibody-antigen
binding, it is difficult to draw conclusions about antigen availability; it may be that a
colorectal tumour has high antigen expression but antibodies cannot access the
binding sites in a live biological system, rather than in formalin-fixed, paraffin
embedded tissue where the antigens are relatively accessible. Cultured cell lines
provide a basic system in which to test whether the results seen in Chapter 3 can be
reproduced in a less controlled and more realistic biological environment. Some of
the recognised limitations of immunofluorescence - background noise,
autofluorescence, non-specific binding and photobleaching (Swedlow et al., 2002,
Wolf et al., 2007) - are all features that a systemically-delivered molecular imaging

probe would need to overcome in vivo.

Initially | fixed the cells prior to antibody incubation, as is routinely done in
immunofluorescence protocols, to confirm that specific antibody binding took place.
This would be expected as the cells are in a similar state to those in the formalin-
fixed paraffin-embedded tissue samples used in Chapter 3. Using the same
conditions and antibody concentrations, | then incubated live cells with both
antibodies. Although the results were non-quantitative, and therefore subjective in
part, two apparent trends emerged: incubating colorectal cancer cells with anti-CEA
antibodies produced a stronger and more diffuse staining pattern than anti-TAG-72;
and incubating fixed cells with anti-TAG-72 antibodies produced no staining whereas
live cells did. | would expect the first of these observations to be true, having already
shown that CEA is more highly expressed than TAG-72 in a large cohort of colorectal

tumours. The second observation was more surprising, but might be due to a
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difference in the effect of fixation on live cells in media compared to human
specimens where the cancer cells are within the tissue architecture comprising of the
stroma and other cell types. Paraformaldehyde causes cross-linking, where covalent
bonds form between proteins, and tends to damage cell membranes (Puchtler and
Meloan, 1985); it may also reduce antigen availability or the cross-linking may reduce
the number of available antigen-binding sites. From these experiments | was able to
conclude that both CEA and TAG-72 are available for antibody binding in a live cell
culture in vitro system, although potentially CEA appears to be more readily available

for antibody binding than TAG-72.

Human fresh frozen tissue is frozen immediately after surgical resection, avoiding
fixation. | aimed to assess whether | could reproduce the tumour-specific CEA and
TAG-72 expression pattern seen in paraffin-embedded tumour samples and live cells
by evaluating antibody binding in slices of fresh human tumour tissue and matched
normal tissue. Although there appeared to be a high level of fluorescent staining in
tumour samples, this was not tumour-specific; a similar pattern was observed in
matched normal control tissue in all five patient samples. Non-specific background
staining has been reported as being more common in frozen tissue than paraffin-
embedded tissue (Elias, 1990). It is possible that the freezing process damages the
cell membranes or the antigen binding sites and alters them in such a way as to
enable non-specific binding. If this is the case, these findings do not threaten the
eventual aim of my project. However, if these findings are due to a feature of human
normal colonocytes that causes non-specific binding by these antibodies, this could
prevent tumour-specific imaging of cancer cells in vivo by my proposed molecular
probe. Given that both anti-CEA and anti-TAG-72 antibodies have been used for
colorectal cancer targeting in human studies (Mayer et al., 2000, Povoski et al.,

2012), | am optimistic that this is not the case.
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Following the results of live cell incubation with anti-CEA and anti-TAG 72, together
with the results from Chapter 3, | chose to focus on CEA as the biomarker target of
choice as it had consistently out-performed TAG-72. | designed this experiment with
the aim of showing whether systemically delivered antibodies could reach a tumour
and bind in sufficient number to detect their presence using immunohistochemistry.
First, | tested whether formalin fixation following primary antibody binding affected the
detection of the primary with a secondary antibody; Figure 4.8 shows that this had no
adverse effect on the immunofluorescent signal. | then injected an anti-CEA antibody
solution into the ileocolic artery of three freshly resected right colonic cancer
specimens and tested paraffin-embedded samples for CEA expression using
immunohistochemistry. Unfortunately | was unable to demonstrate any tumour-
specific binding. A likely reason for this is that pulsatile arterial blood flow is required
to deliver molecules to the tumour cells; the act of injecting the solution will
undoubtedly have forced antibodies along the artery to some extent but they may not
have reached the small calibre arterioles supplying the tumour. Alternatively, the
antibodies may have reached these vessels but require a hydrostatic pressure
gradient to leave the vasculature and bind to cells; this is absent in my ex vivo
system. Finally, there is an unavoidable delay between ligating the artery supplying
blood and removing the tumour specimen prior to antibody injection, during which the
blood within the vessel may have coagulated, obstructing antibody delivery. Despite
these findings, there is evidence that systemically delivered antibodies are able to
bind specifically and measurably to colorectal cancer cells. A5SB7 anti-CEA antibodies
bound to radioisotopes were used in radioimmunoguided surgery and
radioimmunotherapy in UK clinical trials with success (Dawson et al., 1991, Meyer et
al., 2009), suggesting that my model for systemic delivery may have been flawed.
Were | to design the experiment again, | would have considered using an orthotopic
mouse model of colorectal cancer where blood flow could be maintained to the

tumour during and after antibody injection.
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In conclusion, cell culture immunofluorescence shows that CEA and TAG-72 are
available for antibody-antigen binding in vitro, and expression is similar to the
patterns observed in Chapter 3, with CEA displaying the greatest binding. Although |
was unable to demonstrate tumour-specific binding of anti-CEA antibodies using
fresh frozen tissue samples or arterial delivery to fresh tumour specimens, there are
a number of plausible reasons for this and | do not believe it prevents me from

developing the project further.
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Chapter Five

Indocyanine green conjugated anti-
CEA antibodies allow fluorescent

Imaging of colorectal cancer cells
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5 INDOCYANINE GREEN CONJUGATED ANTI-CEA

ANTIBODIES ALLOW FLUORESCENT IMAGING OF

COLORECTAL CANCER CELLS

5.1 Abstract

Background

Indocyanine green (ICG) is a near-infrared dye approved for use in humans in both
the UK and USA. Its fluorescence is quenched when conjugated to an antibody, but
reportedly this quenching is halted if the molecule is internalised by a cell,
presumably by reversal of the conjugation and release of free dye. | aimed to assess
whether ICG-conjugated anti-CEA antibodies would allow specific fluorescent

labelling of colorectal cancer cells.

Methods

ICG-Sulfo-Osu was conjugated to A5B7 anti-CEA antibodies or control anti-digoxin
antibodies. Conjugates were incubated with live LS174T, LoVo or HCT116 colorectal
cancer cells and near-infrared fluorescence was imaged using confocal microscopy.

Cellular fluorescence was quantified using ImageJ software.

Results

ICG-anti-CEA exhibited CEA-specific fluorescence in all three cell lines (p<0.01) with
fluorescence increasing until 24-36 hours, and reducing thereafter. The fold
difference in fluorescence between ICG-anti-CEA and ICG-anti-digoxin treated cells

at 36 hours was 5.2, 8.2 and 12.2 for LS174T, LoVo and HCT116 cells respectively.
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When LS174T cells were incubated with only a 2 hour pulse of ICG-anti-CEA
antibodies followed by subsequent incubation without the antibody, fluorescence

accumulated with similar dynamics as before, peaking at 36 hours.

Conclusion

ICG conjugated to A5B7 anti-CEA antibodies allows CEA-specific imaging of

colorectal cancer cells in vitro.
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5.2 Introduction

A relatively simple fluorescent molecular probe for intra-operative cancer imaging is a
fluorophore conjugated to a tumour-specific antibody and several groups have
published small studies evaluating this, with moderate success (section 1.3.2).
However, use of indocyanine green (ICG) as a simple antibody-fluorophore
conjugate has demonstrated some promise. Importantly, ICG is a U.S. Food and
Drug Standards Agency (FDA) and UK Medicines and Healthcare Products
Regulatory Agency (MHRA) approved dye, so there is potential for rapid translation

to clinical studies.

A slightly modified version of ICG (ICG-Sulfo-OSu, Figure 5.1) is quenched when
bound to a protein such as an antibody (Ogawa et al., 2009) but has been shown to
re-fluoresce when internalised by cells, a change that is thought to be due to
cleavage of the bonds linking the dye to the antibody in lysosomes. Once
internalised, the fluorescent signal from the ICG has been reported to remain
detectable for up to 10 days (Nakajima et al., 2011), which in the clinical setting
would allow a degree of flexibility in the timing an operation. As the fluorescence
occurs in the cell cytoplasm rather than the cell membrane fluorescence seen in
simple surface-bound fluorescent antibody systems, the signal density may be

greater due to more target cell fluorophores.

I have already shown that CEA is the most suitable target for tumour-specific imaging
of colorectal cancers (section 3.3), and that it is available to anti-CEA antibodies in
live cells (section 4.3). Critically for my studies, Schmidt et al showed that anti-CEA
antibodies are internalised by the colorectal cancer cell line LS174T (Schmidt et al.,

2008), meaning that ICG-linked anti-CEA antibodies may well be induced to
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fluoresce after internalisation. | therefore chose to evaluate the potential of ICG-anti-

CEA antibodies for imaging of colorectal cancer cells in vitro.
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Figure 5.1. ICG-labelled IgG antibodies.
ICG-Sulfo-Osu is an amine-reactive derivative of ICG and can be conjugated to a

free amine group on an IgG molecule.
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5.3 Results

My first aim was to conjugate ICG to anti-CEA antibodies and to determine whether
this conjugate would allow time-dependent and specific accumulation of fluorescence
in colorectal cancer cells. | used three CEA-expressing colorectal cell lines for this
work: LoVo cells have a high expression, LS174T cells a moderate/high expression
and HCT116 cells a low expression (Ohannesian et al., 1995, Ashraf et al., 2009, da
Paz et al., 2012, Fahlgren et al., 2003, Wang et al., 1999). | undertook a series of cell
culture experiments to test whether cytoplasmic fluorescence was detectable
(implying ICG-anti-CEA internalisation), whether this was CEA-specific and the

relationship between signal intensity and time.

5.3.1 Qualitative assessment of ICG-anti-CEA fluorescence

in LS174T cells

5.3.1.1 ICG-anti-CEA is CEA-specific and produces time-dependent

cytoplasmic fluorescence

For my first experiment, | conjugated ICG-sulfo-OSu to A5B7 anti-CEA antibodies
and incubated the conjugates with live LS174T cells . | used live cell confocal
microscopy to assess cytoplasmic fluorescence at time points from 1 hour to 80
hours after the beginning of the incubation (Figure 5.2). As a negative control |
saturated the surface of cells with unlabelled anti-CEA antibody to block the antigen

binding sites, before washing away unbound antibody and treating as before.
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Figure 5.2. ICG-anti-CEA antibodies allow cytoplasmic fluorescence.

Anti-CEA antibodies conjugated to ICG-Sulfo-OSu are internalised by live LS184T
colorectal cancer cells resulting in cytoplasmic fluorescence. Cells were incubated
with 100 pg/ml ICG-anti-CEA and imaged at the times shown using confocal
microscopy. Microscope settings were fixed throughout to allow the fluorescence at
different time points to be directly comparable. As a control, cells were pre-incubated
with 480 ng/ml of free anti-CEA antibody for one hour prior to incubation with the
ICG-anti-CEA as above (image shown at 30 hours). (Magnification 100X, scale bar =

10 pm).

Cytoplasmic fluorescence was detectable from 4 hours and reached a peak at 30
hours. By 60 hours it had reduced considerably. Pre-incubation with unlabelled anti-
CEA blocked accumulation of fluorescence at any time point tested. | concluded that
ICG-anti-CEA binds specifically to CEA and is internalised leading to ICG

fluorescence within the cytoplasm.

5.3.1.2 ICG-anti-CEA fluorescence is dose dependent

| also investigated whether the accumulation of fluorescence was dose-dependent.
Three different dilutions of the conjugated antibody were used and fluorescence was
assessed at 30 hours: 100 pg/ml, 10 pg/ml and 1 pg/ml. The highest of the three

concentrations tested produced the greatest fluorescent signal (Figure 5.3).
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Figure 5.3. ICG-anti-CEA cytoplasmic fluorescence is dose-dependent.

Live LS174T cells in media were incubated with ICG-Ab suspended in PBS at
concentrations of 1:10 (100 ug/ml), 1:100 (10 ug/ml) and 1:1000 (1 ug/ml). Confocal
fluorescent microscope images were taken after 30 hours, representing peak

fluorescence in earlier experiments. (Magnification 63X, scale bar = 10 pm).
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5.3.2 Quantitative assessment of ICG-anti-CEA vs ICG-anti-

digoxin fluorescence in colorectal cell lines

5.3.2.1 Anti-digoxin antibodies are a suitable control for immune-mediated

colorectal cancer cell targeting experiments

| aimed to quantify the fluorescence produced by ICG-anti-CEA conjugates and
compare this to that of of ICG-labelled control antibodies. To do this | required a
suitable control IgG antibody: | selected anti-digoxin, a mouse monoclonal IgG
antibody for this purpose. Digoxin is a glycoside not expressed by colorectal cancer
cells. To confirm that this negative control was suitable, | aimed to examine whether
the cells | planned to use in my experiments not expressed digoxin. To do this |
conjugated NHS-fluorescein, a commonly used label that retains its fluorescence
when bound to proteins, to anti-CEA and anti-digoxin antibodies. To check that each
antibody had a similar fluorescent signal, | used the molar extinction coefficient of
NHS-fluorescein to calculate the number of fluorescein molecules conjugated to each
IgG molecule: 9.23 for CEA and 10.03 for digoxin. | then incubated each with fixed
cells from all three cell lines that | planned to use in my experiments. Whilst
incubation with fluorescein-conjugated anti-CEA antibodies allowed fluorescent cell
labelling, anti-digoxin antibodies produced no signal in any cell line (Figure 5.4). |
concluded that anti-digoxin antibodies are an ideal control IgG antibody for immune-

mediated colorectal cancer cell labelling experiments.
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Figure 5.4. Anti-digoxin antibodies are a suitable negative control for colorectal
cancer cell targeting experiments.

Fluorescein was conjugated to IgG antibodies and unbound fluorescein removed via
filtration. Live LS174T cells were incubated with the conjugates for one hour,
washed, mounted on slides and imaged with confocal microscopy. Scale bar = 50

pm. Magnification 63X.
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5.3.2.2 ICG-anti-CEA allows tumour cell-specific imaging in a range of

colorectal cancer cell lines.

For my next experiment, | aimed to use three CEA-expressing colorectal cancer cell
lines: LS174T, LoVo and HCT116. Each cell line is known to express CEA at differing
levels: LoVo cells have a high expression, LS174T cells a moderate/high expression
and HCT116 cells a low expression (Ohannesian et al., 1995, Ashraf et al., 2009, da
Paz et al., 2012, Fahlgren et al., 2003, Wang et al., 1999). | attempted to compare
the expression levels of CEA for each cell line using Western Blot analysis. My
results reflect the expression data in the literature, with LoVo cells exhibiting the
strongest expression, LS174T moderate expression and HCT116 cells the lowest

expression level (Figure 5.5).

LS174T LoVo HCT116
220 kDa
-
120 kDa
. SR <—
39 kDa

Figure 5.5. Expression of CEA by colorectal cancer cells was confirmed by
Western Blot analysis.
LoVo cells showed the greatest CEA concentration, followed by LS174T cells and

HCT116 cells.

| aimed to assess ICG-anti-CEA and ICG-anti-digoxin (control) binding in each cell

line. I incubated the conjugates with live cells cells cultured in media in glass-
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bottomed wells at a concentration of 100 ug/ml and | used confocal microscopy to
capture comparable fluorescent images at 1, 6, 12, 24, 36 and 48 hours from the
start of incubation. | quantified the fluorescence using ImageJ software by obtaining
images of five cells of each cell line at each time point. | then calculated the mean
fluorescent signal by measuring that of the cell and subtracting the mean background
fluorescence. | plotted a graph for each cell line and compared the difference
between test and control antibodies (Figure 5.6). Peak fluorescence occurred at 36
hours for LS174T and HCT116 cells and at 24 hours for LoVo cells. The fold
difference in mean fluorescence between anti-CEA and control IgG conjugated ICG
at 36 hours was 5.2, 8.2 and 12.2 for LS174T, LoVo and HCT117 respectively. The
difference was significant at each time point from 6 to 36 hours for all cell lines. The
fold increase in the fluorescent signal of the ICG anti-CEA antibodies at 1 hour and
36 hours was significant (p<0.05) in LS174T cells (1.9) and HCT116 cells (3.5) but
not in LoVo cells (1.5) (Figure 5.6). | concluded that continuous incubation with ICG-
anti-CEA produced significantly greater cellular fluorescence than control ICG-anti-

digoxin at each time point after 6 hours in all three cell lines.
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Figure 5.6. ICG-anti-CEA fluorescence in LS174T, LoVo and HCT116 cells.

ICG-anti-CEA antibodies produce significantly more cellular fluorescence than control

ICG-anti-digoxin antibodies when incubated with colorectal cancer cells, which peaks

at 24-36 hours. Live LS174T, LoVo and HCT116 cells were seeded onto glass

covcerslips and continuously incubated with 100 xg of ICG-antibody in 2 ml of media

and images captured using confocal microscopy. Fluorescence was measured using

ImageJ software. *p<0.05, **p<0.01, ***p<0.001. Whiskers represent standard error

of the mean. a.u. = arbitrary units.
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5.3.2.3 Cellular labelling is also achieved with only a short pulse of exposure

to ICG-conjugated antibody

For my last experiment, | used LS174T cells only and conducted a pulse and chase
experiment. This represents a more realistic model of systemically delivered
fluorescent antibodies in vivo; they would reach a tumour via the arterial system but
would be cleared from the bloodstream and excreted relatively quickly (Pedley et al.,
1989). | incubated the cells with the same concentration of ICG-anti-CEA antibodies
but removed unbound antibody after two hours, washed the cells, and replaced the
media with media lacking anti-CEA antibodies. | then quantified the fluorescence at
6, 12, 24, 36, 48 and 72 hours after the limited incubation period (Figure 5.7). The
fold change in mean fluorescence between the six hour and 36 hour (peak) time
points was 4.1 (p<0.01). The fluorescent signal had reduced significantly by 48 hours
(p<0.01). | concluded that, when exposed to ICG-anti-CEA for a limited time, LS174T
cells demonstrate time-dependent fluorescence that peaks approximately 36 hours
after incubation. This in vitro model suggests this mechanism of tumour-specific

fluorescent imaging holds promise in vivo.
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Figure 5.7. Pulse and chase incubation.

LS174T cells demonstrate increasing cytoplasmic fluorescence with time when
incubated with ICG-anti-CEA antibodies for two hours in a pulse and chase
experiment. Incubation took place at 0-2 h. The peak signal occurred at 36 hours and
then reduced significantly. Mean and standard error of the mean shown. **p<0.01.

a.u. = arbitrary units.
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5.4 Discussion

| have shown that anti-CEA antibodies conjugated to ICG-Sulfo-OSu allow significant
CEA-specific cellular fluorescence in a variety of colorectal cancer cell lines, which
appears to be both time and dose dependent. Fluorescence at 36 hours was up to
12.2 fold greater than controls. When LS174T cells were exposed to ICG-anti-CEA
for two hours only, cellular fluorescence peaked at 36 hours and then fell back to pre-
six hour levels. These findings are the first of their kind in the field of colorectal

cancer fluorescent imaging.

ICG fluorescence has been shown to quench when bound to IgG antibodies but re-
fluoresce when internalised by the target cell (Ogawa et al., 2009), leading to target-
cell specific cytoplasmic fluorescence. This is thought to be the result of cleavage of
the covalent bond between the antibody and ICG molecule: the authors
demonstrated re-fluorescence when sodium dodecyl sulphate (SDS) and 2-
mercaptoethanol (2-MEA) were used to cleave the bonds. However, it has not been
demonstrated conclusively that this occurs following internalisation by a cell
membrane. It is conceivable that the antibody is degraded inside a lysosome, either
leaving the ICG molecule intact, or the ICG degrading more slowly. For this
technique to be used in colorectal cancer, bound anti-CEA antibodies must be
internalised. This was thought not to be the case (Behr et al., 2000, Bryan et al.,
2005) until Schmidt et al showed that all tested anti-CEA antibodies were internalised
by LS174T cells with a half-life of 10-16 hours (Schmidt et al., 2008). | therefore
tested the hypothesis that ICG-conjugated A5B7 anti-CEA antibodies allow tumour-
specific imaging of colorectal cancer cells in vitro. Ogawa et al showed that when
ICG-Sufo-OSu was conjugated to IgG antibody the fluorescence intensity was low

and unaffected by varying the antibody. Furthermore, when the antibody to ICG
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molar ratio was increased, this ‘quenching’ effect also increased; at 1:1 conjugation
the observed quenching capacity was 6-fold, whereas at 1:8 it was 58-fold. | similarly
used a molar ratio of 1:8 when conjugating anti-CEA and antidigoxin antibodies with
ICG-Sulfo-OSu. In all three cell lines that | tested, targeted ICG showed significantly
greater fluorescence at each time point from six to 48 hours compared to non-
targeted control ICG (Figure 5.6). The time dependent nature of the fluorescence and
the fact that it appeared to be cytoplasmic, suggests the fluorophore had been
internalised by the cells. Cellular fluorescence from control IgG-conjugated ICG was
negligible in LovVo and HCT116 cells but greater in LS174T cells. LS174T cells are
known to express mucin to a greater degree compared to other colorectal cancer cell
lines (Bu et al., 2011), and this difference may explain the relatively high non-specific
binding. Peak fluorescence occurred at 24 to 36 hours post incubation and
decreased thereafter; in all three cell lines tested, the fluorescence at 48 hours was
greater than at six hours. Ogawa et al used this technique to target HER2 expressing
breast cancer cells and PASM-expressing prostate cancer cells, with peak
fluorescence occurring at eight hours, but CEA is known to be internalised relatively
slowly (Schmidt et al., 2008). The fold difference in mean fluorescence between anti-
CEA and control IgG conjugated ICG at 36 hours was 5.2, 8.2 and 12.2 for LS174T,
LoVo and HCT117 respectively (p<0.05). Each cell line is known to express CEA but
at differing concentrations: LoVo cells have a high expression, LS174T cells a
moderate/high expression and HCT116 cells a low expression (Ohannesian et al.,
1995, Ashraf et al., 2009, da Paz et al., 2012, Fahlgren et al., 2003, Wang et al.,
1999). Interestingly, my results do not reflect these expression levels. This is the
case even when non-specific control ICG binding is ignored (to take into account the
higher levels in LS174T cells). This is likely to be due to differing steric hindrance,
where the antigen density at the cell membrane can affect antibody binding (Kent et
al., 1978), occurring between cell lines. Conjugating ICG-Sulfo-OSu to the IgG

molecules may also alter the degree of steric hindrance by changing the surface
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chemical properties of the heavy chains. Although my results demonstrate CEA-
specific fluorescence, the relationship between cellular CEA concentration and
fluorescence is not clear. The fate of the ICG dye is also unknown. In all three cell
lines the cytoplasmic fluorescence reduced after 48 hours suggesting it was either
excreted by the cell or degraded within it. This reduction in fluorescence also
suggests that either the membrane-bound CEA molecules were recycled at a slower
rate than they were bound and internalised, leading to a saturation effect, or the all

the ICG-anti-CEA was processed by the cell membrane.

To model my proposed application for this imaging technique more closely, |
conducted a pulse-chase experiment, where the cells were exposed to ICG-
antibodies for a limited time only. This is analogous to pre-operative intravenous
delivery, metabolism and excretion. A similar approach has been used in studies
concerning imaging agents for PET (Kuang et al., 2014) and MRI (Mayer-Kuckuk et
al., 2005) of hepatocellular cancer and bone precursor cells respectively, but not for
intra-operative imaging. | chose LS174T cells for this experiment because although
the fold difference between test and control antibodies at 36 hours was 5.2 compared
to 12.2 for HCT116 cells, the overall mean peak fluorescent signal was greater (13.9
vs 4.35 vs 7.03 for LS174T, LoVo and HCT116 respectively) and showed the
greatest difference in signal between one hour and peak (6.56 vs 2.57 vs 5.03).
These data suggest that these cells would be most appropriate for future in vivo
work. They have also been a popular choice by investigators using animal models of
colorectal cancer, particularly in xenograft models (Ahlskog et al., 2009, Buchsbaum

et al., 1988, Zou et al., 2009).

Following incubation, | removed the media, washed the cells to remove unbound
antibodies, and replaced the media with an aliquot from an identical glass-bottomed

well containing LS174T cells seeded at the same time and from the same cell
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population. This was to ensure that the behaviour of the cells was not affected by
removing the antibodies; the addition of fresh media could potentially increase
internalisation and distort the results, precluding comparisons with the previous
experiment where the antibodies were not removed. This is known as ‘conditioned
media’, and contains metabolites, growth factors and extracellular matrix proteins
secreted by the cancer cells (Michielsen et al., 2012). The fluorescent signal
measurements followed the same pattern as the previous experiment, with a
significant increase in fluorescence up to peak at 36 hours and then a significant
decrease between 36 and 48 hours. Interestingly, the fold change between six and
36 hours was greater in this pulse and chase experiment than in the previous

continuous incubation experiment (4.1 vs 1.9).

The potential of this imaging system for colorectal cancer is greatly enhanced by the
nature of the reagents; ICG is approved for human use by both the FDA and MHRA,
and A5B7 anti-CEA antibody has been used in a number clinical trials. If these in
vitro results can be replicated in vivo, translation to the operating theatre will be rapid.
My results suggest that peak fluorescence lasts for several hours, making it ideal for

surgical resection.

In conclusion, A5B7 anti-CEA antibodies conjugated to ICG allow CEA-specific
fluorescence in vitro in a variety of colorectal cancer cell lines. These data suggest
clear potential for tumour-specific imaging in a range of tumour types. This warrants

further investigation.
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Chapter Six

CEA-targeted, dye-doped silica
nanoparticles allow specific in vivo
fluorescent imaging of colorectal

cancer models

Some of the text and figures in this chapter have been published in the manuscript
“CEA-targeted nanoparticles allow specific in vivo fluorescent imaging of colorectal
cancer models” (Nanomedicine 2015; 10(8):1223-31) and reproduced here with

permission.
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6 CEA-TARGETED, DYE-DOPED SILICA
NANOPARTICLES ALLOW SPECIFIC IN VIVO
FLUORESCENT IMAGING OF COLORECTAL

CANCER MODELS

6.1 Abstract

Background

Fluorescent laparoscopic imaging of primary colorectal tumours and lymph node
metastases would improve localisation of early tumours and allow intra-operative
staging, potentially facilitating intra-operative stratification of the extent of surgical
resections thereby improving patient outcomes. | aimed to develop and test

fluorescent nanoparticles capable of allowing localisation of tumours in vivo.

Methods

Dye-doped silica nanoparticles loaded with NIR664 dye were synthesised using a
water-in-oil microemulsion technique. Anti-CEA 1gGs or control IgGs were conjugated
to nanoparticles using four different chemistries: sulfosuccinimidyl-4-(N-
maleimidomethyl)cyclohexane-1-carboxylate (sulfo-SMCC); polyethylene glycol
(PEG); 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC); or
polyamidoamine dendrimers (PAMAM). Binding of CEA-targeted or control
nanoparticles to colorectal cancer cells (LS174T, LOVO and HCT116) was quantified
in vitro using confocal microscopy and ImageJ. A murine xenograft model and IVIS

imaging were used to assess PAMAM-linked nanoparticles in vivo.
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Results

CEA-targeted, PAMAM dendrimer-conjugated, nanopatrticles allowed strong tumour-
specific targeting, demonstrating 12.3-, 8.0- and 3.2-fold greater fluorescence than
control IgG-targeted nanoparticles when incubated with LS174T, LoVo and HCT116
cells respectively (p<0.002). EDC-linked nanoparticles showed 1.7 fold greater
binding of CEA-targeted nanopatrticles in LoVo cells only (p=0.016). Use of sulfo-
SMCC or PEG did not allow significant tumour-specific labelling. In LS174T
xenografts, CEA-targeted nanoparticles demonstrated clear tumour-specific
fluorescence from 6 to 72h after injection, as compared to only background
fluorescence for control IgG-targeted nanoparticles at all time points (median radiant

efficiency at 48h, n.=16 x10" v 0, p<0.0001).

Conclusion

These findings are the first to demonstrate live tumour-specific fluorescent colorectal
cancer imaging using an antibody-targeted nanopatrticle in vivo. Dye-doped silica
nanoparticles conjugated to anti-CEA antibodies via PAMAM dendrimers have

potential to allow intra-operative fluorescent visualisation of tumour cells.
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6.2 Introduction

In the previous chapter | exploited a unique feature of the near-infrared dye
indocyanine green to improve the signal-to-background ratio of fluorescent anti-CEA
antibodies. In an effort to further improve the required criteria for an in vivo molecular
imaging probe (section 1.3.3), | aimed to develop a non-toxic, fluorescent
nanoparticle capable of concentrating the fluorescent signal to allow sensitive and
specific detection of colorectal cancer cells. Many types of nanoparticles have been
described. The particular challenge in this application was to construct a particle that
could simultaneously fluoresce and target tumour cells. Dye-doped silica
nanoparticles (Santra et al., 2001) potentially meet the required criteria for in vivo
imaging - a near-infrared fluorophore can be incorporated into their centre, there are
multiple surface chemistry options for antibody conjugation and they are potentially

small enough for in vivo systemic delivery.

6.2.1 Aims

The aims for this part of my project were to:

i.  Manufacture and characterise a dye-doped silica nanoparticle

ii.  Conjugate anti-CEA and control IgG antibodies to the surface of the particle
using a variety of chemical linking strategies;

iii.  Assess the ability of the nanoparticles to bind to tumour cells in vitro and
quantify the specificity and fluorescent signal magnitude for each linking
strategy;

iv.  Test the best performing nanoparticle in a murine model of colorectal cancer

in vivo.
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| used two fluorescent dyes in this work to dope the silica particles: RuBpy and
NIR664. RuBpy (Tris(bipyridine)ruthenium(ll) chloride) has excitation and emission
wavelengths of 452 nm and 640 nm respectively (Santra et al., 2001), is water-
soluble and benefits from a long excited state lifetime (Rivarola et al., 2006), meaning
the fluorescent signal persists for longer than other fluorophores. It has been used in
the vast majority of published studies involving targeted dye-doped silica
nanoparticles (Chen et al., 2012, He et al., 2013, He et al., 2008, He et al., 2012,
Heitsch et al., 2008, Santra et al., 2001, Tan et al., 2010a, Tao et al., 2013, Wang et
al., 2005, Wu et al., 2008, Hun and Zhang, 2007). NIR664 is an iodoacetamide dye
with excitation and emission wavelengths of 672 nm and 694 nm respectively. It is
stable across a wide range of pH values, has a quantum efficiency (ratio of light
emitted to light absorbed) of 23%, a molar absorptivity (how well it absorbs light) of
187000 L mol™ cm™ and is relatively cheap (Mank and Yeung, 1995, Nooney et al.,
2009). This compares to a quantum efficiency of 14% and molar absorptivity of

14600 L mol™* cm-* for RupBy (Kalyanasundaram, 1982, Reithmeier et al., 2012).

| aimed to target dye-doped silica nanoparticles to carcinoembryonic antigen (CEA)
using the anti-CEA antibody from previous chapters. | also aimed to use robust
controls, a feature absent in the majority of published studies, comprising of identical
nanoparticles conjugated to IgG antibodies specific to an antigen not found on the

surface of colorectal cancer cells. | aimed to assess four chemical linking strategies:

i.  sulfo-succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC);
ii.  polyethylene glycol (PEG);
iii.  1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC);

iv.  polyamidoamine dendrimers (PAMAM).
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SMCC is a heterobifunctional linker that can be used to conjugate a molecule with a
free amine group to a molecule with a free sulfhydryl group. At the time of this work,
SMCC was a very novel linker for conjugating nanoparticles to reduced antibodies for
cell targeting. Only one published manuscript had described linking a reduced
antibody to a fluorescent probe but in this case a quantum dot was used rather than
a larger nanopatrticle (Tiwari et al., 2009). The theoretical advantage of using reduced
antibodies is that their orientation at the surface of the nanopatrticle is controlled, as
the location of the sulfhydryl group is known. In contrast, when amine groups on IgG
antibodies are used, the location of the bond, and therefore the orientation of the

antibody, are unknown and unpredictable (Xiao et al., 2014).

PEG is widely used in medicine, principally as a laxative (Dipalma et al., 1984).
Incorporation of PEG, a hydrophilic co-polymer, to nanoparticle surfaces has been
shown to effectively increase the circulating half-life by preventing opsonisation by
the reticuloendothelial system (RES) (Owens lii and Peppas, 2006). PEG molecules
consist of repeating units and are therefore available in a range of lengths. | was
therefore keen to test this as a potential linker for my application. | selected a short,
bifunctional PEG linker capable of conjugating amine groups to sulfhydryl groups on

reduced antibodies.

EDC is known as a zero-length crosslinker due to the ‘leaving group’ that is formed
when it is used to conjugate carboxyl and amine groups. It has been used to
conjugate whole 1gG antibodies to silica nanoparticles (Zhao et al., 2004b, Wu et al.,

2008) for tumour targeting in vitro but no in vivo studies have been published.

The use of dendrimers to conjugate antibodies to nanopatrticles is novel, having been
described by just one group (Gubala et al., 2010). Dendrimers are branched chains

that can be synthesised to have a specific number of branches or ‘generations’.
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Whilst their structure inevitably increases the overall size of a nanopatrticle, the
surface density of available binding sites is increased and the inherent charge of the

nanoparticle-antibody complex is potentially altered, which may increase

bioreactivity.
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6.3 Results

6.3.1 Dye-doped silica nanoparticles: manufacture and

characterisation

I manufactured basic dye-doped silica nanopatrticles using a water-in-oil
microemulsion technique. This produced particles with a fluorescent core and a silica
shell surrounding it. | initially used the fluorescent dye Tris(2,2'-

bipyridyl) dichlororuthenium (II) hexahydrate (RuBpy) as this had shown promise in
the few studies that had successfully synthesised this type of nanopatrticle. In later
experiments | used NIR664, an iodo-acetamide dye, which has a longer wavelength,
potentially reducing autofluorescence. | aimed to characterise these particles by
measuring their size, the density of amine groups available for binding and their

fluorescence spectra.

6.3.1.1 Physical characterisation of ‘bare’ nanoparticles

6.3.1.1.1 Amine group quantification

After manufacturing the basic dye-doped silica nanopatrticle, | aminated the surface
using 3-aminopropyltriethoxysilane (APTES). The amine groups allow conjugation of
biofunctional linkers and their availability for binding is therefore essential for my
proposed application. To determine the number of available groups | used
fluorenylmethyloxycarbonyl chloride (Fmoc-Cl) in a method adapted from previously
published work (Chen and Zhang, 2011). Following nanoparticle amination, |
conjugated fluorescent Fmoc-CI molecules to the free amine groups on the outer
shell and then cleaved them using piperidine. | calculated how many amino groups
were bound by measuring the absorbance of the solution containing the cleaved

Fmoc-Cl molecules with reference to a standard curve for Fmoc-Cl absorbance
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(Figure 6.1). My result of 3.41 x10” mol/m is greater than the only other published
study to quantify available amino groups in dye-doped silica nanoparticles (1.1 x10°®

mol/mg), albeit using a slightly different method (Liu et al., 2007).
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Figure 6.1. The availability of amine groups on the surface of the bare

nanoparticle quantified using Fmoc-CI.

Dye-doped silica hanoparticles were manufactured using a water-in-oil

microemulsion technique and aminated using APTES. Fmoc-CI molecules were

bound to the free amine groups on the patrticle surface before being cleaved and

measured. A standard curve was plotted for Fmoc and readings taken for samples

from three separate batches of bare nanopatrticles.
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6.3.1.1.2 Fluorescence analysis

To assess the fluorescence of the basic nanoparticles | used a fluorometer and
recorded excitation and emission spectra at various concentrations. The peak
excitation and emission wavelengths for particles loaded with RuBpy dye were 458
and 607 nm respectively (Figure 6.2) and 665 and 686 nm for NIR664-loaded
particles. The fluorescent signal produced by particles suspended in phosphate
buffered saline increased with increasing concentration up to approximately 1 mg/ml,
after which the signal reduced (Figure 6.3). | used these data to plan later in vitro and

in vivo experimental protocols.
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Figure 6.2. Fluorescence spectra of RupBy-doped and NIR664-doped silica
nanoparticles.

Dye-doped silica nanoparticles were manufactured using a water-in-oil
microemulsion technique and suspended in PBS. Peak absorption and emission
wavelengths labelled for RupBy- and NIR664-doped particles. Relative intensities are

not comparable due to setup differences.
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Figure 6.3. The relationship between RupBy-doped nanoparticle concentration
and emission fluorescence.

Dye-doped silica hanoparticles were manufactured using a water-in-oil
microemulsion technique and suspended in PBS at various concentrations. The

fluorescent signal fell at concentrations in excess of 1 mg/ml.

6.3.1.1.3  Particle size

To measure patrticle size | used field emission gun scanning electron microscopy
(FEG-SEM). | recorded images of a sample of the nanoparticles, randomly selected
50 and measured their diameter (Figure 6.4). The mean diameter was 56.57 nm

(standard error of the mean = 0.99; standard deviation = 6.99).
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Size (nm)

Figure 6.4. Size distribution of dye-doped silica nanopatrticles.

NIR664-doped silica nanopatrticles were manufactured using a water-in-oil
microemulsion technique. The particles were imaged using FEG-SEM (left) and the
diameter of 50 randomonly-selected particles was measured using Photoshop. The

size distribution is shown as a histogram (right). The mean diameter was 57 nm.

6.3.2 Chemical linkage strategies for antibody conjugation

| used a variety of chemical linkage strategies to attach antibodies to NPs. In each
case, the chemistry is different and the assays used to assess successful
conjugation are different. For example, SMCC required reduced “half’ antibodies for
conjugation as the chemistry is based on linking free amine groups to sulfhydryl
groups, while EDC required whole antibodies conjugated via amine to carboxyl
groups (Figure 6.5). Assays to assess conjugation include assessment of loss of
sulfhydryl groups after conjugation, or measurement of the physical increase in size
of the particles after conjugation. The conjugation strategies and their

characterisation are described below in turn.
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Figure 6.5. Nanoparticle-antibody conjugation.

Left: SMCC and bifunctional PEG were used to conjugate reduced antibodies to the
nanoparticle. Right: EDC and PAMAM dendrimers were used to link whole 1gG
antibodies to the aminated surface of the dye-dopes silica nanoparticle. 1 =

fluorescent core; 2 = silica shell; 3 = biofunctional cross linker; 4 = antibody.

6.3.2.1 SMCC linkage to nanoparticles

| aimed to reduce anti-CEA antibodies and then link them via a free sulfhydryl group
(Figure 6.6 and Figure 6.7) to the aminated nanopatrticle surface using SMCC. | used
2-MEA to reduce the IgG antibodies, removed unreacted 2-MEA using spin
centrifuge filters and examined the resultant protein species using high-pressure
liquid chromatography (HPLC). | found that the 2-MEA had successfully reduced the
antibody, producing two peaks, corresponding to non-reduced IgG molecules (the

first peak, due to the larger molecular mass) and reduced 1gG molecules.
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Figure 6.6. IgG antibody reduction.

IgG antibodies were successfully reduced using 2-MEA. The antibodies were
incubated with 2-MEA at 37 ° Celsius for one hour to selectively reduce the disulphide
bonds between heavy chains, providing free sulfhydryl groups for conjugation to
SMCC. The solution was then subjected to HPLC. Peak (a) corresponds to whole,
non-reduced IgG molecules (~150 kDa) and peak (b) to reduced IgG molecules (~75

kDa).
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| incubated the aminated nanoparticles with SMCC and then washed them with
ethanol to remove any unreacted biolinker. | then added the reduced antibody
solution (containing both whole and reduced IgG molecules), incubated the mixture
to allow conjugation and washed the particles with ethanol to remove unbound
antibody. To confirm that the reduced antibodies had bound to the nanopatrticles, |
used Ellman’s reagent to measure available sulfhydryl groups (Sedlak and Lindsay,
1968). Immediately after reduction with 2-MEA, 1.2 mg of A5B7 anti-CEA IgG
antibody yielded 1.34 x 10™* moles of sulfhydryl groups. Following incubation with the
SMCC-conjugated nanoparticles, the reaction supernatant contained 4.21x10” moles
of sulfhydryl groups. | concluded that the reduced antibodies appeared to have
bound to the surface of the nanoparticles and, given that the residual sulfhydryl
groups remained available despite prolonged incubation, that the available binding

sites were likely to be saturated.
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Figure 6.7. SMCC conjugation.
SMCC reacts with the aminated nanopatrticle surface to form a stable amide bond
with a maleimide group that can then be conjugated to the free sulfhydryl group on a

reduced IgG fragment.

6.3.2.2 Bifunctional PEG linkage to nanoparticles

| used bifunctional PEG crosslinkers to conjugate reduced antibodies in a similar
fashion, linking free amine groups on the surface of the nanoparticles to the free
sulfhydryl groups on reduced antibodies (Figure 6.8). Ellman’s reagent was again
used to quantify available sulfhydryl groups before and after antibody and
nanoparticles incubation and confirmed a reduction (1.97 x 10 moles versus 1.33 x
10° moles). | concluded that the reduced antibodies appeared to have bound to the
surface of the nanoparticles and, given that the residual sulfhydryl groups remained
available despite prolonged incubation, that the available binding sites were likely to

be saturated.
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Figure 6.8. Bifunctional PEG conjugation.
Bifunctional PEG crosslinker was used to conjugate reduced IgG antibodies to

aminated nanoparticles.

6.3.2.3 EDC linkage to nanoparticles

| carboxylated the nanoparticle surface and then used EDC (Figure 6.9) to link whole
IgG antibodies. To confirm that the antibodies had bound and that no unbound
antibodies remained in the nanoparticle suspension following wash steps, |
measured the absorbance of the reaction mixture and each discarded supernatant
following centrifugation. In each case, the absorbance at 280 nm, corresponding to
protein, reduced following incubation and washing (Figure 6.10). From this assay |
was able to confirm that: i) the antibodies were immobilised onto the nanoparticles; ii)
the available binding sites were saturated; and iii) repeated washing via

centrifugation successfully removed unbound antibodies.
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Figure 6.9. EDC conjugation.
EDC and sulfo-NHS were used as a zero length crosslinker to conjugate

carboxylated nanoparticles and whole antibodies.
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Figure 6.10. Absorbance assay to determine effectiveness of particle washing.
Absorbance at 280 nm of the reaction mixture (in this case sulfo-NHS, EDC and anti-
CEA antibodies) prior to the nanoparticles being added (pre-incubation), following
incubation but with the nanoparticles removed, and of the supernatant following

washes in ethanol.

6.3.2.4 PAMAM linkage to nanoparticles

| also used PAMAM dendrimers to link whole IgG antibodies to the nanopatrticle
surface (Figure 6.11). | used EDC as a zero crosslinker between the dendrimer and
nanoparticle and between the dendrimer and whole antibodies. | repeated the

absorbance assay used to confirm antibody immobilisation on the nanoparticles. Of
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the four linking strategies tested, PAMAM dendrimer conjugation leads to the
greatest change in nanopatrticle diameter due to its size (approximately 50
Angstroms). The next largest linker, PEG, is 17.6 Angstroms when conjugated. |
therefore aimed to compare the size of ‘bare’ nanoparticles and CEA-targeted
nanoparticles where PAMAM had been used as the linker. The mean diameter of
PAMAM linked nanoparticles was 71 nm (standard error of the mean = 20.85,
standard deviation 20.02 nm), compared to 57 nm (standard error of the mean =
0.99, standard deviation = 6.99 nm) for bare nanoparticles (Figure 6.12). | concluded
that the targeted nanoparticles were still small enough to fulfil the requirements for

my proposed application.
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Figure 6.11. PAMAM dendrimer conjugation.

PAMAM dendrimers can be used to conjugate aminated nanoparticles to whole
antibodies. PAMAM dendrimers are branched chain molecules that can be
synthesised to contain a specified number of branches. Top: PAMAM generation 1.5
carboxylate sodium salt dendrimer. Half generations leave an outer carboxyl group
available for binding to amines via EDC. Each of the four ‘R’ groups has four carboxyl!
groups available for binding amines. Bottom: | used PAMAM generation 4.5
carboxylate sodium salt dendrimers to conjugate aminated nanoparticles to whole
IgG antibodies. Each ‘R’ group in this case has 16 available carboxyl groups, due to

the increased number of branches (four versus one).
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Figure 6.12. Bare particle versus targeted particle size.

Bare dye-doped silica hanoparticles had a mean diameter of 57 nm (standard error of
the mean = 0.99, standard deviation = 6.99 nm) and nanoparticles conjugated to anti-
CEA antibodies via PAMAM dendrimers had a mean diameter of 71 nm (standard

error of the mean = 20.85, standard deviation = 20.02 nm, p<0.0001, unpaired t-test).
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6.3.3 In vitro analysis of binding of colorectal cancer cells by

targeted nanoparticles

| aimed to assess the potential of each of the linking strategies for directing tumour-
specific fluorescent imaging quantitatively. To do this | aimed to compare the ability
of each conjugated NP type to direct binding of NPs to CEA-positive colorectal
tumour cells in vitro. To assess the specificity of these interactions, in each case |
compared binding directed by the anti-CEA antibody used previously, with a control
IgG, specific for the glycoside digoxin. Using a control IgG antibody results in a
control nanoparticle that is virtually identical in structure and chemical properties to
the CEA-targeted nanopatrticle. Digoxin is not expressed by colorectal cancer cells,
as | have shown in chapter five and therefore anti-digoxin is a suitable control IgG
molecule. The use of ‘bare’ nanoparticles as a control is inappropriate as the surface
chemistry will be different from targeted particles, with inevitable differences in

surface charge, size and potential for non-specific binding.

Three different colorectal cell lines were used, each of which is expresses CEA at
differing concentrations as demonstrated on Western blot analysis in section 5.3.2.2:
LoVo cells have a high expression, LS174T cells a moderate/high expression and
HCT116 cells a low expression. To assess nanoparticle binding, | used confocal
microscopy to obtain fluorescent images and quantified fluorescence digitally in two
ways: within a representative optical section through the cells, and within a
‘maximum image projection image’ (MIP), where the signals from multiple images
taken throughout the depth of the cell are compressed and merged into a single
image (see section 2.7.5.4 for further details). Data are expressed as the fold
difference in fluorescent intensity between the cells incubated with control and CEA-

directed particles.
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PEG- and SMCC- linked nanopatrticles failed to demonstrate any antibody-dependent
tumour cell binding. A high degree of non-specific binding was observed with SMCC-
linked particles whilst PEG-linked particles produced very little signal (Figure 6.13).
Similarly, nanopatrticles conjugated using EDC showed very poor antibody-
dependent tumour cell binding, with only 1.7-fold greater binding of CEA-targeted

nanoparticles as compared to control in only one cell line (LoVo, p=0.017).
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Figure 6.13. Fluorescence analysis: SMCC, PEG and EDC.

Antibody conjugation of dye-doped silica nanoparticles using SMC, PEG or EDC
failed to allow consistent specific fluorescent imaging in LoVo cells. LoVo cells were
incubated with either nanoparticles conjugated to either anti-CEA, or control
antibodies using conjugation chemistry based on SMC, PEG or EDC as shown.
Fluorescent images were collected using confocal microscopy and fluorescence was
quantified. Representative phase contrast and fluorescent central optical section
images are shown (magnification, x 63). Graphs representing mean fluorescence

(with standard deviations) are shown,; significance was tested using unpaired t-tests.
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Conjugation via PAMAM dendrimers allowed strong tumour-specific targeting, with
CEA-targeted nanoparticles demonstrating 12.3-, 8.0- and 3.2-fold greater
fluorescence than control in LS174T, LoVo and HCT116 cells respectively (p<0.002)
for the single slice analysis (Figure 6.14). A similar pattern of successful CEA-
targeted fluorescence was observed in the MIP analysis, with CEA-targeted
nanoparticles demonstrating 4.5-, 3.7- and 2.6-fold greater fluorescence than control
particles in LS174T, LoVo and HCT116 cells respectively (p<0.0002). The results are
summarised in Table 6.1. A three-dimensional fluorescent reconstruction image
provided further confirmation that the nanoparticles were immobilised at the cell

surface (Figure 6.15).
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Figure 6.14. Fluorescence analysis: PAMAM dendrimers.

Dye-doped silica nanoparticles conjugated to anti-CEA antibodies via PAMAM
dendrimers allow specific fluorescent imaging of colorectal cancer cell lines in vitro.
Three different colorectal cancer cell lines were incubated with either nanoparticles
conjugated to anti-CEA, or to control antibodies. Images were collected using
confocal microscopy and fluorescence was quantified. Representative images are
shown (magnification, x 63): A) phase contrast and fluorescent central optical

sections; B) phase contrast and maximum image projection. Graphs representing
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mean fluorescence (with standard deviations) are shown; significance was tested

using unpaired t-tests.

Unpaired t-test Mann-Whitney
Mean CEA | Mean Di [ s Median CEA | Median Di | Fold
ean eanDig|pvalue| o - edian edian Dig | pvalue| .o -
PAMAM |Single slice 15174 1395.000 | 113.700 | 0.001 12.3 1302 123.100 | 0.0079 10.6
LoVo 3544.000 | 442.500 | 0.0003 8.0 3914 424.600 | 0.0079 9.2
HCT116 2478.000 | 765.900 | 0.0014 3.2 2657 506.3 0.0079 5.2
MIP 15174 28.230 6.330 |0.0001 4.5 27.73 7.36 0.0079 3.8
LoVo 45,510 12.170 | 0.0002 3.7 48.51 11.32 0.0079 4.3
HCT116 45.860 17.910 | 0.0001 2.6 47.6 14.69 0.0079 3.2
SMCC |Single slice LS174 943.600 | 1538.000 | 0.2602 908.8 1704 0.2222
LoVo 804.000 | 790.900 | 0.9475 674.9 805 0.8016
HCT116 371.300 | 546.900 | 0.6519 158.5 22.69 0.6667
MIP LS174 11.010 14.250 |0.3724 11.22 15.94 0.4127
LoVo 14.870 15.600 |0.8121 13.35 16.94 0.8016
HCT116 14.690 9.412 | 0.4359 7.54 4.38 0.4127
PEG |Single slice 15174 60.640 | 116.500 | 0.336 42.78 69.25 0.3095
LoVo 57.660 47.030 | 0.6561 45,22 51.52 0.9444
HCT116 523.000 | 367.400 | 0.629 198.6 410.8 0.5317
MIP 15174 2.682 2,702 | 0.9744 3.01 2.9 0.9444
LoVo 4.904 4.056 0.3751 4.82 4.29 0.4127
HCT116 8.296 12.380 |0.3321 5.44 12.66 0.1508
EDC |Single slice L5174 903.300 | 545.700 | 0.3488 652.9 546.1 0.4127
LoVo 837.100 | 495.800 |0.0174 1.7 794.2 470.5 0.0159 17
HCT116 839.900 | 450.500 | 0.2986 413.9 407.5 0.4127
MIP 15174 29.030 23.740 | 0.4259 24.83 22.37 0.5317
LoVo 30.080 21.850 |0.0142 1.4 33.64 22.32 0.0317 1.5
HCT116 26.010 5.855 0.1096 19.73 16.22 0.0159 12

Table 6.1. Summary of in vitro fluorescence quantification analysis.
Data from control and test experiments were compared using both parametric and
non-parametric statistical analyses. MIP = maximum intensity projection. Statistically

significant results in bold.
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Figure 6.15. Three dimensional reconstruction of nanoparticle-coated cells.
Dye-doped silica nanoparticles conjugated to anti-CEA antibodies via PAMAM
dendrimers bind to the cell membrane of LoVo cells. Nanoparticles were incubated
with fixed cells and fluorescent images captured with confocal microscopy. A three-
dimensional reconstruction was created using NHS-Elements software version 4.0

from z-stack images.

| concluded that dye-doped silica hanopatrticles conjugated to anti-CEA antibodies via
PAMAM dendrimers allowed tumour cell-specific fluorescent targeting in vitro, and
had shown sufficient promise to justify testing in an animal model of colorectal

cancer.
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6.3.4 In vivo analysis of binding of colorectal cancer cells by

targeted NPs

Having demonstrated specific targeting of colorectal cancer cells in vitro using
PAMAM-conjugated nanoparticles, | aimed to test their potential for in vivo
fluorescent targeting. To do this | designed a series of experiments involving

systemic nanoparticle delivery to a murine xenograft model of colorectal cancer.

6.3.4.1 NIR664-doped silica nanoparticles are detectable in vivo.

First | confirmed that the IVIS small animal imaging system, which was to be used for
all in vivo experimental imaging, was capable of detecting the fluorescent signal from
the nanoparticles. | suspended the particles in PBS at 2 mg/ml, 200 pg/ml and 20
pg/ml and took fluorescent images with the appropriate wavelengths selected (Figure
6.16). | planned to use a dose of 50 mg/kg in the targeting experiments, in line with
other silica nanoparticle mouse experiments (Meng et al., 2011, Tivnan et al., 2012),
which equates to approximately 625 pug/ml (assuming a six week old BALB/c nu/nu
female mouse has a weight of 25 g and circulating blood volume of 80 ml/kg
(Doevendans et al., 1998) with uniform nanoparticle distribution throughout the
vascular compartment). The strong fluorescent images | obtained with a 200 pg/ml
suspension suggested that the IVIS system should be able to detect this

concentration.
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Figure 6.16. Fluorescent nanoparticles are detectable using an IVIS imaging

system.
CEA-targeted nanoparticles suspended in PBS were detected using an IVIS small
animal imaging system. Nanoparticles were in Eppendorf Tubes and blanked out with

black card to allow comparison. Left: 2 mg/ml. Middle: 200 pg/ml. Right: 20 pg/ml.

Next | aimed to determine in a pilot experiment whether nanoparticles delivered
systemically to mice were detectable, for how long, and their location. | injected CEA-
targeted nanoparticles into the tail veins of three 6 week old BALB/c nu/nu female
mice (without xenograft tumours) and took live IVIS images one minute, one hour, 24
hours, 48 hours and 72 hours after injection (Figure 6.17). At 24 hours post-injection,
| sacrificed one of the mice, retrieved the liver, kidneys and spleen, and imaged the
organs ex vivo. | did the same with a control mouse that had not been injected with

nanoparticles.
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Figure 6.17. Systemically delivered nanoparticles are detectable in vivo.

Mice were injected with CEA-targeted nanoparticles and were imaged either
individually or in groups using IVIS at various times as shown. Note that the injection
in Mouse 1 failed to deliver successfully to the vein as evidenced by the fact that
particles are visible in the subcutaneous tissues at one minute and one hour. At one

hour post-injection, all three mice were imaged as normal (top picture) but also with
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the tail fluorescence in Mouse 1 ‘blanked’ with black card (bottom picture), allowing
the VIS system to auto-expose and detect more sensitively the fluorescence in the
livers of Mouse 2 and Mouse 3. Mouse 1 was subsequently imaged separately. After
24 hours, organs were harvested from Mouse 3 and imaged ex vivo (panel B), along
with the same organs from a mouse that had not received the nanopatrticles. Only

Mouse 2 was imaged at 48 and 72 hours.

The tail vein nanoparticle injection failed in Mouse 1, and the fluorescent signal
remained in the subcutaneous tissues of the tail with no apparent decrease in signal
even at 48h hours. The other mice demonstrate systemic delivery of particles within
one minute and accumulation in the liver within one hour, consistent with hepatic
excretion. At 24 hours post-injection there appeared to be biliary fluorescence in
addition to hepatic fluorescence. By 72 hours, the hepatic fluorescence had
decreased, leaving only biliary fluorescence. This was suggestive of hepatobiliary
excretion, a feature observed previously in systemically delivered silica nanoparticles
(Souris et al., 2010). The mean fluorescence of the ex vivo liver from Mouse 3 at 24
hours was 37.26x10’ p/sec/cm?/sr/uW/cm?, compared to a degree of natural
fluorescence of 0.454x10" p/sec/cm?/sr/uW/cm? for the control mouse liver (a fold
difference of 82). The control mouse spleen and kidney exhibited no natural
fluorescence whilst the spleen and kidney from mouse three exhibited low level

fluorescence (0.477 and 0.337x10’ p/sec/cm?/sr/uW/cm? respectively).

| concluded that the nanoparticles were detectable in vivo, were deliverable

systemically, and were metabolised and excreted predominately by the liver.
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6.3.4.2 CEA-targeted fluorescent nanoparticles can be used for tumour-

specific imaging in a murine xenograft model of colorectal cancer

For my final experiment, | aimed to test whether CEA-targeted nanoparticles were
capable of tumour-specific labelling, as measured by fluorescence, in vivo. | injected
seven mice bearing LS174T xenograft tumours with either CEA-targeted or control
lgG-targeted nanoparticles and obtained fluorescent images at one minute, one hour,
six hours, 24 hours, 48 hours and 72 hours post-injection (Figure 6.19). One of the
tail vein injections failed, leaving three test and three control mice. Liver fluorescence
was evident at six hours (mean 80.1x10° p/sec/cm?/st/uW/cm?) and peaked at 24
hours (89.8x10° p/sec/cm?sr/pW/cm?) before reducing (48 hours: 74.2x10°

p/sec/cm?/sr/uW/cm? and 72 hours: 48.0x10° p/sec/cm?/sr/uW/cm?) (Figure 6.18).
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Figure 6.18. Hepatic fluorescence is similar for control and CEA-targeted
nanoparticles.

Hepatic fluorescence following systemic delivery of control and CEA-targeted
nanoparticles in vivo. Fluorescence peaked at 24 hours and reduced thereafter.

There was no significant difference in hepatic fluorescence between mice injected
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with control particles and those injected with CEA-targeted particles at any time point

(p ranging from 0.3 to 0.9).

Hepatic localisation was confirmed by ex vivo imaging of isolated organs. There was
no significant difference in liver fluorescence between mice injected with control
particles and those injected with CEA-targeted particles at any time point (p ranging
from 0.3 to 0.9, Mann Whitney Test). Fluorescence in other mouse tissues was not
seen for either control or CEA-targeted particles, demonstrating that the particles
have negligible non-specific or antibody directed binding to host cells. Substantial
tumour fluorescence was detected in all mice injected with CEA-targeted
nanoparticles from six hours post-injection. Mean tumour fluorescence increased
over the whole experiment from six hours (mean 0.62x10" p/sec/cm?/sr/uW/cm?) to
72 hours (mean 4.74x10’ p/sec/cm?/sr/uW/cm?), although increases were only small
after 48 hours. Mice injected with control IgG-targeted nanopatrticles showed no
tumour fluorescence above background at any point (Figure 6.20). Fluorescence in
the CEA-targeted tumours was significantly greater than controls at every time point
after and including 6 hours (p<0.0001, Wilcoxon Signed Rank Test). The continued
accumulation of tumour fluorescence with the CEA-targeted nanoparticles for up to
72 hours suggests that at least a proportion of the conjugated particles are stable in

the circulation for a minimum of 72 hours.
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Figure 6.19. Systemic administration of CEA-targeted nanoparticles leads to
tumour-specific fluorescence in a xenograft murine model of colorectal cancer.
No tumour cell fluorescence was observed in mice injected with control-IgG targeted
nanoparticles whereas in all three mice injected with CEA-targeted nanoparticles
tumour cell fluorescence was observed. Control images at 72 hours not available. L =

liver, T = tumour.
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Figure 6.20. CEA-targeted nanoparticles allow fluorescent tumour detection in
vivo.

Mean tumour fluorescence at 72 hours post-injection was 4.74x10’
p/sec/cm?/sr/uW/cm? for mice injected with CEA-targeted nanoparticles. No tumour

fluorescence above background was detected in control mice (p<0.0001).
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6.4 Discussion

In this chapter | sought to use nanotechnology to provide a concentrated fluorescent
signal in an antibody-mediated, tumour specific, in vivo imaging system.
Nanoparticles can be synthesised to be a large variety of sizes, shapes and chemical
compositions. Polymeric microspheres, synthesised using an emulsion
polymerisation process, have tended to be the most common type of particle used in
biological applications (Soppimath et al., 2001). | initially focussed on polymeric
nanoparticles as our laboratory had some prior experience with their synthesis
(Vakurov et al., 2009). Their size can be readily controlled and their surface can be
functionalised with a variety of groups for conjugation. However, both the fluorophore
and antibody would need to be immobilised onto the surface using the same
functional group: whilst theoretically possible this would require accurate and in-
depth information about the reaction kinetics of each molecule for the appropriate
ratio of antibody:fluorophore to be predicted and achieved. Dye-doped silica
nanoparticles (Ow et al., 2005, Santra et al., 2001) represent a better solution: they
have an inherent fluorescent core so the surface can be used solely for targeting;
they are sufficiently small for my purposes; they are chemically inert and
comparatively non-toxic; and they can be functionalised for conjugation to proteins
relatively easily. They can be synthesised by two methods: the Stober method or the
water-in-oil reverse microemulsion method. | chose to focus on the latter because,
compared to the former, particles tend to be monodispersed and their diameter is
easier to control, particularly below 100 nm (Bagwe and Khilar, 2000, Bagwe et al.,

1999).
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6.4.1 Manufacture and optimisation of dye-doped silica

nanoparticles

The synthesis of the basic nanoparticle can be broadly divided into three parts:

Dye-doping a silica matrix. This is where fluorescent molecules are
embedded in silica and this forms the fluorescent core of the particle. The
silica matrix is hydrophilic so the choice of dye is important - polar dye
molecules are best as the electrostatic interaction with the negatively-charged
silica molecules leads to a stable core. In addition, the dye molecules must be
large enough to prevent dye leakage from the pores in the silica matrix (Zhao
et al., 20044a). Initially | used RuBpy dye, most commonly used in published
studies, but later switched to NIR664 due to its near-infrared wavelength

(Malik et al., 2011).

Formation of a water-in-oil microemulsion system. This is formed by creating
a stable, transparent solution of water, surfactant and co-surfactant. The
molar ratio of these compounds and the choice of surfactant determine the

size of the particles.

Creation of dye-doped particles with a silica shell. This occurs through
hydrolysis of tetraorthosilicate (TEQS), catalysed by ammonium hydroxide,
and ‘nucleation’ of the dye-doped silica into the water pools inside the reverse

micelles of the water-in-oil microemulsion.

Having synthesised the basic dye-doped particle, the surface can be modified to

make a functional group available for conjugation to another molecule. This group
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determines the choice of linker for antibody conjugation. Within the remit of limiting
the overall diameter of the particles as far as possible to allow them to pass out of the
vasculature in vivo, three surface chemistries can be used. The basic particle has
free -OH groups available and these were used for antibody conjugation in the
original paper describing dye doped silica particles (Santra et al., 2001), in a study
targeting human leukaemia cells in vitro. Cyanogen bromide was used to link the
silica surface -OH groups to free amine groups on the leukaemia-specific cell-surface
antibodies. The authors presented comparative images of leukaemia cells incubated
with targeted and control nanoparticles, although fluorescence was not quantified.
Cyanogen bromide appears not to have been repeated in any other relevant work,
probably related to its toxicity and the associated practical implications. The surface
free -OH groups can also be modified to make either amine or carboxyl groups
available for conjugation. Amination occurs by the addition of 3-aminopropyl-
(triethoxyl)silane (APS). The amine groups can then be used for conjugation to free
amine groups on whole antibodies via glutaraldehyde (Huang et al., 2009).
Alternatively, carboxyl groups can be introduced by adding trimethoxysilyl-
propyldiethylenetriamine (DETA) (Zhao et al., 2004b, Lian et al., 2004).
Carboxylation can also be achieved by reacting aminated particles with succinic
anhydride and N,N-dimethylformamide (DMF) under an inert gas (Liu et al., 2007,
Zhao et al., 2004b). Carboxyl-functionalised particles can then be conjugated to
antibodies via streptavidin and biotin (Lian et al., 2004) or EDC (Liu et al., 2007, Wu
et al., 2008, Zhao et al., 2004b). EDC is the most common linker used, and
apparently the most successful conjugation method in published literature. SMCC
has been used to conjugate whole antibodies to silica (Gubala et al., 2010) and iron
oxide (Abdolahi et al., 2013) nanoparticles by converting free amine groups on the
IgG antibody to sulfhydryl groups using Taut’s Reagent (2-iminothiolane).
Conjugation using heterobifunctional PEG is a further option that can increase the

particle circulating half-life by preventing reticulo-endothelial opsonisation (Owens lii
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and Peppas, 2006) and can link either a free amine or carboxyl group depending on
the type polymer selected, all of which are available commercially. More recently
dendrimers have also been used as novel linkers between nanopatrticles and

antibodies (Gubala et al., 2010).

There are two key and recurring issues in this field: experiments have tended to be
either non-controlled or poorly controlled with ‘bare’ nanoparticles used as opposed
to the more appropriate choice of non-targeting antibodies; and there has been a lack
of a robust fluorescence quantification assay to enable statistically significant
conclusions to be drawn. These issues are of particular importance since | have
shown non-specific binding of antibody-conjugated nanopatrticles is prevalent using

some conjugation strategies, while antigen-specific targeting is more problematic.

I initially decided to focus on four linking chemistries. EDC has had the most
promising results in published studies and was therefore a low risk strategy. Our
laboratory has previously used reduced antibodies on nanoscale biosensor surfaces
in an effort to control the orientation of the IgG molecule (Figure 6.6) and therefore
increase the availability of antigen binding sites. | was keen to apply the same
principle to my nanoparticles, using SMCC in the opposite manner to published
studies by linking free amine groups on the nanoparticle surface to a sulfhydryl group
made available by reducing an IgG antibody. | chose to use small length PEG linkers
to conjugate reduced antibodies in the same way. Finally, | chose dendrimers to link
whole antibodies. Although there was relatively little published literature relating to
their use in this context, they potentially increase the number of available binding

sites for the antibodies.

Steps ii. and iii. above were optimised by the group who pioneered this type of

nanoparticle (Bagwe et al., 2004). However, there is a paucity of robust data
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available regarding the modification of the surface chemistry and conjugation to
bioactive molecules. | designed the methodology for each surface modification
(amination or carboxylation) and subsequent conjugation process (SMCC, PEG,
EDC and PAMAM) by studying published work in related fields and breaking down
each methodology into individual reaction steps so that | could optimise the reaction
conditions for each in terms of molar ratio, temperature, pH and equipment used.
This was very much a pragmatic process; it would theoretically be possible to
optimise each step in great detail by systematically controlling and varying all of the
various conditions but this would not be feasible or practical in the development of
my novel application, where combining nanoparticles with a cellular system yields a

huge number of further unknown variables.

A major component of the manufacture process is the pelleting and re-suspending of
the particles. This allows unreacted chemicals and/or reaction by-products to be
removed, and for the suspension fluid to be changed so that the correct conditions
can be achieved for the subsequent reaction step. Initially | used plastic tubes and
relatively low centrifugation speeds, in line with the limited number of published
studies (Liu et al., 2007), but found that this did not ‘wash’ the particles effectively.
When | took SEM images of basic particles manufactured this way, surfactant was
visible despite multiple wash steps. | therefore used higher centrifuge speeds but
then found the nanoparticle pellet was difficult to re-suspend despite extensive
sonication. | found that Corex glass centrifuge tubes overcame this problem,
seemingly allowing much more efficient sonication of the pellet in comparison to
plastic tubes, and allowing effective ‘washes’ (Figure 6.21). | also measured protein
absorbance values for the supernatant produced in consecutive wash steps following
antibody conjugation to check that the number of wash steps in my protocol was

adequate for removing unbound IgG (Figure 6.10).
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Figure 6.21. ‘Bare’ NIR664 doped silica nanoparticles.
Left: dried particles; middle: pelleted particles during ethanol wash steps; right: pellet

re-suspended in ethanol via sonication.

Amination of the particles was required for all of my linking strategies. There are
several established assays for quantifying the number of free amine groups in a
substance (Habeeb, 1966) but they tend to rely on absorbance or fluorescence
assays. This is a problem when the amine groups are located on a fluorescent
particle as the results are distorted. A single paper has been published describing an
optimised method for quantifying amine groups in fluorescent nanoparticles and |
adapted this for use with my particles (Chen and Zhang, 2011), with similar results
(approximately 2x10'® free amine groups per mg of particles, Figure 6.1). For
conjugation using SMCC and bifunctional PEG, | used reduced antibodies. The
antibodies were reduced using 2-MEA (Yoshitake et al., 1979). | was careful to use
reaction conditions that resulted in cleavage of the disulphide bonds between the two
heavy chains but preservation of the light chains and antigen binding capability.
Typically this process produces a mixture of reduced and whole antibodies in a 2:3
ratio. To confirm that | had successfully reduced the IgG antibodies | subjected the
mixture to HPLC (Figure 6.6), the two peaks representing reduced and whole

antibodies. Following incubation with sulfhydryl-reactive nanoparticles, | confirmed a
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reduction in the number of free sulfhydryl groups present in the reaction mixture,
suggesting that the reduced antibody fragments had bound to the nanopatrticle

surface.

In order to maximise the fluorescent signal in my in vitro experiments, | measured the
fluorescence of RuBpy-doped nanopatrticles in suspension in PBS at various
concentrations. A graph of the results increases to a plateau at 0.5 to 1 mg/ml with a
decrease in fluorescence thereafter (Figure 6.3). This is probably due to self-
quenching, which tends to occur at higher concentrations due to the formation of
dimers or other quenching complexes in the dye solution (Penzkofer and Lu, 1986). |
stored my particles at 2 mg/ml in the dark and then used them at 1 mg/ml in my in

vitro experiments.

6.4.2 In vitro assays for specific antibody-directed binding

| carefully designed my in vitro experiments to be as robust as possible, with minimal
potential for bias. | used anti-digoxin as a control IgG antibody and conjugated it to
nanoparticles from the same batch, and at the same time as conjugating to anti-CEA.
| used anti-digoxin 1gG as a control in Chapter 5 and showed that digoxin is not
present in colorectal cancer cells. | selected three cell lines known to express CEA at
differing levels to reflect the heterogeneity in expression in human colorectal cancer.
There are a number of sources of bias when assessing and comparing fluorescent

images of cells:

i.  Cell selection
ii. Image acquisition
iii. Image selection

iv. Fluorescence measurement
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Most published studies that have quantified fluorescent nanopatrticle cell binding
have tended to use a single cell line and a simple fluorescent measurement of whole
cells (Blechinger et al., 2013, Jonkman et al., 2014, Torrano and Brauchle, 2014,
Jiwaji et al., 2014). They have not described robust protocols to minimise bias. One
paper addressed differences in cell fluorescence measurements in the z plane but
again this was in a single cell type (Prats-Mateu et al., 2014). | have compared
membrane-specific fluorescence in three morphologically different cell lines between
test and control nanoparticles, and have minimised all sources of bias as far as

possible.

Cell selection: prevention of selection bias in the x-y plane

When capturing confocal images, | positioned the microscope over five pre-
determined areas on each slide and selected cells using the phase white light image,
blinding me to the fluorescent images and preventing selection bias in the x-y plane

of the slide.

Image acquisition
To ensure that the confocal images for each cell line could be compared, | used the
microscope software to select the optimum image settings (gain and intensity) for the

first cell and then used these settings for all remaining measurements.

Image selection: prevention of selection bias in the z plane

| designed the fluorescence quantification assay taking into account that the
nanoparticles were targeted to an antigen located at the cell membrane and cells
from different cell lines have variable diameters. | took z-stack images for each image
captured and then worked out the approximate diameter of cells from each cell line,
so that | could consistently select optical slices through the cell centres for analysis,

preventing selection bias in the z plane.
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Fluorescence measurement

Simply measuring the fluorescence of a whole cell would prevent a comparison
between cell lines as the non-fluorescing cytoplasm would have a greater impact on
the measurements in some cell lines compared to others (for example, LS174T cells
tend to grow in colonies whilst LoVo cells are small but tend to be separate). |
therefore used ImageJ software to measure mean fluorescence per unit length of
membrane, corrected for background fluorescence. To ensure consistency and
prevent a further source of selection bias, | made the membrane trace using the
phase image only and then transferred the trace to the fluorescent image. As a
confirmatory analysis, | used a function in the confocal microscope software to
construct Maximal Image Projection images, where the all the images taken in the z-
stack are superimposed to give a single image. This leads to areas where the pixels
in the images are saturated and potentially dampens any observed difference
between positive and negative fluorescing cells. There are no published studies
describing cell fluorescence measurements taking into account all sources of bias in

this way.

When analysing the results, | used both parametric and non-parametric statistical
tests (Table 6.1). If cellular fluorescence was measured for every single cell on each
slide, there is nothing to suggest the results would not be normally distributed so |
feel a parametric test to compare means is appropriate (unpaired t-test). However,
for completeness | also treated the data as non-parametric and used the Mann-
Whitney test to compare medians. The results of both statistical analyses and both
types of image (single cell section and Maximal Image Projection) demonstrated a
clear statistically significant difference in fluorescence between test and control

antibodies in all three cell lines for nanoparticles conjugated to antibodies using



204

PAMAM dendrimers, suggesting that the type of statistical test used was not a key

factor influencing the result.

6.4.3 The relative merits of the chemical linkage strategies

tested

| evaluated four linking strategies, including established and novel techniques, which
employed both whole and reduced anti-CEA antibodies. SMCC and PEG, both of
which used reduced antibodies for targeting, failed to demonstrate any antibody-
dependent cell binding. Control SMCC-linked particles produced high levels of non-
specific fluorescence, whereas PEG-linked patrticles produced very little. | attempted
to discover the cause of this by varying experimental conditions and using different
control antibodies but this had no effect on the non-specific binding. | also
hypothesised that a proportion of amine groups on the particle surface may not be
bound to SMCC linkers and may be creating a positive surface charge leading to
non-specificity. | used succunic anhydride, which converts free amine groups into
negatively charged carboxylates (Singh, 1998) to test this but no difference in
fluorescence was observed. | also used bovine serum albumin in excess instead of
antibodies to ensure all maleimide groups on the SMCC linkers were bound but this
also failed to reduce the non-specific binding. The lack of any fluorescent cell
labelling with PEG-linked test or control nanoparticles suggests that either the SMCC
linker itself or the inherent properties of the aminated basic nanparticle may have
been the cause of the non-specificity. However it also suggests that using reduced
antibodies in this context may inhibit antibody-antigen binding. | selected these novel
linking strategies in an effort to control the orientation of the antigen binding sites and
therefore increase sensitivity while reducing steric hindrance. The selective reduction

of the hinge region of IgG antibodies is well known (Yoshitake et al., 1979) and
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investigators have experimented with Fab and fc antibody fragments for nanoparticle
targeting to try to control binding site orientation (Cheng and Allen, 2008, Kumar et
al., 2008) but not with silica nanoparticles. The results failed to show a significant

sensitivity advantage.

EDC linking showed tumour-specific binding, although the effect was low (fold
change 1.7) and observed in LoVo cells only. Of the limited work published exploring
dye-doped silica nanoparticles for cell labelling applications, EDC seems to have
been the most popular. However, none of the work used adequate controls. At the
time of this work, only two papers described in vitro cancer cell targeting with this
type of nanoparticle and neither described experiments that were adequately
controlled - one used bare EDC-linked nanopatrticles (Santra et al., 2001) and the
other no controls at all (Huang et al., 2009). My data can be interpreted to suggest
that the cell targeting potential of nanoparticles linked in this way has been over-

stated due to a lack of appreciation of the non-specific binding.

PAMAM dendrimer linking allowed strong tumour-specific imaging. The fluorescence
fold change between test and control particles was 12.3, 8.0 and 3.2 for LS174T,
LoVo and HCT116 cells respectively. Although these figures correlate with the
relative expression of CEA by the cell lines, they are dependent on the level of non-
specific fluorescence recorded for control nanopatrticles, which varied considerably. It
is difficult to draw any conclusions regarding the relationship between targeted-
nanoparticle-induced fluorescence and cell surface antigen density. The relative size
of the particles means there are likely to be unbound antigen sites between adjacent
bound particles. Steric hindrance, where the size of the nanoparticle-antibody
complex, the location and orientation of the antibodies on the surface, and the
relative density of the antigen on the cell membrane can all reduce immunoreactivity

(Lu et al., 1996, Jie et al., 2011).
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The successful targeting seen with PAMAM-linked particles and, to a much lesser
extent, with EDC-linked particles, may explain the failure of SMCC and PEG. Both
PAMAM and EDC linking methodologies required the aminated surface of the particle
to be carboxylated. This has the effect of producing an overall negative surface
charge prior to attaching the linker and then antibody. Cells have a slight negative
charge and positively-charged, non-targeted nanoparticles have been shown to be
taken up by cells more rapidly than negatively charged controls (Chen et al., 2011a).
Although | tried to eliminate any positive surface charge on SMCC-linked particles
with succinic anhydride, this may not have been effective due to the antibodies
having already been attached; attempting this prior to antibody incubation would
prevent their conjugation. The difference in targeting between PEG-linked and EDC-
linked particles might then be either due to the increase in available binding sites for
the antibody molecules or the increase in distance between the antibody and
nanoparticle surface. Having shown the difference in this pragmatic, proof-of-concept

project, these questions now warrant future investigation.

6.4.4 In vivo potential for PAMAM-linked antibody-directed

nanoparticles

Having developed a fluorescent nanoparticle with genuine specificity for a surface
antigen that is over-expressed in colorectal cancer, | then examined the potential for
this to be used to image tumours in vivo, using a murine xenograft model of
colorectal cancer. The principle aim of this part of the project was to test whether the
particles could reach the tumour cells following systemic delivery, and whether they
showed tumour-specific binding. Only two other studies have investigated specific

targeting of dye-doped silica nanoparticles to tumours via systemic delivery: Tivhan
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et al (Tivnan et al., 2012) used dendrimer-conjugated patrticles targeted to
neuroblastoma, whilst Soster et al (Soster et al., 2012) used PEG-conjugated
particles targeted to colorectal cancer metastases, both in murine xenograft models.
However, both studies used ‘bare’ nanoparticles as controls, which are potentially
problematic in terms of demonstrating antigen-specific targeting, and both imaged
fluorescence only on harvested organs ex vivo, which may relate to poor tissue

penetration of fluorescence.

My in vitro results suggested that non-specific binding could be a potential problem
and this might have been compounded by the fact that normal cells also express
CEA. | therefore injected non-tumour bearing mice with CEA-targeted particles to
evaluate non-specific binding to normal tissues. Reassuringly the only significant
fluorescence observed was hepatobiliary, which peaked at 24 hours and reduced by
72 hours post-injection. This corroborates the only study to examine the
biodistribution and excretion of mesoporous silica nanoparticles (Souris et al., 2010),
which also found that a higher particle surface charge was associated with rapid
excretion. | chose LS174T cells for my xenograft model because they showed the
greatest fold difference between test and control (Table 6.1) and because they
closely resemble colonic mucosal cells with numerous microvilli and intracytoplasmic
mucin vaculoles (Tom et al., 1976). When the CEA-targeted and control-IgG targeted
nanoparticles were injected into tumour-bearing mice, | observed significant time-
dependent accumulation within tumours that was entirely absent for control IgG-
targeted particles (p<0.0001). A similar pattern of hepatic excretion was observed as
in my first mouse experiment and there was no difference in liver fluorescence of
control or test mice at any time point (p=0.3 to 0.9). There was a wide variation in the
tumour-specific fluorescence observed in the three test mice. This is probably due to
two main factors: the quality of the tail vein injection and the blood supply to the

xenograft tumour. The tail vein injections failed in a number of mice during the early
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experiments in this work, despite appropriate needles and expertise. In Figure 6.19 a
fluorescent signal persists in the tail of the second mouse injected with CEA-targeted
particles throughout the experiment, suggesting that the entire dose was not
effectively delivered. This mouse showed the least tumour-specific fluorescence of
the three. On examining the tumours at the end of the experiment, the mouse with
the greatest tumour-specific signal appeared to have a very vascularised, intra-
muscular tumour (Figure 6.22), potentially enabling greater nanoparticle penetration.
This could have been due to a deeper subcutaneous injection of tumour cells, where
it is difficult to precisely control the depth of the flank injection. Therefore, although
the fluorescence measurements had a wide range, more accurate and consistent

tumour and nanoparticle injections would probably reduce this.
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Figure 6.22. Dissection of xenograft tumour with the greatest tumour-specific
signal.

The mouse with the greatest tumour-specific fluorescent signal had a highly
vascularised, intra-muscular tumour. LS174T cell xenograft tumours were grown on
the flank of six week old BALB/c nu/nu female mice and dye-doped silica

nanoparticles were delivered systemically via the tail vein.

This work is, at the time of writing and to the best of my knowledge, the first to use

nanoparticles successfully to provide tumour-specific, live, in vivo fluorescent imaging
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in a murine model of colorectal cancer. Although the in vivo study utilised just three
animals in each arm, the lack of any detectable signal in the xenograft tumours when
injected with control particles makes the result highly significant. Throughout this
section of the project | have maintained a pragmatic approach, aware that proof of
concept was required and therefore a balance was struck between optimising each
individual variable exhaustively and making relatively rapid progress. | believe it has
paid off and there is now a great deal of further work that can be carried out,
including chemical optimisation of the nanoparticle and larger in vivo experiments
with orthotopic primary and metastatic colorectal cancer murine models. Critically my
work shows great promise for clinical translation in the context of intra-operative
imaging since fluorescence is bright, the antibody is humanised and has been used
in clinical trials previously, and silica hanopatrticles appear to have favourable toxicity
profiles. Furthermore, the technology is applicable to imaging any tissue or pathology

using antibodies targeting appropriate specific biomarkers.
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Chapter Seven

Summary
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7/ SUMMARY

| aimed to develop a fluorescent, tumour-specific, molecular imaging probe for
colorectal cancer that could potentially be used for laparoscopic intra-operative
staging, locate impalpable tumours and allow stratification of resection radicality. To
achieve this | divided the project into a number of distinct steps that followed a logical
progression from the identification of an appropriate target for colorectal cancer to the
development and in vivo testing of a tumour-specific, molecular probe for real-time

fluorescent imaging.

7.1 Future perspectives

7.1.1 Biomarker targeting

The biomarker component of this work was crucial. The performance of the system is
completely dependent upon the ability to discriminate between normal colorectal
tissue and tumour tissue, meaning that even the perfect fluorescent molecular bio-
imaging probe will fail if the biomarker is unable to achieve this. | showed that CEA
has a high sensitivity and specificity as a biomarker for differentiating colorectal
cancer. The large variation in treatment responses in targeted therapy for colorectal
cancer has led to a greater appreciation of the heterogeneity of the disease, with
specific epi-genetic and tumour micro-environment factors allowing a personalised
approach to therapy (Linnekamp et al., 2015). The identification and classification of

colorectal cancer subtypes could allow even more accurate tumour localisation - the
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antibody component could be selected from a ‘catalogue’ of available options based

on this information.

Although | chose antibodies as the targeting mechanism for my project, there are
other novel methods of targeting membrane-bound molecules. | made this decision in
the interest of time and progress, particularly as anti-CEA antibodies are readily
available. Antibody fragments can be synthesised from the variable region of an IgG
molecule and have a number of theoretical advantages over whole antibodies
including small size, lower immunaogenicity and potentially increased sensitivity over
whole antibodies (Holliger and Hudson, 2005). They were used in
radioimmunoguided surgery (section 1.2.1), an application closely related to mine in
that antibodies were used for intra-operative tumour detection. Roselli et al (Roselli et
al., 1996) and Percivale et al (Percivale et al., 1998) produced F(ab’)2 anti-CEA
antibodies, where the constant and variable portions of the antibody are split, and
their result suggested a possible improvement in sensitivity. Biparatropic antibodies
(BpAbs) were prepared by cross-linking reduced Fab fragments of two different anti-
CEA antibodies, so that they were able to bind to two different epitopes of CEA, in an
attempt to further increase the sensitivity, with some success (Robert et al., 1999,
Kim et al., 2002, Kim et al., 2005). These techniques could be applied to my chosen
anti-CEA antibody. Other alternatives include various antibody mimetics, which target
antigens but are structurally different and much smaller than antibodies (6-20 kDa
versus 150 kDa) (Qiu et al., 2007), and aptamers (Farokhzad et al., 2006), which are

less immunogenic and cheaper to produce for clinical applications than antibodies.

It is conceivable that one of the above alternative targeting mechanisms could be
chemically substituted for the antibody on my final nanopatrticle, although this may

behave differently and require full characterisation with in vitro and in vivo studies.
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An alternative, non-targeted approach to intra-operative fluorescent imaging exploits
the endogenous fluorescent properties of protoporphyrin IX, which tend to be

increased in certain cancers. 5-aminolevulinic acid can be used as a photosensitiser
to enhance this natural fluorescence and its potential is currently under investigation

in colorectal cancer.

7.1.2 Targeted indocyanine green

| exploited a unique feature of protein-bound ICG, which allows it to produce
cytoplasmic fluorescence if internalised, to produce a simple system that allowed
CEA-specific fluorescent imaging in live colorectal cancer cells. The major advantage
of this strategy is that both ICG and the anti-CEA antibody | used in my experiments
are approved by the MHRA so translation into clinical trials could potentially be rapid.

| would anticipate the next steps in this process as being:

1. A small in vivo study to confirm my in vitro results. | would deliver the ICG-
anti-CEA and ICG-control antibodies systemically to a murine xenograft
model of colorectal cancer.

2. A proof of concept, first-in-human clinical trial. This would require ethical
approval and manufacture of the conjugate to a satisfactory standard. Early
correspondence with the appropriate regulatory bodies suggest that, based

on our findings, authorisation for this would be granted.

7.1.3 Targeted fluorescent nanoparticles

| synthesised a fluorescent, CEA-targeted, silica nanoparticle that allowed tumour-

specific fluorescent labelling in three different cell lines in vitro and in a xenograft
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mouse model of colorectal cancer using one of these cell lines. Although my in vivo
study consisted of just six mice, the following three observations make the results
very powerful. Firstly, tumour-specific fluorescence was observed in all of the mice
injected with CEA-targeted nanoparticles and none of the mice injected with control
nanoparticles, producing a highly significant result and suggesting a high sensitivity
and adequate signal strength. Secondly, the only fluorescence observed in non-
tumour tissue was hepatic, consistent with nanopatrticle excretion, meaning the
particles are highly specific at least in a murine host. Thirdly, the nanoparticles and
fluorescent signal persisted at 72 hours following delivery, suggesting stability in vivo.
These three findings are perhaps the most important for translating this work into a
clinical trial. Given my pragmatic approach to the synthesis of the nanoparticle, there
is undoubtedly potential for further optimisation of the nanoparticle, with probable
resultant improvements in in vivo diagnostic performance. Following this, a larger
study using an orthotopic murine model of colorectal cancer, possibly with a
metastatic model alongside, would provide the necessary information to inform a
first-in-man study. However, rigorous toxicology studies would be required prior to

this.

7131 Targeted nanoparticles versus targeted ICG

The nanoparticles caused membranous fluorescence whereas the ICG caused
cytoplasmic fluorescence. The fluorescence fold difference for CEA-targeted
compared with control-targeted was similar for both strategies (3.2 - 12.3) but the
intensity of the fluorescent signal was greater for the nanoparticles, which would be
crucial for tissue penetration in laparoscopic surgery. The fold difference was similar
for LoVo cells but for LS174T cells it was higher for the nanopatrticles (12.3 vs 5.2)

and for HCT116 cells it was higher for ICG (12.2 vs 3.2). The relationship between
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fluorescent labelling and cellular CEA concentration is unclear: a number of factors

may influence this, including steric hindrance, particle size and rate of internalisation.

7.2 Limitations

If | were to redesign the experiments in this project with the benefit of hindsight |
would make a number of changes. If possible, | would test the sensitivity and
specificity of my biomarkers in a large cohort of matched normal and malignant
lymph nodes in addition to primary tumours, to confirm my findings in section 3.3.
Whilst identifying the primary tumour is important for laparoscopic resection of small
early tumours, the intra-operative lymph node status is arguably the single most

important factor in determining the type of resection performed.

The ideal model for testing the delivery and fate of anti-CEA antibodies would be to
inject them intravenously prior to a patient undergoing colorectal cancer resection
and ascertain whether they were present in the specimen post-operatively. This
would be a more realistic model than the ex vivo study | conducted in 4.3.4 and more
likely to produce conclusive results, but would require a full Clinical Trial of a
Medicinal Product study. This would be costly, time-consuming and probably
unnecessary given the successful use of anti-CEA and anti-TAG-72 for in vivo
tumour targeting in the past (section 0). A simple animal study would have been a
better compromise: a murine orthotopic colorectal cancer model could be injected
with the antibodies and immunohistochemical analysis performed on the resected

tumour.
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7.3 Potential impact

A strength of this work is that my findings can be applied to other scientific areas
outside the remit of this project. | have identified CEA as the most appropriate
biomarker for in vivo colorectal cancer targeting and this could be exploited for
targeted non-invasive imaging and for targeted chemotherapeutics. Similarly, by
substituting the conjugated antibody, my nanopatrticle could be used for intra-
operative imaging in other cancers that express membrane-bound, tumour-specific

biomarkers.

It is my hope that the body of work presented will make a major contribution to the
exciting and rapidly expanding field of intraoperative diagnostics and image-guided
surgery. In particular, | hope that | have contributed to the clinical need for a platform
to discriminate malignant and normal tissue in vivo, and therefore to the ambition to

make stratified surgery for colorectal cancer a reality.
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