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ABSTRACT
Mesothelin is a cell surface glycoprotein highly expressed in mesothelioma, ovarian cancer,
pancreatic cancer and some other malignancies. It is a promising candidate for tumour specific
therapy and diagnosis, given its limited expression in normal tissues. The purpose of the work
presented in this dissertation is to develop and characterize a molecular imaging bioprobe that
targets mesothelin.
We radiolabelled fab and f(ab´) 2 fragments of the anti-mesothelin antibody mAbK1 with 99mTctricarbonyl core using a histidine-modified tridentate ligand, while whole mAbK1 was
radiolabelled with

99m

Tc using a direct labelling approach. In vivo evaluation of these

99m

Tc

labelled radioimmunoconjugates in mesothelin expressing NCI-H226 tumour model, revealed
low mesothelin specific tumour uptake. These findings were attributed to low expression of
mesothelin on NCI-H226 cells as well as to the low affinity of mAbK1. An anti-mesothelin
antibody mAbMB, with higher mesothelin affinity than mAbK1 was labelled with

111

In and

evaluated in A431K5 tumour model which expresses clinically relevant levels of mesothelin.
Biodistribution studies and SPECT imaging revealed specific localization of
mesothelin expressing A431K5 tumours. An interesting finding with

111

In-mAbMB in

111

In-mAbMB was its

preferential localization in spleen, which suggests a role of circulating mesothelin antigen in
forming immune complexes with

111

In-mAbMB. In comparison, control studies with

111

In-

mAbK1 revealed low specific uptake into A431K5 tumours. These studies provided evidence
that

111

In-mAbMB is a better choice than

111

In-mAbK1 for imaging mesothelin expression in

tumours. A dual-modality SPECT/MR imaging bioprobe was further developed by conjugating
111

In-mAbMB with SPIONs (superparamagnetic iron oxide nanoparticles) which demonstrated

specific targeting and MR imaging capability in A431K5 tumour bearing mice.
ii

The work in this dissertation for the first time demonstrates successful SPECT imaging of
mesothelin expressing cancers using radiolabelled antibodies. The radiopharmaceutical

111

In-

mAbMB developed in this work holds promise for clinical use as a radioactive imaging
bioprobe. Additionally, bioconjugates of

111

In-mAbMB and SPIONs are promising as dual-

modality SPECT/MRI imaging bioprobes, which may be beneficial in improving the imaging
outcomes of these difficult to treat tumours. In conclusion, our studies demonstrate that
molecular imaging agents targeting mesothelin have a role to play for the detection and
monitoring of mesothelin expressing cancers.
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Chapter 1: Introduction
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1.1. Introduction to Imaging with Molecular Bioprobes
Designing molecules that bind to deregulated targets in cancer cells is an important strategy for
both therapeutic and diagnostic drug design. Monoclonal antibodies (mAbs) are valuable
targeting molecules, while radionuclides have great value as diagnostic tracers or therapeutic
agents. mAbs against tumour associated antigens can be applied to deliver radionuclides to
tumour sites for imaging or therapy [1-3]. This approach is highly significant to the early
detection and management of cancer as some of the most difficult to treat cancers are best treated
when diagnosed as early as possible. In addition, nanoparticles coupled with cancer specific
targeting ligands can be used to image tumours and detect peripheral metastases [4,5]. The use of
therapeutic and diagnostic agents for tumour targeting with specific antibodies has become an
established science in the last 15 years. The most significant achievements in this area have been
in the treatment of lymphomas [6] as well as in the diagnosis of colorectal [7] and prostate
cancers [8]. Studies have also shown that a highly specific and powerful contrast agent can be
prepared by coating magnetite (Fe 3 O 4 ) particles with monoclonal antibodies directed against a
tumour antigen [9]. Such a preparation retains both the immunoreactivity of the monoclonal
antibody and the full relaxing capability of the magnetite particle [9]. Superparamagnetic iron
oxide nanoparticles with covalently bound antibodies against Her-2/neu (an antigen
overexpressed in some breast cancers) have also shown promise for simultaneous imaging and
therapeutic targeting of breast cancers in vivo [10].

The purpose of the work presented in this dissertation is to develop and characterize a molecular
imaging bioprobe that targets a cell surface antigen known as ‘mesothelin’ over-expressed
mainly by mesotheliomas, pancreatic and ovarian cancers (Figure 1.1) [11-16]. A tumour
specific bioprobe was developed based on the ability of radiolabelled mAbs to detect molecular
expression of mesothelin by radioimmunoimaging using single photon emission computed
2

tomography (SPECT). Further, the radiolabelled mAb was conjugated to dextran coated
superparamagnetic iron oxide nanoparticles (SPION), to develop a molecular imaging bioprobe
for dual modality imaging using SPECT and MRI, thus making it capable of both functional and
anatomical imaging with high signal sensitivity and good contrast.

Figure 1.1. Schematic representation of the molecular bioprobes for imaging of mesothelin
expressing cancers, developed in the current work.
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1.2.

Mesothelin Expressing Cancers

Mesothelin is expressed mainly by mesotheliomas, pancreatic and ovarian cancers [11,17,18].
These cancers are characterized by low patient survival rates primarily due to late diagnosis.
Therefore, specific targeting of mesothelin expression for early diagnosis as well as treatment
monitoring of these cancers represents a potentially important strategy towards improving
therapeutic outcomes. Malignant mesothelioma (MM) is an aggressive tumour of serosal
surfaces such as the pleura, pericardium, and peritoneum [19]. Exposure to asbestos fibers,
which cause progressive scratching of the pleural surface, is the most common cause of MM
[20]. It is estimated that the number of patients with MM will continue to increase and reach a
peak between 2015 and 2020 [21]. It has been estimated that about 10 million lives may be lost
to MM before asbestos is completely banned worldwide [22]. Annually, about 15,000 cases of
MM are diagnosed worldwide and the United States alone accounts for about 2200 of these
cases. The number of Canadians per year who receive an MM diagnosis has been steadily
increasing over the past 20 years [23]. In 2003 (the last year for which data is available), 344
Canadian men and 78 Canadian women were diagnosed with MM. In that same year, 343
Canadians died of the disease [24]. About 50-65% of these mesotheliomas overexpress
mesothelin [11,12]. Due to the long latent periods between carcinogen exposure and disease
development, and the nonspecific nature of the symptoms preceding diagnosis, a sensitive and
specific screening test is pivotal to the early diagnosis of MM [25]. Better imaging of the tumour
sites will also permit more accurate, targeted drug or radiation delivery for subsequent
management of the disease [26,27].This approach is also invaluable in tumour-node-metastasis
(TNM) staging by assisting thoracic oncologic surgeons to identify the resectability of the
tumours prior to surgery [28].

4

The biological behaviour of MM is very different from that of lung cancer and many difficulties
remain in its diagnosis [29]. The diagnosis of MM is hampered by the nonspecific nature and
gradual onset of its symptoms [29,30]. As a result, it is usually not diagnosed before the disease
has progressed to Stage III or IV [19]. Although cytological diagnosis can be made quickly, MM
is usually not diagnosed until 2-3 months after the onset of symptoms [19,30]. Malignant pleural
mesothelioma (MPM) is the most common form of MM. Cytologic testing of the pleural fluid
has limited value in diagnosing malignant pleural mesothelioma, due to low sensitivity (30-50%)
of the test [30,31]. X-rays, computed tomography (CT) scans, MRI, and needle biopsies have
limited value in the diagnosis of MPM [19]. Thoracoscopy is considered to be the most accurate
for MPM diagnosis, and is the procedure of choice because it affords the pathologist a larger
tissue sample [32]. However, it needs to be done in a hospital under general anesthesia. Local
radiation may also need to be used because of the possibility of tumour seeding. Advances that
have been made in understanding the pathogenesis, diagnosis, and staging of MM have yet to be
translated into improved patient survival [33,34]. New approaches incorporating better imaging
techniques are urgently needed for more accurate assessment of disease burden and evaluation of
treatment response, as well as for better matching of patient population and treatment strategy in
clinical trials [25].

Considerable focus has been given to evaluating the best imaging modality for MM [35-37]. CT
is the most commonly used imaging modality for the diagnosis, staging, and monitoring of
therapeutic response in MM [38]. However, CT has the limitation of underestimating early chest
wall invasion and peritoneal involvement [38]. CT also has low sensitivity and specificity in the
evaluation of mediastinal lymph node metastasis [39]. MRI is superior to CT in revealing
invasion of chest wall and diaphragm [38]. Assessment of the total tumour burden by CT and
MRI during the course of treatment is useful in evaluating the therapy [38]. However, this
5

assessment is based only on anatomical identification of the residual viable tumour, which can
often lead to ambiguity in distinguishing active tumour tissue from reparative changes or scars
[38]. In case of solid tumours, FDG (fluoro-2-deoxy-d-glucose) accumulation measured by
standard uptake value (SUV) using positron emission tomography (PET) can be used for
evaluating response to anticancer drugs [38]. In comparison, for a diffuse tumour disease such as
MM, the use of SUV alone for monitoring the response to therapy is limited because it is only
based on a single pixel and therefore does not take the whole tumour volume into account [38].
This lack of whole tumour volume information can lead to underestimation of spread of the
disease. FDG PET still has some prognostic value though it is believed to be an unreliable
diagnostic tool for MM [40]. An imaging modality with the potential to distinguish accurately
between benign and malignant lesions and to define the extent of disease would be invaluable in
the management of MM [38]. Single photon emission computed tomography (SPECT) combined
with MRI can potentially overcome these problems.

Pancreatic cancer is the second most common gastrointestinal malignancy and the fourth leading
cause of cancer deaths in North America, where 43,000 new cases are diagnosed every year [41].
In Canada alone it is estimated that 4000 new cases of pancreatic cancer will be diagnosed in
2010 (Canadian Cancer Society). About 80% of these cases are diagnosed in the advanced stages
of the disease [42]. Surgery remains the sole curative therapeutic option, yet less than 15% of
pancreatic tumours are operable due to the propensity for early metastasis [43]. Early detection
would allow us to find more tumours when they are still confined to the pancreas and amenable
to surgical removal or other therapeutic approaches [44]. Over 90% of malignant pancreatic
tumours are adenocarcinomas derived from the ductal epithelium of the exocrine pancreas.
Although improved imaging methods are needed to assist detection and treatment, few agents
have been designed to image molecular targets expressed by pancreatic adenocarcinomas. Many
6

molecularly targeted peptides (e.g., secretin, bombesin, CCK) employed in radioactive form as
pancreatic tumour imaging agents have limited utility because of the expression of these
receptors on cells of the non-cancerous pancreas [45-47]. The ultimate aim of imaging in
pancreatic adenocarcinomas has been to determine the resectability of a patient’s tumour. It has
been suggested that both PET and CT are poor at nodal staging of disease. In detecting
metastatic disease, the lack of anatomical definition and poor spatial resolution of PET limit
local staging of the disease [48]. MRI has considerable potential in characterizing pancreatic
masses by adding anatomic imaging information, especially when using magnetic bioprobes that
function as contrast agents to provide high signal sensitivity and good contrast [49].

Ovarian cancer has the highest mortality amongst all gynecologic cancers and is the fifth leading
cancer in cancer-related deaths in women in the United States. In the United States, it is
estimated that 21,880 (3% of total) of new cancer cases and 13,85000 (5% of total) of cancerrelated deaths in 2010 will be caused by ovarian cancers [41]. In Canada, it is estimated that
2600 new cases of ovarian cancer will be diagnosed in 2010 (Canadian Cancer Society). When
diagnosed early, the survival rate of patients with ovarian cancer can be higher than 90% [50],
but unfortunately 70% of the ovarian cancers are diagnosed only at the advanced stages of the
disease [51-53]. The tumour stage at the time of diagnosis has a direct relationship with 5-year
survival rates, as seen from the reported 5-year survival rates of 93%, 70%, 37% and 25% for the
stages I, II, III and IV [54]. In this context, role of imaging is pivotal for diagnosis, staging and
subsequent management of ovarian cancer. Currently, CT is the imaging modality of choice for
diagnosis and staging of ovarian cancer, but CT can detect tumours only after they are
anatomically differentiated [55]. Additionally, the role of CT is limited in detection and
characterization of small-size peritoneal metastases, bowel surface, mesenteric, or peritoneal
tumour implants smaller than 5 mm, especially in the absence of ascites [56-58]. The role of
7

FDG-PET in the primary diagnosis and tissue characterization of ovarian cancer is yet to be
completely established due to low specificity and sensitivity as well as due to false-negative
results seen with borderline tumours, early carcinomas, and adenocarcinomas [59]. An imaging
technique based on detection of molecular markers expressed in ovarian cancers has thus the
potential in identifying tumours early, much before the anatomical changes can be detected by
CT.
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1.3. Molecular Imaging
Molecular imaging allows non-invasive and direct visualization and characterization of cellular
processes at a molecular or genetic level in vivo [60,61], which are of high relevance to diagnosis
and treatment of a disease. According to the American College of Radiology, molecular imaging
may be defined as the “spatially localized and/or temporally resolved sensing of molecular and
cellular processes in vivo” [62]. Although the field of molecular imaging has only seen rapid
progress in the last decade or so, molecular imaging has been in clinical practice since the first
use of Iodine-131 to test for thyroid cancer [63]. Another example of a molecular imaging
technique used in clinical practice today is Fluorine-18–labelled fluorodeoxyglucose positron
emission tomography (FDG-PET). FDG-PET is based on the quantification of phosphorylation
of 2-deoxyglucose by hexokinase within malignant tissue, for assessment for mediastinal
lymphadenopathy [64].

Molecular imaging allows evaluation of specific parameters such as molecular abnormalities
[65], growth kinetics [66], angiogenesis [67], tumour cell markers [68] and provides potential for
earlier detection, characterization of disease and evaluation of treatment. Currently, the
assessment of tumour response to therapy is primarily based on uni-dimensional and bidimensional measurements of tumour size according to the Response Evaluation Criteria in Solid
Tumours (RECIST) classification [69]. In comparison, molecular imaging offers a major
advantage by assessing therapeutic effectiveness at a molecular level, long before phenotypic
changes occur. However, in vivo molecular imaging is challenging as several criteria for
development of molecular imaging bioprobes must be met. The probes must be biocompatible
and have an ability to overcome biological delivery barriers (vascular, interstitial, cell
membrane) to bind specific receptors with high-affinity [70]. An imaging probe must clear from
the blood pool as well as other irrelevant sites within the time frame compatible with the half-life
9

of the radionuclide. Also signal amplification strategies must be considered based on the probes’
signal motif (nuclear, magnetic, optical) (Figure 1.2) [70]. Additionally imaging techniques
must be sensitive, fast and capable of achieving high-resolution [70].

Nuclear medicine based molecular imaging techniques have the ability to detect and monitor a
variety of molecular processes using tracer quantities of radiolabelled probes. Both SPECT and
PET modalities have wide ranging applications including oncologic imaging, cardiovascular
imaging and imaging of movement disorders [71-74]. Positron emitting radionuclides include
isotopes of carbon (11C), nitrogen (13N) and oxygen (15O), which allow radiolabelling of
biological compounds of interest [75], while SPECT relies more frequently on the use of
radiolabelled analogues with radioisotopes such as

111

In and

99m

Tc. Examples of molecular

imaging applications in nuclear medicine include the detection of specific peptide receptor
expression [76,77], angiogenesis [78], multi drug resistance [79,80], hypoxia [81], and glucose
metabolism [82]. The major advantage of nuclear medicine methods is that only picomolar
concentrations of radiotracers are required to provide a measurable signal without interfering
with the process under investigation. In comparison, MR imaging is several magnitudes less
sensitive (millimolar rather than picomolar), due to low quantum energy involved and therefore
requires signal amplification. However, MR imaging has higher spatial resolution than nuclear
imaging methods (micrometer rather than several millimeter) (Figure 1.2) [83]. MR image
contrast depends on certain fundamental parameters like spin-lattice relaxation time (T 1 ) and
spin–spin relaxation time (T 2 ), which are a function of the local chemical structure of the
molecules being imaged. These parameters can be exploited to reflect the molecular content of
the tissue being imaged, therefore making MRI particularly useful for molecular imaging [84].
More recent developments in the field of MRI have facilitated imaging of tissues, cells and
molecules. For example, the measurement of transendothelial transport of the MRI contrast agent
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by dynamic contrast-enhanced MRI (DCE-MRI) has been used as a marker for angiogenesis in
tumours [85]. Cells labelled with MR contrast agents like superparamagnetic iron oxide
nanoparticles have been developed [86] which can potentially be used for efficient in vivo
tracking of stem cells, progenitor cells, or cell lines expressing transgenes, even at the single-cell
level [87].

Optical imaging is another imaging modality that is increasingly being used for molecular
imaging applications [88,89]. Current optical imaging techniques mainly use fluorescence or
bioluminescence as a source of contrast. Molecular optical probes have been studied to image
receptor expression of cancer markers, angiogenesis, individual membrane proteins, cellular
signaling pathways, atherosclerosis [90-93] and a variety of other cellular and sub-cellular
targets in vivo. Despite the promise, optical imaging techniques have limited clinical
applicability because of substantial attenuation of optical signals. Newer approaches such as near
infrared imaging with a potential penetration depth of 10 cm in tissue may ultimately lead to the
development of optical tomographic imaging systems in the near-infrared spectrum [94].
However, it is anticipated that clinical approval of optical probes will be more difficult as
milligram concentrations of probes are often required for imaging, whereas molecular imaging
with radioactive probes (for PET and SPECT) generally requires only nanogram levels of
molecular imaging agents.

By combining two or more detection techniques using multi-modal probes it is possible to
combine the advantages of one imaging modality with another, and at the same time to reduce
the disadvantages of both. This synergistic combination of imaging modalities ensures enhanced
visualisation of biological targets thereby providing information on all aspects of structure and
function which is difficult to obtain by a single imaging modality [95].
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Figure 1.2. A comparison of imaging sensitivities and resolution of commonly used
molecular imaging modalities. Adapted from Zhou et al. [96].

1.4.

Mesothelin: A Target for Molecular Imaging

Mesothelin is a cell surface glycoprotein present at low levels on normal cells. It is highly
expressed in MM, ovarian cancer, pancreatic cancer and some other malignancies [97]. It is a
promising candidate for tumour specific therapy and diagnosis, given its limited expression in
normal tissues and high expression in mesothelial tumours [98]. The mesothelin gene encodes a
71-kDa precursor protein that undergoes glycosylation to yield a 40-kDa membrane-bound
protein termed mesothelin and a 31-kDa shed fragment called megakaryocyte-potentiating factor
(MPF) (Figure 1.3 A) [98]. Serum MPF has been shown to be a useful marker for the presence
12

of mesothelioma [99]. Many previous studies have commented on the existence of different
mesothelin variants (at least three) [100-103]. It has been commonly agreed that there is only one
variant which is predominantly present in human cell lines and tissues, and the remaining
variants could be a result of abnormal splicing [12,98,103,104]. It has also been recognized that,
there is only a minor difference (about 5%) in the amino acid sequences of the reported
mesothelin variants and therefore its impact for applications such as mesothelin-targeted therapy
and imaging is minimal [12,97,103]. Our experiments and the discussion throughout this
dissertation refers to this predominant mesothelin variant, which corresponds to GenBank
accession no. NM_005823.

The biological role of mesothelin is yet to be completely established. For example, Bera et al.
saw no phenotypical changes in mesothelin-deficient mice [105]. Some studies suggested that
mesothelin might have a role in cell adhesion; Rump et al. reported that mesothelin interaction
with CA125 (cancer antigen 125) mediates cell adhesion leading to the metastatic spread of
ovarian cancer [97,106]. Using a cell adhesion assay, Scholler et al. further confirmed that overexpression of mesothelin and its interaction with CA125 is associated with increased
proliferation, migration, and tumour volume, that is mediated by its role in cell adhesion (Figure
1.3 B) [107]. Kaneko et al. and Gubbels et al. determined that CA125 primarily binds with the
N-terminal portion of cell surface mesothelin [108,109]. Additionally, the authors suggested that
blocking of this interaction can inhibit cancer cell adhesion and may have a role in prevention of
metastatic spread (Figure 1.3 C) of mesothelin expressing cancers. In a phase I clinical trial with
therapeutic anti mesothelin antibody MORAb-009, Hassan et al. reported increased serum levels
of CA125, which decreased rapidly after stopping MORAb-009 therapy [110]. The authors
further suggested that inhibition of the mesothelin-CA125 interaction could be a useful strategy
to prevent tumour metastasis in mesotheliomas and ovarian cancers. Studies by Cheng et al.
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provide evidence that mesothelin expression is associated with chemoresistance and with shorter
disease-free survival and worse overall survival of patients with epithelial ovarian carcinoma
[111]. Bharadwaj et al. recently reported that mesothelin induces cell proliferation in pancreatic
cancer by altering cyclin E via activation of signal transducer and activator of transcription
protein 3 (Figure 1.3 E) [112]. A role of mesothelin in resistance of tumours to apoptosis
mediated by P13K pathway [113] as well as by extracellular signal-regulated kinase signalling
pathway (anoiksis, a subtype of apoptosis), has also been reported recently (Figure 1.3 F) [114].

Figure 1.3. Schematic representation of the maturation of mesothelin protein, its proposed
role and mechanisms involved.
Mesothelin precursor (71 kDa) undergoes translocation into the endoplasmic reticulum of the
cell resulting in removal of N-terminal signal peptide (red) and the C-terminal glycosylphosphatidylinositol (GPI) anchor addition signal (blue region). The latter is replaced with a GPI
anchor attached to the cell membrane. Cleavage at the furin site (green region) generates
membrane-bound 40 kDa mature mesothelin (yellow) and the 31 kDa secretory protein
megakaryocyte-potentiating factor (MPF-white) (A). Interaction of mesothelin with CA125
promotes tumour progression (B) and metastasis (C). Proteolytic cleavage or C-terminal deletion
causes mesothelin shedding into blood circulation (D). Mesothelin promotes cyclin E mediated
increase in cell proliferation (E) and activates P13K pathway leading to resistance to apoptosis
(F). Figure adapted from Hassan et al. [98,102].
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1.5. Mesothelin Expression in Human Cancers
Mesothelin is mainly expressed in epithelioid mesotheliomas, pancreatic adenocarcinomas and
epithelial ovarian cancers. About 50-70% of mesothelioma cancers are of the epithelioid type
[115]. In a study by Ordonez et al., it was found that all (100%) of the 44 epithelioid
mesotheliomas investigated expressed mesothelin [17]. Another group reported mesothelin
expression in 25 of 28 (89%) epithelioid mesotheliomas [116]. Onda et al. demonstrated that
epithelioid mesotheliomas, as well as the epithelioid component of biphasic mesotheliomas,
strongly express mesothelin, whereas sarcomatoid mesotheliomas were invariably negative for
this glycoprotein [17]. Recently Yaziji et al. showed that reactivity of antibodies towards
mesothelin can be used to distinguish epithelioid mesotheliomas for adenocarcinomas [117]. In
our own lab we have identified mesothelin expression in 15 out of the 17 epithelioid
mesothelioma cases that were tested by immunostaining (Figure 1.4). A detailed explanation of
these studies has been provided in Appendix A. Similar studies by many other authors have
reinforced the value of mesothelin for mesothelioma diagnosis [118].

Figure 1.4. Representative fluorescent microscopy image of a positive case (L) of
mesothelioma patient tumour sample from the post-mortem histology study. The cell nuclei
were stained blue with DAPI. The picture (L4) shows the mesothelin receptors stained red after
staining with primary anti-mesothelin antibody and texas-red conjugated secondary antibody.
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Argani et al. reported the presence of the mesothelin mRNA transcript by in situ hybridization
and RT-PCR, and verified expression of mesothelin by immunohistochemical analysis in all 60
surgically resected ductal pancreatic adenocarcinomas that were tested [11]. In another study,
Hassan et al. demonstrated that only pancreatic adenocarcinomas but not the adjacent normal
pancreas show mesothelin expression [16]. Furthermore, no expression of mesothelin was
detected in normal pancreatic tissues and chronic pancreatitis. Many other studies have reported
the over-expression of mesothelin in pancreatic cancers, thereby showing its potential as a
diagnostic biomarker and molecular target for imaging and therapy [119-123].

A study that used oligonucleotide microarrays to profile the expression of the mesothelin gene
for 150 carcinomas of different anatomic locations showed that serous carcinomas of the ovary
and pancreatic adenocarcinomas have the highest average expression of mesothelin. In the same
study, tissue microarrays containing 621 carcinomas from the same and additional sites as those
profiled by gene expression showed that mesothelin immunoreactivity was highest in cancers of
the ovary and pancreas [124]. In studies by Hassan et al., mesothelin expression was noted in 27
of 33 (82%) of serous ovarian cancers [18]. Chang et al. used anti-mesothelin monoclonal
antibody K1 (mAbK1) to demonstrate mesothelin expression in 10 out of 15 non-mucinous
epithelial ovarian carcinomas, but mesothelin expression was absent in all 4 mucinous ovarian
cancers examined [125]. Ordonez et al. further observed mesothelin expression in 14 of 14
serous, 3 of 3 endometrioid, 6 of 8 clear cell and 3 of 6 mucinous ovarian carcinomas using antimesothelin antibody 5B2 [126]. These findings indicate the presence of mesothelin expression in
most serous ovarian cancers, which constitute the majority of epithelial ovarian cancers and to a
lesser degree in other subtypes of ovarian cancer. Several other authors have further provided
evidence about the over-expression of mesothelin in ovarian cancers [12,127,128].
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In addition to the above, mesothelin is also commonly expressed in a large number of lung
cancers [116] as well as in squamous cell carcinomas found at different sites (cervix, lung and
head and neck carcinomas; endometrial adenocarcinomas) [126,129].

1.6. Mesothelin Shedding From Tumour Cells
Mesothelin is expressed at the surface of cells and released into body fluids through deletion at
its carboxyl terminus or by proteolytical cleavage from its membrane bound form (Figure 1.3 D)
[130]. This form of mesothelin is termed soluble mesothelin-related protein (SMRP) and has
been suggested as a serum biomarker for the diagnosis of mesothelioma, pancreatic and ovarian
cancers [119,131-138]. An ELISA based kit, Mesomark®, is commercially available for the
diagnosis and monitoring of mesothelioma. The kit detects SMRP in the serum of patients [139].
SMRP has also been suggested as a prognostic marker for monitoring therapy of mesothelin
expressing cancers [136,140]. In a clinical study, SMRP levels of patients with ovarian tumours
were lower than patients with benign tumours. SMRP levels increased significantly with disease
progression from early to advanced stage and were also characterized by poorer overall survival
[127]. Tajima et al. further showed that following chemotherapy the serum levels of SMRP were
significantly lower in patients showing partial response to therapy than in patients with stable or
progressive disease [141]. These results suggest that serum mesothelin can be used as a marker
for chemotherapeutic response in mesothelioma patients.

1.7. Mesothelin Targeted Immunotherapy
Due to its over-expression in many human cancers mesothelin is an attractive candidate for
cancer immunotherapy. Several groups have developed mesothelin targeted immunotherapeutic
agents (Table 1.1). Most notably, a recombinant immunotoxin SS1P (CAT-5001), a chimeric
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therapeutic antibody (MORAb-009) and Listeria monocytogene-mesothelin vaccine (CRS-207)
have all reached the clinical stage of development [110,142-144]. A phase I clinical study among
33 patients (with mesothelioma, ovarian, and pancreatic cancers) treated with recombinant
immunotoxin SS1P, showed complete resolution of ascites in at least 2 patients, while 50% of
the patients had stable disease [142]. In a separate preclinical study, the authors also reported
synergistic anti-tumour activity of immunotoxin SS1P and the chemotherapeutic drug Taxol® in
tumour bearing mice [145,146]. The authors now plan to conduct another clinical study using a
combination of chemotherapy with immunotoxin SS1P [102]. In another clinical study,
pancreatic cancer patients vaccinated with autologous tumour cells have shown increased
mesothelin-specific CD8+ T-cell response, including CD8+ T cells that are able to lyse
mesothelin-expressing tumour cells [147]. Many other preclinical studies with mesothelin
specific DNA vaccines have shown promise in inhibiting tumour growth in mice [123,148-150].
Brockstedt et al. demonstrated in preclinical studies that Listeria monocytogene-mesothelin
vaccine elicits human mesothelin-specific CD4+/CD8+ immunity in both mice and cynomolgus
monkeys, while exhibiting therapeutic efficacy in tumour bearing mice [144]. Based on these
findings, a Phase I clinical study was initialized. The results are still awaited. A study evaluating
mesothelin targeted adenoviral gene therapy demonstrated increased transduction rates resulting
in increased transgene expression in established ovarian cancer cell lines. The authors also tested
adenoviruses containing the mesothelin promoter in ovarian cancer cells and demonstrated that
mesothelin promoter is transcriptionally active in ovarian cancer cells, but has significantly
reduced activity in normal control cells. This study provides evidence that mesothelin could be a
potentially useful candidate for combined transductional and transcriptional targeting [151]. In
addition to above, several therapeutic antibodies (Table 1.2) have shown promise for
immunotherapy for mesothelin expressing cancers and have been discussed in section 1.7.
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Table 1.1. Clinical and pre-clinical immunotherapeutic agents designed to target
mesothelin antigen.
Agent

Class of Drug

HN1

Humanized
antibody

MORAb-009

Chimeric antibody

Mouse mAb
Listeria
monocytogenemesothelin vaccine
DT-A encoding Nanoparticles with
of DNA encoding a
DNA
diphtheria toxin
suicide protein (DTA)
Humanized mAb
m912
DNA vaccine
pcDNA3encoding human
Hmeso
mesothelin
22A31
CRS-207

Development
Stage
Pre-clinical

Phase II Clinical
Trial

Pre-clinical
Phase I Clinical
Trial
Pre-clinical

Pre-clinical
Pre-clinical

pcDNA3Hmeso540beta2m-A2
SS1P

DNA vaccines
employing singlechain trimers (SCT)
Recombinant antimesothelin
immunotoxin

90

Single-chain FvPre-clinical
streptavidin fusion
protein
(SS1scFvSA)
Advector containing Pre-clinical
mesothelin
promoter gene
Recombinant antiPre-clinical
mesothelin
immunotoxin

Y labelled
SS1scFvSA

Adenovirus

K1LysPE38QQR

Pre-clinical

Phase I Clinical
Trial

Comments
Kills mesothelin expressing
cells by antibody dependent
cell-mediated toxicity (ADCC)
[152].
ADCC. Enhances anti tumour
effects of chemotherapy
(Taxol®/MORAb-009)
[110,143]
ADCC [153]
Elicits human mesothelinspecific CD4+/CD8+ immunity
[144].
Gene therapy [123,148]

ADCC [154]
CD4+ and CD8+ T-cell immune
responses as well as the
humoral immune responses
leading to antitumour effects
[150].
Antigenic peptide-specific
CD8+ T cell immune responses
and anti tumour effects [149].
Kills cells by arrest of protein
synthesis and initiation of
programmed cell death after
binding and internalization to
mesothelin expressing cells
[142,155-157].
Radioimmunotherapy [158].

Gene therapy [151].

Kills cells by arrest of protein
synthesis and initiation of
programmed cell death [159].
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1.8. Antibodies Against Mesothelin
Amongst all the antibodies against mesothelin (Table 1.2), mAbK1 has been most extensively
studied for diagnostic as well as therapeutic purposes [18,160-162]. The anti-mesothelin mAbK1
has also been converted to a single-chain Fv (scFv) that is fused to a truncated form of
Pseudomonas exotoxin A (PE), resulting in a fusion protein (immunotoxin) SS1P [163]. In
another study, mAbK1 was chemically conjugated with LysPE38QQR to form immunotoxin K1LysPE38QQR. This construct was highly toxic to A431K5 cells (a human epidermoid carcinoma
cell line transfected with a mesothelin expression plasmid) with an IC 50 of 3-6 ng/ml. The
immunotoxin had negligible activity against A431 cells that do not express mesothelin (IC 50
>100 ng/ml). This immunotoxin also caused complete regression of tumours in nude mice
bearing mesothelin-positive human carcinoma xenografts [159]. Hassan et al. studied mAbK1
labelled with

111

In in athymic nude mice bearing one mesothelin-positive and one mesothelin-

negative subcutaneous tumour. The biodistribution study showed that the uptake in antigenpositive tumours was higher than blood levels at all time points, and the tumours contained a
high level of the radiolabelled mAb even at 7 days [164].

In 2005, two new antibodies, mAbMB and mAbMN were reported by Onda et al. which have
since become commercially available from Rockland Immunochemicals. Both these antibodies
are mouse antibodies which bind to mesothelin with high affinity (Table 1.2). The antibody 5B2
has been used for immunostaining of mesothelin expression in mesothelioma, pancreatic cancers
and ovarian cancers [16,17,126], but its utility for targeting mesothelin in vivo has not been
established. Recently, Yoshida et al. investigated the biodistribution of
mesothelin IgG antibodies and performed PET imaging with

64

111

In labelled anti-

Cu labelled fab fragments in
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tumour bearing mice. The authors’ reported preferential uptake of the imaging agents in
mesothelin positive tumours, and were also able to visualize the tumours by PET imaging.

In the past 3 years, a lot of progress has been seen in the development of therapeutic antimesothelin antibodies. Hassan et al. reported a human-mouse chimeric antibody MORAb-009,
which exhibits ADCC after internalization by mesothelin expressing cells of mesothelioma,
ovarian and pancreatic cancer. The authors further reported that a combination of Taxol® and
MORAb-009 results in synergistic effects, which caused complete tumour regression in 4 out of
7 mice treated with this combination, compared to none in the control groups [143]. A clinical
trial is currently in progress for MORAb-009, and the first results from the trial suggest a role of
MORAb-009 in inhibition of the mesothelin-CA125 interaction, which could be a useful strategy
to prevent tumour metastasis in mesotheliomas and ovarian cancers [110]. Ho et al. developed a
fully humanized antibody HN1 from a single chain Fv fragment (scFv) specific to mesothelin.
This IgG antibody kills mesothelin expressing cells via ADCC and also prevents the interaction
between mesothelin-CA125 [152]. Another humanized antibody, m912, was developed by Feng
et al. in fab, scFv, and IgG formats, and was shown to be able to specifically recognize and bind
cell surface-associated mesothelin with high affinity in all three formats. Further, the authors
also reported that in the presence of peripheral blood mononuclear cells, the IgG 1 form of m912
specifically lysed mesothelin-positive cells likely by ADCC but did not affect mesothelinnegative cells [154]. In another study, Inami et al. developed a mouse anti-mesothelin antibody,
22A31 which induced NK (natural killer) cell-mediated ADCC resulting in antitumour activity
in vivo [153].
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Table 1.2. Antibodies against mesothelin.
Availability

Reference

Format

Kinetic
Cell
dissociation toxicity
constant K d

Mouse
Mouse

IgG 1
IgG 2a

12 nM
0.6 nM

NA
NA

AbCAM
Rockland
Immunochemicals

[160]
[165]

MN

Mouse

IgG 2a

1 nM

NA

Rockland
Immunochemicals

[160]

5B2

Mouse

IgG 1

Unknown

NA

Novacastra Labs

[160]

Antimesothelin
IgG

Mouse

IgG 1 ,
Fab

4 to 8 nM

NA

Unknown

[166]

MORAb009

Mousehuman
chimeric

IgG 1

1.5 nM

ADCC

Morphotek

[110,143]

HN1

Human

IgG 1

3 nM

ADCC

Unknown

[152]

m912

Human

IgG 1, Fab 1.5 nM

ADCC

Unknown

[154]

22A31

Mouse

IgG

ADCC

Unknown

[153]

Antimesothelin
antibody

Type

mAbK1
MB

Isotype /

Unknown
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1.9.

Radiolabelled Antibodies in Diagnosis and Therapy of Cancer

The use of antibodies as radioactive tracers was pioneered by Pressman et al. in 1948, who
radiolabelled anti-mouse kidney anti sera and polyclonal antibody with 131I [167]. Subsequently,
the authors also obtained radioautographs of kidney tissue to demonstrate localization of activity
in kidneys [168]. Pressman et al. were also the first to demonstrate localization of

131

I labelled

anti-osteogenic sarcoma polyclonal antibodies in osteogenic tumours in mice for the purpose of
radioimmunodetection [169]. Further, in 1974, Mach et al. and Goldenberg et al., reported
localization of radioiodinated anti-CEA polyclonal antibodies CEA expressing tumour
xenografts in nude mice and in a Syrian hamster model, respectively [170,171]. Thereafter,
many other studies reported the use of radiolabelled polyclonal antibodies, but the nonspecificity and cross-reactivity due to their polyclonal nature limited their usefulness as
radiotracers for clinical use [172-174]. In 1975, Nobel laureates Kohler and Milstein developed
the hybridoma technology facilitating the manufacture of monoclonal antibodies with ability to
specifically bind antigens [175]. Monoclonal antibodies can be made against virtually any
biomolecule; therefore there is an opportunity to develop specific radiotracers that target many
physiological and pathophysiological processes of importance to cancer biology, diagnosis, and
therapy. This approach has led to advances in both diagnosis (radioimmunoimaging) and therapy
(radioimmunotherapy). 90Y-ibritumomab tiuxetan (Zevalin; IDEC Pharmaceuticals Corporation)
and

131

I-tositumomab (Bexxar; Corixa and GlaxoSmithKline Corporations) are FDA approved

radiolabelled antibodies for the treatment of cancer [6]. Both work by directing an antibody to
the CD20 antigen that is abundantly present on normal and malignant B cells of follicular nonHodgkin’s lymphoma. Radioimmunoscintigraphy using radiolabelled antibodies has also been
used for the diagnosis of various human solid tumours [176] and lymphomas [177]. The
commercial product arcitumomab (CEAscan) is a

99m

Tc-labelled fab fragment directed against
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CEA (carcinoembryonic antigen). Clinical trials with arcitumomab have been successful in
detecting colorectal cancer [7], including occult colorectal cancer when conventional imaging
methods, such as CT, are negative [178]. These tumours are difficult to diagnose and may be
missed by FDG-PET if well differentiated [179]. Capromab pendetide (ProstaScint) is an IgG1
murine mAb (7E11-C5.3) labelled with

111

In via linker-chelator, glycyl-tyrosyl-lysyl-

diethylenetriamine pentaacetic acid. Capromab pendetide reacts with an intracellular epitope of
prostate-specific membrane antigen, and has been shown to be advantageous primarily for the
detection of soft tissue lesions, especially lymph node metastases [180,181]. The imaging
technique is difficult to perform, and fusion imaging of capromab pendetide using SPECT with
CT or MRI is a highly valuable adjunct [180].

99m

Tc labelled fab fragment of the pancarcinoma

murine antibody NR-LU-10 (Nofetumomab merpentan - Verluma) has also been used as a
diagnostic imaging agent in staging patients with lung cancer [182].

1.10. Factors to be Considered for Selection of a Radionuclide for Imaging
Various selection criteria need to be considered when choosing a radionuclide for
radioimmunoimaging [183]:

a) The physical half life should be between 6 and 200 hours, which is sufficiently long to allow
imaging at the time when target to non-target ratio (T/N) reaches a maximum.
b) The gamma energy range (100-300 keV) matches with most of the clinically available
scanners in nuclear medicine.
c) Single energy gamma abundance per decay and a high photon density is desired for
obtaining high resolution.
d) It does not emit low abundance or low energy particulate radiation, so that the secondary
radiation dose to the patient is minimized.
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e) The daughter product of the radionuclide is stable, and thus prevents an exposure to
additional radiation dose from the daughter nuclei.
f) It can be produced in the carrier free form, so as to yield a radiolabelled product with high
specific activity.
g) It is easily available and has a reasonable cost.

Based on the above listed criteria, 99mTc with a physical half life of 6 hours is widely recognized
as the radionuclide of choice for most nuclear medicine studies, preventing excessive radiation
dose to the patient [184] and allowing for optimal imaging due to its major gamma line at 140
keV [183]. Other advantages of

99m

Tc include easy availability, and the fact that its decay

product has a very long half life which does not deliver any additional dose to the patients and
also does not obscure the image. In addition to 99mTc, 111In is another isotope commonly used in
nuclear medicine. 111In has a half life of 68 hours and major gamma energy lines at 171 and 245
keV, with no beta emission. 111In is especially suitable for imaging with antibodies due to ease of
radiolabelling via metal chelators as well as due to its sufficiently long half life that allows
imaging after a time period during which antibodies have cleared from the circulation, thus
reducing the background.

123

I and

I are other radionuclides of choice for γ-scintigraphy.
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However, their clinical applications are limited due to the high cost, poor availability and
relatively low in vivo stability [183,185].

1.11. Factors Affecting Accumulation of Antibody Conjugated Imaging Agents in Tumours
1. Antibody affinity
Binding of antibodies to tumour associated antigens (TAA’s) depends on their affinity for the
antigen. The antibodies with higher affinity (low dissociation constant, K d for the antigen)
usually lead to higher tumour uptake and better images. A K d value between 10 pM to 10 nM is
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usually considered ideal for imaging. An antibody with very high affinity (K d <10 pM), could
mean that its pharmacokinetics are heavily dependent on flow or permeability, while for a low
affinity antibody (K d >10 nM), it may be difficult to achieve sufficient specific binding to allow
targeted imaging [186].

2. Antigen concentration
A high concentration of TAA’s means higher availability of receptors for binding to antibody
molecules. As a result the tumours can take up a greater number of antibodies before being
saturated, which results in a higher concentration of specifically targeted molecular imaging
bioprobes in the tumours.

3. Blood flow
Blood flow to the tumour cells is essential for maintaining a supply of imaging bioprobes for
binding to the cells. This helps in achieving a concentration gradient between the blood and the
tumour, which is the driving force for diffusion of imaging agents from the vascular
compartment into the tumour. Higher and longer presence (long circulation time) of the imaging
agents in the blood will lead to higher accumulation of the imaging bioprobes in the tumours.
Blood flow to the tumours is affected by tumour size, so as the tumour enlarges with rapidly
dividing cancer cells outgrowing the blood supply, a necrotic tumour core is formed resulting in
lower activity uptake per weight of tumour tissue [183].
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4. Permeability
Tumour permeability depends on the hydrostatic pressure inside the tumours as well as the size
of the molecular bioprobes. In general, a low hydrostatic pressure and low molecular weight
(e.g., antibody fragments) of the bioprobes will lead to higher tumour permeability, resulting in
increased concentration of the imaging bioprobes inside the tumours.

5. Non-specific binding
Fc receptor mediated binding to cell membranes in liver, spleen, and blood accounts for a large
non-specific uptake of the antibody based molecular bioprobes, thus resulting in a decreased
amount of bioprobes available for specific targeting.

6. Distribution, metabolism and excretion
Biodistribution and metabolism of the molecular bioprobes is based on many factors. For
example, antibody fragments are mainly taken up and metabolized in kidneys whereas the whole
antibodies are metabolized in the liver [187,188]. Also the number of chelator molecules
attached to the antibody alters its biodistribution as an antibody with a higher number of attached
chelator molecules undergoes rapid removal by the liver [183]. The isoelectric point of the
antibody also impacts its biodistribution [189,190]. Chelator labelled antibody probes undergo
slower elimination compared to directly labelled probes. Whole antibodies undergo slower
elimination compared to lower molecular weight antibody fragments (fab and f(ab´) 2 ). The
presence of shed antigen in the circulation also alters the pharmacokinetics of the antibody by
forming immune complexes with the molecular bioprobes, which are then removed from the
blood circulation by spleen and liver. This results in lower uptake of the radiolabelled bioprobes
by the tumour.
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7. Antibody Dose
At low doses large proportion of the bioprobes can be taken up by the liver and spleen, resulting
in decreased availability for tumour localization [191].

1.12. Dual Modality Imaging with SPECT/MRI
Nuclear medicine imaging techniques, such as SPECT, allow non-invasive determination of in
vivo biodistribution of radiotracers at picomolar concentrations. By using specific radiolabelled
probes, functional information about molecular processes can be obtained using SPECT.
However, due to lack of anatomical references, SPECT images need to be co-registered with
anatomic images obtained by CT or MRI. MRI is advantageous to CT due to lack of ionizing
radiation, high soft-tissue contrast, and sensitivity to tissue alterations. Further, imaging with
contrast agents such as gadolinium and iron oxide extends MR into the domain of molecular
imaging, thus offering an excellent capability of examining soft tissues. Therefore, dual modality
imaging with SPECT and MRI not only provides anatomical references in an image but also acts
synergistically to combine the high spatial resolution associated with MR with the high
sensitivity of SPECT [192]. Dual modality imaging bioprobes would allow simultaneous
SPECT/MRI imaging, thus making possible the dynamic imaging with radiotracers and MRI
contrast agents. This would facilitate non invasive monitoring of treatment as well as study of
pharmacokinetics and metabolism of drugs. Additionally, simultaneous dual modality imaging
with MRI and SPECT can reduce the overall scan time, avoid multiple anesthesia sessions and
the errors associated with co-registration.

Despite the promise, simultaneous SPECT/MRI dual modality imaging technology is still in its
infancy, due to the technological challenges in operating a SPECT scanner within an MR
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instrument. PET and SPECT detectors based on scintillators coupled to photomultiplier tubes and
associated electronics commonly are highly sensitive to magnetic fields. SPECT instrumentation
also consists conducting and radiofrequency radiating components which can potentially
interfere with the MRI system. In addition, effects such as the induction of eddy currents, the
introduction of susceptibility artifacts, and an increase in temperature or vibrations induced by
the running of MRI sequences also create interferences with the nuclear detectors [193]. With the
development of gamma ray detectors based on avalanche photodiodes (APD’s) as well as
availability of fast scintillation materials like lutetium oxyorthosilicate (LSO), it has become
possible to incorporate fully magnetic-field-insensitive high-performance PET detectors within
PET/MRI scanners [193-195]. An initial study using a similar hybrid PET/MRI system has
demonstrated the feasibility of structural, functional, and molecular imaging of brain tumours in
patients [196]. Similar design principles apply to the development of SPECT/MRI scanners,
where semiconductor detectors (cadmium–zinc–telluride [CZT]) used in small-animal SPECT
were shown to be insensitive to magnetic fields up to 7 T, leading to the development of a
prototype for simultaneous SPECT/MRI systems [197]. Further, Hamamura et al. have recently
demonstrated that simultaneous SPECT and MRI data acquisition is feasible, justifying the
further development of SPECT/MRI for small-animal and whole-body human imaging. The
research in this dissertation focuses on developing SPECT/MRI imaging agents for use with
such dual modality scanners.

1.13. Contrast Agents Used in MRI
There are essentially two types of agents used in MRI classified as T 1 and T 2 contrast agents.
Although all contrast agents produce both T 1 (longitudinal) and T 2 (transverse) relaxation, the
type of relaxation produced to a greater extent defines how we classify them. The ability of MR
contrast agents to produce relaxation is expressed in terms of relaxivity. The relaxivity value is a
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parameter that describes the enhancement of the water proton relaxation rate (1/T 1 or 1/T 2 ) in
solutions containing 1 mM of the magnetic solute. Due to low concentration of biological
targets, contrast agents with high sensitivity are required for molecular imaging. This is a
challenge, as most contrast agents are not very sensitive. Considerable research has thus focused
on the design of metal complexes with high relaxivity values. Paramagnetic complexes of metal
ions with symmetric electronic ground states, such as gadolinium (Gd(III)) and Manganese
(Mn(II)), produce T 1 contrast due to an ability to catalyze the relaxation process of surrounding
water protons, commonly expressed in terms of the longitudinal relaxivity (r 1 ). The
paramagnetic metal complexes produce hyperintensity (bright contrast) in T 1 -weighted MR
images as a consequence of predominantly longitudinal relaxation process, whereas T 2 contrast
agents produce a hypointense (dark) contrast due to higher transverse relaxation.

Superparamagnetic iron oxide nanoparticles (SPIONs) are able to efficiently shorten T 2 , and
particularly T 2 * (contribution of both transverse relaxation and local magnetic field nonuniformities), of water protons and therefore have been utilized as MR imaging probes for
molecular imaging experiments [198]. T 2 shortening is a result of increase in transverse
relaxation characterized by change in relaxation rate of protons in the surrounding water [199].

SPIONs typically consist of a crystal core of magnetite (Fe 3 O 4 ) and maghemite (Fe 2 O 3 ) coated
with a suitable material with an overall diameter between approximately 60 and 250 nm
[200,201]. Size characteristics play an important role in determining the pharmacological and
magnetic properties of SPIONs. Particles with monodisperse population of crystal cores and high
degree of crystallinity are important to achieve good relaxivity characteristics required to obtain
imaging probes with high sensitivity. SPIONs in the size range of 20−50 nm are typically
characterized by a higher r 2 value. For in vivo applications, the particle needs to be coated with a
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suitable biocompatible material to prevent aggregation and sedimentation and to improve
stability. In addition, the surface coating is also critical for defining the pharmacokinetic
behavior of the particle, since the nanoparticles, when introduced into the body are recognized as
foreign and undergo phagocytic uptake into the macrophage-rich organs like spleen and liver.
Coatings such as PEG (poly ethylene glycol) reduce the ability of serum proteins to recognize
the particle and thus prolong circulation times in the blood pool [202]. In addition to PEG,
materials such as dextran, starch, and silica are frequently utilized as coating materials for
SPIONs [203-205].

Targeted imaging with iron oxide particles is often pursued because the particles have sensitivity
in the nanomolar range. The clinical use of SPIONs is primarily in the detection of liver and
lymph node lesions [206,207]. Recently, it has been shown that antibodies conjugated with
SPIONs can non-invasively image HER-2 expressing cells or tissues both in vitro and in vivo by
MRI [208]. In another study, 64Cu labelled-SPION probes produced strong MR and PET signals
and were stable in mouse serum for 24 hours at 37˚C making them attractive for the development
of dual modality PET/MRI bioprobes. The good sensitivity and the ability to be efficiently taken
up by cells, either by passive or active means, are specific advantages associated with SPIONs
for MR imaging. However, the uptake of SPIONs by phagocytic cells make it necessary to use
specific target approaches for their delivery into tumours or other cells of interest (e.g., cardiac
myocytes, endothelial cells [209-211]). In addition to iron oxide based nanoparticles, other
nanosystems utilizing bimetallic cores, e.g., iron cobalt (FeCo) or manganese ferrite (MnFe 2 O 4 ),
have shown promise for developing T 2 contrast agents with higher relaxivity [212-214]. Such
nanoparticles are still at the preclinical stage of development and their clinical translation will
require a careful assessment of their toxicity.
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1.14. Dissertation Overview
The work in this dissertation is aimed towards the development of molecular mesothelin imaging
bioprobes. The work is based on the premise of using anti-mesothelin monoclonal antibodies as
specific targeting ligands for the delivery of radionuclides and magnetic nanoparticles as motifs
for SPECT and MR imaging, respectively. The development of a molecular imaging bioprobes
will provide a powerful diagnostic tool for early diagnosis and monitoring of mesothelioma,
pancreatic and ovarian tumours, which are all cancers that express mesothelin.

In chapter 2 of this dissertation, studies using

99m

Tc labelled mAbK1 antibody and its fab and

f(ab´) 2 fragments are described. Both direct and indirect labelling methods were investigated for
the development of the radiolabelled probes. The in vitro properties of the radiolabelled probes
were determined using mesothelin expressing NCI-H226 cells. Biodistribution and tumour
uptake of

99m

Tc labelled, mAbK1, and its fab and f(ab´) 2 fragments were evaluated in tumour-

bearing mice.

In chapter 3, the characteristics of

111

In labelled mAbMB were investigated and compared to

111

In labelled mAbK1. In vitro and in vivo studies were performed using mesothelin transfected

A431K5 cells. Biodistribution and SPECT/CT imaging studies were performed in tumour
bearing mice to determine the suitability of the radiolabelled probes for imaging mesothelin
expressing tumours.

In chapter 4, conjugates of

111

In labelled mAbMB with SPIONs were developed and further

examined using in vitro and in vivo studies. The relaxometric properties and cellular uptake of
the conjugates were investigated in order to determine whether the conjugates are adequate
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SPECT/MRI dual modality molecular imaging bioprobes. Biodistribution and MR imaging
properties of the dual modality probes were evaluated in tumour bearing mice.

1.15. Research Objectives
This work addresses the need for molecular imaging bioprobes so that tumours expressing
mesothelin antigen can be imaged. The main objectives of the work described in this dissertation
are:

1. To radiolabel the anti-mesothelin antibody mAbK1 and its fab and f(ab´) 2 fragments with
99m

Tc, and evaluate biodistribution and tumour uptake in tumour bearing mice.

2. To develop molecular bioprobes by radiolabelling the anti-mesothelin antibody mAbMB
with 111In and evaluate its potential for imaging mesothelin expressing tumours in mice.
3. To develop dual modality SPECT/MRI imaging bioprobes by conjugating the

111

In-labelled

mAbMB antibody to magnetic nanoparticles and test their biodistribution and MR imaging
properties in tumour bearing mice.

1.16. Impact of Research
Molecular imaging will have a tremendous impact in the development of innovative diagnostic
tools for early diagnoses and therapeutic treatment monitoring. The design of molecular imaging
agents that probe molecular processes is central to molecular imaging. For mesothelioma,
ovarian and pancreatic cancers, which all over-express mesothelin, molecular imaging is
expected to play a pivotal role in improving patient survival by detecting the cancers early,
staging them more exactly, and monitoring therapy success.

33

The work in this dissertation provides direct evidence of the potential of mesothelin directed
molecular imaging of cancers. The data from chapter 3, for the first time demonstrates successful
SPECT/CT imaging of mesothelin expressing tumours. The results show that an

111

In labelled

antibody mAbMB has the potential to being translated into clinical use. Such radiolabelled
imaging bioprobes would be useful in the early detection of tumours, as well as the assessment
of patient response to therapy.

Data from chapter 4 is highly relevant for the development and validation of multimodality
probes, especially for SPECT/MRI imaging. With the recent progress in the development of
SPECT/MRI scanners, such probes will be required to take advantage of the synergism between
the two imaging modalities. The development of multimodal probes is especially important for
cancers of pancreas, ovaries and mesothelioma, for which better imaging techniques are direly
needed for early detection as well as successful therapy.

The findings of chapter 2 shed light on the need for appropriate cell models and antibodies for
the development of mesothelin targeted imaging as well as therapeutic agents and therefore is of
high significance to the related pre-clinical research. The

99m

Tc labelling method developed for

radiolabelling of fab and f(ab´) 2 fragments, provides a new bioconjugation method for labelling
biomolecules via histidine-modified tridentate ligand.
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Chapter 2: Evaluation of Technetium-99m Labelled Antimesothelin Antibody mAbK1 and its fab and f(ab´) 2 Fragments in a
Mesothelin Expressing Cell Model.
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2.1.

Introduction

2.1.1.

99m

Tc Labelled Anti-mesothelin Antibody mAbK1

Specific molecular bioprobes in the form of anti-mesothelin radiolabelled antibodies have
enormous potential to be used for mesothelin directed imaging of mesotheliomas, pancreatic and
ovarian cancers. The first anti-mesothelin antibody, mAbK1 was reported by Chang et al. in
1992. They isolated mAbK1 from the spleen lymphocytes of mice immunized with periodatetreated human ovarian carcinoma (OVCAR-3) cells [125]. Other commercially available mouse
monoclonal anti-mesothelin antibodies are mAb5B2, mAbMN and mAbMB. While none of the
above antibodies has cytotoxic effects, two cytotoxic antibodies MORAb-009 and m912 have
recently been reported. MORAb-009, a chimeric antibody is currently being investigated in a
clinical trial for the treatment of mesothelin expressing mesothelioma, pancreatic, non-small cell
lung and ovarian cancers [143]. M912 is a fully humanized antibody which is promising for
therapy of mesothelin expressing cancers [154].

Among several available anti-mesothelin antibodies, mAbK1 has been the most extensively
studied [18,160-162] and was considered the most appropriate candidate for our experiments
because of promising results reported in many previous studies [142,155,159,163,164]. Hassan
et al. studied mAbK1 labelled with

111

In in athymic nude mice bearing one mesothelin-positive

and one mesothelin-negative subcutaneous tumour. The biodistribution study showed that the
uptake in antigen-positive tumours was higher than blood levels at all time points, and the
tumours contained a high level of the radiolabelled mAb even at 7 days [164]. These studies
show that the mAbK1 efficiently recognizes and targets the mesothelin expressing cells and is
promising for diagnostic as well as therapeutic purposes.
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99m

Tc with a physical half life of 6 hours is widely recognized as the radionuclide of choice for

most nuclear medicine studies, preventing excessive radiation dose to the patient [184] and
allowing for optimal imaging due to its gamma energy of 140 keV [183]. The ability to
successfully incorporate

99m

Tc into targeting molecules is the foremost consideration in

99m

Tc based diagnostic radiopharmaceuticals.

developing

99m

Tc labelling of antibodies and their

fragments has been a subject of considerable research and both direct and indirect labelling
methods have been explored by researchers in the past [215-217]. Direct methods rely on
covalently linking

99m

Tc with the endogenous thiols of the antibody produced after reduction of

its inter-chain and intra-chain disulfide bridges. Indirect methods work by incorporating a
bifunctional chelator between the biomolecule and 99mTc, which acts as a strong chemical tether
to hold

99m

method for

Tc within the radiopharmaceutical complex. Alberto et al. described an indirect
99m

Tc labelling using the

99m

Tc(I) tricarbonyl ([99mTc(CO) 3 ]+) core, which has been

commonly employed in recent years [218]. The [99mTc(CO) 3 ]+ core is advantageous as it
provides an ideal geometry for the labelling of chelators with high specific activity, while also
being small, kinetically inert and stable to oxidation. Bioconjugates incorporating the
[99mTc(CO) 3 ]+ core have been developed for various biomolecules including carbohydrates
[219,220], peptides [221,222], recombinant proteins [223] and nucleotides [224]. Until now, the
labelling of targeted biomolecules such as scFv’s [225], nanobodies [226], minibodies [227] and
affibodies [228] with the tricarbonyl core has typically been accomplished via histidine tags
produced by protein engineering techniques. To our knowledge, for antibodies and antibody
fragments that are not genetically engineered to express histidine tags, bifunctional chelator
mediated labelling with [99mTc(CO) 3 ]+ core has not been reported yet.
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2.1.2. Improving Tumour Penetration with Antibody Fragments
For imaging, it is critical to achieve high tumour uptake of the antibody as well as high tumour
to blood ratio. The elevated interstitial pressure in tumours arising from inadequate lymphatic
function often slows or impedes tumour penetration of the whole IgG molecule [229]. It is
therefore important to consider strategies to prevent low uptake due to fast clearance or tissue
binding of mAbK1. Promising in this regard is the use of antibody fragments that still contain
the antibody binding sites such as fab (~50 kDa) or f(ab´) 2 (~100 kDa). To select the most
optimal form of the targeting molecule, we decided to evaluate both fab and f(ab´) 2 fragments
along with the whole mAbK1 for their suitability as an imaging probe to target mesothelin.

2.1.3. Current Study Outline
The aim of this study was to evaluate the potential of the anti-mesothelin antibody mAbK1 and
its fragments fab and f(ab´) 2 (Figure 2.1 A, B & C) to selectively accumulate at the tumour site
and allow diagnostic radioimmunoimaging. The experiments presented in this chapter are
outlined in the schematic shown in Figure 2.2. For the in vitro characterization and in vivo
biodistribution studies, we chose NCI-H226 cells, which have shown highest mesothelin
expression amongst the established cell lines as reported by Fan et al. [157]. Antibody mAbK1
(whole IgG) was radiolabelled with

99m

Tc using a direct labelling approach.

99m

Tc labelling of

fab and f(ab´) 2 fragments was accomplished using a N-(o-phenol)-histidine chelator.
labelled mabK1 (99mTc-mAbK1), fabK1 (99mTc-fabK1) and f(ab´) 2 K1 (

99m

Tc

99m

Tc-f(ab´) 2 K1)

radioimmunoconjugates were characterized in vitro for stability and immunoreactivity. Finally,
SCID mice bearing NCI-H226 tumours (mesothelin positive) and LCC6-HER2 tumours
(mesothelin

negative),

were

intravenously

injected

with

different

99m

Tc

labelled

radioimmunoconjugates and biodistribution was determined at different time intervals post38

injection. Mesothelin expression of excised NCI-H226 tumours was verified by Western blot
studies.

Figure 2.1. Schematic picture of A) mAbK1, B) f(ab´) 2 fragment and C) fab fragment.
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Figure 2.2. Experimental overview of chapter 2.
mAbK1 and its fab and f(ab´) 2 fragments were radiolabelled with 99mTc. Radiochemical purity
was determined by ITLC followed by stability studies using cysteine challenge. A saturation
binding assay on mesothelin expressing NCI-H226 cells was used to determine the binding
affinity (K d -dissociation constant) of 99mTc-mAbK1, 99mTc-fabK1 and 99mTc-f(ab´) 2 K1.
Immunoreactivity of the radioimmunoconjugates was determined in presence of infinite antigen
excess, by a cell binding assay. Biodistribution studies were carried out in SCID mice bearing
subcutaneous xenografts of NCI-H226 (mesothelin positive; neck) and LCC6-HER2 (mesothelin
negative; lower back). Radioimmunoconjugates were injected through the tail vein and
biodistribution determined at 8 hours, 24 hours and 48 hours for 99mTc-mAbK1 and at 4 hours, 8
hours and 24 hours for 99mTc-fabK1 and 99mTc- f(ab´) 2 K1. Mesothelin expression of excised
tumours was verified by Western blot.
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2.2.

Materials

All chemicals and reagents were purchased from Sigma, Aldrich (Oakville, Ontario, Canada).
The mAbK1 antibody was purchased from Abcam (Cambridge, Massachusetts, U.S.A.), ITLC
strips were obtained from Biodex (Cat# 150−005; Biodex, Shirley, New York, U.S.A.), mouse
IgG1 fab and f(ab´) 2 preparation kit was purchased from Thermo Scientific (Rockford, Illinois,
U.S.A.). The Isolink kits were received as a generous gift from Mallinkrodt (now Covidien, St.
Louis, Missouri, U.S.A.) and [99mTc(H 2 O) 3 (CO) 3 ]+ was prepared according to the
manufacturer’s instructions. Sodium pertechnetate was obtained from Vancouver General
Hospital (Vancouver, Canada). The cell culture media and supplements were obtained from
Invitrogen (Burlington, Ontario, Canada). The mesothelioma cell line NCI-H226 (mesothelin
positive) and the breast cancer cell line LCC6-HER2 (mesothelin negative) were generously
provided by Drs. Wan Lam and Donald Yapp, respectively, from the British Columbia Cancer
Research Centre (Vancouver, Canada). Ultracel-YM30 (30 kDa cut off) and YM100 (100 kDa
cut off) microconcentrators were purchased from Millipore Corporation (Billerica,
Massachusetts, U.S.A.). Reagents for electrophoresis were purchased from BIO-RAD
Laboratories (Mississauga, Ontario, Canada). The radioactive TLCs were autoradiographed
using a phosphor imager (Cyclone storage phosphor imager with 20×25 cm2 phosphor screen;
Perkin-Elmer, Waltham, Massachusetts, U.S.A.) and analyzed using OptiQuant software.
Activity measurements were carried out using a Packard Cobra II gamma counter (Perkin-Elmer,
Waltham, Massachusetts, U.S.A.).
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2.3.

Methods

2.2.1.

99m

Tc Labelling of mAbK1 Antibody

The full size mAbK1 antibody was radiolabelled with

99m

Tc by the direct labelling method

known as ‘pretinning method’ [230]. In this method, the disulfide groups of the antibody are
reduced to generate thiol residues (SH) which can then directly bind 99mTc [231,232]. Briefly, a
freshly prepared 0.5 M SnCl 2 (50 µl) solution in concentrated HCl was added to a 5 ml solution
of 40 mM potassium phthalate/10 mM potassium sodium tartrate. The pH was adjusted to about
5 with NaOH (10 N). From this solution, 13.3 µl was aliquoted and incubated with 20 µg of the
IgG antibody (purified previously using 100 kDa microconcentrators) for 21 hours at room
temperature under N 2 . The reduced antibody was then incubated with 9 MBq of Na99mTcO 4 for
1 hour at RT. The radiochemical yield was determined by Instant Thin Layer Chromatography
(ITLC). ITLC measurements were carried out three separate systems to quantify 99mTc-mAbK1,
free [99mTc] pertechnetate and 99mTc-colloid [233].

1. System I (ITLC-SG plates in saline): R f [99mTc] pertechnetate)=1, R f (99mTc- mAbK1 and
colloid) = 0

99m

Tc-

2. System II (Whatman 3 MM chromatography strips in acetone): R f ([99mTc]pertechnetate) =1,
R f (99mTc- mAbK1, 99mTc-colloid) = 0

3. System III (ITLC-SG strips / 5 mg/ml HSA in ethanol: ammonium hydroxide: water = 2:1:5):
R f (99mTc-colloid) = 0, R f (99mTc-mAbK1 and [99mTc]pertechnetate) = 1
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The radioactive TLC strips were visualized using a phosphor imager (Cyclone storage phosphor
imager with 20 × 25 cm2 phosphor screen, Perkin-Elmer, Waltham, MA, USA) and analyzed
using Optiquant software.

Ellman’s Assay

The number of reduced thiol groups per mAbK1 antibody was determined using Ellman’s assay.
Both a 2 mM stock solution of cysteine and a 4 mg/ml solution of Ellman’s reagent (5-5´dithiobis (2-nitrobenzoic acid)) were prepared freshly in 0.1 M sodium phosphate (pH 8.0)
buffer. A standard curve was generated using various dilutions of the cysteine stock solution
mixed with 0.5 ml of Ellman’s reagent solution followed by incubation at room temperature for
2 hours. The test solutions of reduced antibody, non-reduced antibody, and reagent blank were
prepared similarly. The absorbance was read at 413 nm in a UV-visible spectrophotometer. The
absorbance values obtained from the standard curve of known thiol concentrations were
correlated with the values obtained for the test solutions for determination of the number of thiol
groups.

2.2.2. Synthesis of N-(o-phenol)-Histidine Chelator
N-(o-phenol)-histidine (L1) was synthesized by adding salicylaldehyde (0.79 g, 6.5 mmol) in 15
mL of EtOH, to a solution of L-histidine (1 g, 6.5 mmol) in 15 mL of H 2 O and stirred for 3
hours at room temperature. NaBH(OAc) 3 (2.5 g) was added in small portions and mixture stirred
overnight at room temperature. The white solid was filtered off, washed with EtOH and dried
under vacuum (Figure 2.12). 1H NMR (DMSO, HCl; 300 MHz) δ 3.24 – 3.45 (m, 5H), 6.81 (t,
1H), 6.89 (d, 1H), 7.22 (t, 1H), 7.31 (d, 1H), 7.34 (s, 1H), 8.91 (s, 1H); Anal. Calcd. (Found) for
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C 13 H 15 N 3 O 3 : hours 5.79 (5.88), C 59.74 (59.22), N 16.09 (15.97); ESI+ m/z 262 [M + H], 284
[M + Na]; ESI- m/z 260 [M – H].

2.2.3. Preparation and Radiolabelling of fab and f(ab´) 2 Fragments
The antibody fragments of mAbK1 were prepared using the mouse IgG1 fab and f(ab´) 2
preparation kit that utilizes immobilized ficin (Pierce Biotechnology, IL, USA). Ficin generates
fab fragments in the presence of 10 mM cysteine when incubated for 5 hours, and f(ab´) 2
fragments in the presence of 1 mM cysteine when incubated for 15-20 hours. Different fractions
containing fab or f(ab´) 2 were collected, pooled, and concentrated using microconcentrators with
30 kDa and 100 kDa cut-off to yield the fab and f(ab´) 2 fractions, respectively. Bradford’s assay
(Sigma) was carried out to determine the protein concentrations of the fab and f(ab´) 2 fractions
and a non-reducing western blot (method similar to 2.3.9 in non-reducing conditions) was
carried out to confirm the molecular weight of fragments. Radiolabelling of fab and f(ab´) 2 was
performed using the bifunctional chelate approach. The carboxylate group of L1 was reacted
with the free amines of the antibody fragments by carbodiimide coupling. A 25 µl solution of
freshly prepared 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) (3 mg EDC + 6 mg
NHS (N-hydroxysuccinimide in 0.5 ml of 2-(N-morpholino) ethanesulfonic acid (MES) buffer
pH 4.5) was added to 50 µl of L1 solution (6 mg in 1 ml MES buffer, pH 8.0). From this
solution, 22.5 µl was added to 10 µg of antibody solution (fab or f(ab´) 2 ) in 10 µl MES buffer
(pH 4.5). The reaction mixture was adjusted to pH 7.0 and incubated for 20 hours at room
temperature. The antibody-ligand solution was then buffer exchanged into MES buffer, pH 9.0
using microconcentrators with 30 kDa cut off. [99mTc(H 2 O) 3 (CO) 3 ]+ (9 MBq) was then added to
the antibody–L1 solution and incubated at 60°C on an Eppendorf thermomixer at 1000 RPM for
30 min to complete the

99m

Tc-labelling step. The radiochemical yield was determined by ITLC

using 0.9% saline as the mobile phase. The radioactive TLC strips were analysed using
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autoradiography (phosphor imaging) using Optiquant software. Rapid purification of
radioimmunoconjugates with centrifugal filters was carried out to separate the impurities in the
form of

99m

Tc colloid and pertechnetate. A control experiment was also carried out to label

fabK1 fragments with [99mTc(CO) 3 ]+, in the absence of the chelator.

2.2.4. Stability Studies: Cysteine Challenge
99m

Tc-mAbK1,

99m

Tc-fabK1 and

99m

Tc-f(ab´) 2 K1 were incubated with 1 mM cysteine solution

(20,000-fold molar excess over antibody concentration) at 37°C and aliquots were taken at 1
hour and 24 hours. Radiochemical yield measurements were done to determine the stability of
99m

Tc-mAbK1 to transchelation by cysteine. Control measurements of the respective samples

were carried out by incubation with 0.9% saline. The percentage of

99m

Tc displaced by cysteine

was determined by ITLC using 0.9% saline as mobile phase.

2.2.5. Cell Culture and Immunofluorescence / Immunocytochemistry Studies
NCI-H226 and LCC6-HER2 cells were cultured in RPMI-1640 medium and Dulbecco’s
Modified Eagle medium supplemented with 10% fetal bovine serum, respectively, at 37°C in a
humidified atmosphere in the presence of 5% CO 2 .

Immunohistochemical staining was carried out on non-permeabilized NCI-H226 cells.

99m

Tc

labelled mAbK1 was used as a primary antibody for the study. The cells were cultured on glass
cover slips in a 12-well plate and grown to >70% confluency and processed for mesothelin
immunocytochemistry. Briefly, cells were washed with PBS and fixed with 4%
paraformaldehyde for 20 min on ice. Subsequently, the cells were incubated with 5% normal
goat serum for 1 hour at room temperature to block non-specific binding of antibodies. 99mTc
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labelled mAbK1 solution was prepared in 1% normal goat serum (1: 400) and the cells were
incubated at 4°C overnight. On the next day, the cells were washed with PBS and incubated with
a Texas red-conjugated goat anti-mouse secondary antibody (1:1000; Jackson ImmunoResearch,
West Grove, Pennsylvania, U.S.A.) for 1 hour at room temperature. Following subsequent
washes with the cover slips were mounted onto slides. Slides were also prepared in the absence
of primary antibody to confirm its specificity. Images were captured on a Leica DMLB
microscope (Leica Microsystems Inc, Bannockburn, Illinois, U.S.A.) with attached Retiga
2000R camera and processed using Image J software [234].

2.2.6. Determination of Immunoreactivity
The immunoreactivity of mAbK1 and its fab and f(ab´) 2 fragments labelled with

99m

Tc were

determined by a cell binding assay described by Lindmo et al. [235]. Varying concentrations
(1×106 cells/ml to 5×106 cells/ml) of mesothelin expressing NCI-H226 cells were incubated with
200 ng of 99mTc-mAbK1 or 100 ng of the 99mTc-fabK1 or 99mTc-f(ab´) 2 K1 fragments on a rocker
at 4°C for 2 hours. Following centrifugation, the supernatant was removed and the cells were
washed with the binding buffer (PBS with 1% BSA) and counted in a γ-counter. This represents
the total binding of

99m

Tc- mAbK1 (or fabK1 and f(ab´) 2 K1) to NCI-H226 cells. To determine

non-specific binding, a second set of experiments was done exactly as described above except
that an excess of unlabelled mAbK1 (10 µg) was added to the Eppendorf tubes containing
different concentrations of cells prior to the addition of 99mTc-mAbK1 (or fabK1 and f(ab´) 2 K1).
The difference between total and non-specific binding is the specific NCI-H226 cell binding
[164]. The immunoreactivities were calculated from the Y-intercept of the double reciprocal plot
of fraction of the radioactivity specifically bound vs. the cell number.
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2.2.7. Saturation Binding - K d and B max Determination
Radioligand saturation cell binding experiments were carried out for determination of the
dissociation constant K d for

99m

Tc-mAbK1,99mTc-fabK1 and

99m

Tc- f(ab´) 2 K1 and maximum

number of binding sites (B max ) for NCI-H226 [236]. The average number of mesothelin
receptors present on NCI-H226 cells was calculated by conversion of the B max values. Briefly,
about 50,000 NCI-H226 cells/well were plated overnight in a 24 well plate. Adherent cells were
then incubated in serum-free culture media with increasing concentrations (0–80 nM) of
mAbK1,

99m

Tc-fabK1 and

99m

Tc-

Tc-f(ab´) 2 K1 in a total volume of 500 μl for 3 hours at 4˚C. The

99m

cells were then washed twice with ice-cold PBS to remove unbound radioactivity, dissolved in
0.1 M NaOH and analyzed in a γ-counter. Prism® Version 5.0 software (GraphPad Software, San
Diego, CA, USA) was used to fit the total binding values against the concentration of unbound
radiolabelled antibodies, to a one-site saturation binding model. K d and B max were determined
using this model by fitting only total binding, assuming that the amount of nonspecific binding
was proportional to the concentration of radioligand.

2.2.8. Tumour Uptake and Biodistribution
Tumour uptake and biodistribution experiments were carried out in male C.B-17 SCID mice
(Taconic, Germantown, New York, U.S.A.). 99mTc labelled mAbK1, fabK1 and f(ab´) 2 K1 were
tested in 3 separate studies each consisting of 3 groups of 5 animals. Each mouse was injected
with 10×106 NCI-H226 cells (mesothelin positive) in the upper back and 10×106 LCC6-HER2
cells (mesothelin negative) in the lower back. When tumours reached a size 0.5-1 cm in
diameter, the mice were injected intravenously with 10-18 MBq of
or

99m

Tc-mAbK1,

99m

Tc-fabK1

99m

Tc-f(ab´) 2 K1. Five animals from each group were euthanized at 4 hours, 24 hours and 48

hours (or 4 hours, 8h and 24 hours for

99m

Tc-fab and

99m

Tc-f(ab´) 2 ) after injection and major
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organs were harvested. The radioactivity associated with each organ was analyzed on a γ-counter
to obtain the biodistribution data. To compare the specific localization of the radioactivity in the
tumours to that in blood or normal tissues, the ratio of radioactivity in the tumour or normal
tissue to that in blood was determined by dividing the activity concentration of tissue by activity
concentration of total blood. Animal experiments were carried out in accordance with the
guidelines of the University of British Columbia Animal Care Committee.

2.2.9. Western Blotting
The verification of mesothelin protein expression in the harvested tumours was performed by
Western blot using the anti mesothelin antibody mAbMB (Rockland Immunochemicals,
Gilbertsville, Pennsylvania, U.S.A.). NCI-H226 cells in culture dishes were washed with
phosphate-buffered saline (PBS) and lysed in 1 ml of RIPA buffer [150 mM NaCl, 1% nonyl
phenoxylpolyethoxylethanol, 0.5% Na deoxycholate, 0.1% Na dodecylsulfate, 50 mM Tris-HCl
(pH 7.5), 1% protease inhibitor cocktail (Sigma)]. The cell lysates were centrifuged at 8,000 rpm
(5223 g) for 10 min at 4°C and the supernatant was collected. Tumour lysates were prepared by
homogenizing frozen tumour (H1-H6: Six NCI-H226 tumours, L1-L6: Six LCC6-HER2
tumours) and samples in 1 ml of ice-cold homogenization buffer [10 mM EGTA, 2 mM EDTA,
25 mM sucrose, Tris-HCl 20 mM (pH 7.5), 1% protease inhibitor cocktail], followed by
sonication for 10 seconds. The tumour lysates were centrifuged at 11,000 rpm (9875 g) for 10
min at 4°C and the supernatant was collected. Samples were prepared for electrophoresis in
Laemmli sample buffer (Bio-Rad) containing, 5% v/v of 2-mercaptoethanol (Bio-Rad). The
samples were heated at 99°C for 5 min and fractionated using SDS-polyacrylamide gel (12%
gel) and then transferred onto a nitrocellulose Hy-Bond ECL membrane (Amersham Ltd.
Oakdale, Ontario, Canada). The membrane was then washed with 5% milk in Tris-Buffered
Saline Tween-20 (TBST) for 1 hour at room temperature (RT) followed by incubation with the
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primary antibody 5% BSA in TBST at 1:1000 dilution overnight at 4°C. Secondary antibody
1:5000 (horseshoe peroxidase-labelled goat antimouse IgG; Jackson ImmunoResearch
Laboratories) was incubated for 1 hour at RT followed by chemiluminescence detection using
the ECL Western blotting detection kit (Amersham) according to the manufacturer's suggested
protocol. Images were captured using an Alpha Innotech FluorChem 8800 gel box imager
(Alpha Innotech Co., San Leandro, California, U.S.A.). The bands were quantified by
densitometric analysis using FluorChem software (Alpha Innotech). As a loading control, the
membrane was stripped and reprobed with monoclonal anti-β-actin antibody (Sigma).
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2.3.
2.3.1.

Results
99m

Tc Labelling and Stability of mAbK1 Antibody and its fab and f(ab´) 2
Fragments

In the current study, a radiochemical yield of >90% (92.6±1.6%) (Figure 2.3) was obtained for
direct labelling of mAbK1 using the “pretinning” method. The impurities were mainly present in
the form of hydrolysed

99m

Tc colloid (<10%), which was quantified by ITLC. Radiochemical

purity of >95% was achieved by further purification of the radiolabelled antibody using
centrifugal filters. The average number of SH groups generated on the mAbK1 antibody
molecule after reduction with the ‘pretinning method’ was three, as determined using Ellman’s
assay.

Non-reducing western blot confirmed formation of 50 kDa fabK1 fragment and 100 kDa
f(ab´) 2 K1 fragment after digestion with ficin (Figure 2.4). For the indirectly labelled fabK1 and
f(ab´) 2 fragments, a radiochemical yield of 91.6±9.1% and 80.7±8.5% was achieved,
respectively (Figure 2.5). Similar to

99m

Tc-mAbK1, rapid purification with centrifugal filters

resulted in a radiochemical purity of >95% for these fragments. Control experiments carried out
to directly label fabK1 fragments with [99mTc(CO) 3 ]+ resulted in < 20% radiochemical purity.

The antibody mAbK1 showed very good stability to cysteine challenge, with 95.1±0.9% of
radioactivity still bound to the antibody after 1 hour. After 24 hours, 85.1±0.7% of the
radioactivity was present on the antibody. For the fabK1 fragment, 79.5±1.7% of radioactivity
was antibody-bound after 1 hour, which decreased to 66.7±4.9% after 24 hours. A cysteine
challenge of f(ab´) 2 K1 showed that 72.5±2.8% of radioactivity was antibody-bound after 1 hour,
which decreased to 63.4±0.5% after 24 hours (Figure 2.6). Control studies in 0.9% saline
indicated that both antibody and fragments retained >90% of the 99mTc label after 24 hours.
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Figure 2.3. Representative autoradiographic images of ITLC strips used for the
determination of the radiolabelling yield of 99mTc labelled mAbK1.99mTc was conjugated to
the antibody by a direct labelling method. Radiochemical purity was determined by ITLC using
three different solvent systems to separate hydrolysed 99mTc colloid, and free 99mTcpertechnetate. System I (ITLC-SG plates in saline): R f ([99mTc]pertechnetate) = 1, R f (99mTcmAbK1 and 99mTc-colloid) = 0 (A), System II (Whatman 3 MM chromatography strips in
acetone): R f ([99mTc]pertechnetate) = 1, R f (99mTc- mAbK1, 99mTc-colloid) =0 (B), System III
(ITLC-SG strips / 5 mg/ml HSA in ethanol: ammonium hydroxide: water = 2:1:5): R f (99mTccolloid)=0, R f (99mTc-mAbK1 and [99mTc]pertechnetate)=1(C). The radiochemical yield obtained
was 92.6±1.6%.

51

Figure 2.4. Western blot showing the molecular weights of fab and f(ab´) 2 fragments of
mAbK1. A non-reducing western blot was carried out for fab and f(ab´) 2 fragments obtained
after digestion with ficin. The western blot confirm the formation of 50 kDa fab and 100 kDa
f(ab´) 2 fragments.
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Figure 2.5. Representative autoradiographic images of ITLC strips used for determination
of radiolabelling yield for 99mTc labelled fabK1 and f(ab´) 2 K1 fragments. 99mTc from the
precursor, [99mTc (CO) 3 ]+ was conjugated to the antibody by means of a bifunctional tridentate
ligand. The activity at R f = 0 corresponds to 99mTc-fabK1 (A and C) or 99mTc-f(ab´) 2 K1 (B). The
peak at R f = 0.6 – 1 corresponds to unbound 99mTc impurities. The radiochemical yield obtained
was 91.6±9.1% and 80.7±8.5% for 99mTc-fabK1 and 99mTc-f(ab´) 2 K1, respective1y. Control
experiments (C) carried out to directly label fab fragments with [99mTc(CO) 3 ]+ yielded <20%
radiochemical purity.
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Figure 2.6. Stability of 99mTc labelled mAbK1, fabK1, f(ab´) 2 K1 in 1 mM cysteine after
incubation for 1 hour and 24 hours at 37°C. After 1 hour, 95.1±0.9% of radioactivity was
bound to mAbK1, while after 24 hours, 85.1±0.7% of the radioactivity was present on the
antibody. For the fabK1 fragment, 79.5±1.7% of radioactivity was antibody-bound after 1 hour,
which decreased to 66.7±4.9% after 24 hours. For f(ab’) 2 K1 72.5±2.8% of radioactivity was
antibody-bound after 1 hour, which decreased to 63.4±0.5% after 24 hours. Control studies
carried out in 0.9% saline for 1 hour and 24 hours at 37°C, indicated that the antibody and
fragments retained >90% of the radiolabel for 24 hours.
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2.3.2.

Immunoreactivity of 99mTc Labelled Antibodies and Fragments

The immunoreactivity determined from the cell binding assay was 88%, 82%, and 80% for
99m

Tc-mAbK1

antibody,

immunoreactivity of

99m

Tc-fabK1,

and

99m

Tc-f(ab´) 2 K1,

respectively.

The

good

99m

Tc-mAbK1 was also confirmed by immunofluorescence studies using

mesothelin expressing NCI-H226 cells. In these studies, the 99mTc labelled mAbK1 antibody was
observed to bind to surface mesothelin receptors of the NCI-H226 cells just as well as the nonradiolabelled antibody (Figure 2.7).

Figure 2.7. Representative photomicrographs illustrating immunohistochemical staining of
mesothelin in NCI-H226 cells with (A) the unlabelled mAbK1 antibody and (B) the 99mTcradiolabelled antibody. (C) is a control without the primary antibody. Arrows point to the
cell surface expression of mesothelin.
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2.3.3.

K d and B max of Radioimmunoconjugates

The K d values obtained from saturation binding experiments (Figure 2.8) were 21.5±2.8 nM,
22.7±6.4 nM and 25.0±1.3 nM for

99m

Tc-mAbK1,

99m

Tc-fabK1 and

99m

Tc-f(ab´) 2 K1,

respectively. The number of mesothelin receptors on NCI-H226 cells, calculated from the B max
values were 9.1×104 ± 1.0×104 / cell.

Figure 2.8. Representative total binding curves for (A) 99mTc-mAbK1, (B) 99mTc-fabK1, (C)
99m
Tc-f(ab´) 2 K1. Adherent NCI-H226 cells were incubated in serum-free culture media with
increasing concentrations (0–80 nM) of 99mTc-mAbK1, 99mTc-fabK1 and 99mTc-f(ab´) 2 K1 for 3
hours at 4˚C. After removal of unbound radioactivity, the cells bound activity, was determined
and. Prism® Version 5.0 software used calculate the K d and B max values. The K d values obtained
from saturation binding experiments were 21.5±2.8 nM, 22.7±6.4 nM and 25.0±1.3 nM for
99m
Tc-mAbK1, 99mTc-fabK1 and 99mTc-f(ab´) 2 K1, respectively. The number of mesothelin
receptors on NCI-H226 cells, calculated from the B max values were 9.1×104 ± 1.0×104 / cell.
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2.3.4.

Biodistribution and Tumour Uptake of 99mTc Labelled mAbK1 and its fab/ f(ab´) 2
Fragments

Biodistribution of 99mTc-mAbK1, 99mTc-fabK1 and 99mTc- f(ab´) 2 K1 was assessed in SCID mice
bearing NCI-H226 and LCC6-HER2 tumours. Both NCI-H226 and LCC6-HER2 cells formed
tumours following subcutaneous injection. Western blotting confirmed that mesothelin was
expressed in NCI-H226 tumours but not in LCC6-HER2 tumours (Figure 2.11).The peak uptake
of 99mTc-mAbK1 in mesothelin positive NCI-H226 tumours was 0.80±0.39% ID/g at 8 hours,
showing a decrease thereafter to 0.42±0.25% ID/g at 24 hours and 0.38±0.16% ID/g at 48 hours
(Figure 2.9). The corresponding uptake into mesothelin negative LCC6-HER2 tumours was
0.50±0.40% ID/g, 0.24±0.26% ID/g, and 0.19±0.09% ID/g at 8 hours, 24 hours and 48 hours,
respectively. The major organs showing activity uptake were the liver and kidneys. After 8
hours, 6.25±2.20% ID/g was found localized in the liver, decreasing to 2.75±1.45% ID/g and
3.64±1.53% ID/g after 24 hours and 48 hours, respectively. Kidney uptake was 3.79±0.65%
ID/g, 0.53±0.64% ID/g and 0.67±0.25% ID/g, at 8 hours, 24 hours and 48 hours, respectively.
99m

Tc-mAbK1 showed fast blood clearance with activity decreasing from 4.05±1.33% ID/g at 8

hours to 0.46±0.14% ID/g and 0.35±0.10% ID/g after 24 hours and 48 hours, respectively. The
receding blood activities also led to an increase in tumour to blood ratios over time (Table 1).

99m

Tc-f(ab´) 2 K1 showed slightly better uptake into NCI-H226 tumours compared to

99m

Tc-

mAbK1 (Figure 2.10 A), with peak uptake of 1.22±0.19% ID/g, which was significantly higher
(P<0.05) than uptake into LCC6-HER2 tumours; 0.41±0.29% ID/g obtained after 8 hours. After
4 hours and 24 hours the uptake in NCI-H226 was only 0.89±0.32% ID/g and 0.68±0.32% ID/g,
respectively. As observed with

99m

Tc-mAbK1, liver and kidneys were the other major organs

showing activity localization. The activity in the liver declined from 7.43±1.84% ID/g at 4 hours
to 5.69±1.17% ID/g and 0.51±0.24% ID/g, after 8 hours and 24 hours, respectively. Kidney
57

uptake was 13.34±2.36% ID/g, 8.67±1.63% ID/g and 5.28±1.11% ID/g at 4 hours, 8 hours and
24 hours, respectively, indicating renal uptake. The tumour to blood ratios increased over time,
but the ratios were always less than 1, indicating low tumour uptake as well as slow blood
99m

clearance (Table 1).

Tc-fabK1 had better uptake into NCI-H226 tumours, compared to

both99mTc-f(ab´) 2 K1 and

99m

Tc-mAbK1 (Figure 2.10 B). The peak uptake of 1.36±0.23% ID/g

into NCI-H226 tumours was obtained at 8 hours, which was significantly higher than LCC6HER2 tumour uptake of 0.34±0.10% ID/g. At 4 hours and 24 hours, 99mTc-fabK1 showed similar
uptake as seen for

99m

Tc-f(ab´) 2 K1 with NCI-H226 tumour uptake being 0.91±0.32% ID/g and

0.77±0.32% ID/g, respectively. The activity localized in the liver remained consistent over time,
with 5.15±1.30% ID/g, 6.00±0.65% ID/g, 4.29±0.31% ID/g found in the liver at 4 hours, 8 hours
and 24 hours, indicating retention of activity in liver. While blood clearance of 99mTc-fabK1 was
faster than

99m

Tc-f(ab´) 2 K1 , the uptake into the kidneys at 4 hours was lower than

99m

Tc-

f(ab´) 2 K1with uptake value of 8.41±1.77% ID/g. Thereafter, the kidney uptake values were
similar to 99mTc-f(ab´) 2 K1, with 7.55±1.60% ID/g and 5.44±0.70% ID/g localized in the kidneys
at 8 hours and 24 hours, respectively. The tumour to blood ratios increased as the activity from
the blood pool receded, however, the ratios were always less than 1 (Table 1).

58

Figure 2.9. Biodistribution of 99mTc-mAbK1 (10-18 MBq), injected in SCID mice (n=5)
bearing NCI-H226 (mesothelin positive) and LCC6-HER2 (mesothelin negative)
subcutaneous xenografts. Percentage of the injected dose/gram (Activity %ID/g) was
determined in the tumours and all major organs after 8, 24 and 48 hours, post-injection. 99mTcmAbK1 showed fast blood clearance and peak uptake into NCI-H226 tumours was 0.80±0.39%
ID/g at 8 hours. Data is presented as mean±SD.
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Figure 2.10. Biodistribution of 99mTc-labelled f(ab´) 2 and fab fragments of mAbK1.
Biodistribution was determined after injecting 10-18 MBq of 99mTc-f(ab´) 2 (A) and 99mTc-fab
(B), in SCID mice (n=5) bearing NCI-H226 (mesothelin positive) and (mesothelin negative)
subcutaneous xenografts. Percentage of the injected dose/gram (Activity %ID/g) was determined
in the tumours and all major organs after 4, 8, 24 hours, post-injection. Both 99mTc-f(ab´) 2 K1
and 99mTc-fabK1 showed significantly higher uptake into NCI-H226 tumours than LCC6-HER2
tumours at 8 hours. Data is presented as mean±SD.
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Table 2.1. Organ to blood ratios of 99mTc labelled mAbK1 and its fab and f(ab´) 2 fragments
in SCID mice (n=5) bearing NCI-H226 (mesothelin positive) and LCC6-HER2 (mesothelin
negative).
99m

99m

Tc – f(ab´) 2 K1
8 hrs
24 hrs

99m

4 hrs

Tc - mAbK1
24 hrs

48 hrs

4 hrs

Heart

0.33±0.15

0.70±0.17

0.63±0.38

0.21±0.08

0.3±0.02

0.47±0.23

0.24±0.02

0.41±0.16

0.27±0.29

Brain

0.03±0.01

0.03±0.02

0.02±0.02

0.03±0.02

0.03±0.01

0.03±0.01

0.02±0.01

0.03±0.01

0.02±0.02

Liver

1.46±0.79

7.44±2.12

8.73±2.34

0.94±0.32

0.95±0.13

0.64±0.76

0.78±0.3

1.87±0.62

3.12±0.87

Kidneys

1.12±0.29

1.03±1.17

1.91±0.66

1.65±0.43

1.48±0.18

3.19±1.26

1.48±0.37

3.06±0.88

3.73±0.68

Muscle

0.02±0.02

0.08±0.05

0.06±0.05

0.01±0.01

0.02±0.01

0.04±0.02

0.01±0.01

0.05±0.03

0.04±0.04

H226

0.18±0.07

0.99±0.68

1.16±0.67

0.11±0.04

0.21±0.02

0.46±0.19

0.14±0.06

0.46±0.26

0.55±0.23

LCC6

0.12±0.08

0.60±0.80

0.55±0.29

0.05±0.03

0.08±0.05

0.12±0.10

0.05±0.04

0.11±0.05

0.27±0.26

Lungs

0.21±0.12

0.83±0.64

0.90±0.14

0.46±0.15

0.52±0.16

0.28±0.18

0.57±0.27

0.64±0.53

0.57±0.11

4 hrs

Tc – fabK1
8 hrs

Figure 2.11. Western blot of mesothelin positive NCI-H226 (H1-H6) and mesothelin
negative LCC6-HER2 (L1-L6) tumour lysates. In vivo expression of 40 kDa mesothelin was
confirmed in NCI-H226 tumours, while LCC6-HER2 tumours did not express mesothelin. The
cell lysate from NCI-H226 was used as a positive control, while beta actin was used as a loading
control.
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Figure 2.12. Synthetic scheme for preparing 99mTc labelled antibody fragments starting
from L-histidine. The tridentate ligand L1 is obtained by reductive amination and binds to Ab
through a stable amide bond. Ab in the figure represents f(ab´) 2 fragment or fab fragment.
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2.4.

Discussion

An effective radiolabelled antibody–based imaging agent for mesothelin expressing cancers must
achieve high tumour penetration as well as high tumour to blood ratios. In the current study, we
radiolabelled antimesothelin antibody mAbK1 and its fab and f(ab´) 2 fragments with

99m

Tc and

tested their biodistribution in mice using an NCI-H226 tumour xenograft model. Although the
biodistribution data revealed mesothelin mediated uptake in mesothelin expressing tumour
xenografts (Figures 2.9 and 2.10; Table 1), the accumulation of

99m

Tc labelled

radioimmunoconjugates was not high enough to allow imaging of tumours.

Direct labelling (without any intermediate bifunctional group) of mAbK1 antibody was
accomplished by the ‘pretinning method’ developed by Rhodes et al. [237]. This method utilizes
stannous ions (Sn2+) from SnCl 2 to reduce the disulfide bridges (S-S) on the antibody to thiol
(SH) groups, which are required to bind 99mTc. These disulfides are present in the native protein
as part of the cysteine (amino acid), which is present in the majority of protein backbones. In this
labelling method, Sn2+ fulfills three essential roles: reduction of disulfides, co-ordination with –
S- groups and reduction of pertechnetate. Previous studies have shown that 99mTc labelling via –
S- groups produces radiochemically stable tracers [238]. Although 99mTc labelling by ‘pretinning
reaction’ may involve several reactions taking place simultaneously or serially, the labelling can
still be accomplished in a single reaction vial [230]. The tartrate in the reaction acts as a transfer
ligand, by complexing the

99m

Tc formed after reduction of pertechnetate and then transferring it

to the binding sites (thiol groups) on the antibody. The pH of the reaction is kept slightly acidic
to prevent the oxidation of the thiol groups back to the disulfides [230]. Radiochemical purities
of above 90% (92.6±1.6%) were consistently obtained using the ‘pretinning’ method for
labelling of mAbK1. The impurities, mainly in the form of reduced, hydrolysed

99m

Tc

99m

Tc and free

pertechnetate were quantified using ITLC.
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Radiolabelling reaction can cause alterations in the immunoreactivity of the antibody, based on
the number and location of the reduced disulfide groups. Although the disulfide groups in the
antibody are located distal to the antigen binding site, the reduction reaction may cause structural
alterations or fragmentation of light and heavy chains resulting in disruption of the antigen
binding site. To preserve the immunoreactivity of the antibody, it is critical that the reduction
procedure works optimally to form SH residues to bind to

99m

Tc. The maximum number of SH

groups that can be generated in the IgG antibody is 36 [239], due to the presence of 6 inter chain
and 12 intra chain disulfide bonds. From Ellman’s assay the average number of SH groups
generated on the mAbK1 antibody molecule after reduction with the ‘pretinning method’ was
calculated to be three.

Although the ‘pretinning method’ was successfully used for the radiolabelling of whole IgG
antibodies, it was not successful with the mAbK1 fragments, as radiochemical purities of less
than 20% were obtained (data not shown). One possible explanation is that the number of SH
groups available on the antibody fragments after reduction with SnCl 2 , is much lower than on
the whole IgG [238,240]. It is also critical to modify only the exterior disulfide bridges that are
not responsible for maintenance of the overall structure of the antibody, since the modification of
the exterior disulfides can affect the immunoreactivity of the antibody [230]. This distinction
may be difficult to achieve in case of the antibody fragments due to limited availability of the
disulfide groups compared to the whole antibody molecule. Studies have also shown that
reduction of f(ab´) 2 with tin chloride leads to the formation of a mixture of f(ab´) 2 , fab, and
peptides. The resulting fab fragments preferentially bind

99m

Tc and the radiolabelling reaction

itself increases the relative amount of the monomeric fab fragments [241]. The above mentioned
potential adverse effects of direct radiolabelling method on antibody fragments contributed to
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their unsuccessful radiolabelling, and the bifunctional chelate approach was thus used to
radiolabel the fragments.

In order to bind

99m

Tc to the antibody fragments, we used an indirect labelling approach by

introducing a bifunctional chelator. For synthesis of the bifunctional chelator we chose the single
amino acid L-histidine, a natural amino acid, and modified it with an additional phenol group to
obtain after reductive amination the bifunctional tridentate ligand (L1) (Figure 2.12).
Bioconjugation was based on the carbodiimide activation of the carboxylate of L1 and further
reaction with the amine groups present on the antibody fragments. Antibody fragments bear both
ε amines (lysine residues) and α amines (N-terminus). While ε amines are good nucleophiles
above pH 8.0, α amine groups react well at neutral pHs [242]. Therefore, by maintaining the pH
of the reaction mixture at 7.0, selective labelling of N-terminus α amine groups of the antibody
fragments is achieved. In this reaction the COOH group of L1 binds to the biological molecule
whereas the rest of the molecule (imidazole N, amine N and phenolate O) forms a tridentate
chelator. Radiolabelling of the L1-containing fragments was then done by replacing the three
aqua ligands of the complex precursor [99mTc(CO) 3 (H 2 O) 3 ]+ with the tridentate chelator. The
tridentate chelator binding to [99mTc(CO) 3 ]+ resulted in a neutral complex. The

99m

Tc(I)

tricarbonyl core has been commonly used in recent years [218,243,244] because of its relatively
small size, kinetic inertness, and thermodynamic stability.
The use of a tridentate chelator such as L1, is favoured due to faster reaction rates and ability of
the tridentate ligand to shield the [99mTc(CO) 3 ]+ core from in vivo crossreactivity to serum
proteins [245]. The bifunctional chelator L1 holds

99m

Tc securely attached to the

radiopharmaceutical, while also providing the side arm for attachment of antibody fragment. To
our knowledge, no specific chelators such as L1 or any other bifunctional chelator for
[99mTc(CO) 3 ]+ have been covalently bound to antibodies and their fragments. Previously, Chen
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99m

et al. have reported direct

Tc labelling of the inherent histidine groups on the antibody

Herceptin (trastuzumab) by simply incubating the antibody with [99mTc(CO) 3 (H 2 O) 3 ]+ ion in
saline [246]. Our control experiments, using a similar strategy, to directly label fab fragments
with [99mTc(CO) 3 ]+ resulted in <20% radiochemical yield. Newer work with the [99mTc(CO) 3 ]+
labelling, uses hexa-histidine end groups on affibodies [247], which target the HER2 antigen,
and nanobodies, which target the EGF receptor [226]. Labelling efficiencies and stabilities in
their work are similar to ours. For example, Orlova et al. reported a 1 hour cysteine challenge
result of 84% when a 5000-fold molar excess of cysteine was used, while our result was 79%
with a 20,000-fold molar excess [228]. These results suggest that [99mTc(CO) 3 ]+ labelling using
hexa-histidine end groups is comparable to the bifunctional chelator L1 mediated labelling
strategy used in our studies. Other strategies employed to date for labelling of [99mTc(CO) 3 ]+ to
biomolecules have relied on using histidine-tags which are often genetically expressed for ease
of purification of proteins, and specifically of different single chain antibody fragments (scFvs),
as reviewed by Schibli and Schubiger [218].
Both

99m

Tc-fabK1 and

99m

Tc-f(ab´) 2 K1 retained their reactivity to the mesothelin antigen,

suggesting that the bioconjugation of N-terminus amines did not cause any significant functional
modification of the antigen binding site. Previous studies by Scheck et al. have also reported that
epitope recognition and antigen binding capabilities of antibody and fab fragments remain
unaffected after selective modification of their N-terminus amines [248].

In our biodistribution studies, the uptake of the injected dose correlated inversely with the
molecular weight of the radiopharmaceutical. The 50 kDa fab fragment showed the highest
uptake, followed by the 100 kDa f(ab´) 2 fragment and then the 150 kDa IgG antibody. The peak
uptake of

99m

Tc-mAbK1 in mesothelin positive NCI-H226 tumours was only about 0.80% at 8

hours, about two-fold higher than that in mesothelin negative LCC6-HER2 tumours at 4 hours,
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24 hours and 48 hours (Figure 2.9). The tumour uptake of 99mTc-f(ab´) 2 K1 (Figure 2.10 A) was
higher than 99mTc-mAbK1 with peak uptake of 1.2% ID/g of tissue at 8 hours. 99mTc-fabK1 had
the highest tumour uptake with peak uptake of 1.4% ID/g at 8 hours (Figure 2.10 B). In previous
studies, Hassan et al. reported much higher tumour uptake of up to 50% ID/g at 72 hours for
111

In labelled mAbK1 in mice bearing mesothelin expressing A431K5 tumours. The authors also

reported that the affinity of their 125I labelled mAbK1 was very high (K d = 0.92 nM). Our studies
with the commercially obtained mAbK1 showed a much lower affinity (K d = 21.5±2.8 nM,
22.7±6.4 nM and 25.0±1.3 nM for

99m

Tc-mAbK1,

99m

Tc-fabK1 and

99m

Tc-f(ab´) 2 K1,

respectively).

A tumour model with higher and clinically relevant mesothelin expression levels is critical for
achieving sufficient accumulation of radiolabelled antimesothelin antibodies to allow imaging of
tumours. In a recently reported study, Yoshida et al. observed a tumour uptake of 2.0 to 3.1%
ID/g in NCI-H226 tumours for 64Cu labelled anti-mesothelin fab and 1.6 to 2.1% ID/g for

111

In

labelled fab. Their 111In labelled IgG accumulated in the tumours at 5.3% ID/g after 24 h; but the
corresponding tumour uptake of 125I labelled IgG was only 2.5% ID/g. It is noteworthy that their
radiolabelled antibodies and fragments had good affinity with K d values ranging between 4.3 nM
to 8 nM. The authors concluded that a more clinically relevant tumour model expressing higher
mesothelin levels would be required to evaluate the potential of their anti-mesothelin
radioimmunoconjugates. Our findings are in agreement with the observations made by Yoshida
et al. regarding low localization of mesothelin targeted radioimmunoconjugates in NCI-H226
tumours. While the mesothelin expression levels of NCI-H226 cells are highest amongst
established cell lines [157], it is evident that the expression levels are not enough to allow
accumulation of mesothelin targeted agents. Therefore the utility of NCI-H226 cell line in preclinical development of mesothelin targeted agents is limited. It is also known that for an
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antibody to be useful for development of a targeting agent against tumour associated antigens, it
must possess good affinity (K d value between 10 pM to 10 nM) [186]. Based on our studies the
commercially obtained mAbK1 has a very low affinity and therefore is not useful as a
mesothelin targeting agent. The low affinity of mAbK1 and low expression of mesothelin by
NCI-H226 tumours are the main reasons for low tumour accumulation of

99m

Tc labelled

radioimmunoconjugates.

Kidneys and liver were the major organs showing localization of radioimmunoconjugates. Liver
uptake of antibodies and fragments can be attributed to the phagocytotic entrapment of antibody
immunoprecipitates from the blood stream [249], Fc-receptor mediated binding to the liver
macrophages (predominantly seen for whole IgG antibodies) [250] or complement receptor
(CRIg) mediated binding to Kupffer cells followed by transport into the liver cells [251,252].
Incorporation of the [99mTc(CO) 3 ]+ moiety is known to decrease hydrophilicity and might thus
lead to increased hepatobiliary clearance [253]. The kidney uptake was especially prevalent for
99m

Tc-f(ab´) 2 K1 and

99m

Tc-fabK1 due to rapid filtration of the antibody fragments and

reabsorption by the kidney tubules. A similar phenomenon also explains the kidney uptake of
lower molecular weight breakdown products of

99m

Tc-mAbK1. Kidneys are a major site of

catabolism of low molecular weight proteins, which further leads to retention of the metabolic
products in the lysosomal compartment of renal cells [187,188]. Previous studies have shown
that radiolabelled antibodies attached to the bifunctional chelator via amine residues undergo
complete degradation in kidneys leaving the non-metabolizable radionuclide bound chelateamine derivative as the final product [254,255]. All of the above contribute to kidney
localization of antibody fragments, which can lead to high activity (>50% ID/g) in the kidneys as
reported in many studies [256-258]. In comparison, the kidney uptake values of 99mTc-f(ab´) 2 K1
and 99mTc-fabK1 are favourably lower.
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After intravenous injection the radiolabelled antibody undergoes a phase of relatively rapid
distribution during which it equilibrates with the extracellular fluid, therefore showing high
blood pool activity [259]. Typically, whole IgG antibodies take 1-3 days to clear from the blood
pool allowing achievement of target to blood ratios suitable for imaging. The fast blood
clearance as observed for 99mTc-mAbK1, can severely limit the ability of antibodies to penetrate
the tumours and therefore is partly responsible for low
tumours. While

99m

Tc-mAbK1 uptake in NCI-H226

99m

Tc-mAbK1 is cleared from the blood; it also appears to undergo elimination

through the kidneys at the same rate. Although, 99mTc-mAbK1 showed good stability to cysteine
challenge (Figure 2.6), the unexpected fast blood clearance suggests that

99m

Tc-mAbK1 was

unstable in vivo [260]. In previously reported studies by Pimm et al. and Sakahara et al., the
authors have made similar observations for reduction mediated

99m

Tc labelled antibodies. The

authors suggested two main mechanisms of in vivo instability: 1) Degradation of the antibody to
low molecular weight products; and 2) release of

99m

Tc or small fragments containing

from the antibody. In our experiments, the instability of
formation of smaller

99m

Tc

99m

Tc-mAbK1 can be attributed to

99m

Tc labelled fragments, either due to fragmentation or degradation in

vivo.

2.5.

Conclusion

For the first time, bioconjugates between the fab and f(ab´) 2 fragments of the anti-mesothelin
antibody mAbK1 and a histidine-modified tridentate ligand were made and radiolabelled with
[99mTc(CO) 3 ]+. Our studies demonstrate that antibody fragments labelled using N-(o-phenol)histidine chelator retain their antigen binding ability and immunoreactivity, and have stabilities
comparable to previously reported antibody fragments labelled via genetically expressed
histidine tags. Although the localization of the radioimmunoconjugates in the NCI-H226
tumours (mesothelin positive) was significantly higher than in LCC6-HER2 tumours (mesothelin
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negative), the tumour accumulation in NCI-H226 tumours was not sufficient to allow SPECT
imaging of tumours. Additionally, the in vivo instability of directly labelled

99m

Tc-mAbK1

resulted in lower accumulation in NCI-H226 tumours. The data presented in this chapter
identified the main factors responsible for low tumour uptake of anti-mesothelin antibodies and
provides direction to further research for successful pre-clinical development of mesothelin
targeted radiotracers. From our findings it can be concluded that, in addition to designing stable
radiolabelled probes, two main problem areas need to be addressed for pre-clinical development
of mesothelin targeted radioimmunoimaging agent. Firstly, an antibody with higher affinity to
mesothelin is required; secondly, a tumour xenograft model expressing higher and clinically
relevant levels of mesothelin needs to be used for pre-clinical studies. Experiments addressing
these issues are described in Chapter 3.
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Chapter 3: SPECT/CT Imaging of Mesothelin Expressing Tumours
with 111In-Labelled Antibodies
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3.1. Introduction
3.1.1. Imaging Mesothelin Expression with 111In Labelled mAbMB Antibody
Mesothelin is over-expressed in some of the most difficult to treat cancers such as mesothelioma,
pancreatic cancer and ovarian cancer [21,42,261]. This provides an opportunity to improve
clinical outcomes in a significant number of patients by designing molecular bioprobes or
therapies targeted towards mesothelin. The purpose of our research is to develop molecular
bioprobes for immunoscintigraphic imaging (radioimmunodetection) of mesothelin expressing
cancers. Immunoscintigraphic imaging for diagnosis of mesothelin expressing cancers requires
efficient targeting of radiolabelled anti-mesothelin antibodies or fragments to tumour associated
antigens with minimal background uptake. For this purpose we evaluated 99mTc labelled mAbK1
and its fab and f(ab´) 2 fragments in mice bearing mesothelin expressing NCI-H226 tumours, as
described in Chapter 2. Results from these studies demonstrated the need for (1) higher
mesothelin expressing tumour model to study the feasibility of imaging tumours with
radiolabelled antibody (2) an antibody with higher affinity to mesothelin. The studies in this
chapter focused on addressing these issues for improving the tumour uptake of radiolabelled
antibodies, with the aim of imaging tumours using single photon emission computed tomography
(SPECT). For the studies described in this chapter, we used A431K5 cell line as a model for
mesothelin expressing tumours. A431K5 cell line was developed at NIH, by transfecting A431
cells with mesothelin encoding plasmid. The same cell line was also used previously by Hassan
et al. to demonstrate high tumour uptake of

111

In-labelled mAbK1 antibody [164]. To address

issues related to low mesothelin affinity of mAbK1 observed in Chapter 2, we considered the use
of an alternative antibody with better affinity to mesothelin. In this respect, we chose mAbMB,
which has better anti-mesothelin affinity characteristics compared to other available antimesothelin antibodies, including mAbK1, as reported by Onda et al. [160]. For the studies
described in this chapter we used whole antibodies (mAbMB and mAbK1), which are taken up
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by tumours slowly, compared to antibody fragments [262]. Whole antibodies are also cleared
slowly from normal tissues, thus often requiring 1-2 days to attain maximal tumour to
background ratios. Although

99m

Tc is the "ideal" isotope from the standpoints of efficiency and

radiation dose, it has a short 6-hour half-life, which limits its usefulness for imaging with whole
IgG’s [263].

111

In has a favourable half-life of 2.8 days for delayed imaging and therefore was

chosen in our study as a suitable γ-emitting isotope.

In emits two γ- photons with energies of

111

173 keV and 247 keV, which are compatible with most SPECT imaging systems used in the
clinic [185]. Besides

99m

Tc,

111

In is the only other radioisotope clinically approved for imaging

with monoclonal antibody based imaging agents [264].

3.1.2. Current Study Outline
The purpose of study presented in this chapter was to evaluate the potential of the 111In-labelled
anti-mesothelin antibody mAbMB to selectively accumulate at a tumour site and to be imaged by
SPECT/CT. We also compared the characteristics of
reported

111

In-mAbMB to those of previously

111

In-mAbK1 in order to find the optimal one for imaging. Herein, we describe the

radiolabelling of the mesothelin antibodies mAbMB and mAbK1 and report their
immunoreactivity, affinity, internalization characteristics, biodistribution, and SPECT/CT
imaging properties in tumour-bearing mice. The experiments presented in this chapter are
outlined in the schematic shown in Figure 3.1.
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Figure 3.1. Experimental overview of chapter 3.
Both mAbK1 and mAbMB antibodies were radiolabelled with 111In. Affinity and
immunoreactivity properties of the radiolabelled antibodies were determined on A431K5 cells
using cell based assays. Biodistribution studies were carried out in SCID mice bearing
subcutaneous xenografts of A431K5 (mesothelin positive; neck) and A431 (mesothelin negative;
lower back). Radioimmunoconjugates were injected through the tail vein and biodistribution
determined at different time points for 111In-mAbMB (at two doses) as well as 111In-mAbK1.
Mesothelin expression of excised tumours was verified by Western blot.
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3.2. Materials
All chemicals and reagents were purchased from Sigma-Aldrich (Oakville, Ontario, Canada).
The mAbMB antibody was purchased from Rockland Immunochemicals (Gilbertsville,
Pennsylvania, U.S.A.) and mAbK1 from Abcam (Cambridge, Massachusetts, U.S.A.). ITLC
strips were obtained from Biodex (Cat# 150−771; Shirley, New York, U.S.A.). The cell culture
media and supplements were obtained from Invitrogen (Burlington, Ontario, Canada).

111

InCl 3

was obtained from MDS Nordion (Vancouver, British Columbia, Canada) and p-SCN-bn-DTPA
from Macrocyclics (Dallas, Texas, U.S.A.). Ultracel 100K centrifugal filters were purchased
from Millipore Corporation (Billerica, Massachusetts, U.S.A.). Reagents for electrophoresis
were purchased from BIO-RAD Laboratories (Mississauga, Ontario, Canada). Activity
measurements were carried out using a Packard Cobra II gamma counter (Perkin-Elmer,
Waltham, Massachusetts, U.S.A.).
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3.3. Methods
3.3.1. Radiolabelling
Antimesothelin antibodies mAbMB and mAbK1 were purified and buffer-exchanged into 0.1 M
sodium bicarbonate, pH 8.5 using 100 kDa cut-off Ultracel centrifugal filters, and incubated on
an Eppendorf shaker for 21 hours at room temperature with p-SCN-bn-DTPA in 0.1 M sodium
bicarbonate at a molar ratio of 1:5. After 21 hours, unreacted DTPA (diethylene triamine
pentaacetic acid) was removed by centrifugation through the centrifugal filters and antibody
buffer-exchanged into 0.15 M ammonium acetate buffer, pH 5.5. For

111

In-labelling,

111

InCl 3

(3.7 MBq/20 μg of antibody) was added to mAbMB and mAbK1 antibody, respectively, and
incubated for 30 minutes on an Eppendorf shaker at room temperature. The radiolabelled
antibodies were purified using the centrifugal filters and buffer-exchanged into phosphate
buffered saline, pH 7.4 (PBS) for injection into mice or in vitro testing. Radiochemical purity
was determined using ITLC-SG plates after DTPA challenge (0.05 M). Saline was used as the
mobile phase. In this ITLC system,

111

In-DTPA moves to R f = 1 and

111

In-mAb to R f = 0. The

number of DTPA molecules conjugated to the antibody was determined by trace labelling with
111

InCl 3 [265]. Using this method a trace amount of

111

InCl 3 is added to a small aliquot of

antibody-DTPA reaction mixture. The free and conjugated DTPA molecules in the reaction
mixture compete equally with the free 111In. The number of DTPA molecules bound to antibody
is then determined from the percentage of

111

In bound to the antibody and the molar ratio

between DTPA and the antibody.

3.3.2. Cell Culture
A431K5 and A431 cell lines were generously provided by Dr. Ira Pastan (NCI, Bethesda,
Maryland, U.S.A.) and Dr. Marcel Bally (Advanced Therapeutics, British Columbia Cancer
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Agency, Vancouver, Canada), respectively. Both cell lines were cultured in Dulbecco’s
Modified Eagle medium supplemented with 10% fetal bovine serum, at 37°C in a humidified
atmosphere in presence of 5% CO 2 as reported previously [164].

3.3.3. Determination of Immunoreactivity
A cell binding assay was carried out to determine the immunoreactivity of

111

In-mAbK1 and

111

In-mAbMB by a similar method as described in section 2.3.4 [235]. Briefly, different

concentrations (2×106 cells/ml to 10×106 cells/ml) of mesothelin expressing A431K5 cells were
incubated with 5 ng of 111In-mAbK1 or 111In-mAbMB on a rocker at 4°C for 2 hours. Following
incubation, the cells were centrifuged for 5 minutes at 500 g, the supernatant was removed and
the cells were washed 3 times with PBS containing 1% BSA and counted in a γ-counter to
determine the total binding of 111In-labelled antibody to A431K5 cells. Non-specific binding was
determined in presence of excess unlabelled antibody (10 µg). Specific binding was calculated as
the difference between total and non-specific binding to A431K5 cells. The immunoreactivities
were calculated from the Y-intercept of the double reciprocal plot of fraction of the radioactivity
specifically bound vs. the cell number.

3.3.4. Saturation Binding - K d and B max Determination
Cell binding experiments were carried out by a similar method as described in section 2.3.7, for
determination of the dissociation constant (K d ) for

111

In-mAbMB and

111

In-mAbK1 and

maximum number of binding sites (B max ) for A431K5 cells [236]. Briefly, about 50,000 A431K5
cells/well were plated overnight in a 24 well plate. Adherent cells were then incubated in serumfree culture media with increasing concentrations (0–80 nM) of

111

In-antibody (mAbMB and

mAbK1) in a total volume of 500 μl for 3 hours at 4˚C. The cells were then washed twice with
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ice-cold PBS to remove unbound radioactivity, dissolved in 0.1 M NaOH and analyzed in a γcounter. Prism® Version 5.0 software (GraphPad Software, San Diego, CA, USA) was used to fit
the total binding values against the concentration of unbound radiolabelled antibodies, to a onesite saturation binding model. K d and B max were determined using this model by fitting only total
binding, assuming that the amount of nonspecific binding was proportional to the concentration
of radioligand. The average number of mesothelin receptors present on A431K5 cells was
calculated by conversion of the B max values.

3.3.5. Internalization of 111In-labelled Antibodies by A431K5 Cells
To determine and compare the rate of internalization of

111

In-mAbMB and

111

In-mAbK1 by

A431K5 cells, an internalization assay was carried out [158]. Briefly, 1×106 A431K5 cells were
incubated in 1 ml medium with 5 ng of 111In-labelled antibody for 1 hour at 4°C in culture tubes.
Centrifugation for 5 minutes at 200 g was carried out to remove the unbound antibody, followed
by one wash with ice-cold PBS. The cells were then re-cultured with 1 ml of medium or counted
on the γ-counter for determination of internalization at time 0. At 3, 6 and 18 hours, the
internalized fraction was separated by treating with 1 ml acidic buffer (0.1 M acetic acid in 0.01
M PBS, pH 2.85) and pelletized by centrifuging for 5 minutes at 200 g. The supernatant
comprising the membrane-bound fraction (acid labile) was separated and both fractions counted
in a γ- counter.

3.3.6. Tumour Uptake and Biodistribution
Tumour uptake and biodistribution experiments were carried out in male C.B-17 SCID mice
(Taconic, Germantown, New York, U.S.A.). Mice were injected with 8×106 A431K5
(mesothelin positive) cells in the nape of the neck and the same number of A431 cells
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(mesothelin negative) in the lower back. When tumours exceeded a size of 0.5 cm in diameter,
four groups of mice (n=5) were injected intravenously with about 4 μg/740 kBq of

111

In-

mAbMB and euthanized 24, 48, 72 and 96 hours later, all major organs removed and analyzed.
Biodistribution of 111In-mAbMB was similarly evaluated at 24 hours in one group of mice (n=3)
not bearing any tumours.

Biodistribution of 111In-mAbK1 was evaluated in 2 groups of mice (n=5) after injecting 740 kBq
of 111In-mAbK1 intravenously followed by euthanasia at 24 and 72 hours for collection of major
organs. Additionally, biodistribution of 111In-mAbMB antibody was also studied at a higher dose
of between 7.4 to 10.1 MBq (50 µg/9.25 MBq) in two groups of mice (n=3) at 24 and 72 hours.
To compare the extent of radioactivity localization in different organs and tumour, the ratio of
radioactivity in different tissues and total blood (for the same weight) was determined. Animal
experiments were carried out in accordance with the guidelines of the University of British
Columbia's Animal Care Committee.

3.3.7. MicroSPECT/CT Imaging
MicroSPECT/CT imaging of mice bearing A431K5 and A431 tumours was performed after
injection of 111In-mAbMB at 24 (n=6), 48 (n=6) and 72 hours (n=3). In a parallel study, tumourbearing mice (n=2) were injected with

111

In-mAbK1 and imaging was performed at 24, 48 and

72 hours. After injecting 7.4 to 10.1 MBq of activity, acquisitions were performed on a
GammaMedica Ideas X-SPECT system (North Ridge, California, U.S.A.). CT acquisitions
consisted of 1024 projections acquired over 360o with a 70 kVp, 205 µA cone beam x-ray. Cobra
Exxim software (Feldkamp filtered back projection cone beam software) was used to reconstruct
the image at an isotropic voxel size of 0.155 mm. The SPECT images were acquired using a dual
head system fitted with 1 mm aperture medium energy pinhole collimators set at an ROR of 77
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mm. Energy windows (10%) were set over the 173 keV and 247 keV peaks. The total
counts/scan for 24, 48 and 72 hour acquisitions were 60,000-90,000, 45,000-65,000 and 40,00050,000, respectively. GammaMedica-Ideas FLEX-SPECT software was used to reconstruct the
data at an isotropic 1.17033 mm voxel size. After fusion of the SPECT and CT data, region of
interest (ROI) analysis was carried out using AMIDE software (version 0.9.1) [266] to determine
the target to non-target ratios (T/NT) for both A431K5 and A431 tumours and statistical
significance calculated by student’s t-test. Due to small sample size (n=2), statistical analysis
was not carried out for ROI data of images obtained with 111In-mAbK1.

3.3.8. Mesothelin Expression in Tumours
The verification of mesothelin protein expression in the harvested tumours was performed by
Western blot using the anti mesothelin antibody mAbMB by a similar method as described in
section 2.3.9. A431K5 cells in culture flasks were washed with PBS and lysed in 1 ml of RIPA
buffer [150 mM NaCl, 1% nonyl phenoxylpolyethoxylethanol, 0.5% Na deoxycholate, 0.1% Na
dodecylsulfate, 50 mM Tris-HCl (pH 7.5), 1% protease inhibitor cocktail (Sigma)]. The cell
lysates were centrifuged at 8,000 rpm (5223 g) for 10 min at 4°C and the supernatant was
collected. Tumour lysates were prepared by homogenizing frozen tumour (five A431K5 tumours
K1-K5; five A431 tumours A1-A5) samples in 1 ml of ice-cold homogenization buffer [10 mM
EGTA, 2 mM EDTA, 25 mM sucrose, Tris-HCl 20 mM (pH 7.5), 1% protease inhibitor
cocktail], followed by sonication for 10 seconds. A spleen lysate (S) was also prepared to check
for any cross reactivity by western blot analysis. A431K5 cell lysates were prepared and used as
a positive control. The lysates were centrifuged at 11,000 rpm (9875 g) for 10 min at 4°C and the
supernatant was collected. Samples were prepared for electrophoresis in Laemmli sample buffer
(Bio-Rad) containing 5% v/v of 2-mercaptoethanol (Bio-Rad). The samples were heated at 99°C
for 5 min, and loaded onto the SDS-polyacrylamide gel (12% gel) at a protein concentration of
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10 µg/ per well, and fractionated, followed by transfer onto a nitrocellulose Hy-Bond ECL
membrane (Amersham Ltd. Oakdale, Ontario, Canada). The membrane was then processed for
washing with 5% milk in Tris-Buffered Saline Tween-20 (TBST) for 1 hour at room temperature
(RT) followed by incubation with the anti-mesothelin antibody mAbMB in 5% BSA in TBST at
1:1000 dilution overnight at 4°C. Secondary antibody 1:5000 (horseshoe peroxidase-labelled
goat antimouse IgG; Jackson ImmunoResearch Laboratories) was incubated for 1 hour at RT
followed by chemiluminescence detection using the ECL Western blotting detection kit
(Amersham) according to the manufacturer's suggested protocol. Images were captured using an
Alpha Innotech FluorChem 8800 gel box imager (Alpha Innotech Co., San Leandro, California,
U.S.A.). The bands were quantified by densitometric analysis using FluorChem software (Alpha
Innotech). As a loading control, the membrane was stripped and reprobed with monoclonal antiβ-actin antibody (Sigma).
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3.4. Results
3.4.1. Radiolabelling
111

In-labelling of both mAbK1 and mAbMB using the p-SCN-bn-DTPA chelator was

consistently accomplished with labelling efficiencies of about 95% (94.78±0.63% for
mAbMB and 95.44±0.25% for

111

In-

111

In-mAbK1). The average number of bound DTPA molecules

was 2.6 per molecule of mAbK1 and 2.4 per molecule of mAbMB.

3.4.2. Immunoreactivity and Saturation Cell Binding Studies
The results of the immunoreactivity assay and saturation cell binding studies are summarized in
Table 3.1. Both

111

In-labelled antibodies retained their reactivity to the mesothelin antigen,

suggesting that the radiolabelling procedure did not cause any major modification to the
structure of the antigen-binding site. Saturation cell binding studies indicate that

111

In-mAbMB

has a lower K d and therefore a higher affinity for the mesothelin receptors as compared to 111InmAbK1 (Table 3.1). The number of mesothelin receptors on A431K5 cells, calculated from the
B max values was 6.3×105 ± 1.9×105 / cell.

Table 3.1. Immunoreactivity of 111In-mAbMB and 111In-mAbK1 determined by a cellbinding assay using A431K5 cells. Total binding of 111In-mAbMB and 111In-mAbK1 to
A431K5 cells was used to calculate K d . Data is presented as mean±SD.

111

In-mAbMB

111

In-mAbK1

Immunoreactivity (%)

K d (nM)

78.5±3.5

3.6±1.7

76.3±3.8

29.3±2.3
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3.4.3. Internalization by A431K5 cells
We studied internalization of

111

In-mAbMB and

111

In-mAbK1 from the cell membrane using

A431K5 cells (Figure 3.2). After a 1 hour pre-incubation at 4°C (time 0 hours) 21.6±6.5% of
total bound

111

In-mAbMB was present in the internalized acid resistant fraction, whereas for

111

In-mAbK1, the internalized fraction was only 6.0±2.5%. After 3 hours at 37°C, internalized

fractions increased to 46.2±6.9% and 32.8±1.2% for

111

In-mAbMB and

111

In-mAbK1,

respectively. After 6 hours, the internalized fractions were 52.1±3.7% and 41.5±7.6%,
respectively. At 18 hours, the internalization of
(P<0.05) at 76.4±6.8% compared to 59±0.6% for

111

In-mAbMB was significantly different

111

In-mAbK1. Control studies carried out at

4°C showed that the internalized fraction increased slowly over time; at 18 hours maximal
internalization of 29.9±10.0% and 26.9±3.6% was obtained for 111In-mAbMB and 111In-mAbK1,
respectively.
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Figure 3.2. Time and temperature dependent cellular internalization of 111In-mAbMB and
111
In-mAbK1 by A431K5 cells. 111In-mAbMB has greater cellular internalization than 111InmAbK1 throughout the time course of the study, with significantly higher values (P<0.05)
achieved at 18 hours. Data is presented as mean±SD.
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3.4.4. Biodistribution Studies
Biodistribution studies for

111

In-mAbMB were performed in SCID mice at two different doses.

At the dose of 740 kBq (Figure 3.3), after 24 hours, 8.74±3.25% ID/g was localized in the
A431K5 tumours, whereas 4.5±0.91% ID/g was present in A431 tumours. Maximal A431K5
tumour uptake of 9.65±2.65% ID/g was obtained at 48 hours, which was significantly different
(P<0.05) from the corresponding uptake for A431 tumours, 4.7±1.65% ID/g. Thereafter, the
tumour localization declined to <5% for A431K5 tumours and <3.5% for A431 tumours at 72
111

In-mAbMB showed

hours and remained steady until 96 hours. In addition to the tumours,

uptake in the spleen, liver and kidneys. Spleen uptake was 82.4±15.3% ID/g after 24 hours and
declined to 57.32±18.19% ID/g at 48 hours. Maximal uptake of

111

In-mAbMB into liver

(17.79±3.04% ID/g) as well as kidneys (8.7±0.82% ID% ID/g) was obtained at 24 hours. Blood
activity remained relatively low at all time points and showed a steady decline from 4.71±1.58%
ID% ID/g at 24 hours to 1.29±0.58% ID/g at 96 hours. The tumour to blood ratio was >1 at all
time points, and increased over time from 24 to 96 hours (Table 3.2). Biodistribution studies in
mice without any tumours indicated low uptake of

111

In-mAbMB in spleen (8.06±0.70 %ID/g)

and 6.13±0.60 %ID/g in liver, while rest of organs showed similar activity uptake as the tumour
bearing mice (Figure 3.5).

When 7.4 to 10.1 MBq of

111

In-mAbMB was injected, 13.15±6.37% ID/g had localized in

A431K5 tumours at 48 hours, whereas, at the same time A431 tumours accumulated 3.71±1.79%
ID/g (Figure 3.4). At 72 hours, 14.29±6.18% ID/g and 4.93±2.84% ID/g was found localized in
A431K5 and A431 tumours, respectively. Kidney uptake at 48 hours (11.60±2.10% ID/g) was
higher than the uptake with the lower dose (740 kBq) of

111

In-mAbMB, but at 72 hours the

kidney uptake at both doses was similar. The overall spleen uptake of

111

In-mAbMB expressed

in terms of %ID/organ at the higher dose was lower than that observed at the lower dose for both
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48 and 72 hour time points (Figure 3.6 A). The spleen weights showed a decrease of about 60%
compared to the spleen weights obtained at lower dose (Figure 3.6 B). As a result, the spleen
activity in terms of % ID/g at the higher dose was greater than that observed at the lower dose
for both 48 and 72 hour time points (Figure 3.6 C). Activity taken up by the liver was similar at
both doses. Blood activity was 5.26±2.04% ID/g at 48 hours and further declined to 3.57±1.64%
ID/g at 72 hours. The maximal tumour to blood ratio of 4.02±0.72 was obtained for A431K5
tumours at 72 hours, while the corresponding tumour to blood ratio for A431 tumours was only
1.43±0.80 (Table 3.3).

For 111In-mAbK1, biodistribution studies were carried out only at the dose of 740 kBq (Figure
3.7). At 24 hours, 3.04±0.68% ID/g was taken up in the A431K5 tumours, while 2.22±0.41%
ID/g was found in the A431 tumours. After 72 hours, tumour localization declined to
2.32±0.11% ID/g for A431K5 tumours and to 1.64±0.46% ID/g for A431 tumours. At both time
points the activity uptake in the A431K5 tumours was significantly higher (P<0.05) than in the
A431 tumours. Liver uptake was 23.00±2.86% ID/g and 17.02±2.17% ID/g at 24 and 72 hours,
respectively. Although the liver uptake was higher for

111

In-mAbK1 than

111

In-mAbMB, spleen

showed much less uptake at both 24 (8.05±1.13% ID/g) and 72 hours (6.0±1.96% ID/g).

111

In-

mAbK1 localization in the kidneys was 4.87±0.33 and 3.28±1.17% ID/g at 24 and 72 hours,
respectively, which was again lower than that of

111

In-mAbMB. Blood activity was also lower

(2.8±0.67% ID/g and 1.13±1.6% ID/g at 24 and 72 hours, respectively) indicating faster
clearance of

111

In-mAbK1. At 24 hours, tumour to blood ratio for A431K5 tumours was

1.20±0.26, which increased to 5.29±0.88 after 72 hours (Table 3.4).
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Figure 3.3. Biodistribution of 111In-mAbMB (740 kBq) injected into SCID mice (n=5)
bearing A431K5 (mesothelin positive) and A431 (mesothelin negative) subcutaneous
xenografts. Percentage of the injected dose/gram (Activity % ID/g) was determined in the
tumours and all major organs after 24, 48, 72 and 96 hours. Data is presented as mean±SD.

87

Table 3.2. Organ to blood ratios of 111In-mAbMB (740 kBq), injected in SCID mice (n=5)
bearing A431K5 (mesothelin positive) and A431 (mesothelin negative) subcutaneous
xenografts. Biodistribution was determined after 24, 48, 72 and 96 hours. Data is presented as
mean±SD.

Organ

24 h

48 h

72 h

96 h

Blood

1

1

1

1

Heart

0.41±0.05

0.54±0.13

0.61±0.12

0.68±0.12

Lungs

0.64±0.15

0.83±0.19

0.82±0.11

0.89±0.19

Liver

4.52±2.27

5.73±2.87

10.94±4.60

10.70±4.30

Kidneys

2.15±0.85

2.36±0.76

3.86±0.05

3.91±1.26

Spleen

19.79±5.99

20.74±8.28

39.33±15.12

44.67±18.71

Intestine

1.58±0.32

1.88±0.60

1.66±0.68

1.72±0.44

Stomach

0.23±0.05

0.31±0.05

0.38±0.10

0.49±0.12

Muscle

0.15±0.01

0.25±0.04

0.30±0.04

0.33±0.08

Brain

0.03±0.01

0.04±0.01

0.04±0.05

0.05±0.01

A431K5 (meso +ve)

1.89±0.36

3.23±0.66

3.27±0.51

3.83±0.38

A431 (meso –ve)

1.03±0.28

1.52±0.27

2.14±0.46

2.95±0.58
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Figure 3.4. Biodistribution of 111In-mAbMB (7.4 to 10.1 MBq), injected in SCID mice (n=3)
bearing A431K5 (mesothelin positive) and A431 (mesothelin negative) subcutaneous
xenografts. Percentage of the injected dose/gram (Activity %ID/g) was determined in the
tumours and all major organs after 48 and 72 hours. Data is presented as mean±SD.
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Table 3.3. Organ to blood ratios of 111In-mAbMB (7.4 to 10.1 MBq), injected in SCID mice
(n=3) bearing A431K5 and A431 subcutaneous xenografts. Biodistribution was determined
after 48 and 72 hours. Data is presented as mean±SD.

Organ

48 h

72 h

Blood

1

1

Heart

0.49±0.12

0.64±0.09

Lungs

0.86±0.11

1.08±0.12

Liver

2.42±4.60

3.84±1.52

Kidneys

2.37±0.05

2.25±0.30

Spleen

23.57±15.12

24.74±5.65

Intestine

0.90±0.68

1.18±0.26

Stomach

0.23±0.10

0.59±0.16

Muscle

0.31±0.04

0.64±0.37

Brain

0.03±0.05

0.06±0.02

A431K5 (meso +ve)

2.42±0.51

4.02±0.72

A431 (meso –ve)

0.68±0.46

1.43±0.80
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Figure 3.5. Biodistribution of 111In-mAbMB in SCID mice (n=3) without tumours.
Percentage of the injected dose/gram (Activity %ID/g) was determined in all major organs after
24 hours. Data is presented as mean±SD.
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Figure 3.6. A comparison of spleen activity uptake and spleen weights at 48 and 72 hours
after injection of 111In-mAbMB at low dose (4 µg) or high dose (50 µg). The spleen activity in
terms of %ID/organ (A) decreases at the higher dose accompanied by decrease in the spleen
weights (B), which results in an increased activity on per weight basis (%ID/g) in spleen (C).
Data is presented as mean±SD.
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Figure 3.7. Biodistribution of 111In-mAbK1 (740 kBq), injected in SCID mice (n=5) bearing
A431K5 (mesothelin positive) and A431 (mesothelin negative) subcutaneous xenografts.
Percentage of the injected dose/gram (Activity %ID/g) was determined in the tumours and all
major organs after 24 and 72 hours. Data is presented as mean±SD.
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Table 3.4. Organ to blood ratios of 111In-mAbK1 (740 kBq) in SCID mice (n=3) bearing
A431K5 (mesothelin positive) and A431 (mesothelin negative) subcutaneous xenografts.
Biodistribution were determined after 24 and 72 hours. Data is presented as mean±SD.

Organ

24 h

72 h

Blood

1

1

Heart

1.08±0.14

3.39±0.61

Lungs

0.91±0.12

2.73±1.59

Liver

9.78±1.12

36.94±4.73

Kidneys

1.96±0.13

3.86±0.05

Spleen

3.26±0.47

11.80±1.60

Intestine

0.70±0.09

2.23±0.45

Stomach

0.55±0.09

2.53±1.44

Muscle

0.41±0.02

1.34±0.34

Brain

0.03±0.00

0.08±0.01

A431K5 (meso +ve)

1.20±0.26

5.29±0.88

A431 (meso –ve)

0.88±0.18

3.40±0.64
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3.4.5. MicroSPECT/CT Imaging
111

In-mAbMB was clearly visualized in A431K5 tumours 24, 48 and 72 hours after injection

(Figure 3.8 A). The activity distribution in spleen and liver was also evident, confirming the
findings of biodistribution studies. T/NT ratios for A431K5 and A431 tumours obtained by ROI
analysis of the images showed that 111In-mAbMB was targeted better to A431K5 tumours than to
A431 tumours. The difference in T/NT ratios was significant at all the three time points (Figure
3.9 A). Although mice injected with
were still visualized (Figure 3.8 B).

111

In-mAbK1 showed lower tumour uptake, the tumours

111

In-mAbK1 activity was also observed in the bladder

indicating clearance through the organ. ROI analysis showed that A431K5 tumours had better
uptake than A431 tumours, with T/NT ratios increasing over time (Figure 3.9 B), however
statistical analysis was not carried out due to the small sample size. Better T/NT ratios and image
contrast of A431K5 tumours was obtained for 111In-mAbMB, compared to 111In-mAbK1.
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Figure 3.8. MicroSPECT/CT images of SCID mice bearing A431K5 (mesothelin positive)
and A431 (mesothelin negative) tumours. SCID mice were injected with 7.4 to 10.1 MBq of
(A) 111In-mAbMB and (B) 111In-mAbK1 and images were acquired after 24, 48 and 72 hours (h).
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Figure 3.9. Target to Non-Target (T/NT) ratios calculated from ROI analysis of
microSPECT/CT images of SCID mice bearing A431K5 and A431 subcutaneous
xenografts. Images were acquired (A) at 24 (n=6), 48 (n=6) and 72 (n=3) hours after injection
with 7.4 to 10.1 MBq of 111In-mAbMB and (B) at 24, 48 and 72 hours of mice (n=2) injected
with 7.4 to 10.1 MBq of 111In-mAbK1. Data is presented as mean±SD.
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3.4.6. Mesothelin Expression in Tumours
Both A431K5 and A431 cells formed tumours following subcutaneous injection. Western
blotting confirmed that mesothelin was expressed in the A431K5 tumours but not in the A431
tumours nor in the spleen (Figure 3.10). Both the precursor (71 kDa) and mature mesothelin (40
kDa) bands as reported previously by Ho et al. [267], were visualized on the Western blots.

Figure 3.10. Western blot confirming the mesothelin expression in A431K5 (K1-K5)
tumours. The spleen (S) and A431 (A1-A5) tumours showed no expression of mesothelin.
The cell lysate from A431K5 (KC) was used as a positive control, while beta actin was used as a
loading control.
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3.5. Discussion
In the present study the preclinical SPECT imaging of mesothelin-expressing tumours using
radiolabelled anti-mesothelin antibodies was successfully demonstrated. Although the tumour
uptake with

111

In-mAbK1 was again significantly lower than reported by Hassan et al., it was

possible to image the mesothelin-expressing tumours. The superior uptake of
A431K5 tumours, compared to previously observed uptake of

111

In-mAbK1 into

99m

Tc labelled fab and f(ab´) 2 of

mAbK1, in NCI-H226 tumours (Chapter 2) can be attributed to the 7 times higher mesothelin
expression by A431K5 cells (6.3×105 receptors/cell) than NCI-H226 tumours (9.1×104
receptors/cell). The newly available mAbMB was clearly superior in the form of the

111

In-

mAbMB radioimmunoimaging bioprobe. In vitro studies also confirmed the specific binding and
internalization of

111

In-mAbMB in mesothelin-expressing A431K5 cells. In addition,

comparative studies to

111

In-mAbK1 revealed that

111

In-mAbMB has superior mesothelin

targeting properties. Such a radiolabelled antibody might be considered in patients, after
applying recent strategies towards developing chimeric or fully humanized forms of this
antibody [268].

Established cell lines such as NCI-H226 express low levels of mesothelin. For this reason, we
used A431K5 cells which express mesothelin at levels similar to those seen on
immunohistochemical examination of patient tumour specimens [156]. A431K5 cells are human,
epidermoid A431 cells stably transfected with pcD3CAK1-9, a plasmid encoding the mesothelin
gene [269]. Our studies indicate that A431K5 cells express about 6.3×105 mesothelin receptors
per cell.

A requirement for a radiolabelled antibody is that it be able to bind a specific antigen with high
affinity (low K d ). Under in vitro conditions, a K d value between 10 pM (higher affinity) and 10
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nM (lower affinity), is considered ideal [186]. We demonstrated that the affinity of

111

mAbMB (K d = 3.6 nM) for mesothelin receptors is about 8 times higher than that of

111

InIn-

mAbK1 (K d = 29.3 nM). Onda et al. reported the same order of affinities using a surface
plasmon resonance assay; they determined a K d value of 0.6 nM for mAbMB whereas the K d
value was 12 nM for mAbK1. It is not clear why an earlier reported K d value of 0.92 nM by the
same group was many times lower, but it might explain why they saw such a high activity uptake
(~53% ID/g) of

111

In-mAbK1 in mesothelin expressing tumours in their studies [164]. Our

studies showed that the commercially obtainable mAbK1 has a much lower affinity.

Previous

studies

with

A431K5

cells

have

demonstrated

that

mesothelin

targeted

immunoconjugates undergo internalization after binding to the cell surface [158,269]. Antibodies
labelled with 111In by means of a DTPA chelator can have an additional advantage in imaging if
they become internalized by cells. Post internalization, 111In is often trapped in the lysosomes of
cells after catabolism of the antibody (residualization), thus leading to longer and higher
retention inside the cells [270], which can help achieve higher target to non-target ratios. Our
results showed that both

111

In-mAbMB and

111

In-mAbK1 are internalized by A431K5 cells.

After 1 hour pre-incubation at 4˚C, cellular internalization of 111In-mAbMB was greater than that
of 111In-mAbK1, which further resulted in higher accumulation of 111In-mAbMB in the cells over
time. Imaging with

111

In-mAbMB, therefore, may be advantageous as its internalization was

higher at all time points (Figure 3.2). These results also indicate that mAbMB may be useful for
radiotherapy when radiolabelled with a therapeutic radionuclide.

For unambiguous imaging, the radiolabelled antibody must accumulate at high levels within the
tumours and be cleared from the blood within a time frame compatible with the radionuclide's
half-life. Biodistribution studies at a dose of 4 µg/740 kBq of 111In-mAbMB suggested that 24 to
100

72 hours is a good window for microSPECT/CT imaging (Figure 3.3). While maximum uptake
of

111

In-mAbMB into A431K5 cells was obtained at 48 hours, the uptake into A431K5 was

significantly higher than A431 tumours at both 24 and 48 hours. The non-specific uptake of the
radioactivity in A431 tumours is presumably a result of high vascular permeability, which leads
to retention of activity by the Enhanced Permeation and Retention (EPR) effect [271].

111

In-

mAbMB was cleared from the blood at a fast rate resulting in steadily increasing tumour to
blood ratios over time, which may also partially be an effect of residualization of

111

In in the

tumours.

Since previous studies revealed that biodistribution and kinetics of radiolabelled antibodies can
be dose dependent [262,272], we also investigated the post-imaging biodistribution at a higher
antibody dose of 50 µg/9.25 MBq. Increasing the dose resulted in higher uptake at both 48 and
72 hours (Figure 3.4). This increased accumulation in A431K5 tumours can partly be attributed
to the availability of a higher dose of 111In-mAbMB in the bloodstream due to about 30% lower
non-specific accumulation (% ID/organ) in major sites such as liver and spleen.

Small amounts of mesothelin are expressed on the mesothelial lining of the lung and the
peritoneal wall in normal mice with an expression pattern similar to that of humans [105]. Our
biodistribution and imaging studies did not show any major uptake (cross-reactivity) by the
lungs, as

111

In-mAbMB was cleared from the lungs at a similar rate as from blood. Also, little

activity uptake was observed at these sites during imaging. At both doses activity was mainly
localized in spleen and liver. Liver uptake is mostly a result of nonspecific dose contribution, as
immunoglobulins from the bloodstream are trapped and processed there [272,273]. The observed
high activity uptake by the spleen at the higher dose of

111

In-mAbMB was associated with

decreases in spleen weights, which can be attributed to the depletion of hematopoietic cells
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resulting from higher radiation dose. Spleen being composed of lymphatic tissue is highly
radiosensitive [274] and a loss of spleen weight in mice on exposure to radiation has been
reported previously [275,276].

111

In emits auger electrons in addition to the gamma radiation,

which can cause toxic effects if taken up intracellularly due to local high density electron
irradiation [277]. While it is known that the toxic auger effects depend on location of the
radionuclide within the cell, the subcellular localization of 111In-mAbMB in spleen needs further
investigation. The percentage of injected dose in spleen when calculated on a per organ basis
was lower at the 50 µg dose of

111

In-mAbMB compared to the 4 µg dose (Figure 3.6 A).

However, the decrease in spleen weight (Figure 3.6 B) resulted in an apparent increase in
percentage of injected dose on per gram basis in spleen (Figure 3.6 C). According to Bera et al.
some expression of mesothelin may be expected in spleen [105], although we did not detect any
using Western blotting (Figure 3.10). Also, no cross reactivity of the mAbMB antibody towards
proteins expressed by spleen was observed in the Western blot studies. Antibodies are positively
charged molecules, while DTPA substitution imparts a negative charge that might influence their
organ uptake. However, based on previous reports, the level of DTPA substitution (2.4 per
molecule of mAbMB) achieved in our studies is optimal for imaging [189,190]. Furthermore, the
same DTPA substitution in the mAbK1 antibody resulted in much lower spleen uptake in the
same animal model. Previously, Sato et al. have also reported high spleen uptake of their
mesothelin targeted

111

In labelled tetravalent single-chain Fv-streptavidin fusion protein

(SS1scFvSA), in mice bearing A431K5 tumours [158]. Although, the authors did not explain the
reasons for the high spleen uptake, their results suggest a role of circulating mesothelin antigen
in forming immune complexes with

111

In labelled SS1scFvSA, which then undergo phagocytic

uptake by spleen. We believe that the spleen uptake of

111

mechanism. Such a phenomenon is not predominant with

In-mAbMB is mediated by a similar

111

In-mAbK1 due to its lower affinity

for mesothelin. We further investigated the possible role of circulating mesothelin antigen, by
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carrying out a biodistribution study in mice not bearing any tumours (Figure 3.5). The low
spleen and liver uptake of

111

In-mAbMB observed in these mice compared to tumour-bearing

mice, clearly points to the role played by the shed tumour antigens in promoting spleen and liver
uptake.

Although, we did not measure the amount of shed mesothelin in A431K5 tumour bearing mice,
prior studies by Zhang et al. have shown that the amount of mesothelin shed into the blood
circulation can range between 0.7 nM to 10 nM depending on the size of the A431K5 tumours.
Ho et al. have also demonstrated the shedding of mesothelin in A431K5 tumour model
[146,278], while prior studies by Hellstorm et al. have shown that mesothelin is extensively shed
by the tumour cells and finds its way into the blood circulation [279]. Although the presence of
serum mesothelin has also been observed in mesothelioma and pancreatic cancer patients
[141,280], it remains to be seen whether it will lead to spleen uptake of 111In-mAbMB in human
patients. Prior studies in human patients injected with radiolabelled antibodies against
carcinoembryonic antigen (CEA) have shown that although there is formation of immune
complexes with the circulating antigens, the localization of activity into the tumours remains
unaffected and there is no marked clearance of the radiolabel in the liver or the spleen. As a
result tumour detection by γ-immunoscintigraphy remained unaffected [281].

111

Our studies showed that the uptake of

In-mAbK1 into A431K5 tumours is much lower than

that of 111In-mAbMB, and is also very low compared to the high uptake reported by Hassan et al.
[164]. We believe the main reason for this disparity is the lower affinity of mAbK1 used in our
studies. In a recent paper, Yoshida et al. reported a peak accumulation of about 5.8% ID/g for
their

111

In-DTPA-IgG radioimmunoconjugate used to target mesothelin expressing NCI-H226

tumours at 48 hours, whereas their

111

In-DTPA-Fab accumulation peaked with 2.1% ID/g at 6
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hours. While the authors did not report any SPECT/CT imaging with the above conjugates, they
were successful in visualizing NCI-H226 tumours with 64Cu-DOTA-Fab using PET. However, it
was suggested that with a peak tumour uptake of 3.1% ID/g at 6 hours, the tumour uptake of
64

Cu-DOTA-Fab was “insufficient” for clinical imaging [166].

For tumour visualization, it is important to achieve a high tumour to surrounding tissue ratio
together with high absolute activity uptake in the tumours. As seen in our SPECT/CT images,
significant uptake of

111

In-mAbMB was detected in A431K5 tumours at all time points, which

was much higher than that observed in A431 tumours and was consistent with the findings of the
biodistribution studies (Figure 3.8). The locations of high activity uptake were consistent over
time and radiolocalization in the liver and spleen was also clearly resolved. As evident from the
ROI analysis significantly higher T/NT ratios of

111

In-mAbMB were obtained for A431K5

tumours than A431 tumours at all time points (Figure 3.9 A). Although A431K5 tumours were
visualized with 111In-mAbK1, superior image contrast was obtained with 111In-mAbMB.

3.6. Conclusion
We demonstrated that mesothelin expression can be imaged with SPECT in tumour-bearing mice
using

111

In-labelled anti-mesothelin antibodies. The biodistribution and imaging characteristics

of 111In-mAbMB make it a better choice than 111In-mAbK1 for imaging mesothelin expression in
tumours, although its non-specific uptake in spleen needs to be better understood and addressed.
When fully optimized, such mesothelin-specific imaging agent will be useful in the diagnosis of
mesothelioma, pancreatic cancer and ovarian cancer. Moreover, mesothelin targeting with
therapeutic radioisotopes such as
211

At and

213

90

Y, 188Re, and

131

I or even the recently tested alpha-emitters

Bi [272] can potentially be useful for radioimmunotherapy of tumours and their

metastases [282].
104

Chapter 4: Development and Evaluation of Dual-Modality
(MRI/SPECT) Molecular Imaging Bioprobe for Mesothelin
Expressing Cancers
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4.1. Introduction
4.1.1. Dual Modality Imaging of Mesothelin Expressing Cancers
Combining two or more different imaging modalities in the same agent can be of considerable
value in molecular imaging, especially for cancers that are difficult to diagnose and treat. Many
such agents have been previously reported that combine optical imaging with MRI (Magnetic
Resonance Imaging) [283-285]. However, the limited resolution and penetration depth of optical
imaging considerably limits their clinical application. Compared to this, the higher sensitivity
and resolution of the two radionuclide imaging modalities SPECT (Single Photon Emission
Computed Tomography) and PET (Positron Emission Tomography) makes them an ideal choice
for selective functional imaging with molecular targeted agents.

Considerable focus has been given to evaluating the best imaging modality for mesotheliomas,
pancreatic and ovarian cancers [35-37,286-290]. An imaging modality with the potential to
distinguish accurately between benign and malignant lesions and to define the extent of disease
would be invaluable in the management of these cancers [38]. Better imaging of the tumour sites
will facilitate TNM (Tumour Node Metastasis) staging, permit more accurate, targeted drug or
radiation delivery as well as provide better assessment of the response to chemotherapy, all of
which will result in improved patient outcome.

Mesothelin over-expression in mesotheliomas, pancreatic and ovarian cancers presents an
opportunity to selectively target and image these difficult to diagnose tumours. By designing
mesothelin specific radiolabelled SPECT imaging bioprobes, clinically useful functional
information about these cancers can be obtained. However, SPECT images have limited spatial
resolution and lack anatomical details for reference, rendering the precise localization of lesions
difficult. Co-registration of SPECT with anatomic images of the same animal, from either CT
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(Computed Tomography) or MRI has been commonly used in the clinic to address this problem.
The use of MRI presents specific advantages compared with CT, including lack of ionizing
radiation, high soft-tissue contrast, and sensitivity to tissue alterations [197,291]. Although MRI
can also be used alone to assess total tumour burden in the course of treatment, the identification
of residual viable tumour based only on anatomical changes remains difficult especially after
therapy, when active tumour tissue cannot be distinguished from reparative changes or scars
[38]. The above limitations of SPECT and MRI can be circumvented by combining the two
modalities. With the recent availability of semiconductor detectors for SPECT (and PET), which
are insensitive to magnetic fields, it has become possible to develop co-axial multi-modality
nuclear medicine/magnetic resonance instrumentation, thus paving way to the development of
dual modality SPECT/MRI scanners [197].

4.1.2. Iron Oxide Nanoparticles for MR Imaging
Tumour specific MRI contrast agents can be prepared by coating iron oxide nanoparticles with
monoclonal antibodies directed against tumour antigens [292-294]. Studies have shown that such
preparations retain their ability to bind tumour antigens as well as their relaxometric properties.
Using these antibody-coated iron oxide nanoparticles MRI image contrast can be easily induced
in a concentration range of 1-10 nM by spin-echo methods [9]. The important properties of iron
oxide nanoparticles for MR imaging applications are biocompatibility, injectability, high
relaxivity, lack of toxicity, and high level accumulation in the target tissue and organ [295].
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Figure 4.1. Schematic of the proposed dual modality MRI/SPECT imaging bioprobe.

4.1.3. Current Study Outline
In chapter 3 we developed 111In labelled anti mesothelin antibody mAbMB (111In-mAbMB) and
used it to specifically image mesothelin expressing cancers using SPECT. The purpose of the
current study is to develop a dual-modality molecular imaging bioprobe by conjugating

111

In-

mAbMB to superparamagnetic iron oxide nanoparticles (SPIONs), which would allow combined
SPECT/MR imaging of mesothelin expressing cancers. The experiments presented in this
chapter are outlined in the schematic shown in Figure 4.2. This study mainly focuses on the
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evaluation of dual-modality nano bioprobe for MR imaging. Additionally, autoradiography and
biodistribution studies were carried out to provide proof of principle for their suitability for
simultaneous γ-imaging by SPECT. The iron oxide nanoparticles were first characterized by
Transmission Electron Microscopy (TEM) and Dynamic Light Scattering (DLS) and then
conjugated with

111

In-mAbMB using the carbodiimide coupling reaction.111In-mAbMB

conjugated SPIONs (111In-mAbMB-SPIONs) were characterized for reactivity and specific
binding by in vitro cell binding assays and confocal microscopy. MR relaxation properties of
these nano bioprobes were studied using in vitro MRI. Finally, SCID mice bearing A431K5
tumours (mesothelin positive) and A431 tumours (mesothelin negative), were intravenously
injected with

111

In-mAbMB-SPIONs and biodistribution and MR imaging studies were carried

out at different time intervals post-injection.
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Figure 4.2. Experimental overview of chapter 4.
SPIONs were first characterized by TEM and DLS and then conjugated with 111In-mAbMB by
carbodiimide coupling reaction. The reactivity and specificity of 111In-mAbMB-SPIONs was
ascertained by cell binding assays and confocal microscopy. Relaxivity was determined by
carrying out in vitro MRI of phantoms containing different iron concentrations of 111In-mAbMBSPIONs. MTT assay was performed to determine cytotoxicity. Biodistribution and MRI studies
were carried out in SCID mice bearing subcutaneous xenografts of A431K5 cells (mesothelin +)
A431 cells (mesothelin -). Excised tumours were sectioned and Prussian blue staining and
autoradiography studies were carried out.
110

4.2. Materials
All chemicals and reagents were purchased from Sigma, Aldrich (Oakville, Ontario, Canada).
The cell culture media and supplements were obtained from Invitrogen (Invitrogen, Burlington,
Ontario, Canada). The mAbMB antibody was purchased from Rockland Immunochemicals
(Gilbertsville, Pennsylvania, U.S.A.).

111

InCl 3 was obtained from MDS Nordion (Vancouver,

British Columbia, Canada) and p-SCN-bn-DTPA from Macrocyclics (Dallas, Texas, U.S.A.).
SPIONs (Fluidmax CMX) were received as a generous gift from Chemicell (Berlin, Germany).
Activity measurements were carried out using a Packard Cobra II gamma counter (Perkin-Elmer,
Waltham, Massachusetts, U.S.A.). For in vitro and in vivo studies the iron concentrations were
based on iron content of SPIONs determined by Inductively Coupled Plasma Mass Spectrometry
(ICP-MS) at Exova Laboratory Testing Services, BC, Canada.
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4.3. Methods
4.3.1. Particle Characterization by TEM and Zetasizer
SPIONs (Fluidmag-CMX, <100 nm) obtained from Chemicell have a magnetic core and are
coated with carboxy methyl dextran, which provides the carboxylic acid groups for antibody
conjugation. The core structure of SPIONs was determined by transmission electron microscopy
(TEM) to understand the general morphology of the magnetic core as well as to determine the
particle size distribution. A drop of diluted solution of the SPIONs in water was placed in
carbon-coated copper TEM grid (150 mesh, Ted Pella Inc, Redding, CA) and was allowed to airdry. The samples were imaged at 200 kV using a FEI Tecnai G2 transmission electron
microscope (Hillsboro, Oregon, USA). The hydrodynamic diameter of nanoparticles was
determined by DLS measurements carried out on a Malvern 3000HS Zetasizer (Malvern
Instruments Ltd, Malvern, UK) with a He–Ne laser (532 nm) and 90° collecting optics. Data was
analyzed using CONTIN algorithms provided by Malvern Zetasizer software.

4.3.2. Conjugation of 111In-mAbMB Antibody with SPIONs
The carbodiimide coupling reaction (Figure 4.5) was used to conjugate the

111

In-mAbMB

antibody to the SPIO nanoparticles [296]. SPIO nanoparticles (5 mg) were washed 3 times with
1 ml of 0.1M MES (2-(N-morpholino) ethanesulfonic acid) buffer, pH 4.5. The particles were
then suspended in a freshly prepared EDC (1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide)
solution containing 10 mg EDC in 0.25 ml MES solution and shaken in an Eppendorf
thermomixer at 800 rpm for 10 minutes at room temperature, followed by magnetically washing
3 times with 1 ml PBS (phosphate buffered saline, pH 7.4). After resuspending the particles in
0.25 ml of PBS, about 50 µg of 111In-mAbMB (9.25 MBq) solution was mixed with the activated
particles for 2 hours at RT. The antibody-conjugated nanoparticles (111In-mAbMB-SPIONs)
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were collected and magnetically washed three times with PBS. Amount of conjugated antibody
was determined by measuring the activity in the washes and the nanoparticle suspension.

4.3.3. In Vitro Cell Binding and Specificity
A431K5 and A431 cells were cultured in Dulbecco’s Modified Eagle medium supplemented
with 10% fetal bovine serum at 37°C in a humidified atmosphere in the presence of 5% CO 2 as
reported previously [164]. About 50,000 A431K5 and A431 cells/well were plated overnight in
24-well plates and then incubated with 0.2 ml of a suspension containing 0.05 mg/ml [Fe]
equivalent of

In-mAbMB-SPIONs at 37˚C. After 3, 6 and 24 hours, cell supernatants were

111

collected, the adherent cells washed twice with PBS and lysed with 0.1 M NaOH. Unbound
activity present in supernatant and washes was counted along with bound activity present on the
cells to determine the percent uptake of

111

In-mAbMB-SPIONs by cells. In a separate

experiment, two sets of A431K5 cells were plated overnight in 24-well plates at a concentration
of 50,000 cells /well. One set was incubated with 0.2 ml of a suspension containing 0.05 mg/ml
[Fe] equivalent of

111

In-mAbMB-SPIONs for 3 hours, while the second set was incubated with

the same quantity of

111

In-mAbMB-SPIONs in presence of unlabelled mAbMB and the cell

bound activity was determined by the above described procedure. For confocal microscopy
studies about 50,000 A431K5 were plated overnight on cover slips in 24-well plate followed by
incubation with 0.05 mg/ml (Fe) of

In-mAbMB-SPIONs at 37˚C. Following incubation, the

111

cover slips were washed 3 times with ice cold PBS and incubated with acetone at -20˚C for 5
minutes to permeabilize the cells. The cover slips were then equilibrated with saline-sodium
citrate buffer (SSC buffer: 0.3M NaCl and 0.03M sodium citrate in distilled water at pH 7.0) for
10 minutes, followed by incubation with propidium iodide staining solution (working solution
1:3000 in SSC buffer prepared from 1 mg/ml propidium iodide in sterile water) for 10 minutes.
The cover slips were then washed 3 times with SSC buffer and mounted on the microscopic
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slides using mounting medium. The slides were then observed using a Leica DM 2500 confocal
microscope. The dye was excited at a wavelength of 533 nm, and the emission wavelength was
617 nm. Similarly, two other control sets of experiments were carried out with SPIONs (without
antibody) at 37˚C and

In-mAbMB-SPIONs at 4˚C. The images were processed with ImageJ

111

software (NIH, Bethesda, USA) and colour analysis was performed using the ‘RGB Measure’
plugin.

4.3.4. Relaxivity Measurement and In Vitro MR Imaging
Phantoms for in vitro MR imaging were prepared by combining appropriate quantities of
SPIONs and

111

In-mAbMB-SPIONs (concentration range 0 to 0.55 mM) with 2.5% agarose gel

at 60° C and then mixing them on the vortex mixer. An aliquot of 100 μl of this mixture was
transferred quickly to a 96-well plate and allowed to cool down on an ice bath. An MRI image
was taken for the 96-well plate and signal intensity was obtained by summing up the pixel
intensities of a specific region of interest (ROI). Paravision version 4.0 was used as the software
for data acquisition, reconstruction and visualization/analysis of the images. For the r 1 relaxivity
calculation, 8 inversion recovery RARE (Rapid Acquisition with Refocused Echoes) images
were used to measure the relaxation rate, R1 (= 1/T 1 ) of each sample in the well plate. The
individual images had different inversion times (TI=36, 100, 500, 1000, 1500, 2000, 3000, 5000
milli seconds), which varied with the amount of T 1 -weighting, experienced by each image. For a
particular sample, the mean signal intensity from a ROI was plotted with respect to inversion
time, and was then fitted to an exponential regrowth relationship. The time constant (T 1 ) of this
fitted exponential equals the reciprocal of R1. The R1 of each sample was plotted with respect to
concentration and the slope was determined for calculation of r 1 relaxivity.

114

For r 2 relaxivity calculation, a spin-echo Carr-Purcell-Meiboom-Gill (CPMG) sequence was
used to measure relaxation rate, R2 (=1/T 2 ) of each sample in the well plate. The CPMG
sequence generated 32 echo images within the same acquisition. The signal intensity at each
echo image reflects the transverse magnetization remaining at a certain time (echo time) after the
initial spin excitation. The signal intensity decays with respect to echo time according to the T 2
decay process. The relationship of signal intensity versus echo time (e.g., mean intensity from
ROI) was fitted to an exponential decay plot. The fitted time constant obtained was T 2 (=1/R2).
Finally, the R2 of each sample was plotted with respect to concentration, and the slope was
determined for calculation of r 2 relaxivity.

4.3.5. Tumour Uptake and Biodistribution
Biodistribution of

111

In-mAbMB-SPIONs was evaluated in male C.B-17 SCID mice (Taconic,

Germantown, New York, U.S.A.). Mice were subcutaneously injected with 5×106 A431K5 cells
(mesothelin positive) in the upper back and 5×106 A431 cells (mesothelin negative) in the lower
back. When tumours exceeded a size of 0.5 cm in diameter, the mice were injected intravenously
with

111

In-mAbMB-SPIONs at a dose of 15 mg/kg body weight equivalent of Fe (740 kBq),

based on previously reported studies [297,298]. Animals were euthanized at 24 hours and 72
hours post-injection and major organs harvested. The radioactivity associated with each organ
was analyzed on a γ-counter to obtain the biodistribution data. The ratio of radioactivity in the
tumour or normal tissue to that in blood was determined by dividing the activity per weight of
tissue by activity per weight of total blood.
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4.3.6. Prussian Blue Staining of Tissue Specimens
Tissue specimens were frozen in OCT compound (Sakura Finetek Inc., Torrance, CA) with
liquid nitrogen and 10 μm sections were made using a cryotome (CM1850; Leica Microsystems
GmbH). At the time of staining, sections were washed with 5% formaldehyde in PBS, and then
washed twice with PBS before applying Pearl's Prussian Blue staining for 20 min. Pearl's
Prussian Blue solution is obtained by mixing equal volumes of 4% potassium ferrocyanide
solution and 4% HCl. Slides were then counterstained for 10 minutes with neutral red stain.
Slides were examined by optical microscopy using a Leica DMLB microscope (Leica
Microsystems Inc, Bannockburn, Illinois, U.S.A.) with attached Retiga 2000R camera and
processed using Image J software.

4.3.7. In Vivo MRI Studies
SCID mice (n = 3) bearing A431K5 and A431 tumour xenografts implanted at their neck and
lower back, respectively, were injected via tail vein with 111In-mAbMB-SPIONs, 15 mg/kg body
weight equivalent of Fe (740 kBq). At 24 hours and 72 hours post-injection, the mice were
anesthetized using isoflurane and subjected to in vivo MR imaging using a 7 Tesla Bruker
Biospec 70/30 USR. For image acquisition, a quadrature birdcage volume coil: 7 cm inner
diameter, manufactured by Bruker Biospin (Ettlingen, Germany) was used. Coronal images were
taken with the following parameters: FOV = 5×5 cm2; matrix size = 256×256; slice thickness = 1
mm; TE = 6 milliseconds; TR = 700 milliseconds. Axial images were taken using the same
method with FOV= 4×4 cm2. For image analysis of A431K5 tumours, the freely downloadable
3D Slicer program version 3.6 (www.slicer.org) was used. To quantitatively determine the
change in MR contrast in A431K5 tumours, intensity histograms were constructed by selecting
tumour ROIs which remained anatomically consistent (no volume change) throughout the study,
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as shown in Figure 4.16. The ROIs within the tumours were manually segmented and the image
intensity within each ROI was transformed into a colour-plot (Figure 4.16). To get better
sensitivity only one slice and not the entire 3D tumour was chosen. The total area of each curve
sums up to 1 (probability density). Mean and standard deviation were determined assuming
Gaussian distribution, and served as a model for position and width of histograms for all time
points.

4.3.8. Autoradiography
Ex-vivo autoradiography of major organs was carried out after biodistribution studies by
exposing a 20×25 cm2 phosphor screen (Perkin-Elmer Waltham, MA, U.S.A.) to the excised
organs followed by visualization using a phosphor imager (Cyclone storage phosphor imager;
Perkin-Elmer) with OptiQuant software. To verify the distribution of

111

In-mAbMB-SPIONs in

the tumours, 20 µm sections of A431K5 tumours were made using a cryotome (CM1850; Leica
Microsystems GmbH) and a phosphor screen was exposed to the sections for 24 hours followed
by phosphor imaging.

4.3.9. Cellular Toxicity Determination by MTT Assay
The

MTT

(3-[4,5-dimethylthiazol-2yl]-2,5-diphenyltetrazolium

bromide)

assay

is

a

colourimetric assay, where viable cells take up the yellow MTT dye into their mitochondria and
metabolize it there producing blue colour formazan crystals, which are then dissolved and read
spectrophotometrically. About 8000 A431K5 tumour cells were plated, in 100 μL of media, into
each well of a 96-well plate and incubated for 24 hours. A total of 100 μL of a suspension
containing 0.1 and 0.5 [Fe] mg/mL of,

111

In-mAbMB-SPIONs, SPIONs and Feridex IV

(Advanced Magnetics, Inc. Lexington, MA, USA), in DMEM media were added and incubated
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for another 48 hours. A total of 20 μL of a 5 mg/mL MTT solution was added and incubated for
three more hours. As a control, 150 μL of PBS at pH 7.4 was added to cells in eight of the wells.
The supernatant in each well was removed followed by addition of 150 μL of dimethyl sulfoxide
to solubilize the cells and MTT crystals. The plate was then placed on a shaker for 30 minutes to
dissolve all crystals. The blue colour produced in each well was then read at 570 nm on a
multiwell UV spectrophotometer. The cell survival was determined by comparing the absorption
of each sample with that of the control cell, which by definition had a cell survival of 100%. The
samples of magnetic nanoparticles were considered toxic if the difference between the
percentage of cell survival of control and treated cells was statistically significant at the 5%
level, as determined by a students t-test.
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4.4. Results
4.4.1. Particle Characterization and Antibody Conjugation
The average hydrodynamic size of SPIO nanoparticles measured using a DLS method was 69.6
nm (Figure 4.3), while the average magnetic core size determined using TEM was 15.6 nm
(Figure 4.4). The DLS measurements carried out on 111In-mAbMB-SPIONs showed that the size
increased to 76.6 polydispersity index increased from 0.16 to 0.18. By measuring the
radioactivity associated with the nanoparticles, we determined that about 76.5±4.9% of

111

In-

mAbMB was conjugated to the SPIONs after the carbodiimide coupling reaction.
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Figure 4.3. Characterization of SPIONs. (A) Schematic of the carboxy methyl dextran coated
SPIONs. (B) TEM micrograph of the SPIONs. (C) Frequency distribution (n=50) of the
magnetic core size of SPIONs obtained from TEM. Scale bar is 20 µm.
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Figure 4.4. Particle size of SPIONs before and after antibody conjugation. Frequency
distribution of the hydrodynamic diameter of SPIONs (A) and 111In-mAbMB-SPIONs (B)
obtained from DLS method.
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Figure 4.5. Overview of antibody conjugation to SPIONs by carbodiimide coupling
reaction. EDC reacts with the carboxylic acid groups on the particle surface to form an active
ester intermediate (O-acylisourea). In the presence of an antibody, a peptide bond is formed,
releasing in an isourea byproduct.
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4.4.2. In Vitro Cell Binding and Specificity
The cell uptake of 111In-mAbMB-SPIONs by A431K5 cells was significantly higher than that of
A431 cells at all the time points, indicating the immunoconjugates’ ability to bind specifically to
mesothelin expressing cells (Figure 4.6). The use of EDC coupling enabled the covalent
attachment of the

111

In-mAbMB to the SPIONs without substantially damaging the active

binding site of the antibodies. The ratios of specific uptake to non-specific uptake at 3, 6 and 24
hours post incubation were 4.5, 3.4 and 8.0, respectively. As shown in Figure 4.7, the binding of
111

In-mAbMB-SPIONs to A431K5 cells was inhibited by mAbMB, which demonstrated that

cellular uptake of 111In-mAbMB-SPIONs was mediated by antibody binding. The cell uptake of
111

In-mAbMB-SPIONs by A431K5 cells was 4.5 times higher than the cell uptake in presence of

excess of unlabelled mAbMB (Figure 4.7). The cellular uptake of the 111In-mAbMB-SPIONs in
A431K5 cells was studied qualitatively by confocal microscopy (Figure 4.8). Confocal
microscopy pictures of A431K5 cells were obtained 3 hours after incubation with 0.05 mg/ml
Fe/ml concentration of

111

In-mAbMB-SPIONs or SPIONs. Figure 4.8 A shows the interaction

between the cells and the 111In-mAbMB-SPIONs at the incubation temperature of 4˚C where no
endocytosis takes place. As a result, the particles do not get internalized into the cells and remain
bound to the cell wall. At the incubation temperature of 37˚C, however, particles are clearly
visualized inside the cells (Figure 4.8 B). It can also be seen from Figure 4.8 C that unlabelled
SPIONs are not extensively bound or internalized by the A431K5 cells. Color analysis indicated
that

111

In-mAbMB-SPIONs showed 2.3 times higher cell binding and uptake in A431K5 cells

compared to SPIONs. Evidence from all three cell binding studies confirms the specific binding
ability of 111In-mAbMB-SPIONs to mesothelin expressing cells.
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Figure 4.6. Cellular uptake of 111In-mAbMB-SPIONs by A431K5 and A431 cells. The cells
were incubated with 0.05 mg/ml Fe equivalent of 111In-mAbMB-SPIONs at 37˚C and cellular
uptake determined after 3 hours, 6 hours and 24 hours. Significantly higher uptake was observed
in A431K5 cells compared to A431 cells. Data is presented as mean±SD.
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Figure 4.7. Competitive binding assay of 111In-mAbMB-SPIONs to A431K5 cells. A431K5
cells were incubated with 0.05 mg/ml Fe equivalent of 111In-mAbMB-SPIONs at 37˚C and
cellular uptake determined after 24 hours. About 4.5 times higher uptake of 111In-mAbMBSPIONs was observed in A431K5 cells compared to that observed in presence of excess
unlabelled mAbMB. Data is presented as mean±SD.
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Figure 4.8. Confocal microscopy images of cellular uptake of 111In-mAbMB-SPIONs and
SPIONs by A431K5 cells. A431K5 cells were incubated for 3 hours with 0.05 mg/ml Fe
equivalent of 111In-mAbMB-SPIONs at 4˚C showed binding to the cell membrane while cellular
internalization was inhibited (A) and at 37˚C, 111In-mAbMB-SPIONs was mainly internalized by
the cells (B). When A431K5 cells were incubated with 0.05 mg/ml Fe equivalent of SPIONs,
decreased binding and internalization was observed (C). Arrows in the figure point to the 111InmAbMB-SPIONs and SPIONs, respectively.

126

4.4.3. Relaxivity Measurement and In Vitro MR Imaging
The

111

In-mAbMB-SPIONs had a relaxivity of r 2 = 469.57 mMs-1 and r 1 = 0.59 mMs-1. In

comparison the unconjugated SPIONs had r 2 = 397.33 mMs-1 and r 1 = 0.54 mMs-1 (Figure 4.10
A & B). The higher T 2 relaxation indicated that
weighted MRI imaging. Iron oxide cores in

111

111

In-mAbMB-SPIONs could be used for T 2 -

In-mAbMB-SPIONs produced a characteristic

darkening at increasing iron concentrations, as seen in Figure 4.9. Qualitatively, equivalent
contrast between

111

In-mAbMB-SPIONs and SPIONs could be observed from the signal

intensity images at different concentrations (0 to 0.55 mM) (Figure 4.9).

Figure 4.9. Signal intensity weighted MR image of phantom agar gel at different Fe
concentrations for SPIONs and 111In-mAbMB-SPIONs.
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Figure 4.10. Relaxivity determination of SPIONs and 111In-mAbMB-SPIONs using T1 and
T2 weighted MR image. Phantoms containing different Fe concentration of SPIONs and 111InmAbMB-SPIONs were made in agar gel. T 1 and T 2 weighted images were obtained by using
inversion recovery pulse and CPMG sequence, respectively. Signal intensity was used to obtain
fitted T 1 (A) and T 2 (B) time constants, which were plotted against the respective
concentrations. Relaxivity values r 1 and r 2 were obtained from slopes of linear fits of
experimental data.
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4.4.4. Tumour Uptake and Biodistribution
111

In-mAbMB-SPIONs exhibited significantly higher (P<0.05) localization in the A431K5

tumours compared to A431 tumours at 24 hours and 72 hours post-injection (Figure 4.11). The
uptake into the A431K5 tumours increased from 4.05 ± 0.34% ID/g to 4.76 ± 0.79% ID/g, at 24
and 72 hours, respectively. In comparison, A431 showed an uptake of 2.48 ± 0.62% ID/g and
2.94 ± 0.70% ID/g, at 24 and 72 hours, respectively. Blood pool levels of 111In-mAbMB-SPIONs
decreased from 2.59 ±1.42% ID/g at 24 hours to 1.47 ± 0.568 at 72 hours. Accumulation in lungs
was quite similar to blood pool levels with 2.23 ± 0.39% ID/g and 1.32 ± 0.59% ID/g at 24 and
72 hours, respectively. Heart showed lower accumulation than blood and lungs with 1.42 ±
0.23% ID/g and 0.83±0.22% ID/g localized at 24 and 72 hours, respectively. Liver experienced a
relatively low nanoparticle uptake of 5.19 ± 3.10% ID/g and 10.50 ± 3.48% ID/g at 24 and 72
hours, respectively, while the uptake into the spleen was quite high. The spleen activity
increased from 53.34 ± 1.65% ID/g at 24 hours to 66.37 ± 11.06% ID/g at 72 hours. Kidney
uptake decreased from 7.19 ± 1.75% ID/g at 24 hours to 4.47 ± 0.80% ID/g at 72 hours. The
activity uptake into the other evaluated organs (intestine, stomach, muscle, brain) was relatively
low and constant at both time points. As seen in Table 4.1, the tumour to blood ratios were
greater than 1 at both 24 and 72 hours time points. Ratio of activity localization in A431K5
tumours compared to blood was 2.18±1.68 at 24 hours and 3.81±0.87 at 72 hours, while for
A431 tumours it was 1.41±1.23 at 24 hours and 2.13±0.20 at 72 hours. These results correlated
well with the autoradiographic images of the organs where spleen, liver, kidney and A431K5
tumours showed the highest uptake (Figure 4.12).
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Figure 4.11. Biodistribution of 111In-mAbMB-SPIONs injected into SCID mice (n=5)
bearing A431K5 (mesothelin positive) and A431 (mesothelin negative) subcutaneous
xenografts. Percentage of the injected dose/gram (Activity %ID/g) was determined in the
tumours and all major organs after 24 and 72 hours. Data is presented as mean±SD.
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Table 4.1. Organ to blood ratios determined from biodistribution of 111In-mAbMB-SPIONs
(15 mg/kg body weight Fe), injected in SCID mice (n=3) bearing A431K5 and A431
subcutaneous xenografts. Organ to blood ratios were determined after 24 and 72 hours. Data is
presented as mean±SD.

Organ

24 h

72 h

Blood

1

1

Heart

0.80±0.71

0.58±0.08

Lungs

1.18±0.89

0.93±0.15

Liver

2.07±0.46

8.14±5.12

Kidneys

4.28±4.20

3.16±0.71

Spleen

28.62±21.97

48.38±20.75

Intestine

0.94±0.59

1.14±0.21

Stomach

0.21±0.17

0.31±0.11

Brain

0.05±0.03

0.05±0.01

A431K5 (meso +ve)

2.18±1.68

3.81±0.87

A431 (meso –ve)

1.41±1.23

2.13±0.20
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Figure 4.12. A representative autoradiographic image of excised organs. At 72 hours postinjection of 111In-mAbMB-SPIONs major organs were excised and ex-vivo autoradiography of
major organs was carried out by exposing a 20×25 cm2 phosphor screen to the excised organs
followed by visualization using a phosphor imager. High activity uptake can be visualized
mainly in liver, spleen, kidney and A431K5 tumour.
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4.4.5. Prussian Blue Staining
Microscopic examination of tumour sections stained with Prussian blue showed the presence of
iron nanoparticles in A431K5 tumour tissue. In the Figure 4.13, the red colour indicates nuclei,
and the pink is cytoplasm, whereas the SPIONs are stained blue. Strong blue colour can be seen
in the cytoplasm of the tumour cells. A431 tumours, though to a lesser extent, also showed
(Figure 4.13) the presence of iron oxide, which indicates non-specific uptake due to the EPR
effect [271]. As expected on the basis of biodistribution data, higher iron oxide staining was
observed in the spleen of mice (Figure 4.13 C).

Figure 4.13. Iron oxide staining of tissue specimens of A431 tumour (A), A431K5 tumour
(B) and spleen (C), by Prussian blue staining method. While spleen shows the highest
presence of iron oxide, the presence of iron oxide in A431K5 tumour is greater than A431
tumour. The insets provide a 3 times magnified view of the tissue.

4.4.6. In Vivo MRI Studies
The potential of the

111

In-mAbMB-SPIONs for MR imaging was investigated in a mouse

xenograft model. Coronal as well as axial images were acquired at pre-injection and 24 hours
and 72 hours post-injection time points. The volumes of A431K5 tumours increased by about
28% at 24 hours and 38% at 72 hours, compared to the pre-injection time point as shown in
Figure 4.15. From coronal MRI images (Figure 4.14), the change in contrast can be observed
between pre-injection time point, which is more pronounced at the 24 hour time point and can be
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said to be an effect of accumulated 111In-mAbMB-SPIONs. For the corresponding A431 tumours
the signal intensity of MR T 2 -weighted images was reduced mainly at the margin of A431
tumours as seen in Figure 4.14. The change in MR signal for A431K5 tumours is also apparent
in axial images especially in the region pointed out by the arrows in the Figure 4.15.
Confirmation

of

111

In-mAbMB-SPIONs

uptake

in this

region was

obtained

from

autoradiography of the excised tumour sections (Figure 4.15). The intensity histograms (Figure
4.16) show the frequency of occurrence of particular image intensity within the ROI, indicated
by the colour-plots. The suppression of tumour signal by

111

In-mAbMB-SPIONs is mainly seen

in the post 24 hours scan and is represented by the shift in the curve towards the lower intensity
region on the x-axis. By determining the mean image intensities from the intensity histograms,
33% and 9% decrease in image intensities compared to pre-injection time point, was observed
for 24 hours and 72 hours time points, respectively. While axial images of A431 tumours also
showed suppression of signal intensity (Figure 4.17), but due to lower resolution of the images,
image intensity analysis was not carried out.
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Figure 4.14. T 2 weighted coronal gradient echo MR images of SCID mice bearing
xenograft tumours, injected intravenously with 15 mg/kg body weight Fe equivalent of
111
In-mAbMB-SPIONs. Images A1, A2 and A3 represent A431K5 tumour at pre-injection and
24 hours and 72 hours post-injection time points, respectively, while images B1, B2 and B3 are
corresponding images for the A431 tumour from the same mouse. The mice were imaged using a
7 T MRI Bruker scanner. The yellow arrows in the images point to the regions in the tumours,
where a change in MR signal can be observed. The insets to the right are a representation of the
coronal view of the mouse with green arrows indicating the locations of tumours (neckA431K5, lower back A431).
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Figure 4.15. T 2 weighted axial gradient echo MR images and tumour volume maps for
A431K5 tumours of SCID mice bearing xenograft tumours, injected intravenously with 15
mg/kg body weight Fe equivalent of 111In-mAbMB-SPIONs. Image analysis was performed
using the 3D Slicer program. Images A1, A2 and A3 represent A431K5 tumour volumes
obtained at pre-injection and 24 and 72 post-injection time points, respectively. Images B1, B2
and B3 are the MR images of A431K5 tumour at pre-injection and 24 and 72 hours postinjection time points, respectively. The inset in image B3 represents the autoradiographic image
of a 20 µm tumour section obtained from the corresponding tumour. The region of MR signal
change observed in the B3 image correlates with the region of activity uptake as observed in the
autoradiographic image. The mice were imaged using a 7 T MRI Bruker scanner.
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Figure 4.16. ROI intensity histograms for T2 weighted axial gradient echo MR images of
A431K5 tumours. SCID mice bearing A431K5 tumours were, injected intravenously with 15
mg/kg body weight Fe equivalent of 111In-mAbMB-SPIONs. The suppression of the signal
intensity is mainly observed for the 24 hours image, represented by a shift in the green curve
towards lower intensity region on the x-axis.
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Figure 4.17. T 2 weighted axial gradient echo MR images for A431 tumours of SCID mice
bearing xenograft tumours, injected intravenously with 15 mg/kg body weight Fe
equivalent of 111In-mAbMB-SPIONs at pre-injection (A), 24 hours (B) and 72 hours (C)
post-injection.

4.4.7. MTT Assay
Cell viability in the presence of

111

In-mAbMB-SPIONs was evaluated by MTT assay, 24 hours

after incubation with A431 cells at an equivalent concentration of 0.1 and 0.5 mg [Fe]/ml and
compared with unconjugated SPIONs and Feridex IV at the same iron concentration. The p
value obtained by student’s t-test comparing the cell viabilities of untreated cells (control) with
the respective samples indicates that all the samples tested show low toxicity on A431 cells, in
the concentration range tested (Figure 4.18).
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Figure 4.18. MTT assay on A431 cells. Cell viability of the 111In-mAbMB-SPIONs (MA) was
determined by the MTT assay, 24 hours after incubation with A431 cells and compared with
SPIONs (M) and Feridex IV (F) at the equivalent concentration of 0.1, 0.5 [Fe] mg/ml,
respectively (n = 8). Untreated cells were used as control to determine 100% cell viability.
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4.5. Discussion
In chapter 3, we demonstrated that

111

In-mAbMB can specifically target mesothelin expressing

tumours allowing us to image them using SPECT. In an attempt to further improve imaging
outcomes in a few of the most challenging cancers, pancreatic, ovarian and mesothelioma, we
111

designed a dual-modality MRI/SPECT imaging bioprobe by conjugating

In-mAbMB with

SPIONs. The resultant 111In-mAbMB-SPIONs showed specific uptake into A431K5 tumours and
produced a change in the MR signal when tested in MRI experiments. There are only a few
reported studies on the development of such dual-modality imaging bioprobes combining
radionuclide imaging (SPECT or PET) with MRI [202,299,300]. Using

125

I-labelled antibody-

magnetic nanoparticle conjugates, Otsuji et al. showed significantly higher uptake in colorectal
tumours than in normal tissue and also observed reduced MR signal intensity in the treated
tumours [301]. In another study, Liu et al. demonstrated the specific tumour uptake of their 125Ilabelled antibody-magnetic nanoparticles by SPECT and MRI imaging [292]. In comparison, we
used

111

In as a SPECT motif to develop dual modality bioprobes for imaging mesothelin

expressing tumours.

SPIO nanoparticles consist of numerous iron oxide crystals coated with dextran or
carboxydextran. The useful superparamagnetic iron oxide (SPIO) nanoparticles for MRI have
high molar relaxivities and are nontoxic due to their dextran coating [302,303]. Weissleder et al.
first presented the concept of small superparamagnetic probes conjugated to an antibody where
they attached iron oxide nanoparticles to antimyosin fab for immunospecific MR imaging of
cardiac infarcts. Specific binding of the immunoconjugate to infarcted, but not to normal
myocardium, was confirmed [211]. For tumour-specific imaging, monoclonal antibodies specific
for CEA [304], epidermal growth factor receptors [305], and human glioma cell-surface antigen
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[306] have been attached to iron oxide nanoparticles. Their efficacies have been established in
ex-vivo and animal studies.

For our studies we used SPIONs (Fluidmax-CMX), which were first characterized by TEM and
DLS to ensure that the SPIONs were present as stable colloidal dispersions, without aggregation
(Figure 4.3). Post antibody conjugation, the hydrodynamic diameter of the particles, expectedly,
increased from 69.6 nm to 76.6 nm. This was also accompanied by a change in the size
distribution profile (Figure 4.4) leading to increase in the polydispersity index from 0.16 to 0.18,
which can be attributed to slight aggregation during the coupling reaction. In comparison, the
mean size of most clinically approved SPION formulations like Feridex IV, Endorem and
Resovist, approximately ranges between 60 to 250 nm [200,201], while the polydispersity index
can be as high as 0.29 [201]. The conjugation yields obtained from the carbodiimide coupling
reaction between

111

In-mAbMB and the SPIONs revealed that

111

In-mAbMB was effectively

coupled to the SPIONs. A comparison of cell binding to mesothelin expressing A431K5 and
non-mesothelin expressing A431 cells, over a period of 24 hours suggested that

111

In-mAbMB-

SPIONs retained their mesothelin reactivity and binding specificity (Figure 4.6). The
competition binding assay performed with excess free mAbMB again demonstrated the
specificity of the interaction of

111

In-mAbMB-SPIONs with A431K5 cells (Figure 4.7).

Qualitatively, confocal microscopy confirmed the specific interaction between

111

In-mAbMB-

SPIONs and A431K5 cells (Figure 4.8).

Higher molar relaxivity of a contrast agent implies that lower concentrations are required for
achieving the characteristic darkening associated with MR imaging. Higher molar relaxivity is
especially important for applications requiring extravasation of the contrast agent (tumour
imaging), because of typically lower accumulation of the contrast agent. For such applications,
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SPIONs are especially suitable as they possess high transverse relaxivity due to each particle
being composed of many thousands of iron atoms. Additionally, coupling with specific
molecular targeted ligands (like antibodies and peptides) provides them an ability to accumulate
in extra vascular tissue (tumours) at appropriate concentrations to produce an optimum MR
effect [307]. Several groups have successfully developed high relaxivity contrast agents with r 2
values ranging between 281 mMs-1 to 453 mMs-1 [308-310]. In our in vitro relaxivity studies, we
observed a signal hypointensity gradient in proportion to the increasing iron concentrations for
111

In-mAbMB-SPIONs, as shown in Figures 4.9 and 4.10. Qualitatively, the signal

hypointensity of unconjugated SPIONs and

111

In-mAbMB-SPIONs was equivalent indicating

that the conjugation did not affect the relaxation properties of the SPIONs. The r 2 relaxivity
values of SPIONs (397.33 mMs-1) as well as 111In-mAbMB-SPIONs (469.57 mMs-1) were higher
than those reported for Feridex IV (268 mMs-1 at 0.47 T). In our previously done studies we
obtained r 2 relaxivity values of 224 mMs-1 using the 7 T MR imaging system (data not shown).
These results provide evidence about the uniform and high crystalline nature of the SPIONs and
making them an excellent choice for MRI probe development [311].

The use of radiolabelled MR probes, in addition to being useful for the SPECT imaging, also
allows determination of the biodistribution and in vivo characteristics of the imaging bioprobes,
which is difficult to achieve solely by MRI. The main purpose of our biodistribution study was
to evaluate specific tumour uptake of 111In-mAbMB-SPIONs in A431K5 tumours and compare it
to non-specific uptake in A431 tumours. Since the peak uptake of

111

In-mAbMB was obtained

between 24 and 72 hours in our previous studies (Chapter 3), we chose to evaluate the
biodistribution of

111

In-mAbMB-SPIONs, at 24 and 72 hours post-injection. To achieve high

tumour penetration of molecular probes, it is necessary to achieve longer circulation times in the
blood, but the rapid sequestration of intravenously injected colloidal particles from the blood by
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the reticuloendothelial system (liver and spleen) poses a major barrier [312]. In our studies, 111InmAbMB-SPIONs showed high localization in spleen, similar to that seen for

111

In-mAbMB

(Chapter 3). This spleen uptake (Figure 4.11) can be attributed to the binding of 111In-mAbMBSPIONs to shed mesothelin antigen from A431K5 tumours, forming immune complexes that are
sequestered by the spleen [130,278]. When compared to spleen, the liver uptake was much lower
at 24 hours, but increase in activity accumulation was observed by 72 hours, indicating that
blood clearance mediated by hepatic midzonal and periportal Kupffer cells, increased over time
[312]. The sequestered SPIO particles are metabolized and transferred to the body iron stores
and incorporated into erythrocyte haemoglobin [313]. Despite high spleen uptake, the blood
retention of 111In-mAbMB-SPIONs was 2.59 ±1.42% ID/g at 24 hours. In comparison, Glaus et
al. reported about 1.0 ± 0.05% ID/g in the blood at 24 hours post-injection for their 64Cu labelled
iron oxide nanoparticles (without any specific ligands) for dual modality imaging (MRI/PET)
[202]. The authors also reported 31.33 ± 2.33% ID/g and 18.05 ± 1.27% ID/g in liver and spleen
111

at 24 hours, respectively. While blood levels of

In-mAbMB-SPIONs decreased between 24

hours and 72 hours, the corresponding activity levels in A431K5 tumours increased slightly from
4.05 ± 0.34% ID/g at 24 hours to 4.76 ± 0.79% ID/g at 72 hours. Based on tumour blood volume
calculations [314] the contribution of blood to the activity values in A431K5 tumours was
negligible (<0.0001% ID/g). The activities in A431 tumours were significantly lower (P<0.05)
than A431K5 tumours, which points to specific uptake of

111

In-mAbMB-SPIONs in A431K5

tumours, which was also confirmed by Prussian blue staining (Figure 4.13). In comparison,
Otsuji et al. reported about 7.5% ID/g in receptor targeted tumours compared to about 1.5% ID/g
in control tumours at 24 hours, while the values at 72 hours decreased to about 6.5% ID/g and
1.0% ID/g, respectively. When compared to

111

In-mAbMB (Chapter 3), the A431K5 tumour

uptake of 111In-mAbMB-SPIONs was lower at 24 hour time point (8.74% ID/g vs. 4.05% ID/g),
while at 72 hours, A431K5 tumour uptake of both

111

In-mAbMB and

111

In-mAbMB-SPIONs
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was similar (4.82% ID/g vs. 4.76% ID/g). The reduced uptake of

111

In-mAbMB-SPIONs at 24

hours can be attributed to their larger size compared to 111In-mAbMB, which poses an additional
challenge to overcome the vascular and interstitial barriers within the tumor [315].

In general, MR imaging correlated well with biodistribution findings. The MR signal change was
clearly visible in A431K5 tumours between, pre-injection and post-injection time points in both
coronal as well as axial MR images indicating presence of iron oxide particles in the tumours
(Figures 4.14 and 4.15). The regions of signal hyposensitivity correlated well with tumour
distribution of the probe as evident from autoradiography (Figure 4.15). Further quantitative
analysis showed that the signal specifically obtained from A431K5 tumours was reduced,
especially at 24 hours time point (Figures 4.16). This was also observed in the MR pictures as
regions of signal hyposensitivity. However, at 72 hours the hypointensive signal although higher
compared to pre-injection time point, was reduced compared to 24 hours time point. This can
partly be attributed to the decline in blood pool reservoir of

111

In-mAbMB-SPIONs during 24

hours and 72 hours period, thus resulting in reduced incremental uptake as indicated by the
biodistribution studies. In comparison, the MR signals of A431 tumours were less hypointensive
and were mostly prevalent along the margins of the tumours as seen in Figure 4.14.

Despite high expression of mesothelin by A431K5 tumours, the shed mesothelin creates a major
impediment to mesothelin directed delivery of the

111

In-mAbMB-SPIONs. Although, we

observed this phenomenon in previous studies with 111In-mAbMB (Chapter 2), the unavailability
of a relevant mesothelin expressing tumour model, which does not shed mesothelin, limited our
choice to A431K5 cells for these studies. The other cell lines, like NCI-H226 cells (Chapter 2)
express even lower amounts of mesothelin and are therefore not useful. We demonstrated the
potential of

In-mAbMB-SPIONs for simultaneous γ-imaging by carrying out biodistribution

111
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and autoradiographic studies (Figure 4.12). Further validation of their usefulness as γ-imaging
bioprobes is required and can be obtained by SPECT.

Receptor-directed agents such as MIONs sized less than 40 nm are most capable of passing
through capillary fenestra and inter-endothelial junctions to reach the extra-vascular space. This
passage is a prerequisite for targeted imaging and would help in achieving higher tumour
concentrations, but none of such agents are yet clinically approved [210,211]. The use of surface
modified SPIONs with larger size is therefore a reasonable choice as they possess larger
magnetization values, thus making them capable of faster spin-spin relaxation processes of
surrounding water molecules [316]. The T 2 enhancing effects observed in MRI images as well as
111

the higher A431K5 tumour uptake provide evidence of the ability of
specifically target mesothelin expressed by tumours. In addition,

In-mAbMB-SPIONs to

111

In-mAbMB-SPIONs have

suitable relaxation rates as well as biocompatibility characteristics, which make them suitable for
MR imaging. With the progress made recently in development of combined PET/MRI and
SPECT/MRI scanners, dual modality imaging agents such as the ones developed in the current
study, have enormous potential of being used in the clinic within the next few years
[192,194,317-319].

4.6. Conclusion
We successfully developed and tested a novel dual-modality molecular imaging probe for in vivo
detection of mesothelin expressing tumours by both MRI and SPECT. This imaging bioprobe
comprises the 111In labelled antimesothelin antibody mAbMB chemically conjugated to carboxy
methyl dextran coated iron oxide nanoparticles. The high relaxivity and specific targeting of the
bioprobes resulted in enhanced MR contrast effect in mesothelin positive tumours compared to
mesothelin negative tumours. Covalently bound 111In acted as a SPECT detection motif and was
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used to provide proof of principle by autoradiography and biodistribution studies. It is
anticipated that combining MRI and SPECT imaging modalities will enable characterization of
tumours based on both functional and anatomical information and will provide a powerful
diagnostic tool for early diagnosis and monitoring of mesothelin expressing cancers.
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Chapter 5: Summary and Conclusion
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5.1. Research Rationale
Mesothelin is highly expressed in mesotheliomas, pancreatic adenocarcinomas and ovarian
cancers. Its potential as a target for cancer therapy is very well recognized due to the limited
expression of mesothelin on normal human tissues and high expression in cancer cells. Many
groups have designed immunotherapeutic agents that either target cell surface mesothelin or
elicit an immune response against mesothelin. Some of these agents are already in the clinic or
about to enter clinical trials which include CAT-5001 (recombinant immunotoxin against
mesothelin), MORAb-009 (cytotoxic chimeric anti-mesothelin monoclonal antibody) and CRS207 (Listeria monocytogene-mesothelin vaccine). For a detailed review on the mesothelin
directed immunotherapy please refer to the review by Hassan et al., 2008 [102]. In light of the
progress made in the field of immunotherapeutic targeting of mesothelin, it is surprising that
there are only two reported studies exploring the pre-clinical development of mesothelin targeted
imaging agents, while none of these agents has progressed into clinical testing [164,166]. The
potential of mesothelin as an imaging target for early detection and management of mesothelin
positive malignancies, can only be fully realized by developing and evaluating new mesothelin
targeted imaging agents. The research described in this dissertation was carried out with the goal
of exploiting the potential of mesothelin as a target for imaging mesothelin expressing cancers.
The main objective of this research is to develop and evaluate molecular imaging bioprobes
targeting mesothelin (Figure 5.1). This work utilizes the antibody targeting approach for
selective delivery of radionuclides and MRI contrast agents for visualization of tumours. Since
these cancers are best treated when diagnosed early this approach is highly significant for
management of these cancers. Through this work we evaluated the features of different
antibodies, antibody fragments, radionuclides, nanoparticles and cell models for development of
a mesothelin specific molecular imaging bioprobe. We followed two approaches for the
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development of a mesothelin specific imaging bioprobe. In the first approach, antimesothelin
antibodies were radiolabelled using different methods and tested for SPECT imaging of
mesothelin expressing cancers. In the second approach, we coupled these radiolabelled
antibodies with iron oxide nanoparticles (MRI contrast agent) to develop a novel mesothelin
targeted dual-modality SPECT/MRI imaging agent. The work in this dissertation describes the
evaluation of these imaging bioprobes using in vitro and in vivo methods. Strategies to achieve
high tumour accumulation of imaging bioprobes were also assessed. The specific targeting
ability of the molecular imaging bioprobes was evaluated using biodistribution and imaging
studies in mesothelin expressing tumour xenograft mouse model and compared with nonmesothelin expressing control tumours.

Figure 5.1. Overview of research findings.
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5.2. Assessing Suitability of 99mTc Labelled mAbK1 Antibody and its Fragments in NCIH226 Tumour Model
99m

Tc is the radionuclide of choice for scintigraphic imaging, but radiolabelling of antibodies

with

99m

Tc is challenging and has been a subject of considerable research [216,320-322]. Both

direct and indirect labelling methods of 99mTc have been explored by researchers in the past; for
a review see Reilly-, 1993 [215]. Additionally, Alberto et al. described a new indirect method
[218] for

99m

Tc labelling using

99m

Tc(I) tricarbonyl core, which has been commonly used in

recent years [218,243,244]. In the current work we used both direct as well as indirect labelling
methods. While mAbK1 antibody was radiolabelled with 99mTc using the direct labelling method
after reduction with SnCl 2 , the fab and f(ab') 2 fragments of mAbK1 were radiolabelled with
99m

Tc(I) tricarbonyl core using an N-(o-phenol)-histidine chelator, synthesized in our lab. In

contrast, prior studies have mainly focused on using genetically expressed histidine-tags on the
proteins for radiolabelling with 99mTc(I) tricarbonyl core [218].

Achievement of high tumour to background ratios is critical for imaging tumours with
radiotracers. Whole IgG antibodies take 1-3 days to clear from blood due to their high molecular
weight (150 kDa), while

99m

Tc has a half-life of only 6 hours, thus permitting imaging only

within the first 24 hours of administration. To address this potential incompatibility, we
considered the use of fab (~50 kDa) and f(ab') 2 (~100 kDa) fragments of mAbK1 as an
alternative strategy for achieving sufficient tumour uptake and background clearance for imaging
within the time frame compatible with the half life of 99mTc.

Successful antigen targeted tumour imaging requires high and stable antigen expression levels in
tumour cells as well as low or absent expression in normal tissues. Additionally, the
radiolabelled antibody must bind to the antigen with high binding affinity [323]. NCI-H226 cells
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express the highest amount of mesothelin amongst the established cell lines [157] and therefore
were used in our studies for in vitro studies as well as for development of tumour xenografts in
mice for biodistribution studies. Assessment of the immunoreactivity and affinity properties was
done using in vitro radioligand binding assays. While all three

99m

Tc labelled

radioimmunoconjugates retained their reactivity to mesothelin, their affinity properties were less
than optimal (K d = 21 - 25 nM). The binding assay also revealed the low expression of
mesothelin on NCI-H226 cells (9.1±1.0×104 receptors/cell). The low affinity of mAbK1 and its
fragments to mesothelin was an unexpected finding, since the previous studies have indicated
high affinity (K d = 0.92 nM) for the same antibody [164]. In comparison, the clinically approved
monoclonal antibody trastuzumab (Herceptin) targeting HER2 receptors for treatment of breast
cancers has a much higher affinity (K d = 5 nM), while the HER2 expressing cell lines such as
SK-BR-3 also express much higher levels of HER2 receptors (2.0±0.23×106 receptors/cell)
[256,324]. Another clinically used monoclonal antibody rituximab has a K d value of 8 nM, again
indicating high affinity binding to CD20 receptors of normal and neoplastic B cells [324]. The
low expression of mesothelin by NCI-H226 tumours and low binding affinity of the mAbK1
antibody contributed to insufficient tumour uptake of the 99mTc labelled radioimmunoconjugates
as revealed by the biodistribution studies. Similar findings were reported by Yoshida et al. in a
64

recent study using

Cu labelled antimesothelin fab fragments for targeting mesothelin

expressing NCI-H226 tumours. In our studies, although the tumour uptake was low, the blood
clearance and peak uptake time point of 8 hours for both fab and f(ab) 2 fragments indicated their
compatibility for

99m

blood clearance of
labelled

Tc based radioimmunoimaging. Another interesting finding was the fast

99m

Tc-mAbK1, which can be attributed to in vivo instability of the directly

99m

Tc-mAbK1. This finding was unexpected since our cysteine challenge results of

99m

Tc-mAbK1 did not predict instability due to transchelation of 99mTc from the antibody. Thus,

in this case, the instability can be attributed to the fragmentation of antibody as also observed in
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earlier studies with directly labelled antibodies by Pimm et al. and Sakahara et al. [325,326].
This instability of

99m

Tc-mAbK1 prevented us from determining its real pharmacokinetic

behaviour and also contributed to low tumour uptake. Based on the findings of this study we
identified the critical factors for preclinical development of mesothelin targeted probes. It is
evident from our studies that the NCI-H226 cell model does not express sufficient levels of
mesothelin to allow sufficient accumulation of the anti-mesothelin imaging probes in tumour
xenografts developed in mice. Further the K d values suggest that mAbK1 has a low binding
affinity for mesothelin. We adapted our study design to address these issues as explained in
Chapter 3 by choosing an alternative antibody with high affinity to mesothelin as well using a
cell model with higher mesothelin expression levels.

5.3. Designing Mesothelin Targeted SPECT Imaging Probes with 111In Labelled mAbMB
Antibody and Comparison of its Properties with 111In Labelled mAbK1
In continuation of our work towards development of mesothelin directed molecular imaging
bioprobes, we focused on using alternative strategies to resolve the issues related to low uptake
of anti-mesothelin probes by mesothelin expressing tumours as observed in chapter 2. Due to
increasing research interest in mesothelin targeting, new and improved anti-mesothelin
antibodies have recently become available. Onda et al. developed two new anti mesothelin
antibodies, mAbMB and mAbMN, and reported that mAbMB has the best affinity towards
mesothelin amongst all available antibodies [160]. In their studies, mAbMB has a K d value of
0.62 nM, while for mAbK1 the K d value is 12 nM. Based on its higher affinity to mesothelin we
selected mAbMB for the development of mesothelin targeted imaging probes. We also replaced
Tc with another γ-emitting isotope,

99m

111

In, which is more suitable for imaging with whole

IgG’s and their slower blood clearance and longer tumour penetration time because of its halflife of 2.8 days. Since

111

In-mAbK1 had shown excellent mesothelin targeting potential in
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previous studies by Hassan et al. [164], we chose to compare the imaging characteristics of 111InmAbMB with

111

In-mAbK1. This work also provided evidence for pharmacokinetic and

biodistribution behaviour of mAbK1, which we were unable to obtain in chapter 2, due to in vivo
instability.

111

In labelling of both mAbMB and mAbK1 was accomplished with high efficiency

using the bifunctional chelator p-SCN-bn-DTPA [327].

To address the drawbacks of low mesothelin expression levels by established cell lines, Dr. Ira
Pastan’s laboratory (NIH, USA) has developed an alternative mesothelin expressing cell line by
transfecting epidermoid A431 cells with pcD3CAK1-9, a plasmid encoding mesothelin gene
[269]. The resulting A431K5 cells have mesothelin expression similar to that seen on
immunohistochemical examination of patient tumour specimens [156]. This cell line was used
by Hassan et al. for their biodistribution study of 111In labelled mAbK1 [164] and also has been
used for mesothelin related investigations by many other groups [143,145,158,159]. Dr. Ira
Pastan generously provided the A431K5 cell line for our work. Our studies indicate that A431K5
cells express about 7 times higher mesothelin receptors per cell than NCI-H226 cells. Through in
vitro cell binding assays it was determined that

111

In-mAbMB (K d = 3.6 nM) has about 8 fold

higher affinity than 111In-mAbK1 (K d = 29.3 nM). The lower affinity observed for 111In-mAbK1
is not consistent with the affinity results reported by Hassan et al. (K d = 0.92 nM). It should
however be acknowledged that, for our studies we used the commercially available mAbK1,
while Hassan et al. used the antibodies produced in their laboratory for their experiments. It is
also noteworthy that, despite the excellent results obtained in the biodistribution study, no further
development or studies have been reported on

111

In labelled mAbK1 by Hassan et.al. The

affinity results for 111In-mAbK1 are similar to those obtained for 99mTc-mAbK1 in chapter 2 and
also explain the low tumour uptake of

111

In-mAbK1 by A431K5 tumours compared to that of

111

In-mAbMB.
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For in vivo studies, our tumour model comprised of subcutaneous xenografts of both A431K5
tumour (mesothelin positive) and A431 tumour (mesothelin negative) grown on the same mouse.
The main advantage of this model is that it allows determination of specific tumour uptake as
well as the non-specific uptake related to the non specific binding and EPR effect. Additionally,
this model also allows reduction in the number of animals as each mouse functions as its ‘own
control’, which is a significant advantage with respect to cost and ethical considerations. A
caveat to using such a model is that it works on the assumption that the control and test tumours
have a similar microenvironment. Alternatively, the effect of non-specific binding and EPR can
be evaluated by using a non-specific antibody control in A431K5 tumour bearing mice.
However, such a control radiolabelled non-specific antibody must be equivalent to the specific
antibody with respect to its in vivo pharmacokinetics; otherwise differences in the blood
concentrations of radioactivity may lead to incorrect estimation of non specific binding and EPR
effect on tumour uptake [236]. In the biodistribution studies, carried out in subcutaneous tumour
xenograft bearing SCID mice, we observed significantly higher uptake into the mesothelin
expressing A431K5 tumours compared to control A431 tumours, at both high and low dose of
111

In-mAbMB, indicating specific targeting ability of

111

In-mAbMB. At low dose of

111

In-

mAbMB, peak activity uptake was observed at 48 hours after injection, while at the high dose
the peak uptake of the tumour was slightly higher at 72 hours than at 48 hours. One of the
limitations of the high dose study was that biodistribution of only three mice (n= 3) was
obtained, although the results are still statistically significant.

SPECT imaging and the ROI analysis thereof provided further confirmation of specific
localization of

111

In-mAbMB in mesothelin expressing A431K5 tumours. One of the interesting

findings of the biodistribution studies was the preferential uptake of 111In-mAbMB by the spleen,
which was also confirmed by the SPECT images. At the high dose of

111

In-mAbMB, spleen
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uptake also caused decrease in spleen weights possibly due to depletion of the hematopoietic
cells in the spleen as a result of the local high density electron irradiation from auger electron
emission of

111

In [275,276]. In our western blot studies no cross reactivity of mAbMB with

spleen antigens was observed. Previously, Sato et al. have also reported high spleen uptake of
their mesothelin targeted

111

In labelled tetravalent single-chain Fv-streptavidin fusion protein

(SS1scFvSA), in mice bearing A431K5 tumours. In the same study, the spleen uptake was
blocked by administration of unlabelled SS1scFvSA, which suggests a role of circulating
mesothelin antigen in forming immune complexes with

111

In labelled SS1scFvSA, which

undergoes phagocytic uptake by spleen. We believe that the spleen uptake of
mediated by a similar mechanism. Low spleen and liver uptake of

111

111

In-mAbMB is

In-mAbMB observed in

non-tumour bearing mice compared to tumour-bearing mice clearly points to the role played by
the shed tumour antigens in promoting spleen and liver uptake. Prior studies by Hellstorm et al.
have shown that mesothelin extensively shed by the tumour cells finds way into the blood
circulation. Studies by Ho et al. and Zhang et al. have specifically used the A431K5 tumour
model to further demonstrate the shedding of mesothelin antigen [146,278]. Additionally, Zhang
et al. determined that the amount of mesothelin shed into the blood circulation can range
between 0.7 nM to 10 nM depending on the size of the A431K5 tumours. Prior studies have
extensively focused on evaluating the effect of circulating antigen in case of carcinoembryonic
antigen producing xenografts in mice. For a detailed review about the effect of circulating
antigen on immunoscintigraphy please refer to the review by Pimm [281].

It is noteworthy that high affinity antibodies form more immune complexes and therefore are
effectively cleared from the circulation by either liver or spleen [328]. This provides an
explanation for low spleen uptake of 111In-mAbK1 (low affinity) in our studies. In addition, it is
also possible for different xenograft types to secrete different levels of the antigen into the
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circulation, due to different rate of antigen production in tumours as well as different size of the
tumours [329,330]. The low spleen uptake of

111

In labelled mAbK1 in the studies by Hassan et

al. can perhaps be attributed to this phenomenon. Due to immune complex formation, the blood
circulation of shed mesothelin antigen can restrict the effective uptake of radiolabelled
antibodies into human tumour xenografts in mice and have an impact on immunoscintigraphy
[281]. Hagan et al. have shown up to 3-fold higher tumour localization of anti-CEA antibodies in
mice bearing colon carcinoma xenografts that produce low levels (20 ng/g/h) of CEA, compared
to mice having xenografts with high production levels (1000 ng/g/h) of CEA. Nonetheless, in our
studies, despite the presence of circulating antigen we were clearly able to visualize specific
activity localization in A431K5 tumours.

In human patients injected with radiolabelled anti-CEA antibodies, the formation of immune
complexes with circulating CEA, rather surprisingly does not affect the localization of activity
into the tumours and there is no marked clearance of the radiolabel in liver or spleen. As a result
tumour detection by γ-immunoscintigraphy remains unaffected [331,332]. It is therefore possible
that the spleen uptake of

111

In-mAbMB observed in the mouse model in our studies may not be

prevalent in the human patients.

There is no conclusive evidence in previous literature that explains this difference between
mouse models and human patients, although a number of possibilities have been explained in the
review by Pimm [281]. From a future perspective a more detailed investigation of the effects of
circulating mesothelin antigen on tumour imaging with

111

In-mAbMB is required. For such

studies one might also consider the use of an alternative mesothelin expressing tumour model
which does not shed mesothelin. In this regard H9 cell line reported recently by Feng et al. might
be promising, after prior evaluation of its mesothelin shedding properties [154]. If necessary pre156

administration of the cold antibody can be used as a strategy to successfully avoid spleen uptake
of 111In-mAbMB due to circulating mesothelin antigen.

For clinical imaging, the sensitivity of the radiopharmaceutical is critical especially for detecting
small lesions. The sensitivity of imaging depends not just on the radiopharmaceutical, but also
on factors related to the tumour, surrounding tissue as well as the imaging system [333]. Our
investigation revealed preferential localization of

111

In-mAbMB into the mesothelin expressing

tumours. The blood clearance and lower normal tissue distribution of 111In-mAbMB also resulted
in higher T/NT ratios. While both these findings have a favourable influence on the sensitivity of
tumour detection, the non-specific uptake into spleen adversely affects the sensitivity. Imaging
sensitivity also depends on factors such as tumour vascularity, heterogeneity of receptor
expression, lesion size and location, collimator resolution, efficiency of detection systems and
the display of final image [333], however, the current study was not designed to evaluate these
factors.

5.4. Designing Dual-Modality MRI/SPECT Imaging Probes with 111In Labelled mAbMB
and SPIONs
In chapter 3 we established that

111

In-mAbMB specifically targets mesothelin expressing

tumours and can be used for SPECT/CT imaging of mesothelin expressing tumours. To fully
realize the potential of this specific interaction of 111In-mAbMB and mesothelin for imaging, we
attempted to design a dual-modality SPECT/MR imaging bioprobe. A combination of two or
more detection techniques, made possible by multi-modal imaging agents ensures enhanced
visualisation of biological materials and better reliability of collected data, thus enabling
improved diagnostic accuracy and radiotherapy planning. SPECT when combined with MRI can
produce images with high sensitivity, resolution and soft tissue contrast, overall providing
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anatomical as well as functional information. The field of dual-modality imaging with
SPECT/MRI, although very promising is only at a nascent stage, with relatively few studies
reported so far [192,292,317,334].

In this work, we conjugated

111

In-mAbMB to carboxymethyl dextran coated SPIONs and

determined their biodistribution and targeting efficacy in mice bearing mesothelin positive
A431K5 tumour and control A431 tumour. Significantly higher uptake of

111

In-mAbMB-

SPIONs into A431K5 tumours confirmed their specific targeting ability. However, spleen uptake
as seen in chapter 3 for 111In-mAbMB was also prevalent for 111In-mAbMB-SPIONs, which can
be attributed to the role played by circulating mesothelin antigen, as explained in the previous
section. Additionally, the SPION diameter also greatly affects the biodistribution since the
particles from 60 to 150 nm are taken up by the reticuloendothelial system leading to
accumulation in the liver and spleen. Although the concentration of 111In-mAbMB-SPIONs was
not very high in A431K5 tumours (4.05 ± 0.34% ID/g at 24 hours and 4.76 ± 0.79% ID/g at 72
h), their high molar relaxivity (469.57 mMs-1) contributed to signal hypointensity in A431K5
tumours which was greater than A431 tumours (Figure 4.14). By combining the information
gathered from biodistribution studies, Prussian blue staining, autoradiography and MRI imaging,
we confirmed that

111

In-mAbMB-SPIONs not only extravasate but are also retained in the

tumours. The tumour uptake into the A431K5 tumours can be mainly attributed to mesothelin
specific targeting of

111

In-mAbMB-SPIONs, while some of the tumour uptake and retention is

also due to the more permeable vasculature environment at the tumour site, i.e., the EPR
(enhanced permeation and retention) effect [271]. The tumour uptake determination in the
control A431 tumours helps to delineate the effect of EPR due the absence of mesothelin
receptors on these tumours. These results also indicate a reasonable circulation half-life of the
particles which is sufficient to allow tumour uptake.
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All of the above observations are encouraging, for the development of a SPECT/MRI molecular
imaging probe for mesothelin expressing cancers. However these findings can only be
considered as preliminary evidence, primarily due to unavailability of SPECT data for

111

In-

mAbMB-SPIONs. The logistical problems associated with simultaneous SPECT and MRI
imaging prevented us from incorporating in vivo dual-modality imaging in our study design.
Instead, we used autoradiography and biodistribution studies to examine activity uptake in the
tumours and major organs. Although both these methods are useful indicators of the suitability
111

of

In-mAbMB-SPIONs for SPECT imaging, they do not provide direct evidence of γ-

scintigraphy. Also the amount of activity administered (740 kBq) was much less than would be
required for SPECT imaging. By further optimizing the amount of

111

In-mAbMB conjugated to

SPIONs, it is possible to attain activity amounts suitable for imaging without increasing the
administered dose of Fe. In addition, strategies for achieving a higher concentration of the dual
modality probe also need to be considered. Promising in this regard are particles with diameters
of 10–40 nm, including ultra-small SPIO or monocrystalline SPIO, due to their prolonged blood
circulation time and ability to cross capillary walls [211,305].

5.5. Conclusions
The work in this dissertation demonstrates for the first time successful SPECT imaging of
mesothelin expressing cancers using radiolabelled antibodies. We evaluated the characteristics of
the two anti-mesothelin antibodies mAbMB and mAbK1 using in vitro and in vivo methods for
use as imaging probes for mesothelin expressing cancers. Our studies provide evidence that
111

In-mAbMB is a better choice than

111

In-mAbK1 for imaging mesothelin expression in

tumours. However, we also observed high localization of

111

In-mAbMB in the spleen, which

suggests a role of circulating mesothelin antigen in forming immune complexes with
mAbMB. While

111

In-

111

In-mAbMB due to its molecular specificity is promising for the detection of
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mesothelin expressing cancers, its non-specific uptake in spleen needs to be better understood
and addressed. When fully optimized,

111

In-mAbMB will be useful as a γ-emitting

radiopharmaceutical for detection, treatment planning and monitoring of mesothelioma,
pancreatic and ovarian cancers. Moreover, mesothelin targeting with therapeutic radioisotopes
such as 90Y, 188Re, and 131I can potentially be useful for radioimmunotherapy [282]. Studies with
NCI-H226 cell line as a mesothelin expressing cell model revealed insufficient expression of
mesothelin and therefore it can be concluded that NCI-H226 cells are not useful for pre-clinical
developmental research of mesothelin targeted agents. Moreover, we observed that
antimesothelin mAbK1 has a low affinity towards mesothelin and therefore is not an appropriate
choice for the development as an imaging bioprobe for mesothelin expressing cancers. We also
demonstrated for the first time the

99m

Tc ([99mTc(CO) 3 ]+) labelling of fab and f(ab´) 2 fragments

of the anti-mesothelin antibody mAbK1 using a histidine-modified tridentate ligand. However,
these bioconjugates also had low affinity towards mesothelin (due to low affinity mAbK1). The
dual-modality imaging bioprobe developed by conjugating

111

In-mAbMB with SPIONs

demonstrated specific targeting and imaging capability in A431K5 tumour bearing mice. The
high relaxivity and specific targeting of the bioprobes resulted in enhanced MR contrast effect in
mesothelin positive tumours compared to mesothelin negative tumours. Covalently bound

111

In,

acted as a SPECT detection motif and was used to provide proof of principle by autoradiography
and biodistribution studies.

The data presented in this dissertation contributes significantly to our knowledge of the cell lines
and antibodies required for pre-clinical development of molecular bioprobes for imaging
mesothelin. The prototype radiopharmaceutical 111In-mAbMB developed in this work especially
holds promise to be developed into an imaging bioprobe for clinical use. In addition, the
developed dual-modality imaging bioprobe may be beneficial in improving the imaging
160

outcomes of these difficult to treat tumours. In conclusion, molecular imaging agents targeting
mesothelin certainly have a role to play for detection and monitoring of mesothelin expressing
cancers.
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Appendix A
A.1.

Mesothelin Expression in Patient Tumour Specimens

Mesothelin is a differentiation antigen that is expressed in epithelioid type of mesotheliomas
which comprise 50 to 65% of malignant mesothelioma cases. The current immunohistological
study was carried out to confirm the expression of mesothelin in clinical cases of epithelioid type
mesothelioma.

A.2.

Materials and Methods

We obtained 17 cases of paraffin embedded epitheliod mesothelioma tissue blocks from the
tumor tissue bank at the Vancouver General Hospital, with the help of our collaborator and
clinical pathologist, Dr. John English. Dr. John English also provided us with two cases of
reactive fibrous pleurisy tissue blocks to be used as control non-mesothelin expressing lung
tissue. The study was carried out as per a protocol approved by the UBC Research and Ethics
Board. The tissue blocks were sectioned into 5 µm sections using a microtome, and then
immersed into a 40˚C water bath for 10 minutes. Afterwards, the sections were placed on glass
slides and stored at 37˚C overnight. The slides were then stored in the refrigerator at 4˚C.

For immunostaining, slides from each sample (both mesothelioma and reactive fibrous pleurisy)
were incubated at 57˚C for 45 minutes. The slides were then washed twice with xylene for 3
minutes each, then with 70%, 90%, 100% ethanol and water for 10 minutes each, respectively,
then with 100%, 90%, 70% ethanol and water for 10 minutes each, respectively. Next, each slide
was incubated with 300 µl of 5% normal goat serum for 1 hour at room temperature to block
non-specific binding of antibodies. The primary antibody (mAbK1) was diluted to 1:400 using
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the antibody diluent (Dako, Burlington, Ontario, Canada). The slides were then incubated with
antibodies in a humidity chamber at 4oC overnight.

The slides were washed three times each for 5 minutes with PBS and incubated with Texas redconjugated goat anti-mouse secondary antibody (1:300; Jackson ImmunoResearch, West Grove,
Pennsylvania, U.S.A.) at room temperature for 90 minutes in the dark and humidity conditions.
Following subsequent washes with PBS, cover slips were mounted onto the slides. Control slides
without primary and secondary antibodies were prepared in a similar manner. Images were
captured on a Leica DMLB microscope (Leica Microsystems Inc, Bannockburn, Illinois, U.S.A.)
with attached Retiga 2000R camera and processed using Image J software.

A.3.

Results

Fifteen of the 17 patient samples tested (88%) expressed mesothelin. The membrane expression
of mesothelin was clearly visualized in the tumour specimens (Figure A.1). Representative
images of two negative cases of mesothelin expression in mesothelioma specimens are shown in
Figure A.2. The reactive fibrous pleurisy tissue specimens also did not show mesothelin
expression (Figure A.3). These results provided further confirmation of mesothelin expression
in epitheliod mesothelioma as reported previously by many authors [17,118,335].

193

Figure A.1. Representative fluorescent microscopy images of two positive cases (F, J) of
mesothelioma patient tumour samples from our post-mortem histology study. The cell
nuclei were stained blue with DAPI. The control images were obtained without primary and
secondary antibody (F1, J1), without primary antibody but with secondary antibody (F2, J2) and
with primary antibody but no secondary antibody (F3, J3). The final picture (F4, J4) of the slide
stained with both primary anti-mesothelin antibody and secondary antibody shows the
mesothelin receptors stained red.
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Figure A.2. Representative fluorescent microscopy images of two negative cases (D, I) of
mesothelioma patient tumour samples from our post-mortem histology study. The cell
nuclei were stained blue with DAPI. The control images were obtained without primary and
secondary antibody (D1, I1), without primary antibody but with secondary antibody (D2, I2) and
with primary antibody but no secondary antibody (D3, I3). The final picture (D4, I4) of the slide
stained with both primary anti-mesothelin antibody and secondary antibody shows very low
mesothelin staining.
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Figure A.3. Representative fluorescent microscopy images of a reactive fibrous pleurisy
patient sample (P) from our post-mortem histology study. The cell nuclei were stained blue
with DAPI. The control images were obtained without primary and secondary antibody (P1),
without primary antibody but with secondary antibody (P2) and with primary antibody but no
secondary antibody (P3). The final picture (P4) of the slide stained with both primary antimesothelin antibody and secondary antibody shows very low mesothelin staining.
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