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Abstract

TÏfi, TßE OFASINGLE CHAIN
MONOCLONAL ANÏTÏBODY FRAGMENT

FORTFIE TARGETING OF MEIANOMABY
FLUROSCENCE IMAGTNG STUDIES

Bram Ramjiawan,lvßc.

Chairperson of the Supervisory Committee: Professor Asher Begleiter
Department of Pharmacology and Therapeutics

This thesis presents data from experimental studies utilizing a single chain antibody

fragment, NovoMAb-G2 scFv. NovoMAb-G2 scFv is derived from a human anti-tumour

monoclonal antibody that recognizes tumour antigen molecules expressed on a wide

variety of human cancers. Specifically, human melanoma was examined in these studies.

The selectivity conferred by NovoMAb-G2 scFv was exploited to non-invasively

track melanoma by immunofluroscence imaging. The cyanine fluorochrome (Cy5.5.18)

was used as the tracer molecule. The complex NovoMab-G2-scFv/cyanine fluorochrome

(Cy5.5.18) was examined as a diagnostic tool for in vivo imaging of tumours.

The non-invasive localization and charactenzation of NovoMab-G2-scFv-Cy5 is

described in detail in the Results Section of the thesis (Manuscript l). The data in this

section was presented at the American Association for Cancer Research Annual Meeting,

Philadelphia, 1999. The manuscript was published in the official journal of the American

Cancer Society (Cancer 20001, 89 :l 134-1 144).



Imaging of isolated organs were done ex-vivo and compared to the in-vivo data to

determine NovoMAb-G2-scFv-complex distribution in tumours, kidneys, liver, spleen,

heart, brain, and lung. Clearance and kinetic information were obtained. The results from

these studies are presented in the thesis (Manuscript 2). The manuscript was published in

the Jo urn a I Ví b r a t i o n a I Sp e c t r o s c opy Y ol. 28 pp I 7 7 - | 88 (2002).

Finally, standard pharmacokinetic analyses have been conducted on the imaging data

acquired using this non-traditional approach (immunofluorescence imaging). The data

were analysed to produce estimates of k" (0.06 h-'), tr,r(l6 h), mean residency time (23.4

h) and percent exposure of the antibody to the tumour (40%). These results are presented

in the thesis as (Manuscript 3). The manuscript was accepted for publication in the IEEE

Transactions Medical Imaging issue on D*g Discovery and Clinical Trials Vol. 2l

pp10-17 (2002).
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Hypothesis

Immunofluorescence whole body imaging studies can be used for the in vivo

localization, distribution and determination of the kinetic profiles of a novel monoclonal

single chain antibody fragment.
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1.0

Review of Literature

Introduction

Although a lot of progress has been made on many fronts in the battle against

cancer, much can be improved in the tracking of cancer. Tracking or the detection

(diagnosis) of cancer is important since the movement of cancer to distant sites of the

body is most often fatal. Tracking of cancer is also important as a method of monitoring

the progression/regression of cancer due to therapeutic intervention.

Currently, various medical imaging techniques are used for the evaluation of

tumour status clinically. These techniques use electromagnetic radiation,

ultrasonography or radioactivity for tumour detection. Each of these imaging techniques

has different features that, under various conditions, enables it to reveal particular

properties of the part of the body examined. Based on the findings, the diagnostic and

therapeutic needs ofthe patient are assessed.

10

At the present time, however, a number of limitations exist for these clinically

used methods. For example, the limit of clinical detection for most forms of solid

tumours with many of the routinely used imaging modalities is currently 1.0x10e cells.

Fluorescence imaging is one evolving technology that offers the potential of

increased sensitivity for in vivo tumour monitoring. ln vivo fluorescence imaging

requires a sensing device (high resolution CCD camera system), fluorophore (tracking

substance), and a biological target.

Conceivably, biological targets of tumours should be plentiful. Since genetic

instability is a key feature of many tumour t1pes, the idea of a marker being expressed in
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tumours cells and not in unaffected cells is quite plausible. The comrption of the

systems that regulate growth leading to inappropriate proliferation is common in cancer

cells. For example patients suffering form chronic myeloid leukemia have a

chromosomal translocation that yields a BCR-ABL fusion gene. The protein specified by

the ABL gene (ABL kinase) is responsible for the attachment of a phosphate group in the

growth factor pathway. The ABL kinase is normally activated only when a growth factor

tums on the pathway. The BCR-ABL gene however results in the constant activation of

the ABL kinase, which results in leukemic cells, which have no requirement for growth

factors to proliferate.

Over expression in tumours of one or more proteins that are 'normally' expressed

can also be used as a biological target that could be exploited for the tracking of tumours:

by definition, materials in greater quantities will exist in tumours relative to non-affected

tissues. The over expression of factors that are required for the generation of new blood

vessels (another requirement for advancing tumours) is one example of this. The adult

human has a stable vascular systems in which very little angiogenesis occurs. As such,

many cancer researchers have been tryrng to identify biological markers that could be

used to differentiate newly formed from old blood vessels. One such marker that has

been identified is vascular endothelial growth factor (VEGF), which is released by many

tumour types and binds to endothelial cells of the vasculature systems stimulating the

endothelial cells to proliferate, resulting in the generation of new vessels.

In addition to sensitivity, increased specificity is a definite desire for the in vivo

tracking of tumours. As such, immunofluorescence imaging, a modified fluorescence

method, offers great potential. Immunofluorescence imaging takes advantage of the
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specific nature of antibody-antigen interactions. Basically, immunofluorescence imaging

is the same as fluorescence imaging with the addition of fluorescent-labeled

immunoglobins being utilized to detect the presence or determine the location of a

corresponding biological target. Immunofluorescence imaging involves probes,

antibodies or antibody-components and their targeted counterparts. Antibodies are well

suited as probes because of the specificity that is conferred by the antibody-antigen

interaction. Specificity is achieved with the use of an antibody specific to the material

that the investigator wishes to detect, for example a cell surface antigen known to be

expressed by cancer cells. As an illustration, the cellular surface antigen that is expressed

in the hematological malignancy of Non Hodgkin's Lymphoma CD20. Exposure of

cells to such an antibody labeled with a fluorescent dye should result in the accumulation

of the labeled antibody only on the surface of cancer cells and not on the surface of

normal cells.

The concept of using antibodies for the targeting of tumours is not new. Early on,

immunopharmacologists had envisioned utilizing antibodies as 'magic bullets' to target

tumour cells. The rationale being simply; if antibodies that could bind to a specific

protein on a cancer cell were produced, oncologists might be able to inject these

antibodies to target tumour cells. Naturally, there were many problems that had to be

overcome before this method could work. Apart from the limitation of manufacturing

sufficient quantities in a quality reproducible marìner, there were physiological,

immunological as well as size factors that initially restricted the use of antibodies for

fumour targeting.
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Currently, immunotargetting of tumour cells with antibodies is clinically acceptable.

Rituxan is one example of a monoclonal antibody that has been used extensively in the

clinic. Rituxan was the first monoclonal antibody to have received regulatory approval

for the treatment of cancer. Although Rituxan has been shown to be effective for the

selective targeting of follicular lymphoma cells, there are still problems associated with

its use. For example, Rituxan has been shown to bind to unaffected blood cells.

Investigating the selective binding properties of novel monoclonals is an area of intense

research. Using techniques such as immunofluroscence imaging to follow the

distribution of monoclonal antibody fragments due to the unique nature of antibody-

antigen interactions, while allowing for the low limits of detection due to the inherent

sensitivity of fluorescence imaging techniques, is the premise of this thesis.

1.1

Cancer, a group of more than 100 different diseases, remains a leading cause of

death in both the developed and underdeveloped world. Inappropriate cell proliferation,

genetic instability, angiogenesis, tissue invasion, metastasis are fundamental features that

can be used as linkages of these diseases. Cancer has been identified to occur in all

known higher species of mammals [1].

Cancer

Although advances have been made in many areas of cancer, the second leading

cause of death in humans in the developed world, relatively little progress has been made

in the area of early detection in certain forms of cancer. The current line of thinking is

that cancer arises within a single cell as a result of a series of mutations within the DNA

of the cell. When these mutations occur on key genes such as those involved in cell
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cycling, apoptosis, DNA repair etc, this can lead to unregulated cell growth and

eventually to a cell that can metastasize to distal sites (figure 1).

Results from animal experiments have confirmed that in order for carcinogenesis to

occur, multiple steps are involved. Two main stages in the process have been identified:

initiation and promotion (figure 1). The initiation step occurs when a ceil is exposed to

an effective dose of carcinogenic agent. For a tumour to result, the initiation step must

cause alterations of the cell in such a way that the likelihood of tumourogenesis is high.

This stage is typically charactenzed as fast and irreversible due to damage to the cellular

DNA. Promotion is the stage in which altered cells (initiated cells) undergo proliferation

and clonal expansion. Promotion differs from the initiation stage in that promoters are

reversible and may not interact or affect DNA directly [2].

Once a tumour is formed, and depending on the stage of the development, varied

degree of heterogeneity will exist. The poor response of many forms of solid cancer to

current anti-cancer drugs is partly a result of tumour heterogeneity. The search for more

effective chemotherapeutic agents, therefore, has stimulated a wide variety of research on

drug delivery and target tissue penetration. This has led many investigators to focus on

the possibility of developing monoclonal antibodies (MAb), which can be used for the

specific recognition and transport of cytotoxic agents to tumour cells [3]. Such a strategy

can be used for both tumour therapy and detection.
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1.2 Cancer and the fmmune System

The immune system provides one of the body's main defences against cancer. When

normal cells are transformed into cancer cells, some of the antigens on their surface

change. Evidence exists to indicate that patrolling cells of the immune system provide

continuous surveillance, spyrng out and eliminating cells that undergo malignant

transformation [4, 5]. Since gene alteration is a major event in most cancers, one would

expect that there would be altered proteins (antigens) associated with transformed cells

[6]. Normally, these new or altered antigens would flag immune defenders such as

cytotoxic T cells, natural killer cells, and macrophages. Studies indicated that cancer

patients have a better prognosis when their tumours are infiltrated with many immune

cells [7]. [n fact, it is believed that immune responses may underlie the spontaneous

disappearance of some cancers [8].

One current line of thinking is tumours develop when the immune surveillance

system breaks down or becomes overwhelmed. Altematively, it is believed, that some

tumours may elude the immune defences by hiding or disguising their tumour antigens or

by encouraging the production of suppressor T cells; which act as the tumour's allies,

blocking the action of the immune system such as cytotoxic T cells that would normally

attack the tumour.

t6

Although conditions of evasion of the innate immune system are associated with

tumour development, the involvement of the humoral immune system in the presence of

tumour development is well cited. Blood tests obtained from people affected with

tumours for example have shown that people can develop antibodies to many types of
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tumour antigens (although the antibodies may not actually be effective in fighting the

tumour).

Tests using antibodies derived from batches of human serum can detect various

tumour-associated antigens. Both carcinoembryonic antigen (CEA) and alpha-

fetoprotein (AFP) (see section on tumour associated antigens) have been detected in

blood samples [9, 10]. Because such antigens develop not only in cancer but in other

diseases as well, the developments of antibody tests for cancer screening in the general

population are typically not very useful. They are however, valuable in monitoring the

course of disease and the effectiveness of treatment in patients known to have cancer.

In addition to monoclonal antibodies (covered extensively in section 1.6) other

efforts to attack cancer through the immune system center on stimulating or replenishing

the patient's immune responses with substances known as biological response modifiers

[11]. Among these are interferons and interleukins, which are now obtained through

genetic engineering techniques 112-14].In some cases biological response modifiers are

injected directly into the patient [15], in other cases they are used in the laboratory to

transform some of the patient's own lymphocytes into tumour-hungry cells known as

lymphokine-activated killer cells which are then injected back into the patient [14].

Utilizing the structures from the tumour cells themselves [16] can also make custom

made anticancer vaccines.

1.3

Once cancer is suspected, clinicians typically will require a series of diagnostic

procedures to determine whether to establish or exclude a diagnosis. Fine needle biopsy,

surgical biopsy andlor excision of the mass followed by histology are the most important

Cancer Detection
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procedures in establishing the diagnosis. Once the diagnosis is made, other tests and

imaging procedures will be necessary to determine the extent of the disease.

Besides mammography however, there is no widespread imaging modality that is

being used routinely as a screening technique for cancer detection. Currently, u rrrr*b",

of imaging techniques are in use that has replaced exploratory surgery for cancer patients.

These include the following:

o Magnetic resonance imaging

o plain film radiography

o Arteriography

. x_Ray

o Ultrasound and computerized tomography

o Positron emission tomography

o Radioisotope scanning.

While these techniques are relatively successful within the clinical setting, each has

its own advantages and disadvantages. Table I below lists some of the advantages and

disadvantages for the most widely used clinical imaging modalities.



Table 1. Advantages and disadvantages of clinical imaging modalities.

MRI

Advantages

No ionizing radiation

Excellent multiplanar capabilities

Brain and spinal cord well

demonstrated

Good tissue characterization

CT

Disadvantages

l9

Not universally available

Claustrophobia

Expensive

Overlying bowel not generally

problem

Obese patients easy to scan

Bone and calcifications well seen

Anatomical detail well shown

Prone to movement artifacts

Not suitable for certain patients

(metallic implants).

Almost completely

independent

Distorted images in obese patients

Nuclear

Medicine

Relatively expensive

Metal hardware in-patients

artifact

No preparation generally needed

Time consuming

Functional information may be

obtained

operator

Some

claustrophobia

Exposes patients

radiation

patients experience

Poor spatial resolution

Exposes patient to ionizing

radiation

to ionizing



PET PET allows quantitative data

analysis

Ultrasound

Few contraindications

Almost universally available

Good patient acceptance

Inexpensive

Little preparation

No ionizing radiation

PET imaging is very expensive

Not universally available

The limit of clinical detection for most forms of solid tumours with many of the

routinely used imaging modalities is currently 1.0x10e cells. This represents 30 tumour

cell doublings or a tumour volume of 1.0 cm3 lll. At this level of detection

approximately 75o/o of the natural history of the tumour mass has already existed by the

time a sizeable mass is detected (figure 2). This naturally presents a problem for small

size tumour detection. Additionally, treatment may be affected since the tumour response

to therapy has been shown to be altered with increases in the number of tumour doublings

due to the increase probability of mutations [7, L7, 18] and genetic polymorphism [19]

within the tumour mass with increased time. One additional problem is the high risk of

metastasis prior to detection.

Difficult in obese people

Low spatial resolution

Operator dependent

Hardware variability

Limited use in thorax

Overlying bowel may make

visualization diffi cult

20
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Figure 2 Limit of clinical detection of solid tumours using current imaging
modalities.

As a result of the multiple disadvantages that exist for each of the above-mentioned

clinical techniques in Table 1, there is a definite need for improvements in the in vivo

detection of tumours. Improvements such as reducing the limit of clinical detection,

improving the accuracy of detection, and improving the specificity for malignant tissues

are all desirable.

Time

2l

l0 20 30 40

Number of Tumour Doublings

Single photon emission tomography imaging, bioluminescence imaging, intravital

microscopy, and fluorescence imaging are all evolving technologies that offer the

potential of increased sensitivity and specificity of in vivo tumour detection. Currently,

these technologies are being utilized in conjunction with various probes and targeting

components. Probes refer to labels such as, radionucleotides (e.g. technetiumee or

indiumrrl) f20,zIf, or fluorescence molecules (e.g. indocyanine, fluroescein, and Cy5.5)

122-241that are detectable by a given imaging technique. Targeting components are
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substances that allow for in vivo improvement in sensitivity because of their selectivity

towards biological targets. Small molecules, cytokines, interleukins, peptides, enzpe

substrates, antibodies or antibody fragments are examples of targeting components that

have been explored for use in improved in vivo tumour imaging fl}, 21, 25-451.

Additionally, smart reporter probes have been investigated for their role as targeted

probes to enhance specificity [46-50]. Smart reporter probes are substances that change

(become activated) their physiochemical properties upon bindin{interacting with their

intended substrates.

Fluorescence imaging is one example of the multiple imaging modalities that have

been used to probe tumours. Using microscopic fluorescence imaging techniques for

example, the following features of tumours have been deciphered leading to increased

tumour char actenzati on :

The heterogeneity in the tumour microenvironment (example, pH and pOz) [5]-

s3l.

Measurement of the delivery of therapeutics (micro-pharmacokinetics) [54].

Measurement of promoter, enzymatic and gene expression activities in vivo [25,

ssl.

Continuous non-invasive monitoring of the cellular and molecular events in

intact tissue with a resolution of between 1-10 pm [56].

o

o

o Identification and characteization of various subpopulations of tumour cells

Is6].

o Key steps involved in tumour invasion and metastasis have been discovered [57,

581.



o Tumour vessel abnormalities [59, 60].

o Pores abnormalities of tumour microvasculature [60].

o Assessment of angiogenic and antiangiogenic agents [61].

o The interaction of host-tumour responses and the influence on tumour blood

flow, vascular permeability, interstitial diffusion and binding characteristics [62-

641.

Although the list above identifies progress in the understanding and

charactenzation of tumours, a large number of these studies have been carried out in

isolated ex vivo tumours. Studies on the in vivo properties of tumours are important, as

not all ex vivo findings are transferable to the in vivo setting. Listed below (table 2) is a

comprehensive comparison of the various imaging modalities that are being used for

improved in vivo tumour imaging in pre-clinical studies.

23
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1.5 Biologic Therapy and Detection of Cancer

The use of biologics for the diagnosis (biodiagnostics) or treatment (biotherapy)

represents a nerv modality in the fight against cancer. Biologic therapy and detection

utilizes biologicals and biological response modifiers in the treatment and diagnosis of

cancer. These substances are often of "natural" origin emanating from mammalian cells

as physiologic mediators of immune responses or as substances active in the regulation of

growth and maturation of tumour cells. With advances in molecular biology techniques,

hybridoma techniques, computer technologies, and imaging applications, it is now

possible to prepare these biological substances in highly purified form and in large

quantities for use as targeting agents of tumours. The expertise required to apply these

biotherapeutic approaches to the treatment of cancer often involves the use of

immunological and/or molecular biological capabilities. Biodiagnostic/biotherapeutic

approaches are broad and involve a whole range of physiological responses inherent in

cancer biology. As natural mediators, many biologicals are believed to have much less

inherent toxicity than the drugs previously used in systemic cancer therapy.

Immunotargeting (immunodiagnosis/immunotherapy), originally, involved the

administration of serum or gamma globulin containing preformed antibodies produced by

another individual; currently, immunotherapy includes nonspecific systemic stimulation,

adjuvants, active specific immunotherapy, and adoptive immunotherapy. New forms of

immunotherapy include the use of monoclonal antibodies. This approach has been widely

adopted by cancer specialists, often in cases that fail to respond to other treatment.

Immunotherapy can also be used to attack cancerous cells directly by the tagging of an

antibody fragment with a cflotoxin.

25
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The use of biologics, and more specifically, immunodiagnosis, is one such area

under intense investigation that could potentially offer advantages in early primary

tumour detection as well as total-body imaging for the detection of asymptomatic distal

metastases. Immunodiagnosis refers to the use of targeting agents that have specificity

for certain tumours, including "designer compounds," which can attach to epitopes of

tumour cells. The in vivo imaging capability of labeled ligands for tumour detection is

well studied [15, 66-75].

Cytokines, interleukins (IL), colony-stimulating factors, erythropoietins, tumour

necrosis factors, interferons and antibodies are all part of the arsenal being investigated

for the specific targeting of tumours. For example, of the 18 currently recognized

interleukins, IL-l, lL-z,LL-II and IL-12 have all been studied in humans for improved

targeting of tumours [76]. Various immunotherapeutic techniques have also been

employed to track the development or responses of tumours to standard chemotherapy by

the tagging of these immunotherapeutic agents thereby making the technique

immunodiagnostic. As such, the term immunotherapy is sometimes loosely used (in the

literature review section of the thesis) to include immunodiagnosis þlease see section on

conjugated and unconjugated uses of monoclonal antibodies).

The primary focus of this thesis is to explore the utilization of monoclonal antibody

fragments as targeting agents, for the fluorescence detection of human melanoma. The

purpose of such exploration is for the testing and evaluation including pharmacokinetic

parameters of the monoclonal antibody fragments as therapeutic products. This will

naturally be expanded in much greater depth and length.



1.6 Melanoma

The worldwide incidence of melanoma is rising faster than any other cancer.

Currently, melanoma accounts for only a small percent of all forms of cancer in the

United States, although the incidence has been increasing by an average of So/oper year

since 1990 177,781. Melanoma or malignant skin cancer develops from the malignant

transformation of melanocytes. Melanocytes are found in the epidermis layer of the skin.

As such, melanoma is sometimes referred to as cutaneous melanoma. Melanoma is a

more serious type of cancer than the more common skin cancers basal cell cancer or

squamous cell carcinoma.

Melanoma can metastasize quickly to other parts of the body through the lymph

system or through the blood. 'Warning signs of melanoma include the following: change

in the size, shape, or color of a mole; oozing or bleeding from a mole; or a mole that feels

itchy, hard, lumpy, swollen, or tender to the touch. Melanoma can also appear on the

body as a new mole. The location/ appearance of melanomas in humans is interesting.

For example men most often get melanoma on the trunk (the area of the body between

the shoulders and hips) or on the head or neck, while women most often get melanoma on

the arms and legs.

27

Over 70 o/o of patients with primary melanomas thicker than 4mm will die within 5

years of initial diagnosis due to disseminated disease [78]. The treatment of metastatic

disease has undergone significant changes over the years. As with other forms of cancer,

the treatment of melanoma seeks an optimal method for the selective targeting of

malignant melanoma cells. Since the premise of this thesis was to examine the single-

chain antibody fragments for the localization of cancer, melanoma was utilized in this

thesis as a model of tumour growth because of its location within the animal. The
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superflcial location of induced melanoma makes it ideal for the optical (visible and

fluorescence) assessments possible. As well, experimental logistics such as the ability to

assess tumour growth and progression within the same animal over time allowed for the

selection of this tumour model system (see section 2.2).

1.7

In the broad sense, antibodies are any substance, soluble or cellular, which is evoked

by the stimulus provided by the introduction of antigen and which reacts specifically with

antigen in some demonstrable way f79, 801. Antibodies are classes of globulins

(immunoglobulins) present in the blood serum or body fluids of an animal as a result of

antigenic stimulus or occurring "naturally." Different genetically inherited determinants

control the antigenicity of the antibody molecule. The various classes of antibodies differ

widely in their ability to react in different kinds of serologic tests [80, 81] (see section on

general properities of antibodies).

1.7.1 General Properties of Antibodies

To be detectable by immunofluorescence techniques, a substance must be

immunogenic when introduced or presented into a host animal, i.e. capable of inducing

an immune response, ffid this immune response must result in the production of

antibodies. Such immunogenic substances are termed antigens. Compounds that are

immunogenic have certain general characteristics that include the following: They are

foreign to the immunized organism, generally of high molecular weight and chemically

complex. Proteins are good examples of immunogenic compounds. 'When 
a protein is

used as an immunogen, it induces an immune response that results in the production of

antibodies that exhibit a remarkable specificity towards that protein.

Antibodies
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Although the ideal condition for eliciting an immune response involves having

foreign substances of high molecular weight that are chemically complex, situations

exists in which an immune response can be mounted against simple compounds of low

molecular weight, for example haptens (molecules that are incapable, alone, of causing

the production of antibodies but can, however, combine with a larger antigenic molecule

called a carrier). In these situations, the small compound is rendered immunogenic by

chemical linkage to a high molecular weight substance such as a protein.

Following incubation of the antigen in a host animal, antibodies to the antigen may

be isolated. Antibodies are globular glycoproteins produced by BJymphocytes in

response to the presence of foreign substances. Figure 3 shows the generalized structure

of an antibody molecule. At the molecular level, antibody molecules are made up of four

polypeptide chains, two identical light chains (25,000 daltons) and two identical heavy

chains (50,000 daltons). The structure of the antibody molecule is stabilized by a number

of disulfide bridges. There are two antigen-binding sites on each antibody molecule, each

having both a constant and a variable region. This variable portion can adopt an

apparently infìnite variety of subtly different forms that allow it to bind specifically to a

vast variety of antigens [81]. Interaction of an antibody with an antigen is govemed by

non-covalent forces including hydrophobic, electrostatic, and van der Waals forces and

hydrogen bonding.

The nature of the heavy chain components of the constant region of the antibody

molecule determines the physical properties of the antibody, and antibodies are grouped

into five classes based upon these properties. The five functional classes of

immunoglobulin are immunoglobulin A (IgA), immunoglobulin M (IgM),
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immunoglobulin G (IgG), immunoglobulin E (IeE), and immunoglobulin D (IgD). The

biological properties of each of these classes are unique. For example IgE is the major

class of immunoglobulin involved in allergy and binds with high affinity to mast cells;

IgG is the only class of immunoglobulin that crosses the placenta, providing immunity to

the fetus; IgA is the major antibody that is found in saliva and tears; IgM can activate

other components of the immune system to rupture bacteria and other cells [80].

, Light chain

Variable region

Constant region

Heavy chain ------+

Figure 3: Generalized structure of antibodies

Ìr.,rragmenr

F" fragment



1.7.2 Tumour Targets for Antibodies

Any structure on the surface of a cancer cell can be a target for binding by att

antibody. An optimal antigenic target for a therapeutic antibody is unique to tumour cells

or is significantly over-expressed on tumour cells relative to normal cells. The antigen

selected should not be shed into the circulation, because it will bind to antibody before

the therapeutic vehicle can reach the intended tumour sites. The targeted protein should

not be internalized when bound by the antibody if the antibodies are to mediate antigen

dependent cellular cytotoxicity and complement-mediated cytotoxicity. Alternatively, an

internalized antigen could be desirable as a target for immunotoxins or radiolabeled

antibodies.

1.7.3 Antibodies as Diagnostic Tools

The properties of antibodies (specific binding due to the complementarity

determining region of the molecules) has allowed for their extensive use in the diagnosis

of cancers. Mostly, antibodies are used in pathologic diagnosis of malignancy, allowing

for discrimination of histologically similar cancers. For example, antibodies are used to

detect progesterone and estrogen receptors used to identiff breast cancer primary lesions

182-841. Cytokeratin-7 is another example of a monoclonal antibody (Mab) that is used

to distinguish ovarian cancers from colon cancers [85]. The carcinoembryonic antigen

(CEA) is also a target for diagnosis using antibodies. CEA is expressed by most

adenocarcinomas, not only by those of the gastrointestinal tract as were previously

believed [86]. D-14, is a monoclonal antibody that is directed against a specific epitope

of CEA. D-14 has been shown to be specific for colon cancers, but not for ovarian

adenocarcinomas [87].

3l



L.7.4 MonoclonalAntibodies

Normal B-lymphocytes are each capable of producing an antibody to a specific

antigen determinant (the region of the antigen recognized by the antibody) when

activated. As antigens usually have multiple antigenic determinants, a mixture of

antibodies is therefore produced in the serum of inoculated animals. Each activated B-

lymphocyte forms a clonal population of cells in the spleen, which produce the same

antibody as the parent cell. Thus, a polyclonal population of cells is found in the spleen,

secreting a wide variety of antibodies. Even relatively simple antigens normally lead to

the generation of a mixture of antibodies with different specificities and affinities [80].

This problem of a heterogeneous antibody population can be eliminated with the

production of monoclonal antibodies. By fusing the clonal B-lymphocytes from the

spleen with immortal myeloma cells, a group of immortal, antibody producing hybrids is

produced. If individual hybrid cells are then harvested and grown in culture, each

individual cell gives rise to a colony of clonal cells, and each cell in the colony secretes

the same (monoclonal) antibody. The hybrid colonies are then screened to determine

which colony produces the monoclonal antibody with the desired properties. This colony

is then used to produce an essentially limitless supply of monoclonal antibody with the

desired properties.

Invented in 1975 by molecular biologists Cesar Milstein and Georges Kohler, the

technique for producing mouse antibodies has become a mainstay of immunological

research and medical diagnosis. Monoclonal antibodies serve as experimental probes in a

number of fields, including cell biology, and oncology; and are used in purification of

biological substances and certain drugs (e.g., interferon) [80, 8l]. Kohler and Milstein

made it possible to produce a single clone of mouse antibodies with essentially any

32
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specificity desired. Because of their high specificity in binding to target antigens, they

provide far more accurate assays than conventional antiserum. Naturally, this led to the

establishment of several biotech companies hoping to commercialize the technology.

However, it was soon realized that there were significant problems with the use of murine

monoclonal antibodies The early attempts at clinical use and subsequent

commercialization of either rat or mouse antibodies were less than satisfactory [88,

891(see section on limitation to monoclonal antibodies).

Now, almost 30 years after the introduction of monoclonal antibodies, the clinical

uses and commercial opportunities are skyrocketing. V/ith over ten therapeutic

monoclonal antibodies currently approved for clinical use for malignancies by the Food

and Drug Administration (see section on clinical uses of antibodies) and the sales of over

$US 13.0 billion per year, monoclonal antibodies is a rapidly emerging area of biologic

therapy/diagnosis [90]. In fact, at the time of the writing of this thesis, over 20%o of the

biopharmaceuticals in development were monoclonal antibodies [90].

Complexed to targets such as radionuclides, cytotoxins or fluorescence compounds,

they have been employed therapeutically and diagnostically in cancer studies 13, 26, 27,

75,9t-941.

1.7.5 AntibodyFragments

The primary impetus behind the development of therapeutic and diagnostic strategies

using monoclonal antibodies has been the specific targeting properties of these

molecules. The development of hybridoma technology ushered in a new era in antibody

therapy [95]. It allowed the production of significant amounts of monoclonal antibodies

for evaluation as oncologic diagnostic/therapeutic agents. Since the early 1990s, the
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ability to alter antibody structures and binding capabilities through protein engineering

has further allowed the development of effective cancer therapies. An increasing number

of antibodies are available for both diagnostic purposes and for therapy.

The structures of antibody-based diagnostic/therapeutic agents have expanded with

the development of recombinant engineering technology. Most diagnostic/therapeutic

antibodies are IgG molecules, which contain two heavy chains with covalent linkages to

two smaller light chains (Figure 3). Within each of these chains are constant and variable

domains. The specificity of domains, is the strength (affinity) with which the antibody

binds to its target. The smaller structures of antibody fragments overcome some of the

limitations of larger antibody structures, and therefore are better suited for tumour

targeting studies.

Single-chain antibodies are the smallest antibody derivative, which retain the binding

specificity of the parental antibody. This single molecule is constructed by linking the

variable heavy and light regions of the antibody with a small flexible linker peptide.

1.7.5.1 Production of Antibody Fragment

Enzymafic digestion and recombinant engineering techniques have led to the

production and testing of smaller antibody-based structures [2, 96], which are better able

to reach tumour targets, but also are cleared more rapidly via renal excretion 197-991

(figure 4). Enzymatic digestion of the Fc portion of the antibody molecule produces Fab

or F(ab")2 fragments [100, l0l]]. Recombinant technology has facilitated the production

of single-chain Fv (scFv) fragments, which contain the variable domains of both the light

and heavy chains, connected by a short amino acid link. A bivalent form of an scFv can

be constructed by adding carboxy terminal cystine residues to scFv, followed by
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chemical conjugation of two scFv, yielding a covalently linked structure (scFv')2. These

smaller structures overcome some of the limitations of larger antibody structures, and

therefore are ideal candidates for tumour targetting iimaging studies.

The ability to alter protein structures allows for the production of antibodies with

altered constant or variable domains, or with additional moieties. lnitially, antibodies

were derived by immunizing an animal, usually a mouse, with a human antigen, followed

by the production of large quantities of antibodies by hybridomas obtained by the fusion

of murine splenocytes with myeloma cell lines {Reichert,200l #868}. The antigenicity

of such murine antibodies limits some therapeutic applications in humans.

1.7.6 Mechanisms of Actions of Antibodies on Tumours

Antibodies may exert antitumour effects through one or more mechanisms. A brief

description of some selected mechanism as well as examples of research findings are

presented below:

o Induction of apoptosis.
o Direct antiproliferative effects by interferences with ligand-receptor

interactions exerting inhibitory actions on cells.
o Preventing the expression of proteins that are critical to the neoplastic

phenotype.
o Antibody-dependent cellular cytotoxicity mediated against tumour targets.
o Antiangrogenic actions (inhibition of growth of new blood vessels).
o Augmentation of the effects of standard targeted therapeutics.
o Activation of the immune system.

Apoptosis

Apoptosis is the term given for programmed cell death. Apoptosis is an essential

component as part of the host system to maintain homeostasis. It is estimated that
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between 50 and 75 billion cells undergo apoptosis each day in an average adult [102].

Although apoptosis is usually a highly regulated process, defects in apoptosis can

obviously lead to prolonged cell survival that will lead to neoplastic cell expansion. The

role of apoptosis in tumours is twofold. Firstly, prolonged cell survival of initiated cells,

which naturally lends to conditions of genetic instability and mutation accumulations

(characteristics of many tumour types þlease see section 1.0)) will naturally lead to the

increase likelihood of cancer development. Secondly, tumour cells show decreased death

rates following the inhibition of apoptosis and so accumulate in tissues. Many

chanotherapeutic agents induce cellular death via activation of apoptotic pathways.

Some of the apopotic pathways include activation of caspases, cytochrome c release, and

the cleavage of closolic and nuclear substrates [103]. Defects in these systems may

contribute to the formation of resistant tumour cell populations capable of evading the

normal apoptotic pathways possibly due to chemo/radiotherapies causing an increase in

the mutation rate and hastening tumour evolution in cancer cells that are further resistant

to apoptosis [10a].

The apoptotic cascade can be divided into several stages. Multiple signaling

pathways triggered by both intracellular and extracellular agents lead to a central control

stage, which ultimately causes activation of an execution stage. In the execution stage,

the activation of CED-3/caspases occurs. Characteristics of apoptosis include chromatin

condensation, DNA fragmentation, formation of apoptotic bodies and membrane blebing

[10s].
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Antibody targeting of specific proteins have been shown to affect apoptosis [06].

Using intracellular antibodies linked to caspase 3 that bind to target antigens was shown

to induce apoptosis in cancer.

Bcl-Z

The Bcl-2 family is a large family of proteins involved in the regulation of apoptosis

{Boring, 1994 #462; Saleh, 1998 #339; Reed, 1999 #460}. Some of these proteins (Bax,

Bcl-X,, Bak, Bad, Bik) function as promoters of cell death, while other proteins function

as apoptotic suppressors (Bcl-2, Bcl-X¡, Mcl-l, 41, Bcl-W) [07-109].

Many cancers have been shown to overexpress Bcl-2 [108, 110-112]. Bcl-Z

expression has been shown to result in protection from chemotherapeutic induced

apoptosis I I l]. For example, taxol-induced apoptosis was shown to result from the

inactivation of Bcl-2 by phosphorylation [ 13]. Antisense technologies have been shown

to result in a reduction of Bcl-2 expression and consequently a decreased cell survival,

the induction of apoptotic death, and increased drug sensitivity Ulz} Antibodies have

been shown to induce apoptosis [14, 115]. ln fact, monoclonal antibodies can be used

effectively to modulate protein levels which can lead to increased chemosensitivity of

resistant tumour cells to standard anti cancer pharma therapeutics. Anti Bcl-2

monoclonal antibodies could also be used to block or neutralize the 'supressor' actions of

the apoptotic proteins (Bcl-2, Bcl-Xr, Mcl-l, 41, Bcl-V/), causing an induction of

prograÍìmed cell death [107].

To determine whether bcl-2 protein could protect lymphoma cells from death

induced by monoclonal anti-idiotype antibodies, Vuist et. al. assessed bcl-2 protein

concentrations in tumour cells. The results obtained by Vuist et. al indicated that, the
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level of bcl-2 expressed by the tumour cells was not correlated with clinical response to

anti-ld MoAb treatment. Taken all together, the results shows that bcl-2 is only a part of

the complexity in the understanding of apoptosis and therefore other 'factors' such as p53

are implicated.

Direct Signaling

Monoclonal antibodies are able to induce killing of target tumour cells. Two basic

mechanisms have been identified: (a) antibody dependent cellular cytotoxicity (ADCC)

and (b) complement-mediated clotoxicity (see section below on complement activation).

ADCC is mediated by the Fab portion of the antibody molecule binding to the target

tumour cell and the Fc portion (see section on general properties of antibodies (section

1.5.1 above)) binding to a receptor (Fc receptor) on an immune effector cell. Two

features appear to be important for effective mediation of ADCC: (a) the immunoglobulin

isotype, with mouse immunoglobulin G3 (IgG3) and IgG2a and human IgGl and IgG3

being most effective, and (b) characteristics of the antigen target, particularly density on

the cell surface.

The complement system consists of a group of glycoproteins in the extracellular

space that can be stimulated in a cascading fashion to produce biologically active

fragments that either directly attack foreign substances or enhance the functions of certain

types of inflammatory leukocytes. The complement system consists of two recognition-

stimulation pathways that are designated as the classical and alternative pathways, either

of which may lead to the formation of a cell membrane attack complex [80].

The activation of the complement system eventually leads to the formation of the

membrane attack complex that consequently lyses cells. The membrane attack complex is
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formed in the following manner. The classical pathway of the complement system may

be activated by antigen-antibody complexes of the IgG, IgG3, or IgM isotypes by their

binding to the Clq subunit of the first component of complement. Consequently, the

Clqrs subunits of Cl form an esterase that cleaves the next component, C4, to two

fragments, the larger of which, C4b, binds covalently to hydroxyl or amino groups on

cellular membranes [81]. Through a series of activation steps, the final end products are

two biologically active fragments, C3aand C3b that can lyse cells [81].

The alternative pathway can be initiated when a spontaneously activated complement

component binds to the surface of foreign substance. It provides an amplification loop for

the classical pathway because one of the activated components of the classical pathway

can also initiate the alternative pathway [80, 81].

Some classes of immunoglobulins (Ig) can activate complement or natural killer

(NK) cells. The first component of the complement cascade, Cl, is capable of binding

the Fc portion of IgM and IgG molecules. Cl activation triggers the classical

complement cascade, leading to the recruitment of phagocytic cells and death of the

antibody-bound cells. This process occurs more efficiently with IgM molecules, but can

also occur if IgG molecules are clustered on the cell surface. Cells coated by IgGl or

IgG3 isotype antibodies can also activate effector cells via the binding of the terminal Fc

portion of the antibody to Fc receptors, found on NK cells, neutrophils, mononuclear

phagocytes, some T cells, and eosinophils. Antigen dependent cellular cytotoxicity

occurs with the release of cytoplasmic granuales containing perforins and granzymes

from these effector cells.



Alternatively, antibodies may induce

complement-mediated cytotoxicity [38, 1 I 8,

Immunotoxins

Differentiated antigens, hormones and growth factor receptors, and viral antigens are

expressed on the surface of a variety of malignant and dysfunctional cells in humans.

Murine and human monoclonal antibodies, recombinant hormone and growth factors, and

recombinant soluble viral glycoprotein receptors have been generated that can target

diseased human cells in vitro and in vivo [120]. Highly potent peptide toxins that

catalytically inactivate protein synthesis have been linked both chemically and

genetically to these ligands to produce a new class of cancer therapeutic agents called

immunotoxins. The details of immunotoxins uses and mechanisms in the treatment of

various cancers have been discussed elsewhere [18,120-1271.

Inhibitors of Angiogenesis
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an antiidiotype network [116, ll7], or

l lel.

Angiogenesis is the process of new vessel formation. First proposed in 1971 by

Folkman, the proposal states that once tumour take has occurred, every further increase in

the tumour cell population must be preceded by an increase in new capillaries [128].

Tumour angiogenesis in now accepted to refer to the growth of new vessels both toward

and within the tumour. This is caused by factors ((which are targets for antibodies (see

below)) released by the tumour cells and associated with surrounding cells. Essential for

tumour growth and normal mammalian development, angiogenesis is controlled by the

local balance of pro and antiangiogenic factors [53]. In fact, without new blood vessels, a

tumour would not be able to grow beyond a volume of a few cubic millimetres due to the
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limit of diffusion of oxygen to support growth and proliferation of the tumour mass

[128].

Tumour growth involves multiple steps. These steps can be divided into the

following four major phases: hyperplasia, preinvasive, invasive and metastatic cancer

[57]. The first two phases usually occur without any major upset of tissue homeostasis.

Phases 3 and 4 involve profound remodelling of the stroma and tumour angiogenesis.

Tumour angiogenesis is necessary for the progtession of tumours i.e. malignant

progtession, local growth, and metastatic spreading. Tumour promotes invasion, and

production of growth factors, chemokines and matrix proteinases (see below for specific

examples of antibodies action against each of these targets) [29]. Without, the tumour

will remain stable or dormant as a result of balance between cell proliferation and

apoptosis [57, 111].

Much of tumour anti-angiogenesis research for the past decade has focussed on the

clinical application of the knowledge of anti-angiogenic agents. In fact, at the time of

writing of this thesis, more than 30 antiangiogenic agents have entered clinical trials in

cancer patients [130-135]. Unfortunately, however there are no current FDA approved

anti-angiogenic agents on the market for the treatment of any form of cancer. The other

area of research focus has been in the area of methodologies aimed at assessing and

quantifoing angiogenesis. Currently, the method that is môst widely accepted as a

suitable technique for new vessel formation is intravital microscopy. Intravital

microscopy coupled with chronic animal window models has provided insight into

tumour pathophysiology, including gene expression, angiogenesis, cell adhesion and

migration, vascular, interstitial and lymphatic transport, metabolic microenvironment and
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drug delivery. However, the findings to date have been limited to the tumour surface (<

150 micron) 1136,1371.

It is currently believed that a developing tumour's demands for oxygen eventually

outweighs the oxygen supply to the tumour rendering the tumour hypoxic. It is this

hypoxic condition that will lead to the activation of a hypoxia-inducible factor (HIF)

transcription system, which serves as a stimulus for neovascularization. HIF (which is

involved in angiogenesis, invasion and altered energy) is upregulated in a vast range of

cancers [138-140]. HIF is a heterodimeric transcription factor consisting of a and ß

subunits both of which exist as gene families. HIF activates transcription of genes

encoding angiogenic growth factors as well as other regulators of vasculature, energy

metabolism, matrix modelling and apoptosis [53]. ln a study designed to examine the

relationship between HIF and vascular endothelial growth factor (VEGF), the hypoxic

regulation of VEGF was studied. Results from this study showed that VEGF mRNA and

HIF are co-localized. HlF-lalpha mRNA expression was dramatically upregulated

(approximately l3-fold) in tumour specimens. VEGF production is increased when

exposed to low oxygen levels, by highly specific activation of HIF-I DNA binding

activity to the VEGF promoter [140].

Since hypoxia and acidosis are hallmarks of tumours as well as critical determinants

of response to treatments, and since HIF activation results in the upregulation of vascular

endothelial growth factor [141], targeting of the HIF system naturally serves as a spot for

the inhibition of tumour growth. In a study by Kung et. al, it was shown that blockade of

HIF activation was sufficient to result in reduced expression of the HIF transcriptional

targef gene encoding for VEGF ll42l. HIF is a potential target for antibodies.



Growth Factors

Growth factors and their receptors are essential in the regulation of cell growth and

differentiation [43]. Malignancy arises from a series of progressive genetic events that

often include unregulated expression of growth factor receptors or elements of their

signaling pathways L9, 143-145]. For example, the over expression of human epidermal

growth factor receptor (EGFR) 2 protein (HER2) results from the over expression of

genes encoding for HER2.

Antibodies have been developed to target receptors whose ligands are growth

factors, such as the epidermal growth factor receptor. The antibody thus inhibits natural

ligands that stimulate cell growth of the cell from binding to targeted tumour cells. For

example, interleukin-8 (IL-8) has been shown to contribute to human melanoma

progression by functioning as a mitogenic and angiogenic factor. Binding of IL-8 by a

fully human anti-Il-8 antibody (ABX-IL8) was shown to inhibit growth, and metastasis

of melanoma.

The HER2 proto-oncogene encodes the production of a cell surface receptor protein

called the HER2 receptor protein. The HER2 receptor protein is overexpressed in

approximately 25 to 30 percent of all human breast cancers U46} Normal cells express a

small amount of HER2 protein on their plasma membranes in a tissue-specific pattern.

Binding of a growth factor ligand to the HER2 receptor complex results in a series of

steps that leads to activation. The activated HER2 receptor transmits growth signals from

outside the cell to the nucleus, controlling aspects of normal cell growth and division. If a

specific alteration of the HER2 gene occurs, multiple copies of the gene can be generated.

Precisely what triggers this gene alteration is unknown. However, in normal cells such an

43
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alteration usually leads to overexpression of the HER2 receptor protein. This results in

increased cell division and a higher rate of cell growth, and may also be associated with

transformation to the cancer cell phenotype [146, 141]. HEP*2 protein overexpression is

correlated with several negative prognostic variables, such as a high S-phase fraction,

positive nodal status, and high nuclear grade. HER2 gene alteration was also found to be

highly correlated with shortened disease-free survival and overall survival of node

positive patients.

The food and drug administration has given approval for the sale and marketing of a

monoclonal antibody known as Trastuzumab (Herceptin). Approximately 25 to 30

percent of women with metastatic breast cancer are suitable candidates for using the

recombinant humanized monoclonal antibody. Herceptin as a single agent is indicated

for the treatment of patients with metastatic breast cancer whose tumours overexpress

HER2 protein and who have received one or more chemotherapy regimens for their

metastatic disease. Herceptin in combination with paclitaxel is indicated for treatment of

patients with metastatic breast cancer whose tumours overexpress the HER2 protein and

who have not received chemotherapy for their metastatic disease [148].

Vascular endothelial growth factor (VEGF) also referred to as vascular permeability

factor (VPF) is preferentially expressed in endothelial cells of tumour vasculature [141].

As such, vascular targeting agents, which selectively destroy tumour blood vessels, are

attractive agents for the treatment of solid tumours ll34l. They differ from anti-

angiogenic agents in that they target the mature, blood-conducting vessels of the tumours

[I49]. VEGF is better suited for larger tumours where angiogenesis can occur more
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frequently. Human applications of anti-angiogenic agents require target molecules that

are selectively expressed on the vascular endothelium of tumours.

Recent studies in experimental animals have shown that combining antiangiogenic

therapy with for example radiation can enhance tumour response to treatment. Whether

this enhancement is mainly attributable to angiogenesis inhibition, endothelial cell

radiosensitivity, tumour cell apoptosis, or a decrease in the number of hypoxic cells

(improved oxygenation) is not known. ln a study by Lee et. al an anti-vascular

endothelial growth factor (anti-VEGF) monoclonal antibody \ilas used to assess the

antiangiogenic actions of the antibody in combination with radiotherapy. The effect of

anti-VEGF monoclonal antibody on vascular density, pafüal oxygen tension þO2), and

apoptosis was also measured. The inhibition of the growth of tumours by the anti-VEGF

mAb was associated with a significant reduction in tumour vascular density and a

relatively small increase in the number of apoptotic cells [150]. Additionally, the results

indicate that tumour growth delay occurred under both normoxic and hypoxic conditions.

The tumour-growth delay induced by the antibody was independent of oxygen levels in

the tumour at the time of radiation. It was suggested that anti-VEGF monoclonal antibody

treatment could compensate for the resistance to radiation induced by hypoxia [150].

Integrins

Integrins are a class of proteins that link the outside of cells with the interior, thus

integrating response, e.g., the mediation of adhesion of neutrophils to endothelial cells.

Recent evidence indicates that vascular integrins are important regulators of tumour

angiogenesis. Selective disruption of the tumour vasculature by tumour necrosis factor

and interferon gamma, and the antiangiogenic activity of nonsteroidal anti-inflammatory
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drugs are associated with the suppression of integrin function and signaling in endothelial

cells. Antibodies have been used for the specific targeting of integrin function and

signaling and may be an alternative strategy for the therapeutic inhibition of tumour

angiogenesis.

Using a monoclonal antibody (LM609) developed against integrins, a study was

carried out to determine the efficacy of the antibody for the prevention of angiogenesis.

Intravenous administration of LM609 was shown to either prevent tumour growth or

markedly reduce tumour cell proliferation within the microenvironment of human skin

tumours. The LM609-treated tumours not only contained significantly fewer human

blood vessels but also appeared considerably less invasive than tumours in control

animals [151].

The potential therapeutic efficacy of extracellular integrin antagonists in human

cancer is currently being tested in clinical trials I I 52].

Agumentation

Antibodies have been used to increase the efficacy of existing chemotherapeutic

agents. For example, placitaxel and a monoclonal antibody were utilized as agents in the

targeting of tumours. Paclitaxel is a chemotherapeutic agent that prevents disassembly of

microtubular polymers, causing a growth arrest in the G2-M phase of the cell cycle. This

arrest consequently leads to apoptotic death. Although paclitaxel is quite effective

against fast-growing tumours, the problem of lack of tumour selectivity as well as poor

solubility exists. To overcome such problems, researchers have utilized an antibody that

is against an overexpressed tumour marker for improving the success of placitaxel. The

advantages of such an approach include the properties of increased solubility and
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selectivity of antibodies to improve efficacy. The high toxicity of paclitaxel was

combined via chemical coupling with the high selectivity and solubility of monoclonal

antibodies as targeting agents.

Paclitaxel-antibody conjugates afforded selective toxicity toward cells that expressed

the target marker. Using an in vivo model of xenografted tumours, systemic

administration of paclitaxel-antibody conjugates was shown to prevent tumour growth

and prolonged survival of mice better than either free placitaxel or the monoclonal

antibody alone [153].

In another study an orally administered agent (beta-D-glucan) was used to enhance

the anti-tumour effects of a monoclonal antibody against established tumours in mice. It

is believed that beta-D-glucan primes leukocytes for enhanced cytotoxicity and

synergizes with anti-tumour monoclonal antibodies ll 5 41.

In addition to increasing the effectiveness of standard pharma/chemotherapeutic

agents, monoclonal antibodies and their fragments have been shown to cause

augmentation of the immune system by binding to tumour targets. The probable

mechanism for such immune enhancement is due to the activation of a potent cytokine

secretion program within immune effectors capable of recognizing monoclonal antibody-

coated targets. Such findings v/ere demonstrated in a study by Parihar et. al. Natural

killer cells have been shown to secrete a distinct profile of potent immunostimulatory

cytokines in response to dual stimulation with Ab-coated tumour cells and IL-12. The

introduction of antibody-coated tumour cells and IL-12 to BALB/c mice resulted in

enhanced circulating levels of NK cell-derived cytokines with the capacity to augment

anti-tumour immunity I I 55].
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Using the monoclonal antibody (anti-GD2), as well as various anti-cancer drugs for

the examination of their effects on small cell lung cancer growth, Yoshida et. al

demonstrated significant enhancement of the cytotoxic activities of the various

combinations [56]. GD2 is a ganglioside that is expressed in small cell lung cancers.

Anti-GD2 antibody treatments alone have been shown to cause suppression of cell

growth and induced apoptosis of small cell lung cancers cells with single use. The

enhancement of the cytotoxic effects with the anti-GD2 monoclonal antibody and the

other chemotherapeutic agents were between 2.4-7.8-fold increases of cell sensitivity

[156]. ln particular, a combination of anti-GD2 monoclonal antibody and cisplatin (a

platinum compound) resulted in marked enhancement of cytotoxicity in GD2-expressing

cell lines[156].

1.7.7 Limitations to Antibodies

A popular strategy has been delivery of cytotoxic agents to tumour sites by linkage

to monoclonal antibodies. Although a wide variety of cytotoxic agents have been

considered for conjugation, three classes have been studied most intensively in preclinical

models: (a) cytotoxic drugs, (b) toxins and (c) radionuclides. Critical issues remain for

the use of immunoconjugates for tumour targeting. For example, although

tumour/normal tissue ratios of radionuclide are typically favorable in patients with solid

tumours, the absolute amount of injected dose that localizes to tumour is usually low.

Specificity and affinity of the monoclonal antibodies are crucial for tumour

localization but a number of other factors could greafly impact on targeting. Circulating

antigens, tumour necrosis, tumour blood flow, antigen expression and antigenic

heterogeneity in the tumour, tumour size and vascular permeability arc all factors that

affect targeting of monoclonal antibodies to tumours.
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As mentioned above (please see section on monoclonal antibodies) the initial

research experience with monoclonal antibodies led to some striking examples of

antitumour effects [57-159]. As these antitumour effects were exploited further for the

clinical applications, a number of significant issues arose. The successful use of

monoclonal antibodies in humans for either therapy or diagnostics still presents

challenges due to numerous obstacles. Listed below are some of the limitations to

monoclonal antibodies usage:

o Tumour Associated Antigens:

o Some tumour antigens are shed or secreted [160]. Antibodies

targeting these antigens therefore, will bind their target in the

circulation, limiting the amount of unbound antibody available to

bind to the solid tumour antigens.

o Some tumour antigens that are expressed on the surface can

become internalized upon interaction with Mab's 116l,162l.

o HAMA responses:

o Initially, most of the Mab that were used in clinical trials were

derived from mice, and patients exposed to them have developed

human antimouse antibody (HAMA) responses. HAMA

responses were problematic because of the immune complications

experienced by the trial subjects as well as the limitations in the

number of treatments patients can be exposed to [96, 163-165].

¡ Modificatior/Alteration of Immune Responses:

o The immunosurveillance hypothesis as proposed by Thomas and

Burnet states that the immune system provides surveillance
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against cancer formation. Although this has been validated for

certain forms of tumours, it has been more difficult to demonstrate

immunosurveillance against spontaneous and carcinogen-induced

tumours [66]. The fact that nude mice which are deficient in T

cells do not show a higher incidence of cancer than the appropriate

genetic counterparts indicates that innate immunity may be

modified to 'pick up' immune responses that are missing in the

thymus deficient mice. Indeed, nude mice have been shown to

have 'normal' innate immunity. The functioning natural

immunity in the nude mice therefore interferes with effects of

Mab in studies involving nude mice. For example, T cells have

been shown to prevent cutaneous carcinoma in mice exposed to

carcinogens [67]. Naturally, such a limitation will have

signifìcant implications in the interpretation of effects of

monoclonal antibodies on tumour growth.

o Tumours are known to secrete compounds that down-regulate the

immune responses I I 68- I 70].

o Barriers:

o Various barriers exist that affect antibody distribution within

tumours tI7ll. Increased pressure 1172, l73l; increased oncotic

pressure [72];disordered vasculature LIlaaTSl; increased

hydrostatic pressure within tumours [79, 180]; and heterogeneity

of antigen distribution within tumours[60, 181] are some of the

barriers that have be identified. Due to these barriers, the length
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of time for an IgG molecule to travel I mm and 1 cm in a tumour

has been estimated to be 2 days and 7 to 8 months, respectively.

Estimates for a smaller molecule, such as an Fab fragment, are I

day or 2 months to travel I mm or 1 cm, respectively {Badger,

1987 #833; \. If antibodies do reach their targets, there is little

evidence that they efficiently mediate in vivo antibody-dependent

cytotoxicity. For this to occur, sufficient numbers of effector

cells, such as macrophages, NK cells, or cytotoxic T cells, must be

present in the tumour [182, 183].

TABLE # 3. OBSTACLES TO EFFECTIVE ANTIBODY THERAPY
Immunogenicity of xenogeneic antibodies

Shedding of antigen into circulation

Despite these impediments, preclinical and clinical data with improved

molecules continue to demonstrate an emerging role for

therapyldiagnostic role as part of the oncologic arsenal.

Disordered vasculature in tumours

Increased hydrostatic pressure in tumours

Heterogeneity of antigen on tumour surface

Limited numbers of effector cells at tumour

Immunosuppressive tumour microenvironment

antibody-based

antibody-based



1.8 Fluorescencelmaging

As discussed in the section on imaging modalities of tumours, fluorescence imaging

is a rapidly evolving area that is being explored as an effective tool in the tracking of

probes. Due to their high sensitivity, fluorescence techniques have found a valuable

place in biology. The sensitivity of fluorescence methods is due in large part to the fact

that they aÍe "zero background" techniques. ln other words, in the absence of the

chromophore of interest, no signal (other than random noise) can be detected. Any signal

that is detected must therefore arise from the chromophore of interest.

Fluorescence methods with potential for use in medicine utilize both intrinsic and

extrinsic chromophores. The number of intrinsic chromophores (i.e. chromophores that

occur naturally in tissues) is limited; the most important are listed in Table 3. A number

of literature reports suggest that tissue NADH fluorescence may prove useful in detection

of malignancies, the rationale being that changes in the metabolic status of malignantly

transformed cells are reflected in changes in fluorescence signals arising from NADH

122, 184J. Unfortunately intrinsic fluorescence is typically low in most tissues and

applications to date are limited [185].

The range of extrinsic chromophores of use (i.e. chromophores which are added to

samples in some manner) is obviously much wider, and fluorescent chromophores are

available covering a wide spectral range (from the visible to the near infrared) [186, 187].

Typically, extrinsic chromophores are introduced into samples either as free agents or

attached to carrier materials such as antibodies to specific materials present in the sample

123,46,1881.
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Detection of fluorescent materials in samples may be achieved using either

spectroscopic or ìmaging technologies. Spectroscopic techniques may be used to analyze

small regions of tissue and provide information relating to the average concentration of

fluorescent materials within the sample. Fluorescence spectroscopy may be performed in

vitro, for example using homogenized tissues, or ín vivo, for example with the use of

fiber optic bundles [184, 189]. The advantage to the spectroscopic approach is that

fluorescence across the entire spectral range of interest is acquired, allowing information

on multiple chromophores to be obtained with one measurement. However, the obvious

disadvantage to this approach is that only a small volume of tissue can be analyzed, and

the resulting signal is an average signal from that tissue volume. Spatial information is

not obtained.

Spatial information may be obtained by fluorescence imaging, in which the

distribution of fluorescence intensity is measured as a function of position within the

sample. Fluorescence imaging is typically achieved using imaging affays such as charge

coupled device (CCD) cameras equipped with appropriate filters. While spatial

information may be obtained in this manner, fluorescence imaging has typically been

performed at a single frequency. Thus, spectral information is lost. Multiple imaging

frequencies (to detect multiple chromophores) require changing between multiple filters,

a tedious procedure. The development of the liquid crystal tunable filter (LCTF) has

removed this limitation. The transmission characteristics of LCTFs may be varied under

computer control, allowing the user to vary imaging wavelength without changing filters.

With such filters fluorescence spectroscopic imaging becomes feasible.



1.8.1.1 Imaging of Antibody Fragments

In addition to the use of entire antibody molecules, fragments of antibodies may also

be used in immunofluorescence experiments. Obviously, this must involve the use of the

Fo6 fragment (i.e. the variable, high affinity binding region) rather than the Fc fragment

(i.e. the constant, non-binding region) of the antibody. The main advantage in the use of

antibody fragments rather than the entire antibody lies in the potential for increased

delivery of antibody fragments to tumour sites in in vivo studies.

In vivo immunofluorescence studies are limited by the rate of antibody delivery to

the binding site. In part, the rate of delivery is determined by the molecular weight of the

antibody. The use of a relative small fragment of an antibody (MW 30-40,000) rather

than the entire antibody increases the rate of diffusion across capillary walls and into the

body of the tumour ll90-1921This increased rate of delivery of labelled material to the

site of interest obviously improves the chances of the fluorescent label being detected.

Figure 4 shows the generalized structure of the single chain fragment that was used in the

studies of which the results are presented here in this thesis. Although information that

characterises the specific epitopes of the antigenic binding site on tumour cells is

unpublished (propriety reasons), the single chain monoclonal fragment remains an area of

investigation. Additional information on the single chain fragment is presented as a

United States Provisional Patent listed as Appendix A.
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The NovoMAb-G2 scFv that was used in this thesis was derived by recombinant

engineering techniques. The single-chain antigen-binding protein shows a linker

connecting the variable light and the variable heavy chain [193].
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Figure 4: Generalized structure of the single chain antibody fragment, NovoMAb-
G2 scFv.

5',

1.8.2 Chromophores.

1.8.3 EndogenousChromophores.

Linker

While a number of endogenous fluorescent chromophores exist in the body, their use

in in vivo fluorescence studies can be problematic. The most common problems are 1)

The low level of fluorescence typically seen in tissues. 2) Overlap of excitation

wavelengths. Many endogenous chromophores may'be excited at similar wavelengths.

For example, collagen fluorescence may be stimulated by illumination at 340 nm, very

close to the excitation wavelength of NADH (350 nm). Overlap of excitation and

emission wavelengths of different chromophores can be even more problematic. For

instance, while tryptophan and NADH fluorescence are characterized by well separated

excitation wavelengths (275 and 350 nm respectively), the emission maximum for

tryptophan fluorescence is seen at 350 nm. Thus, tryptophan fluorescence at 350 nm may

be masked due to absorption of the emitted radiation by NADH. 3) UV or visible

excitation and emission maxima. Chromophores that exhibit excitation and emission

maxima in the UV or visible spectral regions limit studies to characterization of

superficial structures, due to limited penetration of light through tissues at these

wavelengths. In addition, illumination of tissues with UV light is obviously undesirable

since UV radiation is capable of inducing alteration to DNA and other biological

Variable Heavy
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components. The uses of UV sources have been shown to result in the generation of free

radicals. Free radicals have been shown to be associated with multiple biological

component damages.

Despite these limitations, imaging fluorescence arising from endogenous

chromophores has been demonstrated to have clinical potential, particularly in the

diagnosis of malignancies. For example it has been demonstrated that malignant tissue

shows enhanced accumulation of endogenous porphyrins, which exhibit fluorescence in

the red part of the visible spectrum [47, 188]. It has been therefore suggested that

changes in fluorescence arising from endogenous porphyrins may therefore be useful in

tumour detection.

Differences in NADH fluorescence are also apparent between normal and malignant

cells and tissues. NADH exhibits relatively strong fluorescence at 350 nm, while its

oxidized counterpart, NAD+, exhibits only weak florescence. The ratio of NADHA{AD+

is decreased in malignant tissues, thus leading to a reduced fluorescence signal in

malignant tissues. It should be stressed that factors that result in metabolic disturbances

may also potentially affect NADHÂ\AD ratios and produce altered tissue fluorescence

signatures. The specificity of NADH fluorescence methods for malignancies is presently

unclear.

1.8.4 ExogenousChromophores.

Exogenous chromophores are those introduced into samples by some mechanism

either to allow detection of specific materials (e.g. when attached to antibodies), to probe

environmental parameters (e.g. pH) or to provide contrast (e.g. angiography). As

discussed above the number of potential exogenous fluorescent chromophores is large,
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allowing greater flexibility in the choice of spectral range to be employed for excitation

and emission monitoring. ln fact, in many instances chromophores can be chemically

tailored to meet excitation and emission criteria.

The chromophore of choice depends upon a number of factors, including the nature

of the experiment, excitation and emission wavelengths and chemical structure. Chemical

structure is important if the fluorophore is to be attached to a carrier material: the

fluorophore must contain a reactive group or be capable of allowing chemical linkage to

the carrier material. In many respects, the limitations in chromophore selection imposed

by the nature of the experiment and excitation and emission wavelengths are more severe.

1.9 UVA/isibleFluorophores

Any fluorescent material that is selectively accumulated by tumour cells can in

principle be used as a diagnostic marker. In this respect many therapeutic agents have

potential as diagnostic agents. Porphyrin derivatives used in photodynamic therapy are

particularly well suited in this respect [26, 46, 47, 50, 194-196} Already used as

therapeutic agents (with toxicity data etc. available) these agents are selectively

accumulated by malignant cells and exhibit fluorescence. Illumination with light at

around 400 nm allows a fluorescence signal to be imaged in tissues and cells at 600-650

nm, depending upon the nature of the porphyrin derivative. The utility of this approach

has been demonstrated by imaging the fluorescence arising from a hematoporphyrin

derivative accumulated in colon adenocarcinoma cells implanted in the leg of a rat.

Illumination at 337 nm 24 hours following administration of a low dose of the porphyrins

resulted in detectable fluorescence and visualization of the tumour.
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Accumulation of porphyrins, including hematoporphyrin derivatives and

protoporphyrin IX, have been used to diagnose a number of forms of cancer in humans.

In vivo fluorescence imaging of skin showed higher fluorescence in basal cell carcinomas

lesions as compared to the surrounding normal tissue. Clear demarcation of lesion

borders was seen in images. Malignant tumours of the breast, head and neck region and

urinary bladder have been visualized using a fluorescence imaging system using a 100-

ns-long optical pulses at 390 nm delivered via an endoscope system which was also

couple to the imaging system. Tumour detection was achieved based on differential

fluorescence between normal and malignant tissue, related to the selective uptake of

tumour-marking agents such as hematoporphynn derivative and levulinic acid, and

natural chromophore differences between various tissues. A clear demarcation from

normal surrounding tissue was found in measurements of superficial bladder carcinoma

and in vitro investigations of resected breast cancer [48].

While the use of porphyrins as chromophores in fluorescence imaging is appealing, it

is not without drawbacks [41, 50]. The most important drawbacks are the time required

to achieve significant differential accumulation of the porphyrin in malignant tissue and

potential side effects such as photosensitization.

1.9.1 Visible Fluorophores

In contrast to porphyrin derivative, toxic side effects associated with fluoroscein use

are minimal. Fluorescein has been used for many years in studies of the vascular beds

within the eye. Illumination of the retina with blue light produces green fluorescence in

the vessels of the eye following injection of a bolus of fluorescein. Acquisition of images

(typically with the use of photographic film) of the distribution of fluorescence produces



angiograms, images of the vessels within the eye. While fluoroscein angiography is

slowly being superseded by indocyanine green angiography, other applications of

fluorescein fluorescence are being pursued.

Malignant tissues show an enhanced accumulation of fluorescein compared to

normal tissues. At neutral pH fluorescein exists as a mixture of charged and uncharged

species. Accumulation of fluorescein by cells results from passive diffusion of the neutral

form of the dye across the cell membrane. In malignant tissues, the extracellular pH is

often lower than that seen in normal tissue. This lower pH shifts the dissociation curve of

fluorescein resulting in a higher concentration of the neutral form of the dye in the

extracellular fluid. This in turn results in an increased passive diffusion of the dye across

the cell membrane. As tumour cells are generally able to maintain a neutral intracellular

pH the equilibrium within the cell is shifted in favor of dissociation, reducing the

concentration of the neutral form of the dye and reducing outward diffusion. The dye

therefore accumulates within malignant cells [32].

Preferential uptake of fluoroscein by malignant tissues has been known for more

than 50 years; however, the dye exhibits green fluorescence when excited with blue light.

In other words, excitation and emission maxima are both in the visible portion of the

spectrum. Penetration of visible light through tissues is poor and fluorescein spectroscopy

and imaging is limited to accessible surfaces. Fluoroscein imaging is therefore most

useful if endoscopic techniques are used to study organs such as the lungs or the

gastrointestinal tract. Endoscopic detection of fluoroscein fluorescence has been

demonstrated for gastric cancer. Even more promising is the finding that dysplasia could
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be detected based upon fluoroscein fluorescence in 22 of 23 specimens of cheek pouch

from carcinogen treated Syrian hamsters [ 89].

1.9.2 Near Infrared Fluorophores

If information from deeper, non-surface structures is required, fluorophores that

exhibit excitation and emission maxima in the far red or near infrared, spectral regions in

which tissues are relatively transparent to light, are required.

The most widely used near infrared fluorescent dye is indocyanine green (ICG, also

known as Cardio-Green or Fox Green). ICG exhibits absorption and emission maxima at

780 and 810 nm respectively, wavelengths at which light can readily traverse several

millimeters of tissues. While originally used to monitor cardiac and hepatic function

(based upon the transit time of a bolus of the fluorescent dye through the circulatory

system), ICG has recently become more widely utilized as a contrast agent in studies of

the vasculature lI97 -1991.

The most common application of ICG fluorescence in vascular studies is without

doubt in choroidal angiography, i.e. imaging the choroidal vessels of the eye, vessels that

provide l0o/o of the nutrient flow to the retina. A discussion of this active field of clinical

use is beyond the scope of this article and the interested reader is referred to a number of

papers on this subject U97,200-2021.|t is sufficient to say here that by coupling a CCD

camera to the fundus camera normally used to view the retina in a clinical setting,

fluorescence images of the choroid vasculature can be obtained. By studying the time

course of fluorescence changes in images, hemodynamic information can be obtained.

Static images and hemodynamic information can be used to evaluate vision-related

problems such as age- related macular degeneration [197].
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Monitoring tissue vascularity is important in many clinical settings, and ICG

fluorescence imaging may play an important role in these areas. One obvious application

of ICG fluorescence imaging is monitoring vascularization of tumours. Typically

tumours have high metabolic rates, and so have requirements for high rates of blood flow.

As the tumour develops, this high blood flow requirement is met by, which is the

formation of new blood vessels. Thus many developing (in proliferative stage) tumours

are extremely well vascularized. Imaging the distribution of blood vessels within

tumours is therefore of potential diagnostic utility. This technique has been demonstrated

to be effective for studying vascular bends in melanoma of the retina. However, it should

be stressed that only a limited subset of tumours will be amenable to study in this

manner. An absolute requirement for such a technique is a clear differentiation between

the vascular structures of the tumour and surrounding tissues. If this clear differentiation

is not present, then diffr¡se fluorescence from ICG in the vasculature of the surrounding

tissue will mask fluorescence of ICG in vessels within the tumour. In other words the

zero background advantage of fluorescence techniques will be lost, reducing sensitivity

and specificity.

1.10 Immunofluorescencelmaging

The examples discussed above share a common drawback: a lack of specificity. In

addition, toxicity may pose difficulties. These problems can be alleviated with the use of

more effective targeting strategies that do not require the use of potentially toxic

compounds. The most promising of these altemative approaches is immunofluorescence

imaging. Immunofluorescence techniques combine the sensitivity of fluorescence

measurement methods with the specificity of immunochemistry, allowing highly specific

detection of low concentrations of materials. Speciñcity is achieved with the use of an
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antibody specific to the material that the investigator wishes to detect, for example a cell

surface antigen expressed uniquely by cancer cells. Exposure ofcells to such an antibody

labeled with a fluorescent dye results in accumulation of the labeled antibody only on the

surface of cancer cells and not on the surface of normal cells. Detection of a fluorescence

signal from samples therefore confirms the presence of malignant cells l2l, 29, 3I, 203,

2041. Specificity is provided by the unique nature of antibody-antigen interactions, while

low limits of detection are possible due to the inherent sensitivity of fluorescence

techniques.

Immunofluorescence techniques are of course related to radioimmunoassays 128,41,

42, 94,2051. However, radiolabelled materials pose a human and environmental risk

before, during and after use. Specialised precautions, equipment and training are required

for their use. Immunofluorescence techniques eliminate the need for radionuclides and

the associated specialised equipment, expertise and health and safety risks while

maintaining sensitivity.

Success in immunofluorescence imaging depends upon the correct choice of

antibody, fluorophore and detection system.

1.11 Selection of Fluorophores

The following characteristics should be taken

appropriate fluorophore:

l) Coupling Properties. Coupling of a fluorophore label to immunological reagents

(antibodies or their fragments) is an absolute prerequisite for immunofluorescence

imaging. The fluorophore must therefore contain a reactive chemical group or be

capable ofderivatisation to introduce a reactive group such as an isothiocyanate or

into consideration in selecting the
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ester group. Importantly, coupling should not affect the affinity or specificity of

labeled antibodies or result in diminished signals.

Sensitivity. The sensitivity of immunoassays is highly dependent upon the properties

of the fluorophore used. To be useful a fluorescent dye must have a high quantum

yield, i.e. the efficiency of conversion of light from the absorption wavelength to the

emission wavelength must be high.

Stability. When linked to antibodies, fluorophores should be non-reactive to

materials within the sample of interest. Labeled materials should also be stable for

extended periods of time. Stable signal levels from day to day as well as from

experiment to experiment are required. Stable fluorophores decrease the need for

frequent standardization. It should be noted that many fluorophores are sensitive to

such factors as temperature and pH.

Availability. ln order for a label to be accepted in research and in the clinical setting,

a label should be readily available, conditions for labeling the antibody should be

mild and easily optimized and labeling should be highly reproducible.

Excitation and emission maxima. The excitation and emission maxima of the

fluorophore must also be considered. For example, absorption maxima should not be

in spectral regions in which endogenous materials absorb strongly and emission

maxima should not be in spectral regions where endogenous chromophores exhibit

significant emission or absorption. ln addition, the choice of absorption and emission

maxima, and so fluorophore, depend upon whether the experiment is conducted in

vitro of in vívo. For example dyes such as fluorescein isothiocyanate (FITC) are

commonly used in immunofluorescence sfudies in vitro. However, such dyes are

excited by UV or visible light and fluoresce in the visible range of the

2)

3)

4)

s)
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electromagnetic spectrum. Unfortunately, visible light has limited penetration through

tissues. This limited penetration obviously reduces the utility of the dyes for in vivo

studies. In contrast cyanine fluorochromes have emission maxima in the far-red

spectral region. Blood and tissue are relatively transparent at such wavelengths,

leading to enhanced transmission of light through tissues. Cyanine dyes such as Cy5

are therefore more suited to in vivo applications.

1.L2 Detection Systems

For in vivo detection of fluorescence using visible or near infrared fluorophores

charge coupled device camera (CCD) systems equipped with the appropriate filters are

the detector systems of choice.

1.13 Charge Coupled Device Cameras

The detection system of choice is the CCD camera. CCD cameras are available with

two-dimensional arrays of detectors that allow two-dimensional images to be acquired at

wavelengths in the visible and near infrared. The advantages of such cameras include

high quantum effrciency, low noise characteristics, flexibility and ruggedness. CCD

cameras are available in many forms, with many types of sensing element to choose

from. However, a two dimensional array of silicon detectors will provide adequate

response over the spectral range 200-1000 nm and allow detection of most common

chromophores.

l.l4 Filter Selection

If detection of fluorescence at a particular wavelength is required, then all other

wavelengths must be prevented from reaching the imaging affay.This wavelength

selection can be achieved either with the use of fixed wavelength filters such as band pass
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or interference f,rlters or by using liquid crystal tunable filters. Band pass and interference

filters allow light at pre-determined wavelengths to be transmitted to the sensing element.

If multiple wavelengths are of interest (i.e. if multiple antibodies labeled with different

fluorophores are used) then a filter is required for each wavelength. The requirement for

multiple filters is removed if liquid crystal tunable filters (LCTFs) are used. As their

name implies, LCTFs utilize liquid crystal technology and have tunable transmission

characteristics. The transmission window of the filter is set and changed electronically.

Thus, images can be acquired at multiple wavelengths with no hardware adjustments. In

addition to the time saving, LCTFs have the additional advantage that as no moving parts

are involved in wavelength selection, registration of images at different wavelengths is

excellent.



2 Methods and Materials

2.0 Antibody Production and Characterization

2.0.1 Construction and Expression of NovoMAb-G2-scFv

The human hybridoma NovoMAb-G2 secreting an IgM (k) monoclonal antibody

was derived from the fusion of the TM-H2-SP2 human myelomaJike cell line with

peripheral blood lymphocytes from a 63-year-old male diagnosed with a grade II

astrocytoma [193]. Sequences encoding variable light (VL) and variable heavy (VH)

were amplified by RT-PCR of mRNA using k and specific primers, sub cloned,

sequenced and used to construct NovoMAb-G2-scFv by joining VL and VH through a

1S-amino-acid (Gly4Ser)3 linker. The NovoMAb-G2-scFv was expressed in Escherichia

coli and isolated from the periplasmic extracts by immobilized metal affinity

chromatography. The scFv product was charactenzed by SDS-PAGE as a homogenous

protein of molecular weight 31 kDa.

2.0.2 fmmunoreactivity

Immunoreactivity of NovoMAb-G2-scFv with tumour antigens was examined using

a variety of immunological techniques (e.g. cell fixed ELISA, flow cytometry and

immunohistochemistry), using both tumour cell lines and tumour tissues. Like its parent

NovoMAb-G2, NovoMAb-G2-scFv exhibits reactivity with tumour antigens with a

pancarcinomic distribution including melanoma, glioma, breast adenocarcinoma,

lymphoma and lung adenocarcinoma but is largely unreactive to normal tissue U93,206].
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2.1 Conjugation of Antibody.

NovoMab-G2-scFv (10 mg/ml) was equilibrated with 0.1M sodium bicarbonate and

the pH adjusted to 8.7 using NaOH. Cy5.5.18-OSu bisfunctional reactive dye (Amersham

Life Sciences Inc Pittsburgh, PA) was then added (l mglml) to the solution containing

the antibody fragment. Spontaneous interaction between the NHS-diester and amino

groups of the heavy chain of NovoMab-G2-scFv occurs at neutral or basic pH. Coupling

of the antibody-dye mixture was carried out on a shaker at 40C for L2 hrs. Free dye was

then blocked by the addition of glycine. Free dye was separated from the complexed

NovoMab-G2-scFv-Cy5.5 by centrifugal ultrafiltration (MW cut-off 10,000). The ratio of

dye to antibody in the final complex was 0.97. Finally, the antibody-dye complex was

adjusted to lmgiml protein with phosphate buffered saline and stored in aliquots of 200

yl at -700C.

2.2 Cell LÍne and Tumour Model

2.2.1 Melanoma Cell Line

The human melanoma cell line A-375 obtained from (ATCC, Rockville, MD, was

cultured as monolayers in T-flasks at3loC and 5o/o COz in a complete medium comprised

of DMEM (GIBCO, Grand Island, NY) and I0o/o fetal bovine serum (FBS) (GIBCO) as

previously described 1193,2061. Tumour cells were detached from the tissue culture flask

with 5.4 mM EDTA in phosphate buffered saline (PBS).

2.2.2 Tumour Implants

Pathogen free male CD-l athymic nude mice were acquired from Charles River

Laboratories. After a 7-day acclimatization period, mice were injected with human

melanoma (A-375) cells (1 x 107 cells suspended in 0.1 ml saline) subcutaneously behind

each shoulder over the back using a25-gauge needle. All animals were housed in isolator
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cages in vented isolators. Control animals were injected with an equal volume of PBS.

Tumour bearing animals were maintained until tumours reached a diameter of 0.5-0.75

cm. Autoclaved food and water was available ad libitum.

The experimental set-up described above was used to study the interaction of a

fragment of an anti-tumour antibody labeled with Cy5 with tumour cells implanted into

athymic mice. The antibody fragment was a fragment of a human monoclonal antibody

to a cell surface antigen expressed by a wide variety of human cancer cells. The athymic

mouse has two major advantages in such experiments. Firstly, the athymic mouse is

hairless. This alleviates potential problems due to scattering of light by hair, which would

not only reduce the amount of excitation light reaching the area of interest but would

result in blurring at the fluorescence site. Secondly, the athymic mouse is immune

compromised. As such it provides an excellent host for human tumour cells, which will

not be rejected following implantation. The ability to monitor binding of the antibody

fragment to human tumour cells is important if the antibody is of human origin. This

raises an important, and obvious, issue in immunofluorescence experiments: the choice of

model system requires thought. It is crucial that the antigen to which the antibody is

raised is expressed in the system under investigation. For example the use of a carcinogen

treated animal as a model system may be inappropriate when utilizing human antibodies.

The antigens expressed in tumours induced by carcinogens in animal models may not be

the same as those expressed in human tumours. Use of a model system that hosts human

tumour cells is preferable.

2.3 Imaging Setup

A typical set-up for an immunofluorescence imaging experiment consisted of a CCD

camera equipped with a zoom lens for focusing mounted above the sample area. A
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computer controlled LCTF for wavelength selection was attached to the zoom lens. An

illumination source was positioned so as to provide even illumination over the sample

area. The source may be a broad band (white light) source or may be monochromatic

radiation provided by a laser diode. If laser diodes are the source of choice, then

precautions must be taken due to the intense nature of the radiation produced. While laser

diodes are essentially monochromatic, side lobes (i.e. lower intensity emission on either

side of the main emission line) may be evident. While such side lobes are much weaker

than emission at the main emission wavelength, the intensity may still be sufficient to

result in transmission of some light through the LCTF. To eliminate this possibility a

band pass filter should be inserted between the source and sample to remove wavelengths

which are not of interest.

As an additional precaution when high intensity sources such as laser diodes are

used, a band pass filter should be placed in front of the LCTF to eliminated scattered light

at the frequency of the laser diode.

The imaging camera was positioned 10 cm above the mice. For each mouse the

camera was focused and a visible image collected. The room lights were then turned off

and a bank of five laser diodes (emitting af 670 nm, the excitation maximum of Cy5.5)

fitted with a 610 nm notch filter was activated to stimulate fluorescence and positioned

such that the mouse was evenly illuminated. Images were acquired at 610 and720 rrn.

Mice were imaged as a function of time post injection of either NovoMab-G2-scFv-

Cy5.5 or Cy5.5 alone. Mice were anaesthetized with 4% isoflurane and maintained on

mask with L5 to 2Yo isoflurane in 100% oxygen for the duration of data acquisition. Each

mouse was injected with either 30 pg of dye alone or 100 pg of NovoMab-G2-scFv-
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Cy5.5 complex via the tail vein. Images were acquired 2, 6, 12,24, 48 and 12 h post-

injection. Imaging was performed using a charge coupled device camera (Photometrics,

Tuscon, AZ) equipped with a focusing lens, a liquid crystal tunable filter (Cambridge

Research and Inskumentation, Cambridge, MA) for wavelength selection and a 670 nm

notch filter to block scattered laser light (Figure 5). The imaging camera was positioned

10 cm above the mice. For each mouse the camera was focused and a visible image

collected. The room lights were then tumed off and a bank of five laser diodes (emitting

at 670 nm, the excitation maximum of Cy5.5) fitted 'with a 670 nm notch filter was

activated to stimulate fluorescence and positioned such that the mouse was evenly

illuminated. Images were acquired at 610 and720 nrn.

".\

\

Figure 5

Figure 5 Pictorial representation of experimental setup

To compuler

Following image acquisition, 4 mice were euthanized at each time point and the

tumours, brain, liver, kidneys and spleen removed. Each isolated organ and tumour was
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then imaged separately to determine the amount of fluorescence material present in each

organ.

2.3.1 Ex Vivo Measurements and System Calibration

To assess the linearity of the response of the imaging system vials containing a range

of concentrations of antibody-dye (from 100 pg to 2.5 pg protein per 100 ¡rl) were

imaged.

2.4 Data Analysis

The mean and standard deviation difference in fluorescence relative to 2 hours post-

injection was calculated for each time point and analysed using the paired difference test

to assess statically significant differences.

2.4.1 Quantitative Image Analysis

Images were analysed by two separate methods. Firstly, intensity information was

extracted by the drawing of a line though the fluorescence images i.e. in the area of

greatest fluorescence intensity. Secondly, by determining a rectangular region of interest

(ROÐ around tumours or kidneys. The total number of fluorescent counts in this ROI was

calculated. The ROI was then moved to a dark region of the image and the total number

of dark counts in the ROI calculated. This was then subtracted from the tumourlkidney

ROI total fluorescence to produce the dark current corrected total fluorescence for each

ROI. Data was norrnalized by dividing by the area of the ROI to produce the mean

fluorescence per pixel in each ROI.



2.5 Pharmacokinetics

Imaging data from each animal were fit to a one-compartment open model of

antibody fragment elimination using the pharmacokinetic software, ADAPT 12071. Time

zero was taken to be the start of the infusion of the antibody fragment. The ADAPT

fitting algorithm utilised non-linear regression analysis to fit the data values to the one-

compartment model describing antibody elimination. Areas under the imaging value-

time curves (AUC's) were calculated by the log-trapezoidal method, since visual

inspection of the elimination curves identified log-linear decay. The last area to infinity

for the end of the decay curve was determined by ratioing the last imaging values to the

elimination rate slope parameter at that point. Intensity of tumour exposure to the single

chain Fv fragment was calculated by ratioing the AUC of the tumour values to the AUC

of the total body imaging values (as estimated by the sum of the tumour AUC and kidney

AUC). Total body exposure was defined as these two sites, since imaging dye was

negligibly found in other organ systems of the animal.
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3 Experimental Design

Experiments were divided into an initial pilot study and the main study. The initial

pilot study was designed to develop the tumour model and determine optimal

experimental conditions.

3.0 Pilot study: Technique development

3.0.1.1 Assessment of NovoMab-G2-scFv-Cy5.5.18 complex binding in vitro.

The affinity of the NovoMab-G2-scFv-Cy5.5.18 complex for the melanoma cells

was verified by addition of NovoMab-G2-scFv-Cy5.5.18 to a suspension of a known

number of melanoma cells. The suspension was washed and re-suspended in isotonic

saline. The suspension was then placed in a Fluoromax fluorescence spectrophotometer

and the absorption and emission maxima of the bound antibody dye together with the

fluorescence intensity measured. The process was repeated with serial dilutions of the

cell suspension.

3.0.2 Screening of tumour cells for pathogens (3 control CD-l mice).

To ensure that the tumour cells did not contain pathogens 107 tumour cells were

injected subcutaneously behind the shoulder of 5 CD-l mice. Four weeks after injection

of the tumour cells, the animals were anaesthetised and given pentobarbital i.p. From

each animal 1 cc of blood was collected by cardiac puncture. Serum prepared from each

sample was sent for analysis to Charles River Laboratories (Wilmington, MA).

3.0.3 Developmentofimmunofluorescenceimagingtechnique.

This study was designed to determine the implantation success rate and the optimal

conditions for immunofluorescence imaging. Animals were divided into 4 groups.

Control nude CD-l mice were divided equally between groups I and 2. Tumour bearing

73



74

mice were equally divided between groups 3 and 4. Mice in each group were

anaesthetised with 4% isoflurane in 100% oxygen and maintained on mask with 1.5 to

2% isoflurane in 100% oxygen. Each mouse was injected with either 30 pg of dye alone

(groups I and 3), or 100 ¡rg of NovoMab-G2-scFv-Cy5.5.18 complex (groups 2 and4),

as shown in table 5.

Table 5

Group

t.D

2.Ab+ D

N

3.D

J

Tumour

4. Ab+D

-t

No

5.normal

J

No

Mouse

Pilot Study - Number of Animals Imaged per time point

J

Yes

Nude -CD-l

* Parentheses indicates number of animals euthanized at this time point

Table 5. Design of pilot study

)

Yes

Nude-CD-l

Yes

2 h¡s

Nude-CD-l

Imaging of each animal was performed at 2, 6, 12, 24, 48, and 12 hours after the

injection of the dye or dye-antibody complex. Once the imaging was completed all

animals were euthanizedby cervical dislocation while under anaesthesia.

Main Study:

-1

Nude-CD-l

6 hrs

J

CD-I

J

J

12 hrs

J

J

J

J

Injected with l06cells, maintained for 14 days
and serum tested for antibodies to pathogens
(viruses, mycoplasma)

24hrs

J

J

3

J

3.0.4 Assessment of tumour binding and tissue distribution of the antibody

48 hrs

J

J

The main study consisted of 4 groups of animals, (2 control groups and 2 test groups,

Table 6). Animals were imaged at 6 time points (2, 6, 12, 24, 48 and 72 hours) after they

had been injected with either dye or dye-antibody complex. Imaging of anaesthetized

-t

J

72hrs

3

3

3 (3)*

3

3 (3)

J

3 (3)

3 (3)
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animals was performed as described for the pilot study, with the exception that the laser

diodes were positioned to illuminate the entire mouse.

After each imaging time point, four animals were euthanized by cervical dislocation

while under anesthesia, the abdominal cavity opened and the liver, heart, kidneys,

bladder, intestine and tumours removed and imaged.

Table 6

Group

1.

Ab+D

N

2.D

24

Tumour

J.

Ab+D

Yes

24

Mouse

4.D

-Main Study -

t Parentheses indicates number of animals euthanized at this time point

24

Yes

Nude

No

2 hrs

24

Nude

r2(4)

No

Nude

6 hrs

t2(4)

t2 (4)

Nude

12 hrs

r2(4)

12 (4)

8(4)

t2(4)

24hs

12 (4)

Table 6. Design of main study.

8(4)

t2(4)

12 (4)

48 hrs

8(4)

t2(4)

8(4)

8(4)

72lvs

t2(4)

8(4)

4(4)

t2(4)

8(4)

4(4)

8(4)

4(4)

4(4)



4 Results

4.0 Section 1: Reproducibility Assessment of the Imaging System

4.0.1.1 Instrument Drift

As described in the methods section, the fluorescence imaging system was developed

and put together in house. A number of components such as laser, camera and

acquisition time are all factors that can influence the function of the florescence imaging

system. Therefore, in order to establish reproducibility and reliability of the imaging

system, various measurements of the florescence imaging system were carried out.
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As multiple parameters, such as temperature, lighting conditions etc could affect the

functioning of the system it was important to examine the instrument stability. The

stability of the complete system was examined to determine the ability of the instrument

to drift as a function of time. The entire camera system was left on for 120 hours and 200

pl of an irrelevant monoclonal antibody fragment-dye complex in saline was imaged over

time at identical camera and laser settings (laser setting @670 nm, camera l0 cm from

sample, aperture setting @2.8 and acquisition time of 200 milli seconds). Figure 6 above

shows a plot of instrument drift as determined by fluorescence intensity (mean + SD,

n:4) changes as function of time. The results show that over a period of 120 hours, there

was variation in fluorescence intensity of less than l0%o keeping all other variables

unchanged. These results indicate that the system is stable (less than l0o/o vanation) for

long-term (120 hours) assessment of the same sample.

4.0.1.2 Camera Aperture Size

The aperature of the camera system regulates the amount of incident laser light that

enters and consequently reaches the detector; it is necessary to examine the change in

aperature as a function of fluorescence intensity. This assessment will help in

determining the setting of the aperature for optimal detector response without saturation.

Since a change of the F-stop on the camera relates to a decrease by half of the opening of

the aperature, a totally linear relationship is expected between aperature opening and

fluorescence intensity unless the signal arising from the sample causes saturation of the

detector.

Figure 7 below shows the detector response as assessed by fluorescence intensity as

a function of aperture openings, as an indicator of laser incident intensity. Free dye and



antibody-dye-complex were imaged at various

demonstrate a positive-linear correlation between

opening.

As seen in figure 7, the detector's response to the concentration of fluorophore

utilized in the entire study was well below the saturation point even when the aperature

was open at 100% allowing maximal incident light to reach the detector.

Signals arising from Cy5.518 is linear and well below the saturation point of the

detector. It is worthy to note that this fluorophore concentration was used for all the in

vivo studies i.e. 100¡rg were injected/animal). The issue of reaching saturation limit of

the detector therefore was not significant since the amount of materials injected was well

below such threshold.
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aperture openings. The results

fluorescence intensity and aperture

The importance of using a concentration of fluorophore that is well below the

saturation point of the detector is three fold. Firstly, extraction of meaningful quantative

data would not be possible if saturation occurs. Secondly, it would be impossible to

determine the binding kinetics of the antibody-dye complex as function of time. Finally,

alterations in aperature opening during the experiment to maximize or increase the

sensitivity of the device would lead to additional variables being altered which would

definitely prevent accurate comparisons of intensity from different animals and/or time

points.
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Figure 7. Fluorescence intensity of the antibody-dye complex as a function of
aperture opening. Measurements (n:4) represents mean intensity + SD.
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4.0.1.3 Stability of Laser Function

Variation in the distance between a sample to be imaged and from the emitting laser

source can naturally affect results. This is largely due to the differences in the amount of

energy delivered and the amount of energy reaching the excitable protein complex.

Figure I below shows a plot of excitation energy intensity (pW) as a function of distance

(cm). Excitation energy intensity was measured using a laser power meter calibrated to

670 nm. Excitation intensity is seen to decrease with an increase in the distance away

from the laser source.
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4.0.1.3.1 Functionalify and Reproducibilify of Imaging System

Figure 9A below shows the fluorescence imaging system response to changing

exposure time (milliseconds) of an unchanged sample (1000 pl at 1.0 Vdtú of an

irrelevant monoclonal antibody fragment-dye complex in saline). Imaging parameters

were as follows: laser setting 3.0 mW @ 610 nm, camera l0 cm from sample, and F stop

setting @2.8. The results indicate a strong linear relationship (r0.98a) between

acquisition time of the camera system and fluorescence intensity. Maximal fluorescence

intensity of 16383 is seen at around 400 milli seconds. Figure 9B shows the linearity

between the lower time points (=0.999) of what is shown in figure 94.
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Figure 94. Ex-Vivo analysis of fluorescence intensity as ^ function of full
exposure time. Measurements (n:4) represents mean intensity + SD.
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times. Measurements (n:4) represents mean intensify + SD.

Assessing the response of the detector/camera as a function of changing

concentration of an irrelevant monoclonal antibody fragment-dye complex in saline is

shown in figure 10. Keeping all imaging parameters constant (laser setting 3.0 mW @

6J0 rtrn, camera 10 cm from sample, and F stop setting @2.8), various concentrations of

the dye-complex were imaged in a final volume of 1.0 ml saline. As expected, a strong

positive correlation relationship (10.998) exists between amounts of conjugated protein

with fluorescence signals. The maximal 100 micrograms of dye-complex was used for

delivery into in vivo systems for the entire study unless otherwise stated. This antibody

concentration was selected because 100 micrograms gives a linear signal response.
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antibody. Measurements (n:4) represents mean intensity + SD.
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ln order to test the stability of an antibody-dye complex as a function of time, the

complete imaging system was used to acquire images and fluorescence signals of a

constant volume of antibody-dye complex incubated at 37 oC for a period of 72 hours.

Imaging conditions were unchanged at the following settings: laser 3.0 mV/ @ 670 nrn,

camera 10 cm from sample, and aperture setting @2.8. Figure 11 shows the change of

fluorescence signal.as a function of incubation time. 'While, there are some fluctuations,

there are no significant differences in fluorescence signal intensity over the entire

duration examined. These results indicate that the dye-protein complex is stable at37 oC

for a period of 72 hours. Temperature is a known factor that can influence samples either

through activation or quenching of the fluorophore signals. Of importance, all in vivo

Concentrdion (p g/nd)
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measurements were carried out with samples that have been fully equilibrated at room

temperature before administration to each animal.
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Figure 11. Fluorescence sÍgnal as a function of incubation time. Measurements
(n:4) represents mean intensity + SD.



4.0.1.4 Fluorescence Spectroscopy

As hydrolysis of the antibody-dye complex is possible in the presence of appropriate

enz)¡mes, the stability of the NOVOMab-G2-ScFv-Cy5.518 conjugate and the irrelevant

NOVOMab-G2-CyS in serum was examined. NOVOMab-G2-ScFv-Cy5.518 conjugate,

and NOVOMab-G2-Cy5 was incubated with mouse serum for 36 hrs. Samples were

removed at intervals for analysis using a fluorescence spectrophotometer to assess the

quantity of complex remaining. The fluorescence spectrophotometer is more sensitive

than the imaging system and is able to monitor small changes in small volume of

substances. These experiments were done strictly to confìrm enzSrmatic breakdown of

the conjugates used.

Blood was obtained from 12 control mice by cardiac puncture. Serum produced from

the blood was divided into three groups and 100 pl of antibody dye added to each sample.

The serum was incubated with gentle mixing at 37 oC for 36 hrs. Samples were

withdrawn at intervals and analysed using a Fluoromax fluorescence spectrophotometer

to determine the fluorescence yield (figure I2).
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The serum was then filtered using an Amicon centrifugal ultrafilter (MVi cut off

10,000) to separate free dye from the NOVOMab-G2-CyS complex. The filtrate was

analysed using a Fluoromax fluorescence spectrophotometer to determine the

fluorescence intensity.

The fluorescence intensity in the serum (total fluorescence) and serum filtrate (free

dye) as a function of time are shown in Figure 13. Fluorescence in the filtrate shows a

progressive increase, indicative of degradation of the NOVOMab-G2-Cy5 complex and

release offree dye. Fluorescence in the filtrate expressed as a percentage offluorescence

in the serum (total fluorescence) at time t:0. Fluorescence in the filtrate progressively

increases until at 36 hours approximately lTYo of the dye is in the free form. These results

indicate that while the NOVOMab-G2-Cy5 complex is not significantly degraded in

serum. The bioavailability of NOVOMab-G2-Cy5 is sufficient to monitor the in vivo and

ex vivo presence of the antibody-dye complex at tumour and organ sites.
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Figure 13. Percentage of free dye following incubation of the NOVOMab-G2-
Cy5 complex in murine serum. The percentage of free dye is calculated as

(fluorescence intensity in filtrate / intensity in serum at F0) x 100.

4.0.1.5 Linearity of Imaging System.
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The specific monitoring of the linearity of the imaging system's responses to

NOVOMab-G2-CyS is shown in figure 14.

050
Incubation time (hrs)

Figure 14, which shows a plot of total fluorescence obtained from vials containing

100 ml of conjugate at various concentrations. Fluorescence is plotted as a function of

mass of conjugate/maximum conjugate injected in vivo x 100%. Clearly significant non-

linearity is observed at high conjugate concentrations. Similar measurements made using

the free dye at concentrations equivalent to those seen in vivo do not show this non-

linearity (Figure 14C), suggesting that antibody aggregation is responsible for the non-
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linearity observed at high protein concentrations (fluorescence quenching). This

aggregation appears to be reversible, as a linear response is seen for low concentration

solutions prepared by dilution of the high concentration stock solution (Figure l4B).
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4.1

4.2

Section 2: Qualitative Assessments

Conjugation of NovoMab-G2-scFv-Cy5.5.18 and assessment of NovoMab-G2-scFv-

Cy5.5.18 complex binding in vitro.

Figure 15 shows the imaging of the conjugated NovoMab-G2-scFv-Cy5.5.18

complex. Between 90-95% of the antibody-dye complex was recovered. Separation of

the antibody-dye complex from free (unreacted) dye was achieved firstly by centrifugal

filtration and then by dialysis. Successful conjugation of the antibody and Cy5.5.18 was

demonstrated by fluorescence imaging. Naturally, the expectation is that NovoMab-G2-

scFv-Cy5.5.18 should be present in the filter reservoir, and the filtrate reservoir should

contain only free dye. Figure 154 shows visible image of the two reservoirs. The

reservoir containing the complex and the well containing the reservoir containing the

filtrate.
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Figure 15 Visible (A) and 720 nm @) images of the reservoir and lïltrate after
filtration of the antibody-Cy5.5.1.8 reaction mix.

Illumination of the two components of the filtration device laser diodes and the

subsequent imaging at 720 nm reveals fluorescence only in the filtrate reservoir (Figure

l58) demonstrating the presence of a fluorescent material with molecular weight greater
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than 10,000 (the cut-off of the filter) which must therefore be the fluorescent labelled

antibody.

Using the Fluoromax fluorescence spectrometer for comparing fluorescence spectra

of the free and conjugated dye, it was revealed that the absorption maximum was the

same for both constituents (free and complex) at 670 nm, the emission maximum of the

conjugated dye is shown in red in Figure 16. There was a shift to longer wavelengths

(696 nm) for the complex vs. the free dye (688 nm). The fluorescence emission

maximum of the conjugated dye is seen at 696 nm. This is still close to the absorption

maximum and therefore may lead potentially to interference in measurements at 696 wn

from the laser used to stimulate fluorescence. In order to overcome this, images were

acquired at 720 nm, which decreases the interference potential of energy from the laser

diodes while maintaining good sensitivity.
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Figure 16. Fluorescence spectra of free dye (broken line) and NovoMab-G2-scFv-
Cy5.5.18 (solid line)
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Examination of the binding affinity of melanoma cells for the single chain fragment,

revealed that the NovoMab-G2-scFv-Cy5.5.18 complex retained it's binding affinity

when complexed with Cy5.5.18. The experiment was carried out by mixing NovoMab-

G2-scFv-Cy5.5.18 complex in a suspension of melanoma cells. The suspension was then

washed and re-suspended three times in a phosphate base saline solution. The

fluorescence emission of the suspension was then monitored. The washed and re-

suspended pellet gave rise to a strong fluorescence signal at 696 nm. This emission is

accepted as evidence of the fluorophore (Cy5.5.18) presence and therefore confirms that

the complexed antibody retained affinity for cultured melanoma cells in vitro. As

expected, there was a decreased of fluorescence signal with serial dilution. The decrease

was not in a linear fashion. Microscopic analysis of samples indicates aggregation of

melanoma cells.

4.3 Screening of tumour cells for pathogens (3 control CD-l mice).

Tumour cells containing either pathogens or other cellular debris have the potential

to either stimulate an immune response or induce sickness in the tumour bearing animals.

As such, in order to ensure that the tumour cells that were used to induce tumour

formation, did not contain pathogens, the melanoma cells were first injected into five

normal specific pathogen free CD-I mice. Four weeks after injection, I cc of blood was

removed by cardiac puncture while the animals \Mere under anaesthesia. Extracted blood

was allowed to clot and serum extracted. Serum samples were sent for analysis of

antibodies against viral and bacterial proteins common to major rodent pathogens.

Results for all animals were negative. Some of the major rodent patogens examined

are as follows: Sendi virus, pneumonia virus of mice, mouse hepatitis virus, mouse

minute virus, mouse poliovirus, reovirus type 3, Mycoplasma pneumonia, lymphocytic
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choriomeningitis virus, ectromelia virus, mouse pneumonitis virus, polyoma virus, mouse

adenovirus, epizootic diarrhoea of infant mice virus, mouse cytomealovirus, Hantaan

virus and Encephalitozoon cuniculi.

Of the five animals injected, one animal developed superficial dermatitis. Skin

samples taken from the affected animal were sent for microbiological and histological

analysis which revealed the presence oî Enterococcus faecalis and Staphylococcus spp.

Enterococcus faecalis deemed to be a contaminant that occurred during the excision

process of the skin. Staphylococcus spp were responsible for the superficial dermatitis.

The dermatitis was deemed to be unrelated to the injection of the cells. It was therefore

determined that the cultured cells utilized were free from pathogens and suitable for

injection into nude mice.

4.3 Development of method for tumour production in nude mice

Human melanoma cells (107 cells) in l00pl of isotonic saline were injected

subcutaneously over the back behind each shoulder of six nude CD-l mice using a 25-

gauge needle. The animals were maintained until tumours with a diameter of 0.5 cm were

visible, a period of 10-14 days. Initially (dayl-3) local inflammation was seen which

subsided by day 2-3.The inflammatory response did not caused any apparent discomfort

in the animals. A few days after injection of cells, a small raised red plaque formed

subcutaneously. By day l0-I4 the plaque area was larger and more lobular (classical

morphology of formed tumours).

Of the six animals that were injected, five mice developed tumours on both shoulders

and one mouse developed a tumour on only one shoulder. All animals reacted to handling

normally, ate and drank ad libitum, and there were no apparent discomfort due to the
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tumour growth. Edema was evident visually in and around tumours. Larger tumours

centrally were soft white and friable. Representative photomicrographs of stained

sections are shown in Figure 17. In section the tumours were uniform tan in colour.

Histologically, the tumours were infiltrating the subcutaneous fat with blood vessels and

a small amount of fibrous stroma throughout. The cells appeared oval with fine

basophilic cloplasm and prominent basophilic nucleoli. Mitotic figures ranged from 3-5

per high power field (figure l7).

Figure 17. H&E stained sections of nude mouse tumour xenografts.

4.4 Development of immunofluorescence imaging technique.

Mice were anaesthetised with 4o/o isoflurane in 100% oxygen and maintained onZYo

isoflurane in 100% oxygen. Anaesthetised mice were \ryaÍned with a heat lamp to raise

body temperature to 38.2 oC. Free dye (30 pg) or antibody-dye complex (NovoMab-G2-

scFv-Cy5.5.18 (100 pl of saline)) was injected via the tail vein with a 27-gauge needle.

Only animals in which tail vein injections were successful (100% delivery) were

imaged. Examples of the images obtained are shown in Figure 18 and 19. Figure 18

shows results of a control (non-tumour bearing) animal following the injection of free

dye. The camera was focused on the region of the shoulder in which tumours were
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implanted in experimental animals. A visible image and images acquired at 670 ntrt

(excitation) and 120 nm (emission) were taken 6 hours after injection of the dye. As

seen, no light reaches the camera at either wavelength, indicating that all of the laser light

was successfully rejected (image at610 nm) and that no fluorescence was detected. The

fact that no fluorescence \ilas detected, indicates that the dye is cleared from the body and

there is little signal emanating from the blood.

Figure 18. Yisible (A) image and images acquire at 670 nm (B) and 720 nm (C) 6

hours after injection of free dye in control nude mice.

The lack of fluorescence also indicates that non-specific uptake of dye by skin and

muscle tissue did not occur. Injection of the NovoMab-G2-scFv-Cy5.5.18 complex into

non-tumour bearing mice, also revealed similar findings as with the free dye experiments,

indicating that non-specific uptake of the NovoMab-G2-scFv-Cy5.5.18 did not occur in

skin and muscle tissue.

Injection of a tumour-bearing mouse with the NovoMab-G2-scFv-Cy5.5.18 complex

resulted in fluorescence being seen in 720 wn images. Imaging at 610 nm resulted in

blank images, demonstrating again that all laser light was blocked from reaching the
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camera (data not shown). Figure 19 below shows images obtained from visible, (figure

l9A) and 120 nn images (figure lgB-E) from the fumour-bearing animal.

Figure 19. Visible image (A) and 720 images obtained from a tumour-bearing mouse
6 (B), 12 (C),24 (D) and 48 @) hours after injection of NovoMab-G2-scFv-Cy5.5.18.

Fluorescence arising from the tumour site can clearly be seen at 6 hours, peaking at

12 hours and declining over the next 36 hours, clearly demonstrating the presence of

NovoMab-G2-scFv-Cy5.5.18 at tumour site. No Fluorescence is seen in the shoulders of

control mice injected with dye or antibody complex.

Fluorescence v/as also detected in both tumour bearing and control mice in the

region of the kidneys in addition to tumour sites. Figure 20 below shows images of the

region of the right side of a mouse (i.e. the mouse is lying on its left side with the camera

focussed onto the right side) six hours after injection of the NovoMab-G2-scFv-Cy5.5.18

complex. Fluorescence can clearly be seen in the region of the right kidney (figure 20C).



96

In order to confirm that the fluorescence that was detected at the area of the kidneys were

in fact originating from the kidneys, the mouse abdominal wall dissected away to reveal

the kidney in a euthanized animal (figure 20D). Subsequent imaging of the animal atl20

nm revealed that the fluorescence was clearly seen localized in the kidney (figure 208).

Additional confirmation of the involvement of kidneys was provided by the removal of

the kidney. Isolated kidney exhibited intense fluorescence, while no fluorescence was

detected in the abdominal cavity, with the kidneys removed.

Figure 20. Visible (A) image and images acquired at 670 @) and 720 nm (C) from a
control mouse 6 hours following injection of the NovoMab-G2-scFv-Cy5.5.18
complex, together with visible (D), 670 nm @) and 720 nm (F) images of the sâme
mouse with the abdominal wall removed.
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Fluorescence was detected in the urine within the urinary bladder of animals. Figure

2l below shows visible (A) and 120 twt images (8, C) of the ventral surface of mice

revealing the presence of fluorescence in the urinary bladder. Fluorescence can be seen in

kidneys with free dye.

Figure 21. Visible (A) and 720 nmimages of the ventral mouse surface 2 hrs @) and

6 hrs (C) post injection of NovoMab-G2-scFv-Cy5.5.18 complex'

Isolated organs (tumour, kidneys, heart, lungs, liver and spleen) were dissected from

surrounding tissue of euthanized mice and imaged. Figure 22 shows images of the organs

removed 6 hours following injection of the NovoMab-G2-scFv-Cy5.5.18 complex. The

kidneys were found to be the brightest of all organs in the images, suggesting that more

of the NovoMab-G2-scFv-Cy5.5.18 complex was present within the kidneys than other

tissues or organs, including the tumour (figure 228). Liver displayed a weak fluorescence

signal in addition to the kidneys. When the kidneys were removed from the image field,

fluorescence in the liver was readily apparent, with some fluorescence in the tumour also

being apparent (figure 22C). The removal of the liver resulted in fluorescence from the

tumour and also very weak fluorescence from the spleen becoming more apparent (figure

ZZD). Further removal of the tumour and spleen produced blank images in the imaging
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field, suggesting that no NovoMab-G2-scFv-Cy5.5.18 complex was present in either the

heart or lungs (figure 228).

Figure 22. Visible (A) and 720 nm images of isolated organs. Images at 720 nm were
acquired for with all six organs present @), with the kidney (C),liver @) and spleen
and tumour (E) sequentially removed. H:heart, K:kidney, L:lungs, L:liver,
S:spleen, T:tumour.



99

4.5 Summary of Results Section 1 (Qualitative Analysis).

l. Tumours could be grown with 100% success in nude mice.

2. Cy5.5.18 could be conjugated to the antibody and the complex bound to melanoma

cells in vitro.

3. Injection of the antibody dye complex into tumour bearing nude mice resulted in

fluorescence emission from tumours, demonstrating binding of the complex to the

tumour.

4. No fluorescence was observed in the shoulder region of mice when the free dye was

injected into tumour bearing animals, or when the dye or NovoMab-G2-scFv-

Cy5.5.18 complex was injected into control mice.

Fluorescence was observed in vivo in the kidneys and bladder in animals injected

with both free dye, and NovoMab-G2-scFv-Cy5.5.18.

Fluorescence imaging of isolated organs suggested accumulation of the NovoMab-

G2-scFv-Cy5.5.18 in the following order: kidneys: liver: tumour. Weak or no

fluorescence was observed in the spleen, heart and lungs.

5.

6.



4.6 Results Section 2 (Quantative Analyses).

All imaging \Mas carried out as described in the previous section for both tumour

bearing and control mice. Mice were imaged at 2, 6, 12, 24, 48 and 72 hours post

administration of either NovoMab-G2-scFv-Cy5.5.18 or Cy5 alone. 4 animals were

euthanized at each time point and organs removed for further analysis. The number of

animals imaged in each group at each time point is shown in Table 7 below.

Group

.ta.).1:.:.,.1,.. :t..4..:.: r:::t.a.. t.

,!¡l;$b+D.;;1i¡;,

Tumour

Yes

,:::,,Ã:!,1;i:;:,.ä;;i:::
^.,...:j..1..t:.!:4..,:.::.,.!,.!...:.!,.,:.:...

::';/,,a,a;,'l;ll::,:li::';:i,;:,.,i:...;.ta.:l:

2 hrs

Yes

24

No

6 hrs

r00

6

Table 7. Group and number of mice imaged at each time point in each group.

No

20

24

12 hrs

4

6

16

20

24 hrs

2

4

1.2

I6

48 hrs

2

I

I2

72hrs

4

8 4
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4.6.1 Distribution and kinetics of free dye and NovoMab-G2-scFv-Cy5.5.18 monitored in

vivo.

A qualitative analysis (i.e. visual inspection) of images showed that fluorescence was

detected in the tumours of all animals imaged 2, 6, 12,24, and 48 hours post injection. Of

the four animals imaged at12hours, three showed fluorescence at the site of the tumour.

Figure 23. Visible (A) and 720 nm @) images of a fumour bearing
injection. Images at 720 nm 2 (C), 6 (D), 12 (E), 24 (F) and 48 (G)
injection of NovoMab-G2-scFv-Cy5.5.18. The arrow in (B) indicates
from the stomach.

mouse pre-
hours post-

fluorescence
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Figure 23 shows a sequence of images of a tumour-bearing mouse injected with the

NovoMab-G2-scFv-Cy5.5.18 complex. Visually, alarge tumour can easily be seen on the

left shoulder (visible image (figure 234). 
^ 

720 nm image taken before the injection

NovoMab-G2-scFv-Cy5.5.18 complex is shown in Figure 238. Naturally, no

fluorescence was detected in either the tumour or kidneys, in the pre-image. However, a,

weak fluorescence signal arising from the area of the stomach was detected. Figure 23C

shows the presence of fluorescence two hours after injection. Fluorescence is detected in

both kidneys and the tumour, which indicates the presence of the NovoMab-G2-scFv-

Cy5.5.18 complex. Fluorescence intensity in the kidney peaks 6 hours post-injection.

However, in this mouse peak fluorescence appears in the tumour at 24 hours post-

injection. At 48 hours post-injection, fluorescence in the kidney has largely disappeared,

but weak fluorescence can still be seen in the tumours.



In addition to fluorescence from tumours and the kidneys, the pre-injection image

also showed some weak fluorescence signal emanating from intestinal loops and/or the

stomach. Further investigation of the fluorescence signal emanating from the stomach by

imaging the ventral surface of the mouse clearly shows fluorescence from within the

abdominal cavity (figure 24). Exposing the stomach confirms
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Figure 24. In vivo 720 nm image of a mouse showing fluorescence in the
stomach (A). In situ visible @) and 720 nm (C) image of same mouse with the
stomach exposed.Images of faeces at720 nm (D) also showed fluorescence.



that this fluorescence emanates from the stomach. Additional imaging of mouse food

(data not shown) demonstrates that the food of the mouse fluoresces at 720 nm, the

undigested food is most likely the source of fluorescence in these pre-injected images.

Mouse faeces also exhibits fluorescence, due either to the presence of remnants of chow

or to the breakdown of the NovoMab-G2-scFv-Cy5.5.18 by the liver and excretion into

the intestines.

In order to remove the interference from the fluorescence signal arising from the

food in the intestines, all animals were positioned with the intestines moved to the left

side of the animal. ln tumour-free animals, the left half of the animal was then covered

with an opaque strip to block light from the left half of the animal and the right kidney

was imaged. For tumour bearing animals, the entire right side of the animal was imaged

and then the right kidney was masked to image the tumour alone. This strategy removed

interfering fluorescence from the kidney in measurements made upon tumours.

All of the images presented thus far have been analyzed in a qualitative fashion.

Obviously, there are a number of limitations in carrying out such analysis. Some of the

problems of using the visual inspection technique include the following: Difficulty in

making comparative assessment of images over time, the ability to detect subtle

differences in the level of fluorescence between images by eye, and obtaining meaningful

data on the apparent intensity of fluorescence in each image (since the perceived

fluorescence depends upon scaling of the images (variations in scaling between images

can introduce artefactual changes in intensity, which mask true changes in intensity)).

The quantitative assessment of fluorescence intensity of each image therefore, is a

more required approach of image analysis. In order to obtain quantative information
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relating to fluorescence intensity in each image, the intensity at each pixel through the

region of the image showing the maximum intensity was extracted by drawing a line

through the image. A sequence of images (shown in figure 25) illustrates this method.

The fluorescence intensity at each pixel along the line is plotted as a function of position

for each image (figure 25).

Analysis of images in this fashion clearly allows a quantitative assessment of

fluorescence/antibody binding over time. Analysis of the images shows accumulation of

the antibody in the both the tumour and kidney beginning at 2 hours post-injection. The

intensity of fluorescence from the tumour increased over time, peaking 24 hours post-

injection. The fluorescence then rapidly declines, falling to about 5o/o of the peak

fluorescence 48 hours post-injection. Fluorescence intensity persists at about 5% of peak

intensity 72 hours post-injection.
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Figure 25. Plots of Intensity vs Pixel Number. Images collected at 720 nm acquired
from a tumour-bearing mouse 2 (A),6 (B), 12 (C),24 (D),48 (E) and 72 (F) hours
following injection of NovoMab-G2-scFv-Cy5.5.18. Fluorescence intensity at each
pixel on the line through the region of greatest fluorescence intensify for each image
is also plotted.
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Different kinetic information (uptake and removal of NovoMab-G2-scFv-Cy5.5.18)

is obtained from the examination of the images of kidneys and tumours. Figure 26 below,

shows the uptake of dye by the kidneys in a control mouse.
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Figure 26. Plots of Intensity vs Pixel Number. fmages collected at 720 nm acquired
from a control mouse 2 (^), 6 (B), 12 (C), 24 @),48 (E) and.72 (F) hours following
injection of NovoMab-G2-scFv-Cy5.5.18 complex. Fluorescence intensity at each
pixel on the line through the region of greatest fluorescence intensity for each image
(shown in blue) is also plotted.

In both the tumour bearing mouse in Figure 25 and the control mouse in Figure 26

fluorescence in the kidneys appears to peak 6-12 post-injection.

Pharmacokinetics data obtained by the technique described above allows for

information on NovoMab-G2-scFv-Cy5.5.18 to be estimated in the individual mouse.

Naturally, there is a problem in the pooling of data using this technique. Pooling of data

is not reliable because of the following reasons: Firstly, variation in the size of the

organs/tumour under the skin between animals. Larger organs will exhibit more intense

fluorescence in images than a smaller organ. Secondly, variation in the depth of the

organs/tumour under the skin between animals. Since the detected fluorescence depends

upon the degree of scattering of the emitted light, which in turn is determined by the

tissue (amount and type) between the site of origin of signal and the detector. Thus, a

superficial tumour will exhibit a greater apparent fluorescence than a deeper situated

tumour. Also, for example, a kidney situated in a renal sac that is surrounded by a

relatively large adipose tissue layer could exhibit a lower apparent fluorescence than one

that is relatively free of adipose tissue.

In order to adjust or compensate for this variation in multiple animals, all data must

be scaled/normalized. Normalization of fluorescence was performed by scaling all data

extracted from images by setting the maximum intensity at2 hours in all animals and the

intensity in subsequent images from the same animal are expressed relative to this. This

method allows for data recorded from different animals to be pooled and analyzed.
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Of the 24 tumosr-bearing animals imaged two hours post-injection, 2I were also

imaged 6 hours post injection. Therefore, it is possible to make direct comparisons

between images from 21 animals to determine changes in fluorescence between the 2 and

6 hours post-injection time points. The results \ryere pooled to make comparisons

between 2l (6 hours), 14 (12 hours), 14 (24 hours), 12 (48 hours) and 9 (72 hours)

animals. This pooling of results from multiple animals allowed for statistical

comparisons. Mean maximum fluorescence and standard effor were calculated for 2, 6,

12, 24,48 and l}-hour time points. Figure 27 below shows the mean and standard

deviation for all six-time points for all animals. Additionally, multiple animals (n:6)

were imaged to determine background fluorescence. Background measurements were

made by imaging the animals prior to the injection of the NovoMab-G2-scFv-Cy5.5.18

complex. ln all case, no fluorescence was seen in any of the pre-injection images.

Antibody binding as indicated by peak fluorescence in the pooled data occurs at 2

hours post-injection. While this is the case for most of the animals imaged, this is in

marked contrast to the results presented in Figures L4 and 16, where maximum

fluorescence was observed greater than 2 hours post injection. The images shown in

figures 14 and 16 were taken from animals with large tumour size (tumour volume of

almost 1 cm3). One possible explanation for such fluorescence peaking greater than 2

hours in tumours may be the altered vascularization in tumours of this size. Another

reason may simply be the number and type of available antigenic sites in the large

tumours may be different. For example, small tumours may have, relatively low number

of antigenic sites, which can become rapidly occupied, while larger tumours requiring

more time to saturate all binding sites. Additionally, the larger tumours may contain
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antigenic sites that have mutated and therefore requires greater time for the interaction on

the antibody fragment with the antigenic epitopes.
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Figure 27. Mean normalized peak fluorescence intensity of tumours measured ¿z

vívo as a function of time from animals injected with NovoMab-G2-scFv-Cy5.5.18.

Images taken 6 hours post-injection show a decrease in mean fluorescence intensity

of 2l%. The standard deviation for measurements made 6 hours post-injection is high. As

discussed above, in some animals the data indicates that fluorescence values 6 hours post-

injection actually increased compared to 2 hours post-injection. Peak fluorescence was

found to occur at 6 hours post-injection or longer for fìve of the animals studied.

Examined Images at 12 hours post-injection time point reveals a 46%o decrease in

mean peak fluorescence intensity relative to 2 hours post-injection. The mean peak

fluorescence continued to decrease over the next 60 hours, reaching a minimum at J2

hours post-injection.

Time post injection (hours)

12 24 48
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Analysis of the data obtained from in vivo images of tumours was then analyzed to

assess the significance of the differences. The difference between the fluorescence at

time t:2 hr and all other time points was calculated for each animal. For example, if an

image acquired at 6 hours showed 75% of the intensity of that seen at 2 hours for the

same mouse then there would be a difference of õ:25. The mean difference in the

relative fluorescence intensity for each time point was calculated and are displayed in

Figure 28 and Table 8.
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Figure 28. Mean decrease in tumour fluorescence measured ín vívo from animals
injected with NovoMab-G2-scFv-Cy5.5.18 relative to 2 hours post-injection.

As described above, some animals displayed mean peak fluorescence greater than

the 2-hour time point. lnspection of the data reveals that this arises because fluorescence

intensity peaks at 6 hours post-injection or greater for 5 animals. The difference between

Time post injection (hrs)

2 hour and 6 hour post-injection measurements is therefore actually negative for five

12

animals, which reduces the mean value and increases the standard deviation of the

24
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measurements. As can be seen, there is a high standard deviation for mean differences in

fluorescence 6 hours post injection.

Data were analyzed to assess whether or not the differences in fluorescence intensity

observed at 2 hours post-injection and other time points were statistically significant.

Assessment of significance was carried out using the paired difference test. Accepting or

rejecting the null hypothesis, (which states that there are no significantly decrease of

fluorescence intensity between time points) was carried out by, calculating t using the

formula:

Table 8 below show the results of the paired difference tests. There is no significant

reduction in the mean peak fluorescence intensity at 6 hours post-injection as compared

to the mean peak fluorescence intensity 2 hour post-injection. Significant mean peak

fluorescence differences (reduction) is seen however at 12, 24, 48 and'12 hours as

compared to 2 hours post-injection (p<0.05).

t- meanô-0
S.D./r/n



Mean

s.D

N

2vs.6

r

9.78

S¡gnil¡cant
(p, <0.05)

69.99

2 vs. 12

2t

TIME (hrs)

Table 8. Results of a paired difference test to assess the significance of the decrease
in fluorescence intensity measured for tumours ín vívo at each time point relative to
t:2 hrs. As multiple (five) comparisons are made, significance is assessed using I at
p:0.05/5=0.01.

As discussed above, peak fluorescence is seen 2 hours post-injection in 16 (76.2%)

of the 21 animals studied sequentially. Naturally, the expression of these data is

problematic for any meaningful interpretation. If only the animals in which fluorescence

peaks at 2 hours post-injection are entered into the analysis (i.e. removal of the 5 animals

that showed mean peak fluorescence at 6 hrs post injection), the results are slightly

different. The mean peak fluorescence and the standard deviation obtained from these

animals at each time point are shown in Figure 29.The difference between the mean peak

fluorescence observed 2 and 6 hours post-injection (39.8%) is greater than observed

using all animals and the standard deviation is much reduced, as expected. However, the

general trend is the same as that observed using data from all2L animals (Figure 27), i.e.

a progressive decrease in normalized peak fluorescence intensity with time, reaching a

minimum at 72 hours post-injection.
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Figure 29. Mean and standard deviation of the normalized peak fluorescence seen in
vivo Ímages of tumours âs a function of time from animals injected with NovoMab-
G2-scFv-Cy5.5.18 in which fluorescence peaks at 2 hours post injection.

As above, the difference between peak fluorescence intensity at 2 hours post-

injection and all other time points was calculated for each animal and analyzed for

significance using the paired difference test. The results are tabulated in Table 9.
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Table 9. Results of paired
fluorescence measured for
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animals in which fluorescence peaks 2 hours post-injection. As multiple (five)
comparisons are made, significance is assessed using / at p:9.95/5:0.01.

Tumours mean peak fluorescence at 6 hours post-injection fell by 40% a level

significantly lower than that seen at the 2 hours post injection time point þ<0.05).

Additionally, mean peak fluorescence at all other time points (12, 24,48 and 72 hours

post injection) is also significantly lower than that observed at the 2 hours post-injection

time point (p<0.05). At the 12 hours time point, there was a '75Yo reduction in peak

fluorescence as comparedto 2 hours post-injection images of tumours.

Assessment of in vivo images of kidneys for fluorescence intensity in both tumour

bearing and control mice for all animals were made as described above. Combined

analysis with all data pooled (i.e. data from kidneys of control and tumour bearing mice)

indicated that peak fluorescence in kidneys was seen 6 hours post-injection (figure 30).

However, is should be noted that the fluorescence intensity 2 hours post-injection is 90%

of that seen 6 hours post-injection.
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Figure 30. Mean and standard deviation of the normalized peak fluorescence seen in
kidneys of all mice in vivo as a function of time post-injection of NovoMab-G2-scFv-
Cy5.5.18.
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As with data obtained from tumours, this high standard deviation arises due the

appearance of peak fluorescence in some animals at time points other than 6 hours. In

fact l7 of 35 mice exhibited peak fluorescence intensity in the kidneys 2 hours post-

injection, which gives rise to a negative difference in peak fluorescence between 6 and 2

hours post-injection. The decrease in kidney fluorescence as a function of time post-

injection is shown in Figure 31.
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Figure 31. Mean decrease in kidney fluorescence relative to 6 hours post-injection as

a function of time following injection of NovoMab-G2-scFv-Cy5.5.18 for all animals.
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s.D

6 vs.2

N

T

t0.42

SignifÌcant
(p, <0.05)

54.35

6 vs. 12

35

24.27

TIME (hrs)

1.134

48.r9

Table 10. Results of a paired difference test to assess the significance of the decrease
in kidney fluorescence for all mice measured ín vivo at each time point relative to
F6 hrs. As multÍple (five) comparisons are made, significance is assessed using I at
p:0.05/5:0.01.

Similar to the tumour data, the decrease in kidney fluorescence for all mice was

assessed for significance using the paired difference test and shown in table 10. As early

as 2 hours post-injection, fluorescence is apparent in the kidneys (Figure 31 and Table

10). Although fluorescence intensity is increased at the 6 hours post-injection relative to

the two-hour time point, the difference seen is not statistically significant. Mean

fluorescence at 12 hours post-injection in kidneys is decreased, although this was not

significantly different from fluorescence seen 2 or 6 hours post-injection. Fluorescence

intensity 24, 48 and 72 hours post injection was significantly lower than fluorescence

intensity 6 hours post-injection þ<0.05). At 72 hours post injection, the fluorescence

intensity is less than 20o/o of that seen 6 hours post-injection. These findings are not

totally unexpected, as monoclonal antibody fragments of such size as NovoMab-G2-
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scFv-Cy5.5.18 (31 kDa) are known to be eliminated via renal excretion. These results

indicate that NovoMab-G2-scFv-Cy5.5.18 is mostly excreted renally between 2-12 hours

post injection.

Categorizing the data of both control and tumour bearing mice into groups in which

fluorescence in the kidneys peaks 2 hours post-injection or 6 hours post injection allows

for meaningful comparisons. Figure 32 shows the mean normalized in vivo fluorescence

in the kidneys for animals in which fluorescence peaks 2 hours post-injection.
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Figure 32. Mean normalized, ìn vívo fluorescence in the kidneys of tumour bearing,
control and all animals combined in which fluorescence peaks 2 hours following
injection of NovoMab-G2-scFv-Cy5.5.1 8

Mean fluorescence declines from peak values in these animals until at 72 hrs post-

injection peak fluorescence is only about I0o/o of that seen 2 hrs post-injection. This trend

is seen in both (tumour-bearing and control) animals. Figure 32below shows the mean
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Time post-injection (hrs)



decrease in kidney fluorescence as a function of time

fluorescence peaks 2 hrs post-injection.
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Figure 33. Mean decrease in kidney in vivo
animals in which fluorescence peaks 2 hours
following injection of NOVOMab0G2-Cy5.
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Table 11. Results of a paired difference test to assess the significance of the decrease

in fluorescence relative to 2 hours for all (1) control (B) and tumour bearing (C)

animals in which fluorescence peaks 2 hrs post-injection of NovoMab-G2-scFv-

Cy5.5.18. As multiple (five) comparisons are made, signifÏcance is assessed using I at

P:0.05/5:0.01.
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The results indicate a decrease in mean fluorescence in these animals. Significant

reduction (p<0.05) is seen 6 hours post injection and continuing to decline to a minimum

72 hours post-injection. Both control and tumour-bearing animal's kidneys demonstrate

the same general pattern of NovoMab-G2-scFv-Cy5. 5. 1 8 clearance.

Figure 34 shows the mean fluorescence arising from the kidneys of animals that

reveal peak fluorescence 6 hours post-injection normalized with respect to 6 hours post-

injection.
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Figure 34. Mean normalized kidney in vivo fluorescence (relative to 6 hours) in
animals in which fluorescence peaks 6 hours post-injection as a function of time
following injection of NOVOMab0G2-Cy5.

Mean normalized fluorescence observed 2 hours post-injection is 2 fold less than

what is seen 6 hours post-injection. There is a progressive decrease in mean normalized
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fluorescence intensity up to the 72 hours time-point post-injection. No significant

difference is seen between tumour bearing and control animals that exhibit peak

fluorescence 6 hours post-injection (figure 34,35).
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Figure 35. Mean decrease in kidney in vívo fluorescence (relative to 6 hours) in
animals in which fluorescence peaks 6 hours post-injection as a function of time
following injection of NOVOMabOG2-CyS.
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Table 12. Results of a paired difference test to assess the significance of the
difference in fluorescence intensity measured for the kidneys of all (l) control (B)
and tumour bearing (C) animals that show peak fluorescence at 6 hours. As multiple
(five) comparisons âre made significance is assessed using I at p:0.05/5:0.01.

Table 12 above shows the results of paired difference tests. Results are for kidneys

of all, control and tumour-bearing animals. Multiple comparisons (against the 6 hour

time point) are made. Significance to assess the decreases in mean normalized

fluorescence relative to 6 hours post injection was determined by using r as described

above. Statistically signif,rcant decreases in fluorescence intensity is seen for all groups of

animals at all time points with the exception of all of control and tumour animals

combined and control animals alone 12 hours post-injection. The extrernely large

standard deviation observed in these two groups is the reason for the non-significant

finding in these data sets.
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peak fluorescence at kidney site at 2 hour while other animals displayed peak

fluorescence at 6 hour post-injection. Dividing all the animals into two groups either 2 or

6 hour peak fluorescence revealed that there \ryere no difference between tumour bearing

and control mice for the kinetics of uptake and release of NovoMab-G2-scFv-Cy5.5.18.

Mean fluorescence decreased by approximately 80-90% as measured at the 72 hours

post-injection time point.

In addition to the control and tumour-bearing animals examined as described above,

a number of animals were also injected with free (Cy5.5.18) dye alone. The following are

the results from these studies: Firstly, free dye does not accumulate in tumours.

Secondly, strong fluorescence signals were observed in the bladder and urine 2 hours

post-injection. Thirdly, weak fluorescence was observed in the kidneys in all animals 2

hours post-injection. Finally, no animal had any fluorescence signal at kidney site at time

points of 6 hours or greater post-injection. These results indicate that Cy5.5.18 is not

retained by the kidneys at time points greater than 2 hours post-injection, and Cy5.5.18 is

excreted in the urine. Therefore, the fluorescence signal that is seen after the injection of

NovoMab-G2-scFv-Cy5.5.18 (i.e. in the kidneys at time points greater than2 hours post-

injection and in fumours at all time points) is not from the presence of Cy5.5.18 released

by cleavage of the antibody-dye complex.



r26

4.7 Distribution and kinetics of free dye and NovoMab-G2-scFv-Cy5.5.18: ex vivo studies.

4.7.1 Imaging of isolated organs

Upon completion of in-vivo imaging, tumours and selected organs (kidneys, spleen,

heart, lungs and liver) were removed and imaged analysis. Tumours and organs were

imaged as described above (i.e. illuminating with a laser at 670 nm and imaging at 720

nm at specific time points (2, 6, 12,24,48, and72 hours).

4.7.1.1 Tumours

Images of the isolated tumours revealed, no fluorescence signals in tumours of

animals injected with Cy5.5.18 alone (free dye) indicating no uptake/binding of Cy5.5.18

in tumours. Figure 36 below shows the mean fluorescence intensity in excised tumours of

mice injected with NovoMab-G2-scFv-Cy5.5.18. Extracted ex vivo fluorescence

intensities are also shown in table l3 below.

Table 13. Fluorescence of isolated tumours as

NovoMab-G2-scFv-Cy5.5.1 8.

TIME (hrs)

a function of time post-injection of

I18.67
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Figure 36. Fluorescence of isolated tumours as a function of time post-injection of
NovoMab-G2-scFv-Cy5.5. 1 8.

Imaging (ex-vivo) of isolated tumours shows fluorescence at 2 hours post-injection,

increasing to peak values 6 hours post-injection, beyond which, there is a decrease of

approximately 75Yo at 12 hours post-injection but then begins to increase at 24 and 48

hours post-injection. The reason for the apparent increases that are seen at the 24 and 48-

hour time point is the large standard deviation. The existence of outliers is the cause of

such huge standard deviations. Indeed, outliers (exhibiting fluorescence values much

different than for other samples) are present i.e. one at 24 hours, two at 48 hours and one

72 hours post-injection. Both in vivo and ex-vivo images of tumours indicate that the vast

majority of animals have peak fluorescence in tumours soon after injection (2-6 hours),

while a proportion exhibit peak fluorescence later than the 2-6 hour time points. The

removal of the outliers from the data however resulted in reduced mean fluorescence at

the 24,48 and 72 hours post-injection time points. The overall trend of the ex-vivo

2
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tumour measurements is fluorescence can be seen in excised tumours 2 hours post-

injection and peaks 6 hours post-injection. Fluorescence then decreases as a function of

time to a minimum T2hours post-injection.

4.7.1.2 Kidneys

Similar to the in-vivo data, kidneys showed the highest levels of fluorescence

relative to the organs imaged. Figure 37 shows the mean fluorescence in the kidneys at

each time point for control and tumour bearing animals injected with the NovoMab-G2-

scFv-Cy5.5.18 complex. Table 14, below presents the tabulated data for the kidneys.

Time (hrs)

Mean all
SD

N

Mean control

2

SD

1973.000

N

39s.184

Mean tumour

6

l0

SFD

6044.7s0

N

207r

823.t26

274.676

Table 14. Mean fluorescence of isolated kidneys of control, tumour-bearing and all
mice pooled as a function of time for animals injected with NovoMab-G2-scFv-
Cy5.5.18.
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24

4.000

8

At all time points examined, the ex-vivo measurements of the mean fluorescence

signals extracted from kidneys is greater than that seen of tumours. This finding is

similar to the in vivo data, which indicate that more of the dye-antibody fragment

complex is being renally cleared at any time point relative to the amount bound at the

tumour site. The general trend is seen in both control and tumour bearing animals.
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Figure 37. Mean fluorescence measured from isolated kidneys of control, tumour-
bearing and all mice pooled as a function of time following injection of NovoMab-
G2-scFv-Cy5.5.18.
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4.7.1.3 Liver

Figure 38 below show the graphical representation of mean fluorescence intensity

data in the liver at each time point for control and tumour bearing animals injected with

the NovoMab-G2-scFv-Cy5.5.18 complex. Fluorescence signals arising from the liver is

similar to what is observed in tumours. Table 15 shows the mean fluorescence intensity

from livers. The intensities were calculated for the livers from all animals pooled. The

peaking of fluorescence occurs at the l}-hour time point, which is a contrast to what is

seen in tumours and kidneys. The reason for such a peak at 12 hours post injection is

unknown.

t2 24 48
Time post-injection (hrs)
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Time (hrs)

Mean all
SD

N

Mean control

)

SD

222.8

N

108.487

6

Mean tumour

10

308.625

SD

230.25

r35.371

N

62.553

t2

Table 15. Mean fluorescence
bearing and all mice pooled
NovoMab-G2-scFv-Cy5.5. 1 8.
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Figure 38. Mean fluorescence measured from isolated livers of control, tumour-
bearing and aII mice pooled as a function of time following injection with NovoMab-
G2-scFv-Cy5.5.18.
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4.7.1.4 Spleen

Imaging of the isolated spleen, the major immunological organ in the animals,

revealed residual amounts of fluorescence signals. No significant fluorescence \¡/as seen

in the spleen at any time point in any animals, indicating that the spleen did not take up

the NovoMab-G2-scFv-Cy5.5.18 complex. Figure 39 shows a graphical representation of

this data. Table 16 shows the tabulated data for the spleen.

Time (hrs)

Mean all
SD
N

2

SD

control I 15.75

N

rt.4
r0.1 89

Mean fumour

10

6

SD

131

Table L6. Mean fluorescence counts for isolated spleens for control, tumour-bearing
and all mice pooled as a function of time following injection of NovoMab-G2-scFv-

Cy5.5.18.
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Figure 39. Mean fluorescence counts for isolated spleens from control and tumour-
bearing mice and all mice pooled as a function of time following injection of
NovoMab-G2-scFv-Cy5.5. 1 8.

4.7.1.5 fleart

t32

The heart was excised and imaged. No significant fluorescence was seen in the heart

at any time point in any animals, indicating that the heart did not take up the NovoMab-

G2-scFv-Cy5.5.18 complex. The results are tabulated in Table 17 and presented

graphically in Figure 40.
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Time (hrs)

Mean tumour
SD
N

Table 17. Mean fluorescence counts for
bearing mice and all mice pooled as

NovoMab-G2-scFv-Cy5.5. 1 8.
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Figure 40. Mean fluorescence counts for isolated hearts from control and tumour-
bearing mice and all mice pooled as a function of time following injection of
NovoMab-G2-scFv-Cy5.5. 1 8.

4.7.1.6 Lungs

Figure 4l and Table l8 show results from the imaging and tabulation of data arising

from the lungs respectively. No fluorescence was seen at any time point in any animals,

indicating therefore that there was no uptake of the NovoMab-G2-scFv-Cy5.5.18

complex in the lungs.
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Mean all
SD
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Mean control
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SD
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Mean tumour
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SD

l0

N

Table 18. Mean fluorescence counts for
bearing mice and all mice pooled as a
NovoMab-G2-scFv-Cy5.5. 1 8.
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Figure 41. Mean fluorescence counts for
bearing mice and all mice pooled as a

NovoMab-G2-scFv-Cy5.5.1 8.
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4.7.1.7 Brains

The determination of whether NovoMab-G2-scFv-Cy5.5.18 or the cleaved free dye

(Cy5.5.18) crosses the blood-brain barrier is of major importance. This information was

needed for regulatory filing to carry out additional investigational testing studies of

NovoMab-G2-scFv in humans. Imaging was carried out on the excised brains of 12

animals. Imaging was done at a vaneÍy of time points to assess the presence or absence

of fluorescence signals. No fluorescence signal was seen in any of the animals imaged.

Figure 42 shows the absence of fluorescence observed in the brains after injection of the

NovoMab-G2-scFv-Cy5.5.18 complex. No signal was seen regardless of the time point

at which the imaging occurred. These results demonstrate that the NovoMab-G2-scFv-

Cy5.5.18 complex did not cross the blood-brain barrier.

135

Figure 42. Visibte and720 nm images of mouse brains removed 12 (A and B) and24
(C and D) hours following injection of the NovoMab-G2-scFv-Cy5.5.18 complex.



4.8 Imaging of isolated organs from anÍmals injected with free dye

Imaging of tumours, kidneys, livers, spleen, heart, lungs and brains excised from

animals that were injected with free dye (Cy5.5.18) alone resulted in no significant

fluorescence being observed at any time point. The results therefore indicate that

Cy5.5.18, did not accumulate in either the tumours or any of the organs examined.

In order to determine the relative percentage of NovoMab-G2-scFv-Cy5.5.18 present

in various tissues, isolated organs were weighed and homogenized in saline solution

using a tissue homogenized. The tissue homogenate was then subjected to centrifugation

to separate pellet from supernatant. Cellular debris and pelleted materials was then

resuspended and washed two times with saline. The supernatants from the

homogenization and washings were combined, adjusted to 5 ml and analyzed for

fluorescence using a Fluoromax fluorescence spectrophotometer. Unfortunately, no

fluorescence signal was detected in the pellets or the supernatant from any organ at arry

time point. This unexpected result prevented the calculation of fractional uptake or

distribution of tumours and organs. The reason for not detecting any fluorescence signal

is unknown, however it is postulated that unknown subcellular cellular content(s) causes

the quenching of Cy5.5.18, which resulted in no signal being observed at720 rr,rt.

4.9 Monitoring of the distribution of an irrelevant single chain antibody linked to

Cy5.5.18 in vivo.

Figure 43 show results of an irrelevant single chain antibody fragment that has been

conjugated to Cy5.5.18. This scFv-Cy5.5.18 complex was utilized because it serves as

additional, and possibly a more appropriate control for the NovoMab-G2-scFv-Cy5.5.18

complex studies since it is of equivalent molecular size. In addition to having size

similarity, the irrelevant antibody has no affinity for the human melanoma A-375 tumour

136
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cells but interacts with an irrelevant epitope. Briefly, tumour-bearing mice (n:4) were

injected with 100 pg of the irrelevant antibody-scFv-Cy5.5.18 complex and imaged as in

the NovoMab-G2-scFv-Cy5.5.18 complex studies. V/ith the exception of the kidneys, no

fluorescence \ilas seen in the tumours of any animals at any time point examined.
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Figure 43. Visible (A) and 720 nm images of a tumour-bearing mouse 2 (B),6 (C)
and,12 (D) hours following injection of an inactive antibody-Cy5 complex.

Thus far, all of the results presented from the entire study provided information

concerning antibody uptake that are representative. To gain a complete picture of tumour

fluorescence and so antibody uptake, data from all animals studied must be pooled.
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However, pooling data obtained in this manner from all tumour-bearing animals at each

time point results in a high standard deviation at each time point. This high standard

deviation probably results from the method of data analysis: the choice of which slice to

analyze is inherently subjective, and furthermore, a slice taken through the region of

maximal fluorescence intensity is not necessarily representative of the tumour as a whole.

A more rigorous analysis therefore, requires obtaining qualitative information relating to

fluorescence intensity in a large volume of the tumour. This was achieved by defining a

region of interest (ROÐ around each tumour and calculating the total fluorescence in this

ROI. This image was then corrected for dark current by subtracting the total detector

response from an ROI of the same dimensions drawn in a dark region of the image as

shown in Figure 44.
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Figure 44. 720 nm images of a tumour-bearing mouse identifying the extraction of
intensity. Defining a region of interest (ROI) around each tumour and calculating
the total fluorescence in this ROI. Offers a more objective method of data
extraction.
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Data from all animals was then pooled and the mean and standard deviation of dark

current corrected fluorescence calculated. This is plotted as a function of time in Figure

451'.
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Figure 45. (Ð Mean total fluorescence in the ROI defining tumours as a function of
time post injection for all animals. @) Mean total fluorescence in the ROI defining
tumours as a function of time post injection with 5 outliers removed.

Clearly the standard deviation at each time is very high (figure 454). Upon close

analysis of the data from individual animals this was found to be due to anomalous

readings still from 5 animals, three of which gave values which were twice the mean of
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the other 19 and 2 of which gave unusually low total fluorescence values. All five

tumours were considerably larger that the remaining 19. With the data being reanalyzed

with these five animals removed, the standard deviation is significantly reduced (figure

458). The mean fluorescence observed 2 hours post injection is about 4%o of the total that

is observed when 100 pg of antibody-dye conjugate in 100 pl of saline is imaged. An

exponential decay of total fluorescence with time is seen, decreasing to about 5% of the

fluorescence seen 2 hours after injection at 72 hours post injection. The exponential fit to

the data is described by:

y : 4r7.22"-x/6'107 + fl .124(x2:0.88591)

Based upon this fit, the calculated half time of the antibody-dye complex at the

tumour site is 10.3 hours.

While this analysis is instructive, it assumes that all tumours (or all ROIs) are of

equal size, and that data may be pooled directly. Unfortunately, this is not the case and

data must be normalized. This was achieved by dividing the total ROI fluorescence by

the number of pixels in the ROI, to produce a plot of mean fluorescence per pixel as a

function of time. The results of this calculation are shown in Figure 46A. Again a high

standard deviation is apparent. The standard deviation is significantly reduced if the 5-

outlier data sets are removed (figure 468). With the exception of the 24hour time point,

the data again decays exponentially. The reason for the deviation of the data at 24 hours

is not clear. The exponential fit to the data (including the 24hour time point) is described

by:

y :24439, 
"-xl11'5 

+ z4gg0 (x2:0.61899)



Based upon this fit, the calculated half time

tumour site is 7.7 hts.
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Figure 46. (A) Mean fluorescence intensity per pixel in the ROI defining tumours as

a iunction of time post injection for all animals. @) Mean fluorescence intensity per

pixel in the ROI aônoiog tumours as a function of time post injection with 5 outliers

removed.

4.10 Antibody-Dye Uptake in Non-Tumour Tissue'

lnjection ofNovoMab-G2-scFv-Cy5.5.18, free dye and a labelled irrelevant antibody

fragment (381-scFv-Cy5.5.18) resulted in the appearance of strong fluorescence in the

kidneys in images of both control and tumour bearing mice. Figure 47 shows results of
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the ROI calculation on the right kidney as a function of time. The mean total fluorescence

observed is approximately 9Vo of the total fluorescence observed for 100 pg of antibody-

dye complex in 100 pl of saline. Again an exponential decrease in kidney fluorescence

with time is noted. However, the total fluorescence at 6 hours post-injection is only

slightly reduced compared to 2 hours post-injection. This observation is explained upon

closer examination of the data for all animals, which reveal that in approximately half of

the animals studied (5I%) peak fluorescence was observed in the kidneys 6 hours post

inj ection rather fhart 2 hours po st-inj ection.

6.0x105

5.0x105

4.0x105

3.0x105

2.0x105

1.0x1 05

0.0

ooc
o)o
af,
d)
L
o
-=Lr

õ
É.
õ
o
F-

Figure 47. Mean fluorescence intensity per pixel in the ROI defining the right
kidney as a function of time post injection for all animals.

In order to obtain pharmacokinetic profiles, fluorescence intensities were converted

to approximate concentrations. This was achieved by constructing a standard curve of
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fluorescence intensity vs. concentration in vitro and estimating the concentration of the

conjugate in the tumour based upon fluorescence in the ROI.

Table 19 provides the relevant components of the one-compartment open

pharmacokinetic model for the antibody fragment, NovoMAb-G2-scFv. The average

animal's goodness of fit for the imaging data to the one-compartment model for antibody

fragment elimination *as.2: O.9l(coefficient of determination). The slope of the log-

ROI versus time decay curve is the elimination rate or k" and is identified in Table 19 for

12 of the animals. Half-life or t2 is also calculated assuming a one-compartment model

for antibody elimination. The mean residence time (MRT) is a similar parameter,

however, it makes no assumptions about the compartmental profile for antibody

elimination.

Pharmacokinetic
Darameters
k"
tu.
MRT
AUC tumour ROI
(xl
Percent AUC
(tumour/total body)

06)

Table 19. Pharmacokinetic parameters associated with a single chain antibody
fragment, NovoMAb-G2-scFv, from a human anti-tumour monoclonal antibody

Table 19 presents the derived pharmacokinetic parameters: k., t yz, MRT and AUC

tumour ROL Mean residence time or MRT is the average time the introduced antibody

molecules reside in the animal's body. Compared to compartmental analysis, with its

attendant parameter of halflife of antibody elimination, MRT has the advantage of

Mean (Median) + 95o/o C.I.

0.06 (0.04) + 0.03 h'
16 h (from median ke)
23.4 e\.z\ + 7.sh
6.03 (5.34) + 2.59

<40.5o/o
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making no assumption on the interpretation of the actual number of compartments in

which the antibody distributes in the body.

Other investigators have identified a multiphasic decline of monoclonal antibody

fragments in humans with imaging techniques [208, 209], whereas we identified mono-

exponential decline of fluorescence in our mouse model. An earlier decay phase may

have been missed, however, since imaging studies were only commenced 2 hours after

the injection of conjugate (figure 48). The 16 hour half-life of dye-fragment elimination

from the animal's body would suggest that complete elimination would occur after 106

hours (i.e. time to 99o/o of the dose eliminated).

5 Additional I)iscussion and Future Experiments

In the first approach (result-section 2) quantative data was obtained by taking a slice

of the fluorescent image (at maximum intensity) for each imaging time point, and

normalized to the 2-hour image (tumors), or 6-hour image (kidneys). This method of

quantative data analysis gives information that shows the general trend and the dynamics

of the antibody-dye complex. For example, the peaking of the NovoMAb-G2 scFv at2

and 6 hours post injection in tumours and kidneys post injection, respectively. While the

quantative data obtained by this method is acceptable in that it allows for the statistical

analysis for differences between groups (e.g. tumor bearing animals injected with the

NovoMAb-G2 scFv vs. tumour bearing animals with an irrelevant antibody), there are a

number of problems that were intrinsic to the method of taking a slice through an image

as used.
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The normalization to the 2-hour and 6-hour image can be confusing, and does not

necessarily allow this data to be compared with other studies. Also, a very high standard

of deviation is observed in this method of analysis. Some of the possible contributors for

the huge deviation include tumor size and tumor depth variability. In addition, the high

standard deviation is due to the single slice counting approach as used in (result-section

2). For example, taking a slice through a tumour is done subjectively, additionally; a slice

taken through the region of maximal fluorescence intensity is not necessarily

representative of the entire tumour as a whole.

The best and most ideal method of analysis would be one that is more comparable to

other imaging modalities. A method that would determine the o/o of injected dose in the

tumor region. This can be accomplished by region of interest analyses. The % of

injected dose in the tumor region could then be normalized to tumor weight. In this

manner one would know how much of the injected dose accumulates in tumor, and the

how it changes over time.

In the second approach ofquantative data analysis (result-section-3) quantative data

was obtained by a different method than the subjective method of utilizing a slice through

the tumour. lnstead, the method of defining a region of interest (ROD around each site of

interest (tumourikidney) and calculating the total fluorescence in this ROI was carried

out. This image was then corrected for dark current by subtracting the total detector

response from an ROI of the same dimensions drawn in a dark region of the image

(figure 44). Ftgttres obtained via the more rigorous analysis therefore, requires obtaining

quantative information relating to fluorescence intensity in a large volume of the tumour.

Figures 44-41 are the summary data obtained by this method. As demonstrated, the less
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subjective method resulted in lower standard deviation due to the non-inclusion of 'bright

spot' as maximal florescence intensity. These data are more representative of the amount

of fluorescence signals arising from a site of interest e.g. tumour or kidneys.

The use of antibodies for the targeting of tumours is not a new concept. As

described in the Section I, exploiting the properties of specific binding due to the

complementarity-determining region (CDR) of the antibodies has allowed for extensive

investigation in the diagnosis and treatment of cancers.

'Work in this thesis was carried out because of the specificity offered by the CDR

of antibodies. Using the completely humanized monoclonal single-chain antibody

fragment- scFv linked to a fluorophore, it was possible to take advantage of the same

underlying principle as the clinically accepted use of antibodies for diagnostics for non-

invasive imaging.

The major differences between this work and that of other diagnostic techniques

cited in the literature review section are as follows:

o NovoMAb-G2 is a fully human derived antibody. lnitially, most of the

Mab that were used in clinical trials have been derived from mice, and

patients exposed to them have developed human antimouse antibody

(HAMA) responses. HAMA responses were problematic because of the

immune complications experienced by the trial subjects as well as the

limitations in the number of treatments to which patients can be exposed

196,163-t651.

NovoMAb-G2 is a single chain-fragment. Size of the molecule is an

important feature for the effective delivery of antibodies. In vivo

immunofluorescence studies are limited by the rate of antibody delivery
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to the binding site. In part, the rate of delivery is determined by the

molecular weight of the antibody. The use of a relative small fragment of

an antibody (MW 30-40,000) rather than the entire antibody increases the

rate of diffusion across capillary walls and into the body of the tumour

U90-1921This increased rate of delivery of labelled material to the site of

interest obviously improves the chances of the fluorescent label being

detected. This is advantageous because various barriers exist that impede

antibody distribution within tumours [171] such as increased pressure

U72,1731, increased oncotic pressure U721, disordered vasculature [174-

1781, increased hydrostatic pressure within tumours [179, 180], and

heterogeneity of antigen distribution within tumours [60, 181]. Due to

these barriers, the length of time for an IgG molecule to travel 1 mm and

I cm in a tumour has been estimated to be 2 days and I to 8 months,

respectively. Estimates for a smaller molecule, such as a Fab fragment,

are I day to travel 1 mm [183].

NovoMAb-G2 has been demonstrated to posses strong in vitro

binding to antigenic affinities. Many clinical candidates often

demonstrate specific binding, however as the move is made towards

linking of the antibody as well as the conduct in the vivo setting, binding

affinity is often altered.

NovoMAb-G2 can be studied in a non-invasive method. The use of

the fluorophore Cy5.5.l8linked to the single chain fragment allowed for
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the non-invasive monitoring of the distribution of the signal due to the

infrared wavelength at which the dye is emitted. Although many studies

have been carried out by labeling with radioisotopes, these methodologies

are not without limitations. A prominent premise of tumour formation

involves mutation and radioisotopes are known to induce DNA damage

which could give falsely positive or additive data. Additionally, although

sensitive, the gamma cameras resolution is often not clear or accurate.

For example, in studies by Balaban et al. technetium-99m-labeled

antibody was shown to be able to detect 88% of known lesions, but

missed some lesions smaller than 2 cm in size. [2I0,2I1]. The use of

antibodies in radiologic diagnostic procedures offers promise, but to date

has not been shown to be significantly superior to other available

modalities. Also safety and disposal concerns are eliminated using

fluorophores vs. radioisotoPes.

NovoMAb -G2 canbe studied in a non-destructive method. Repeated,

whole body in vivo examination is possible with this technique. While

pathologic laboratory practice of using antibodies is well established,

these studies require the destruction of generally non-replicable tissues

via biopsy, which could pose a risk to the affected individual or hinder

tissue availability for future/repeat studies. Antibodies have been used

mostly in the pathologic laboratories for the diagnosis of malignancy,

allowing for discrimination of histologically similar cancers- For

example, antibodies ate used to detect progesterone and estrogen

receptors used to identifi breast cancer primary lesions [82-84]. Or the
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carcinoembryonic antigen (CEA) to determine adenocarcinoma [86].

Another example is the use of Dl4, a monoclonal antibody that is directed

against a specific epitope of CEA which has been shown to be specific for

colon cancers, but not for ovarian adenocarcinomas [87]. Cytokeratin-7

is another example of a monoclonal antibody that is used to distinguish

ovarian cancers from colon cancers [85].

Future Experiments.

o Although the use of radioisotope is against the very principle for utilizing

fluorescence in the conducted studies in the first place, it would be useful if a

radionucleotide study were conducted. The rationale for making such a proposal

is four fold. Firstly, the use of the fluorescence methodology as employed in

these studies was novel. It would have been good to compare the novel

fluorescence methodology to more established methodology. The antibody

fragment could be radiolabeled and evaluated in tumor-bearing mice. Secondly,

since the single chain monoclonal antibody fragment is new, it is necessary to

evaluate with an establishedlaccepted method (radiolabeled). Thirdly, such

labeling would allow for a more absolute or accepted technique for the conduct of

biodistribution studies to show the o/o-injected dose/g in tumor, kidneys and other

tissues. Finally, a direct comparison can be made between the fluorescence

technique and use of radioisotopes and imaging techniques based on gamma-ray

detection.

o The development of an imaging system should be investigated for use in clinical

medicine. While issues of toxicity related to the fluorophore are too
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surmountable to address (some carbocyanines with low molecular weights are

cytotoxic and poisonous), an alternative fluorophore e.g. indocyanine green that

has received regulatory clearance would be desired. Conceivable, the fragment

could be linked to such an indicator and used in human testing. Assuming that the

toxicological profile of the antibody is acceptable, , it is possible to perform

investigational testing in humans.

Imaging for these studies were conducted with the first time point being 2.0 hours

post injection. [n a single experiment, data was obtained 15 rninutes post

injection of the antibody-dye complex. In future, images of animals in much

earlier time-points should be carried out. Gaining information on the availability

of labeled antibody at tumour site as a function of time (early) would be

important. This is meaningful since tumour vasculature is altered in many forms

of tumours. In addition, images taken immediately after injection will show the

blood pool. It may be possible to image the blood pool in the tumor before the

specific binding has occurred. This could offer important information indirectly

on the architecture of neovascularized tumours, as they are believed to be

immature and therefore interfere/impede the deliver of agents to tumours.

The issue of depth penetration is always lingering in studies of this sort.

Experiments trying to f,rnd out precisely how deep the signals are arising from

would be desirable. While phantom type in vitro experiments are easily carried

out, the applicability of such experiments is questionable for the following

reasons: Firstly, in vitro studies do not have the physiological parameters that are

known to affect fluorescence. Secondly, the amount of labeled material to image
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is problematic. Finally, the attenuation of fluorescent signal by the various tissue

types varies and therefore, it is difücult to re-create or mimic the in vivo situation.

It would be desirable to conduct in vivo studies looking at surgically implanted

seeds with known amounts of fluorophore or concentration of NovoMAb-G2

scFv. This way, the precise detector response towards the signals arising from

areas with known concentration can be obtained. This will also give information

on the contribution of particular tissues in attenuating signals.

Although the immunoreactivity of the NovoMab-G2-scFv fragment was

examined in vitro extensively, the same experiments should be carried out with

cells isolated from tumours at the advanced stage of development. The

heterogeneity of tumours and the ongoing mutation that occurs may also

contribute to diminishing signals and the huge variability that was observed in the

experimental work of this thesis.

Future studies can be improved by the surgical implantation of a fluorescence

indicator subcutaneous at a site or area on non-interest before the pre-image is

taken. The benefit of doing this would allow for the better handling/processing

of the post-injected images. This is particularly of importance because the

animal positions are slightly shifted at the different time points. Doing such an

intervention will prevent the extreme labor-intensive task of data management, as

there will be an indicator that is constant per animal.

Although in-vitro studies were conducted to examine that the antibody with

attached dye has retained the binding properties, a study should be conducted with
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the inclusion of a cell line that is devoid of the antigenic site. These negative cells

would give information on the in vitro non-specific signal accumulation. These

studies will have to be conducted with the more sensitive Fluromax spectrometer

at the levels of fluorophore is expected to be very small.

While the linearity of the imaging system was carried out in vitro. The same

experiment with surgically implanted seeds containing various concentration of

the NovoMAb-G2 scFv labeled complex would be desired.
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7 Glossary

Antibody-dependent cell-mediated cytotoxicity: A form of lyt"p!g.yt"-
mediate d cytotoxiciþ that functions only if antibodies are bound to the target cell.

Antibody: An immunoglobulin molecule with a specific amino acid sequence

evoked in man or other animals by an antiger¡ and characteÅzed by reacting

specifically with the antigen in some-demonsûable wa¡ antibody and antigen each

being defined in te rms of the other.

Anti-idiotype antibody: an antiantibod¡ the activity of which is directed

s pe c ific ally against the idiotype of a particular immunoglobulin.

Antisense Therapy: The use of antisense DNA for the inhibition of
tr¿nslation of a specific gene productfortherapeutic purposes.

C-ancer antigen 725 test (CAUS): Test for cell-surface antigen found on
derivatir¡es of coeloñnic epitheliurn Elev¿æd ler¡els of its antigen arc associated with
ovarian malignancy and benign pelvic disease such as endometriosis.

CE,t Carcinoembryonic antigen.

Charge Coupled-Device (CCD): Instrument containing semiconductors that
are connected so that the ouþut of one senæs as the input of the nex¿ Sensitirre

digital camens used for image acquisition. CI, fluorescence ¿nd bioluminescence
i-"gittg all uses CCD anays.

Cytokines: Proteins released by cells that react with receptors on other cells,

triggering a rcsporise.

DNA Markers: Segments of chrcmosomal DNA known to be linked with
heriøble ff¿its or diseasei. Although the marliers themselves to not produce the

conditions, they exist in concert with the genes responsible and are passed on with
them. C-eltain- mar{rers, restriction fragment length polymorphisms, consist of
segments of DNA that can be identified on autoradiographs (produced afur
di[estion of the DNA by restriction enzymes and segregation of the resulting
fia gments thrcugh gel electophores is).

Epitope: The simplest form of an antigenic determinan! on a complex
antigenic molecule, which can combine with antibody orT cell rcceptor.

Immune: Peraining to the mechanism of sensitization in which the reactivity is

so alæred by previous coãtact with an antigen that the responsive tissues respond
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quickly upon subsequent contacÇ or to in vito rcactions with antibody-containing
serum from such sensitized individuals.

Immunosuppressioru Prer¡ention or interference with the development of
immunologic response; rnay reflect nafural immunologic unrespottsiveness
(tolerance) , may be artificially induced by chemical, biological, or physical agenß, or
may be caused by disease.

Immunosurveillance: Theory that holds that the immune syst€m eliminates
tumour cells that arise spontaneously.

Immunotherapy: Originall¡ therapeutic administration of serum or gamma
globulin containing preformed antibodies produced by another individual; currentl¡
immunotherapy include s nonspecifi c systemic stimulatior¡ adiuvants, active specific
immunotherap¡ and adoptive immunotherapy. New forms of immunotherapy include
the use of monoclonal antibodies.

Interleukins: Term coined in the late 1970's to described some of the earliest
cytokines.

Ligand,
1,. An organic molecule attached to a cenûal metal ion by multiple

coorrdinate bonds; e.g., the porphyrin.
2. fui organic molecule attached to a ûacerelemen! e.9., a radioisotope.
3. A molecule that binds to a macromolecule, e.g., a ligand binding to a

receptor.
4. The analyte in competitive binding assays, such as radioimmunoassay.

Metastasis: The spread of disease process fiom one part of the body to another,
as in the appeamnce of neoplasms in parts of the body remote from the site of the
pnmary tumour, results form dissemination of tumourcells by the lymphatics orblood
ræssels orby direct extension through serous cavities.

Mitoge n: A s ubs tance that stimulates mitos is and lymphocyte ûans formations.

Monoclonal Antibody (Mab): An antibody produced by a clone or genetically
homogenous population of hybrid cells i.e., hþridoma; hybrid cells are cloned to
establish cell lines producing a specific antibody that is chemically and
immunolo gic ally homogeneous.

Phage Display: Phage display is a powerfr,rl technique for identifying peptides
or proteins that bind to other molecules. In this method, a DNA coding region is
inserted into the bacæriophage genome such that the e4pressed peptide or protein is
displayed on the surface of the phage particle as a frision to an endogenous protein"
Simple panning procedures enable phage encoding desirable molecules to be selected
fiom large libraries of recombinants.
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Pharmacokinetics: Movements of drugs within biological systems, as affecæd
by uptake, distributior¡ binding, elimination" and bioûansformatiory paticularly the
rates of such moræments.

Single Photon Emission Tomography (SPECT): The rotation of a photon
detector anay around the body to acquire data from mâny angles following the
injection of a ?-emitting radionuclide (isotope decaying with ?-ny emission of 30-300

IGV encrgy).

"Smart'' Reporter Probe: Molecular probe that change ir physicochemical
properties after target interaction Occasionally refened to as a sensor, beacon or
activatable prcbe.

Tumourantigens: Antigens that may be frequently associated with tumours
or Íxry be specifically found on tumour cells of the same origin (tumour
specific). Tumour antigens may also be associated with replication and
ûans formation by c ertain DNA tumour vinrs es, including adenovirus e s and
papovaviruses.

Tumourigenesis: Production of a new growth orgrowths.

LJltasound Imaging: Acoustic waves with high fuquencies (usually )10 MHz)
are used to generate images based on acoustic echoes.

Vaccine: Extended usage to include essentially any pteparzltion intended for
active immunological prophylaxis; e.g., pr€pantions of killed microbes of virulent
sff¿ins or living microbes of attenuated (rariant or mutant) sûains; or microbial,
fungal, plan! protozoal, or metazotn derivatir¡es or products. Method of
administation varies according to the vaccine, inoculation being the most commori,
but ingestion is preferred in some instances and nasal spray is used occasionally.

X-Ray Computer Tomography (CT): As generated X'rays pass thrcugh
different types of tissue, they are deflected or absorbed to different degrees. Cf uses

x-rays to obtain thrce-dimensional images by rotating an x-nry source around the
subject and measuring the inænsity of tansmitted x-rays fiom different angles.


