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SUMMARY

Currently, the major cancer chemotherapeutic agents are designed to
kill all rapidly growing cells, and chemotherapy is therefore often cyto-
toxic to normal cells with a high turnover rate, such as intestinal
epithelial and hematopoietic cells. A major goal in the development of
novel cancer therapeutics over the past decade has been the creation
of targeted and more selective modes of chemotherapy in order to
reduce the high rate of adverse side effects and enhance therapeutic
effectiveness. An important approach to enhancing selectivity of can-
cer therapeutics has been the combination of a highly selective cancer
cell-targeting molecule coupled to a cytotoxic or cytostatic anticancer
molecule. Typically, an oncolytic fusion would combine a molecule that
targets a protein or receptor that is unique to or highly overexpressed
by the cancer cells, together with a drug or treatment which is unique-
ly cytotoxic to the cancer being treated. Thus, the fusion molecules are
especially designed for the treatment of specific types of cancer. This
article reviews molecular targeting and molecular fusions that are
either currently available or under development and appear to be
promising approaches to improve therapeutic effectiveness, while
reducing the toxicity associated with cancer chemotherapy.

INTRODUCTION

The magic bullet concept was first described by German physician
and scientist Paul Ehrlich, who received the Nobel Prize in
Physiology or Medicine in 1908 (1). The magic bullet, as described by
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Ehrlich, is a highly selective and effective therapeutic agent with few
if any side effects. Ehrlich initially developed the concept of a magic
bullet as it applies to the medical use of antibodies, and later for the
use of arsenicals in the treatment of syphilis. Thus, the magic bullet
delivers a lethal force with great velocity and accuracy to a specific
target.

Of course there are very few magic bullets in our therapeutic arsenal
today, but cancer represents a group of diseases in which there is an
urgent need for agents with a much higher degree of therapeutic
targeting accuracy. Because a very rapid growth rate is a common
characteristic of most cancers, the majority of cancer chemothera-
peutic drugs used for the primary treatment of cancer are also dam-
aging or lethal to all cells with a high turnover or growth rate.
Accordingly, since many normal cells, such as intestinal epithelial
and hematopoietic cells, also have a high rate of turnover, cancer
chemotherapy is often associated with serious side effects limiting
therapeutic usefulness and effectiveness.

Thus, the development of cancer chemotherapeutics that are spe-
cifically targeted to cancer cells has been an important emphasis of
cancer therapeutic development during the past 10 to 20 years. This
approach should lead to the creation of anticancer drugs that are
much more selective, more effective therapeutically and have a
much lower rate of adverse side effects.

A major approach employed to enhance the selectivity of cancer
therapeutics has been the identification of therapeutic targets that
are unique and/or highly overexpressed by the cancer cells.
Accordingly, the fusion of the targeting molecule to a cytotoxic
molecule provides a mechanism to deliver the cytotoxic agent
selectively to cancer cells with much less exposure, and thus, less
damage to normal noncancerous tissue. Potentially, this
approach should require a much smaller dose of cytotoxic therapy,
deliver the drug primarily to the target tissue and increase
therapeutic effectiveness. These fusion molecules have also been
referred to as “hunter—killer” molecules to describe their dual func-
tionality (2). This article reviews the targeting approaches and
fusion molecules that are either currently available or under devel-
opment and thus promising approaches to improve the treatment of
cancer.
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BIOLOGICAL PATHWAYS TARGETED FOR CANCER THERAPY

Cancer is a genetic disease which usually involves a series of genetic
mutations and the activation of various oncogenes in the body (3).
These genetic alterations result in the loss of normal regulation of tis-
sue growth and turnover, which in turn results in the rapid proliferation
of cancer cells and progression to metastasis of the cancer tissue to
multiple organs throughout the body. The metastatic dissemination
and development of cancer are most often responsible for the suffer-
ing and death associated with this disease. Cancer progression and
the metastatic cascade is a very complex process; however, following
is @ summary of the major steps known to be involved in this process.

Since tumors do not produce vascular tissue, when the growing
mass of cancer cells is approximately 1-2 mm in diameter, the
process of angiogenesis begins (4). At this stage the cancer cells
begin to release proteolytic enzymes which break down the connec-
tive tissue sheath surrounding the primary tumor mass. This step
permits the cancer cells to become much more invasive and mobile
as they begin to move away from the tumor mass and into the sur-
rounding normal tissue, local lymphatic vessels, and eventually the
systemic bloodstream. The sequence of events involved in cancer
progression and metastasis usually involves the overexpression or
upregulation of various growth factors, receptors for these growth
factors, tumor neovascularization factors, proteolytic enzymes and
deregulators of apoptosis (5). Thus, each of these proteins or path-
ways represents a potential therapeutic target that may be vital and
unique to the growth and progression of each specific type of cancer.
The following is a summary of the important cancer-related path-
ways which are the major focus of cancer-targeting research and
drug development.

Angiogenesis

The process of angiogenesis is essential for tumor growth and
metastatic progression (6-8). Since the tumor or cancer cell mass can-
not produce endothelial cells necessary for the formation of lymphat-
ic and blood vessels, when the cancer cell mass becomes large
enough that oxygen and nutrients do not diffuse adequately into the
tumor tissue (usually when the cell mass is 1-2 mm in diameter), the
cancer cells secrete several factors that stimulate the surrounding nor-
mal tissue to produce new blood vessels, which grow into the tumor
mass to deliver oxygen and nutrients and carry away waste products,
thus permitting the tumor mass to rapidly grow much larger (9).

There are a number of biochemicals produced by tumor cells and
surrounding stromal cells that induce vascular growth, enhance the
formation, migration and stability of endothelial cells and vascular
formation referred to as vascular sprouting (10). The biochemicals
known to be involved in tumor angiogenesis include vascular
endothelial growth factors (VEGF), including VEGF-A to VEGF-E (17,
12), heparin-binding growth factors 1and 2 (13-15), platelet endothe-
lial cell adhesion molecule (16, 17), thrombospondin-2 (18-20), vari-
ous integrins (21-24), neuropilin-1 (25-28) and epidermal growth
factor (EGF)-like protein 7 (29-31).

Bevacizumab is a humanized monoclonal antibody that selectively
binds to VEGF and inhibits tumor angiogenesis. Bevacizumab was
approved in the U.S. in 2004 for the treatment of advanced or
metastatic colon cancer. Later, it was approved for non-small cell
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lung and breast cancers, but it is contraindicated in small cell lung
cancer (32).

Growth factors

A variety of peptide growth factors (such as EGF and receptor tyro-
sine-protein kinase erbB-2 [HER2], an EGF-related receptor) (33,
34), insulin-like growth factor (35-37), transforming growth factor
(38-40), platelet-derived growth factor (41-44), keratinocyte growth
factor (45-49), as well as the specific tyrosine kinase receptors for
these growth factors, are often overexpressed during cancer pro-
gression. VEGF is involved in cancer neovascularization, as men-
tioned above (11, 12), and is therefore also a very important cancer-
related growth factor. These growth factors are involved in the
regulation of many basic cellular functions; thus, the upregulation of
one or several of these growth factors or their receptors will enhance
the growth and/or diminish the normal regulation of the trans-
formed cancer cells. Mutational activation and/or amplification of
growth factor receptor activity and related signal transduction path-
ways is known to be involved in the metastatic progression of many
types of cancer (50, 51). Targeting receptor kinases with selective
inhibitors provides an opportunity to achieve more effective thera-
peutic intervention with less cytotoxicity (50, 52). For example, it is
well established that overexpression of the EGF receptor is predic-
tive of aggressive and metastatic growth in various cancers (53, 54).
Accordingly, the development of selective kinase inhibitors repre-
sents a major component of current oncolytic drug development
(50, 52). Currently, there are approximately 10 tyrosine kinase recep-
tor inhibitors approved for cancer therapy, with many other kinase
inhibitors under development. In addition, there are several mono-
clonal antibodies used to inhibit these growth factor receptors, such
as cetuximab, which targets the EGF receptor, and trastuzumab,
which targets the HER?2 receptor (55, 56).

Apoptosis

Normal cells in the body have a finite life span after which the cells
die as a result of programmed cell death, which is referred to as
apoptosis. This process plays an important role in embryonic devel-
opment and in the regulation or homeostasis of normal adult tissue
and organ function. Apoptosis is a mechanism by which normal tis-
sue eliminates older or damaged cells without disturbing the sur-
rounding healthy tissue. Downregulation or interference with apop-
totic pathways is a fundamental characteristic of cancer cells which
permits the rapid growth and uncontrolled progression of cancerous
tissue (57).

In normal healthy tissue, apoptosis is regulated by means of two
major signaling pathways. First is the intrinsic pathway, which is
activated by either developmental signals or cellular stress and
damage to vital organelles. Cellular tumor antigen p53 is a natural
protein that induces apoptosis in response to DNA damage (58, 59).
Other intrinsic signals would include pH changes, infection, heat
shock and ionizing radiation. As an example, Bcl-2 signaling in can-
cer cells inhibits apoptosis by inactivating proapoptotic proteins
(60). ABT-263 (navitoclax) is an example of a molecule currently
under development that targets the Bcl-2 family of antiapoptotic
proteins to allow cells to undergo normal apoptosis (61, 62).
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The extrinsic pathway is the second triggering mechanism, which is
activated by several external proapoptotic receptor agonists such as
TNF-related apoptosis-inducing ligand (Apo-2L/TRAIL) (63, 64).
Dulanermin is a molecule that activates the extrinsic pathway by
activating death receptors 4 and 5, and which appears to selectively
produce apoptosis in cancer cells but not in normal healthy tissue
(65, 66).

Proteolytic enzymes

Proteolytic enzymes, such as urokinase, aminopeptidases and met-
alloproteinases, play an important role in tissue remodeling associ-
ated with various normal physiological and pathological processes,
such as morphogenesis, angiogenesis and tissue repair. However,
these enzymes are released by cancer cells and are directly involved
in cancer cell migration and metastasis (3). Proteolytic enzymes
break down the adhesion proteins and connective tissue surround-
ing the primary tumor mass and permit the cancer cells to migrate
away from the primary tumor and begin to invade the surrounding
normal tissue. Marimastat, which acts as a broad-spectrum matrix
metalloproteinase inhibitor, was developed as an antineoplastic
drug (67); however, this inhibitor performed poorly in clinical trials
(68). Because of the important physiological activity of these
enzymes, broad-spectrum inhibitors have produced adverse side
effects and undesirable clinical results (69). In spite of these early
clinical results, the proteolytic enzymes are still considered to be an
important oncolytic target.

Antibodies to tumor-specific antigens

Tumor-specific antigens (TSAs) are proteins expressed on the sur-
face of cancer cells, such as o-fetoprotein on germ cell tumors, car-
cinoembryonic antigen on colon cancers or mucin-1 and epithelial
tumor antigen on breast cancers (70-72). These TSAs are excellent
targets for the development of antibodies capable of targeting can-
cer tissue (73). In addition, such antibodies could be utilized for
both diagnostic and therapeutic purposes. TSAs that serve as ideal
therapeutic targets are proteins that display tumor-specific
expression, appear on the surface of the cancer cells and play a crit-
ical role in cancer growth and progression (72). In addition, viruses,
bacteria and parasites are known to be involved in the initiation of
many cancers; thus, these organisms may also serve as useful
targets for antibody development (74). The main problem with the
use of TSA antibodies is associated with allergic responses to
large nonhuman proteins. However, the development of human-
ized single-chain antibody fragments greatly reduces the occur-
rence of adverse immune reactions to antibody therapy. Accor-
dingly, these humanized antibody fragments have been shown
to be relatively safe and selective as diagnostic and therapeutic tools
(75).

FUSION MOLECULES FOR TARGETING CANCER

Following are examples of fusion proteins that have been created to
selectively target cancer cells. Most of the fusion molecules
described in this article are prototype molecules and under develop-
ment for selective oncolytic therapy. A summary of these fusion mol-
ecules is presented in Table |.
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Angiogenesis

Endostatin is an angiogenesis inhibitor that has been shown to
selectively target neovascular endothelial cells and suppress tumor
growth. Endostatin was fused with cytosine deaminase, which con-
verts the prodrug 5-flucytosine to 5-fluorouracil, an active cytotoxic
agent. The endostatin—cytosine deaminase fusion protein was
reported to inhibit tumor growth and increase survival in mice with
grafted metastatic tumors. In addition, the endostatin—cytosine
deaminase fusion protein reduced the growth of endothelial cells
and induced apoptosis of the cancer cells (76).

It has been shown that integrins are specifically associated with neo-
vascularization in tumors. Therefore, a fusion molecule containing
the Arg-Gly-Asp peptide motif, which has high binding affinity for
avPB3 integrins, in combination with the Fc fragment of mouse IgG
was created in order to target the Fc portion of IgG to the tumor vas-
culature and produce an antiangiogenic immune response (77).
When examined in an in vivo animal model, this fusion molecule
inhibited tumor growth and angiogenesis and enhanced animal sur-
vival (78). Isoaspartate-glycine-arginine is another integrin-binding
motif. Since integrins are expressed in tumor blood vessels, a fusion
of this peptide to TNF was created and observed to inhibit tumor
growth, both when given alone or in combination with cytotoxic
chemotherapy to tumor-bearing mice. It was suggested that pep-
tides containing this peptide motif may be used to target the tumor
vasculature for the delivery of oncolytic drugs and/or tumor imaging
agents (79).

Apoptosis

It has been reported that breast cancer cells frequently contain a
mutated form of p53 and also that anionic phospholipids are unique
to tumor blood vessels (80). Various vectors have been examined to
reactivate mutated p53 in cancer tissue. For example, the therapeu-
tic combination of a monoclonal antibody that disrupts tumor vas-
culature by targeting phospholipids on the surface of tumor
endothelial cells and p53 reactivation was examined in a nude
mouse xenograft model of advanced breast cancer. Combination
treatment was extremely effective in reducing tumor xenograft
growth or completely eradicating tumors in this cancer model (80).
This treatment was also found to produce a significant induction of
apoptosis in tumor cells, as well as destruction of tumor blood ves-
sels in advanced breast and gastric cancers (80, 81).

Proteolytic enzymes

The urokinase-type plasminogen activator (urokinase) receptor has
been found to be consistently present at the invasive foci of most
human cancers (82). Urokinase appears to be the enzyme primarily
responsible for the generation of plasmin activity during the process
of extracellular matrix degradation, which is critical to the metasta-
tic process (3). Urokinase consists of an A chain and a B chain, with
the A chain responsible for receptor binding (83). Residues 12-32 in
the A chain are known to be critical for binding to the receptor (84).

Most cancers have an elevated metabolic requirement for the amino
acid methionine compared to normal cells and it is known that
methionine-deficient cancer cells arrest in the G, and G, phases of
the cell cycle regardless of the availability of other metabolic precur-
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Table I. Summary of fusion molecules for the treatment of cancer.
Target Fusion molecule Mechanism Indication Ref.
Angiogenesis Endostatin + cytosine Endothelial cytotoxicity Metastatic tumors 76
Arg-Gly-Asp + MAb Antiangiogenic immune response Various cancers 77,78
Isoaspartate-glycine-arginine +TNF Tumor necrosis Various cancers 79
Apoptosis MADb to mutated p53 p53 reactivation Breast and gastric cancers 80, 81
Proteolytic enzyme receptor Urokinase—methioninase Methionine depletion Breast, lung, prostate, 86, 87, 89
ovarian and pancreatic
cancers
Growth factor receptors Antibody to HER2 and VEGF receptors  Inhibition of growth factor signaling Breast and colon cancers 90
EGF-HERZ-specific oligopeptide Inhibition of growth factor signaling, ~ Ovarian cancer 93
+ lidamycin cytotoxic
Cancer-specific antibodies o-GalCer + HERZ antibody Activation of NKT cells Lung and other cancers 94
Immuno-photosensitizer KillerRed + HERZ antibody Irradiation Various cancers 96, 97
Cancer imaging Isoaspartate-glycine-arginine + Tumor vessel imaging Renal cancers 79
nanoparticle
OctreoScan® + indium-111 Neuroendocrine imaging Neuroendocrine tumors 99

Bombesin + methotrexate + *°™Tc

Tumor imaging

Breast and prostate cancers 102

sors, such as homocystine and folates (85). Thus, a fusion protein
containing the amino terminal fragment of human urokinase that
binds selectively to the urokinase receptor on the surface of invasive
cancer cells and the enzyme L-methioninase was created (86). In
culture wounding experiments, this fusion molecule produced a con-
centration-dependent inhibition of both the migration and prolifera-
tion of breast cancer cells over a concentration range of 0.01-1 uM
(87). In addition, this fusion was found to bind specifically to uroki-
nase receptors on the surface of the cancer cells (88). Furthermore,
this fusion protein was shown to inhibit the proliferation of human
lung, prostate, ovarian and pancreatic cancer cells (87, 89).

Growth factors

Bostrom and coworkers (90) developed a novel bifunctional anti-
body that targets two important growth factor-related targets,
HERZ2 and VEGF, both of which are known to be overexpressed and
directly involved in the progression and metastasis of a variety of
common cancers (91, 92). While HER2 and VEGF have been target-
ed individually, Bostrom's approach is a unique application of a pro-
tein targeted to prevent the signaling of these growth factor-related
targets. It has been demonstrated that this combination molecule
targets both growth factors, thus inhibiting the growth and progres-
sion of breast and colon cancer xenografts (90).

Another example of a bispecific fusion that specifically targets the
EGF receptor and HER2 simultaneously was recently reported (93).
This fusion molecule, consisting of two receptor-selective oligopep-
tides in combination with lidamycin, specifically bound to and was
internalized by cancer cells. Furthermore, it was observed that this
fusion molecule was more potent and selective than the individual
monospecific agents in various cancer cell lines. In addition, this
fusion was found to inhibit the growth of human ovarian cancer
xenografts in vivo. Therefore, the use of bi- or multispecific com-
pounds is a promising approach to reduce systemic toxicity while
enhancing the targeting selectivity and effectiveness of these bifunc-
tional inhibitors as anticancer therapeutic agents.
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Antibodies to cancer-specific peptides

a-GalCer is a molecule that activates a subset of natural killer T
(NKT) immune cells known to have antitumor activity. A fusion mol-
ecule containing ai-GalCer bound to an HERZ antibody fragment as
the targeting agent was tested in tumor-bearing mice. Treatment
with this fusion was shown to inhibit the growth and metastasis of
the lung cancer in this animal model. The activity of this fusion pro-
tein appears to be produced by the targeting and localization of
HERZ within the tumor microenvironment and the accumulation of
NKT cells associated with an antitumor immune response. It was
suggested that this type of targeting may provide a combination
innate and adaptive immune response that may be effective for the
treatment of many types of cancer (94).

Photodynamic therapy employing a fusion containing a tumor-spe-
cific antibody and chemical photosensitizer has been shown to effec-
tively destroy cancer cells (95). An immuno-photosensitizer recom-
binant fusion protein of a specific anti-HERZ2 antibody fragment
fused to the phototoxic fluorescent protein KillerRed was created.
This fusion protein retained high affinity for the cancer antigen, as
well as light activation of the photosensitizer. The fusion molecule
was shown to efficiently destroy HERZ2-expressing tumor cells fol-
lowing light irradiation. It was also demonstrated that there is an
additive effect when this fusion molecule is used together with cis-
platin, a commonly used antitumor agent (96). It has been suggest-
ed that targeted protein conjugates that employ antigen—antibody
recognition should provide higher selectivity and less cytotoxicity to
normal tissue than photosensitizers used alone (97).

TARGETING USED FOR CANCER IMAGING

Another example of fusion molecules used in the diagnosis and
treatment of cancer is the development of fusions containing a tar-
geting molecule together with a radionuclide which can be used for
the selective imaging or irradiation of cancer tissue (98). An exam-
ple of this cancer imaging method is the development of isoaspar-
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tate-glycine-arginine, a unique integrin-binding molecule linked to
fluorescent nanoparticles. Since integrins are uniquely expressed in
the tumor vasculature, this molecule targets tumor blood vessels
and was observed to bind to integrins in human renal cell carcinoma
tissue and to provide fluorescent images of the tumor tissue (79).

OctreoScan® is a combination of pentetreotide, a peptide that tar-
gets neuroendocrine tumors, and the radionuclide indium-111. This
compound is used as a molecular imaging agent for the scintigraph-
ic localization of primary and metastatic neuroendocrine tumors
containing somatostatin receptors (99). OctreoScan® is reported to
be highly selective and sensitive for the detection of a variety of neu-
roendocrine tumors and metastases (100).

Bombesin and bombesin receptors have been shown to play a role
in cancers such as prostate, breast, gastric, bronchial and lung car-
cinomas (107). Therefore, a novel bombesin analogue derived from
the universal sequence of bombesin was conjugated to methotrex-
ate, a commonly used antineoplastic agent, and labeled with tech-
netium-99. This fusion was shown to bind and internalize into breast
and prostate cancer cells and displayed good uptake into breast
cancer xenografts in mice. This study demonstrates the potential of
bombesin-cytotoxic conjugates for the selective targeting and treat-
ment of cancer (102).

CONCLUSIONS

In conclusion, the targeting of tumor cells with selective fusion mol-
ecules for the treatment of cancer is a rapidly developing field of
study in clinical oncology. This approach should have some signifi-
cant advantages over current cancer chemotherapy. A number of
these uniquely engineered combination molecules are currently
under development and in clinical trials, which suggests that many
of these agents will be available in the near future to improve the
effectiveness and safety of cancer chemotherapy.
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