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Abstract. For decades, the hallmark of medical treatment for cancer has been intravenous cytotoxic
chemotherapy, where these drugs target rapidly dividing cells, including cancer cells and certain normal tis-
sues. As a result, many patients experience the classic toxicities of alopecia, gastrointestinal symptoms, and
myelosuppression. In the past decade, however, a dramatic shift has been witnesses in the cancer therapy. Al-
though traditional cytotoxic chemotherapy still remains the treatment of choice for many malignancies, tar-
geted therapies are now a component of treatment for many types of cancer, including breast, colorectal, lung,
and pancreatic cancers, as well as lymphoma, leukemia, and multiple myeloma. (www.actabiomedica.it)
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Introduction

Targeted therapy is a type of medication that
blocks the growth of cancer cells by interfering with
specific targeted molecules needed for carcinogenesis
and tumor growth (1), rather than by simply interfer-
ing with rapidly dividing cells (e.g. with traditional
chemotherapy). By focusing on molecular and cellular
changes that are specific to cancer, targeted cancer
therapies may be more effective than other types of
treatment, including chemotherapy and radiotherapy,
and less harmful to normal cells.

Anticancer drugs act by a variety of mechanisms
(2) including:

* DNA damage by direct (e.g. alkylating agents),
protein-mediated (e.g. topoisomerase poisons)
and fraudulent base pathways (e.g. nucleoside
analogues).

* interference with synthesis of vital co-factors
and DNA/RNA/protein precursors (e.g. anti-

metabolites, asparaginase).

* interference with other cellular structures and
processes (e.g. anti-microtubule drugs such as
docetaxel, paclitaxel and Vinca alkaloids).

* inhibition of growth/ anti-death signal (e.g. ty-
rosine kinase inhibitors such as imatinib mesy-
late, trastuzumab).

These mechanisms induce acute cell death (necro-
sis), programmed cell death (apoptosis), growth arrest
or differentiation; and many anticancer drugs have
multiple actions on the cell. Many targeted cancer ther-
apies have been approved by the U.S. Food and Drug
Administration (FDA) for the treatment of specific
types of cancer. The three main types of targeted ther-
apy are monoclonal antibodies, small molecules and
apoptosis inducers. Both antibodies and small-mole-
cule compounds are therefore promising tools for tar-
get-protein-based cancer therapy. With their distinct
mechanisms of action and toxicities, these agents have
changed many aspects of the practice of oncology.

Conventional chemotherapy, although directed
toward certain macromolecules or enzymes, typically
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does not discriminate effectively between tumor cells
and rapidly dividing normal cells (e.g., bone marrow
and gastrointestinal tract), thus leading to several tox-
ic side effects. Tumor responses from cytotoxic
chemotherapy are usually partial, brief, and unpre-
dictable. In contrast, targeted therapies interfere with
molecular targets that have a role in tumor growth or
progression. These targets are usually located in tumor
cells, although some like the antiangiogenic agents
may target other cells such as endothelial cells. Thus,
targeted therapies have a high specificity toward tu-
mor cells, providing a broader therapeutic window
with less toxicity. They are also often useful in combi-
nation with cytotoxic chemotherapy or radiation to
produce additive or synergistic anticancer activity be-
cause their toxicity profiles often do not overlap with
traditional cytotoxic chemotherapy. Thus, targeted
therapies represent a new and promising approach to
cancer therapy, one that is already leading to beneficial
clinical effects. There are multiple types of targeted
therapies available, including monoclonal antibodies,
small molecules that are inhibitors of tyrosine kinases,
and antisense inhibitors of growth factor receptors.
Tyrosine kinase is an enzyme that can transfer a
phosphate group from ATP to a tyrosine residue in a
protein. Tyrosine kinases are a subgroup of the larger
class of protein kinases. Phosphorylation of proteins
by kinases is an important mechanism in signal trans-
duction for regulation of cellular activity. Tyrosine ki-
nases can be classified as receptor protein kinases and
non-receptor protein kinases. The receptor tyrosine
kinases are membrane-spanning cell surface proteins
that play critical roles in the transduction of extracel-
lular signals to the cytoplasm (3). There are approxi-
mately 60 receptor tyrosine kinases that have been
identified, and they are divided into some 20 subfam-
ilies as defined by receptor and/or ligand (3). Non-re-
ceptor tyrosine kinases, on the other hand, relay intra-
cellular signals. Ligand binding induces dimerization
of these receptor tyrosine kinases, resulting in au-
tophosphorylation of their cytoplasmic domains and
activation of tyrosine kinase activity. Multiple cyto-
plasmic signaling pathways, including the Ras/Raf
mitogen-activated protein kinase pathway, the phos-
phoinositol 3-kinase/Akt pathway, the signal trans-

ducer and activator of transcription 3 pathway, the

protein kinase C pathway, and scaffolding proteins
may then be activated (4). Intracellular mediators in
these pathways transduce signals from membrane re-
ceptors through the cytosol and into the nucleus, cul-
minating in altered DNA synthesis and cell division as
well as affecting a variety of biological processes, in-
cluding cell growth, migration, differentiation, and
death (5, 6).

This paper discusses the antitumor activity,
mechanism of action, and adverse effects of several
small molecule inhibitors of tyrosine kinases whose
clinical effects have been fairly well defined. These in-
clude imatinib, which inhibits the non-receptor tyro-
sine kinases BCR-ABL and KIT, as well as receptor
tyrosine kinase inhibitors targeting epidermal growth
factor receptor (EGFR) (ErbB/HER) family mem-
bers, vascular endothelial growth factor receptors
(VEGFR), and platelet-derived growth factor recep-
tors (PDGFR) (o and B).

Imatinib mesylate (Gleevec, also known as STI-571)

Imatinib mesylate is approved for chronic myel-
ogenous leukemia, gastrointestinal stromal tumor and
some other types of cancer. Early clinical trials indi-
cate that imatinib may be effective in treatment of
dermatofibrosarcoma protuberans. Imatinib is a 2-
phenylaminopyrimidine derivative that functions as a
specific inhibitor of a number of tyrosine kinase en-
zymes. It occupies the 7K active site, leading to a de-
crease in activity. There are a large number of 7K en-
zymes in the body, including the insulin receptor.
Imatinib is specific for the 7K domain in ab/ (the
Abelson proto-oncogene), c-kit and PDGF-R
(platelet-derived growth factor receptor). In chronic
myelogenous leukemia, the Philadelphia chromosome
leads to a fusion protein of abl/ with bcr (breakpoint
cluster region), termed bcr-abl. Since, this is now a con-
stitutively active tyrosine kinase, imatinib is used to
decrease bcr-abl activity. Each active site of tyrosine
kinases has a binding site for ATP. The enzymatic ac-
tivity catalyzed by a tyrosine kinase is the transfer of
the terminal phosphate from ATP to tyrosine residues
on its substrates, a process known as protein tyrosine
phosphorylation. Imatinib works by binding close to
the ATP binding site of bcr-abl, locking it in a closed
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or self-inhibited conformation, and therefore inhibit-
ing the enzyme activity of the protein semi-competi-
tively (7). This fact explains why many BCR-ABL
mutations can cause resistance to imatinib by shifting
its equilibrium toward the open or active conforma-
tion (8). Imatinib is quite selective for ber-abl — it does
also inhibit other targets mentioned above (c-kit and
PDGF-R), but no other known tyrosine kinases. Ima-
tinib also inhibits the a4/ protein of non-cancer cells
but cells normally have additional redundant tyrosine
kinases which allow them to continue to function even
if abl tyrosine kinase is inhibited. Some tumor cells,
however, have a dependence on &cr-abl (9) Inhibition
of the dcr-abl tyrosine kinase also stimulates its entry
in to the nucleus, where it is unable to perform any of
its normal anti-apoptopic functions (10).

Gefitinib (Iressa, also known as Z1D1839)

Gefitinib targets the epidermal growth factor re-
ceptor (EGFR) tyrosine kinase and is approved in the
U.S. for non small cell lung cancer. Gefitinib is the
first selective inhibitor of EGFR’s tyrosine kinase do-
main. Thus gefitinib is an EGFR inhibitor. The target
protein (EGFR) is also sometimes referred to as Herl
or ErbB-1 depending on the literature source. EGFR
is overexpressed in the cells of certain types of human
carcinomas, for example in lung and breast cancers.
This leads to inappropriate activation of the anti-
apoptotic Ras signalling cascade, eventually leading to
uncontrolled cell proliferation. Research on gefitinib-
sensitive non-small cell lung cancers has shown that a
mutation in the EGFR tyrosine kinase domain is re-
sponsible for activating anti-apoptotic pathways (11,
12) These mutations tend to confer increased sensitiv-
ity to tyrosine kinase inhibitors such as gefitinib and
erlotinib. Of the types of non-small cell lung cancer
histologies, adenocarcinoma is the type that most of-
ten harbors these mutations. These mutations are
more commonly seen in Asians, women, and non-
smokers (who also tend to more often have adenocar-
cinoma). Gefitinib inhibits EGFR tyrosine kinase by
binding to the ATP-binding site of the enzyme. Thus
the function of the EGFR tyrosine kinase in activat-
ing the Ras signal transduction cascade is inhibited,
and malignant cells are inhibited (7).

Erlotinib (marketed as Tarceva)

Erlotinib inhibits EGFR and works through a
similar mechanism as gefitinib. Erlotinib has been
shown to increase survival in metastatic non small cell
lung cancer when used as second line therapy. Because
of this finding, erlotinib has replaced gefitinib in this
setting. The drug follows Iressa gefitinib, which was
the first drug of this type. Erlotinib specifically targets
the EGFR tyrosine kinase, which is highly expressed
and occasionally mutated in various forms of cancer. It
binds in a reversible fashion to the ATP binding site
of the receptor (13). For the signal to be transmitted,
two members of the EGFR family need to come to-
gether to form a homodimer. These then use the mol-
ecule of ATP to autophosphorylate each other, which
causes a conformational change in their intracellular
structure, exposing a further binding site for binding
proteins that cause a signal cascade to the nucleus. By
inhibiting the ATP, autophosphorylation is not possi-
ble and the signal is stopped.

Bortezomib (Velcade)

Bortezomib is an apoptosis-inducing drug that
causes cancer cells to undergo cell death by interfering
with proteins. It is approved in the U.S. to treat multi-
ple myeloma that has not responded to other treat-
ments. The boron atom in bortezomib binds the cat-
alytic site of the 26S proteasome (14) with high affin-
ity and specificity. In normal cells, the proteasome reg-
ulates protein expression and function by degradation
of ubiquitinylated proteins, and also cleanses the cell of
abnormal or misfolded proteins. Clinical and preclini-
cal data support a role in maintaining the immortal
phenotype of myeloma cells, and cell-culture and
xenograft data support a similar function in solid tu-
mor cancers. While multiple mechanisms are likely to
be involved, proteasome inhibition may prevent degra-
dation of pro-apoptotic factors, permitting activation
of programmed cell death in neoplastic cells dependent
upon suppression of pro-apoptotic pathways.

Tamoxifen

Tamoxifen is currently used for the treatment of
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both early and advanced ER+ (estrogen receptor pos-
itive) breast cancer in pre- and post-menopausal
women (15). Additionally, it is the most common hor-
mone treatment for male breast cancer (16). It is also
approved by the FDA for the prevention of breast
cancer in women at high risk of developing the disease
(17). It has been further approved for the reduction of
contralateral (in the opposite breast) cancer. It com-
petitively binds to estrogen receptors on tumors and
other tissue targets, producing a nuclear complex that
decreases DNA synthesis and inhibits estrogen ef-
fects. It is a non-steroidal agent with potent anti-es-
trogenic properties which compete with estrogen for
binding sites in breast and other tissues. Tamoxifen
causes cells to remain in the GO and G1 phases of the
cell cycle. Because it prevents (pre)cancerous cells
from dividing but does not cause cell death, tamoxifen
is cytostatic rather than cytocidal.

Tamoxifen itself is a prodrug, having relatively
little affinity for its target protein, the estrogen recep-
tor. It is metabolized in the liver by the cytochrome
P450 isoform CYP2D6 and CYP3A4 into active
metabolites such as 4-hydroxytamoxifen and N-
desmethyl-4-hydroxytamoxifen (endoxifen) (18)
which have 30-100 times more affinity with the estro-
gen receptor than tamoxifen itself. These active
metabolites compete with estrogen in the body for
binding to the estrogen receptor. In breast tissue, 4-
hydroxytamoxifen acts as an estrogen receptor antag-
onist so that transcription of estrogen-responsive
genes is inhibited (19).

Tamoxifen binds to estrogen receptor (ER)
which in turn interacts with DNA. The ER/tamoxifen
complex recruits other proteins known as co-repres-
sors to stop genes being switched on by estrogen.
Some of these proteins include NCoR and SMRT
(20). Tamoxifen function can be regulated by a num-
ber of different variables including growth factors
(21). Tamoxifen needs to block growth factor proteins
such as ErbB2/HER2 (22) because high levels of
ErbB2 have been shown to occur in tamoxifen resis-
tant cancers (23). Tamoxifen seems to require a pro-
tein PAXD for its full anticancer effect (22, 24). In the
presence of high PAX2 expression, the tamox-
ifen/estrogen receptor complex is able to suppress the
expression of the pro-proliferative ERBB2 protein. In

contrast, when AIB-1 expression is higher than
PAX2, tamoxifen/estrogen receptor complex upregu-
lates the expression of ERBB2 resulting in stimulation
of breast cancer growth (22, 25).

Monoclonal Antibodies

Antibodies or immunoglobulins are a crucial
component of the immune system, circulating in the
blood and lymphatic system, and binding to foreign
antigens expressed on cells. Once bound, the foreign
cells are marked for destruction by macrophages and
complement. In the context of cancer immunotherapy,
monoclonal antibodies have brought to light a wide
array of human tumor antigens (26). In addition to
targeting cancer cells, antibodies can be designed to
act on other cell types and molecules necessary for tu-
mor growth. For example, antibodies can neutralize
growth factors and thereby inhibit tumor expansion.
Antibodies and immune-conjugates are gaining a sig-
nificant and expanding role in the therapy of cancer.
Because patients generally tolerate antibody treat-
ments with minimal side effects, compared with many
other cancer treatment modalities, immunotherapy
with antibodies represents an exciting opportunity for
combining with standard modalities, such as
chemotherapy, as well as combinations between di-
verse biological agents.

Monoclonal antibodies achieve their therapeutic
effect through various mechanisms (27). They can
have direct effects in producing apoptosis or pro-
grammed cell death. They can block growth factor re-
ceptors, effectively arresting proliferation of tumor
cells. In cells that express monoclonal antibodies, they
can bring about anti-idiotype antibody formation. In-
direct effects include recruiting cells that have cyto-
toxicity, such as monocytes and macrophages. This
type of antibody-mediated cell kill is called antibody-
dependent cell mediated cytotoxicity (ADCC). Mon-
oclonal antibodies also bind complement, leading to
direct cell toxicity, known as complement dependent
cytotoxicity (CDC).

Monoclonal antibodies directed against unique
tumor antigens have some efficacy against neoplastic
tissue. Trastuzumab, an antibody directed against a

protein called Her-2 or Erb-B2, plus chemotherapy



224

M. Kumar, R. Nagpal, Hemalata R., et al.

Monoclonal
antibody -+,
Toxin — \.
o
Immunotoxin mﬂn (@
L
]
Ny
Active EF-2 -—\—-) Inactive EF-2

mRNA + amino acids —#—> Protein

Figure 1. One of the proposed actions of immunotoxin on can-
cer cells (EF: Elongation factor).

has shown benefit in metastatic breast cancer. Anti-
bodies against CD antigens expressed on neoplastic
cells, such as CD20 and CD33, are used to treat pa-
tients with non-Hodgkin lymphoma (rituximab, anti-
CD20 antibody) and acute myelocytic leukemia
(gemtuzumab, an antibody linked to a potent toxin)
(Fig. 1). The effectiveness of monoclonal antibodies
may be increased by linking them to radioactive nu-
clide. One such drug, ibritumomab, is used to treat
non-Hodgkin lymphoma.

Campath® (alemtuzumab)

Alemtuzumab (marketed as Campath, Mab-
Campath or Campath-1H) is a monoclonal antibody
used in the treatment of chronic lymphocytic
leukemia (CLL), cutaneous T-cell lymphoma (CT-
CL) and T-cell lymphoma. It targets CD52, a protein
present on the surface of mature lymphocytes, but not
on the stem cells from which these lymphocytes are
derived. It is used as second-line therapy for CLL. It
was approved by the Food and Drug Administration
tor CLL patients who have been treated with alkylat-
ing agents and who have failed fludarabine therapy. A
significant complication of therapy with alemtuzumab
is that it significantly increases the risk for oppor-
tunistic infections, in particular, reactivation of cy-
tomegalovirus. Alemtuzumab is also used in some
conditioning regimens for bone marrow transplanta-

tion and kidney transplantation. It is also used under
clinical trial protocols for treatment of some autoim-
mune diseases, such as multiple sclerosis, in which it
shows promise.

Erbitux® (cetuximab)

Cetuximab (IMC-C225—marketed under the
name Erbitux) is a chimeric (mouse/human) mono-
clonal antibody, an epidermal growth factor receptor
(EGFR) inhibitor, given by intravenous infusion for
treatment of metastatic colorectal cancer and head and
neck cancer. It is indicated for the treatment of pa-
tients with EGFR expressing KRAS wild-type
metastatic colorectal cancer in combination with
chemotherapy or as a single agent in patients who
have failed in oxaliplatin- or irinotecan- base therapy
and who are intolerant to irinotecan. While there re-
mains some scientific controversy on this, assessment
for EGFR expression is required for use in colorectal
cancer, but not in head & neck cancer. It is best to re-
fer to updated Prescription Information.

Many clinical trials have been conducted to inves-
tigate the efficacy of cetuximab (Erbitux) in metastat-
ic colorectal cancer (mCRC) and there is increasing
evidence to support the use of biomarkers, such as
KRAS, to predict tumor response to anti-EGFR ther-
apies. Two large clinical trials of cetuximab, OPUS
(28) and CRYSTAL (29, have recently been published,
and have provided further evidence that cetuximab sig-
nificantly improves response rates and disease free sur-
vival rates in mCRC patients with KRAS wild-type
tumors. A study by Schrag (30) found that Erbitux
failed to benefit patients with less advanced (non-
metastasized) stages of colorectal cancer with no im-
provement in survival rates. Adding Erbitux instead
increased the side effects of chemotherapy.

Rituxan® (rituximab)

Rituximab, sold under the trade names Rituxan
and MabThera, is a chimeric monoclonal antibody
against the protein CD20, which is primarily found
on the surface of B cells. It can therefore destroy B
cells. Rituximab is used in the treatment of many
lymphomas, leukemias, transplant rejection and
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some autoimmune disorders. The antibody binds to
the cluster of differentiation 20 (CD20). CD20 is
widely expressed on B cells, from early pre-B cells to
later in differentiation, but it is absent on terminally
differentiated plasma cells. CD20 does not shed,
modulate or internalise. Although the function of
CD20 is unknown, it may play a role in Ca2+ influx
across plasma membranes, maintaining intracellular
Ca2+ concentration and allowing activation of B
cells.

The exact mode of action of rituximab is unclear,

but the following effects have been proposed (31):

* The Fc portion of rituximab mediates anti-
body-dependent cellular cytotoxicity (ADCC)
and  complement-dependent  cytotoxicity
(CDCQC).

* Rituximab has a general regulatory effect on the
cell cycle.

¢ It increases MHC II and adhesion molecules
LFA-1 and LFA-3 (lymphocyte function-asso-
ciated antigen).

* It elicits shedding of CD23.

* It downregulates the B cell receptor.

* It induces apoptosis of CD20+ cells.

The combined effect results in the elimination of

B cells (including the cancerous ones) from the body,
allowing a new population of healthy B cells to devel-
op from lymphoid stem cells. Rituximab binds to
amino acids 170-173 and 182-185 on CD20, which
are physically close to each other as a result of a disul-
fide bond between amino acids 167 and 183 (32).

Herceptin® (trastuzumab)

Trastuzumab (INN; trade name Herceptin) is a
monoclonal antibody that interferes with the
HER2/neu receptor. The HER receptors are proteins
that are embedded in the cell membrane and commu-
nicate molecular signals from outside the cell to inside
the cell, and turn genes on and off. The HER proteins
regulate cell growth, survival, adhesion, migration, and
differentiation - functions that are amplified or weak-
ened in cancer cells. In some cancers, notably some
breast cancers, HER2 is stuck in the “on” position, and
causes breast cells to reproduce uncontrollably, causing
breast cancer (33).

The HER2 gene (also known as HER2/neu and
ErbB2 gene) is amplified in 20-30% of early-stage
breast cancers, which makes it over-expressed (34).
Also, in cancer, HER2 may send signals without mi-
togens arriving and binding to any receptor, making it
overactive. It extends through the cell membrane, and
carries signals from outside the cell to the inside. In
healthy people, signaling compounds called mitogens
arrive at the cell membrane, and bind to the outside
part of other members of the HER family of recep-
tors. Those bound receptors then link (dimerize) with
HER?2, activating it. HER2 then sends a signal to the
inside of the cell. The signal passes through different
biochemical pathways. This includes the PI3K/Akt
pathway and the MAPK pathway. These signals pro-
mote invasion, survival and growth of blood vessels
(angiogenesis) of cells (35).

Normally, when cells divide, they go through a
mitosis cycle, with checkpoint proteins that keep cell
division under control. Some of the proteins that con-
trol this cycle are called cdk2 (CDKs). These CDKs
are inhibited by other proteins. One of those proteins
is the inhibitor p27Kipl. Normally, p27Kip1 moves
from the cytoplasm to the nucleus, to keep the cycle
under control. When HER2 always sends signals,
p27Kip1 doesn’t move to the nucleus, but accumulates
in the cytoplasm instead (36). This is caused by phos-
phorylation by Akt. Trastuzumab is a humanized
monoclonal antibody that binds to the domain IV of
the (37) extracellular segment of the HER2/neu re-
ceptor. Cells treated with trastuzumab undergo arrest
during the G1 phase of the cell cycle so there is re-
duced proliferation. It has been suggested that
trastuzumab induces some of its effect by downregu-
lation of HER2/neu leading to disruption of receptor
dimerization and signaling through the downstream
PI3K cascade. P27Kip1 is then not phosphorylated
and is able to enter the nucleus and inhibit cdk2 ac-
tivity, causing cell cycle arrest (36). Also, trastuzumab
suppresses angiogenesis by both induction of antian-
giogenic factors and repression of proangiogenic fac-
tors. It is thought that a contribution to the unregu-
lated growth observed in cancer could be due to pro-
teolytic cleavage of HER2/neu that results in the re-
lease of the extracellular domain. Trastuzumab has
been shown to inhibit HER2/neu ectodomain cleav-
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age in breast cancer cells (38). Experiments in labora-
tory animals indicate that antibodies, including
trastuzumab, when bound to a cell, induce immune
cells to kill that cell, and that such antibody-depen-
dent cell-mediated cytotoxicity is an important mech-
anism of action (39).

Avastin® (bevacizumab)

Bevacizumab (trade name Avastin, Genen-
tech/Roche) is a humanized monoclonal antibody
that recognizes and blocks vascular endothelial growth
factor A (VEGF-A) (1), a chemical signal that stim-
ulates the growth of new blood vessels (angiogenesis).
Blood vessels grow uncontrollably in cancer, retinal
proliferation of diabetes in the eye, and other diseases.
Bevacizumab can block VEGF-A from creating new
blood vessels. It was the first clinically available angio-
genesis inhibitor in the United States.

Bevacizumab is currently approved by the U.S.
Food and Drug Administration (FDA) for cancers
that are metastatic (have spread to other parts of the
body). It received its first approval in 2004 for combi-
nation use with standard chemotherapy for metastatic
colon cancer and non-small cell lung cancer (40). In
2008, it was approved by the FDA for use in metasta-
tic breast cancer, a decision that generated some con-
troversy as it went against the recommendation of its
advisory panel (41) who objected because it only
slowed tumor growth but failed to extend survival. In
the US, Members of a Food and Drug Administration
panel have now said they do not see enough of a ben-
efit from Avastin in advanced breast cancer to justify
its serious risks, although the drug is still approved for
use in Australia. Clinical studies are underway in non-
metastatic breast cancer, renal cell carcinoma, glioblas-
toma multiforme, ovarian cancer, castrate-resistant
(formally called hormone refractory) prostate cancer,
non-metastatic unresectable liver cancer and metasta-
tic or unresectable locally advanced pancreatic cancer.
A study released in April 2009 found that bevacizum-
ab is not effective at preventing recurrences of non-
metastatic colon cancer following surgery (42). In
May 2009, it received FDA approval for treatment of
recurring glioblastoma multiforme, while treatment
for initial growth is still in phase III clinical trial.

Raltitrexed

Colorectal cancer has long been considered as
moderately resistant to chemotherapy. Previously, 5-
fluorouracil was the only proven treatment for this in-
dication, but it has been slowly replaced by other
drugs. Natural folates are vital co-factors for many cel-
lular enzymes, specifically those that catalyse one car-
bon transfer reactions. Thymidylate synthase is a crit-
ical enzyme in the synthesis of the thymidine nu-
cleotides required for DNA synthesis. This enzyme
requires a reduced folate co-factor, 5-10-methylene
tetrahydrofolate, to act as a carbon donor for the syn-
thesis of thymidylate from deoxyuridylate. Raltitrexed
has been specifically developed as a potent mimic of
5-10-methylene tetrahydrofolate and therefore in-
hibits thymidylate synthase (2). Many antifolate drugs
are polyglutamated within cells. These polyglutamate
forms are retained in the cells and, in the case of
raltitrexed, this increases its potency and selectivity
against thymidylate synthase.

Cytokines and cancer therapy

Cytokines are the messengers of the immune sys-
tem (43). Cytokines are substances, either proteins or
glycoproteins, secreted by immune cells that regulate
the innate immune system: natural killer (NK) cells,
macrophages, and neutrophils. They also regulate the
adaptive immune system, the T and B cell immune re-
sponses. In the immune system, cytokines function in
cascades. Thus clinical trials of individual cytokines
are rarely useful, since cytokines tend not to work in-
dividually. Some of the individual cytokines that have
been tested and found ineffective for cancer treatment
include interleukin 1 beta (IL-1 beta), although it may
be useful because it helps to mediate the severe toxic-
ity of interleukin 2 (IL-2). Tumor necrosis factor
(TNF) certainly sounded promising, but in fact caused
severe hypotension when used systemically. Inter-
leukin 4 (IL-4) have been shown to minimize anti-
cancer activity and be toxic. Interleukin 6 (IL-6) too
have shown some activity against cancer cells, but
turned out to be a growth factor for myeloma cells.
Granulocyte-macrophage colony-stimulating factor

(GM-CSF), used primarily in stem cell transplant to
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reconstitute the myeloid series, has been studied for
melanoma with controversial results.

IL-2 and interferon-alfa 2b are two cytokines ap-
proved by the FDA for treatment of cancer. IL-2 has
demonstrated activity against renal cell, melanoma,
lymphoma, and leukemia. Interferon has activity in the
same histologies but also in Kaposi’s sarcoma, chronic
myelogenous leukemia, and hairy cell leukemia. Over-
all, cytokines are substances that appear to have appli-
cation in the treatment of hematologic malignancies or
immunogenic tumors. The major cytokines currently
in use or under evaluation for cancer therapy are: in-
terferon alfa, IL-2, GM-CSF, and interleukin-12 (IL-
12). Interferon alfa is actually a family of molecules
rather than a single molecule. They are encoded by
closely related genes on chromosome 9, encoding pro-
teins that are variably glycosylated. These are com-
prised of about 150 amino acids, and they bind to cer-
tain receptors on the surface of immune cells. They are
known to have profound and diverse effects on gene
expression. Interferon alfa has many roles. It upregu-
lates genes like MHC class I, tumor antigens, and ad-
hesion molecules. It is also an anti-angiogenic agent. It
is extremely active in the immune system, promoting
B and T cell activity. Interferon alfa can stimulate
macrophages, even dendritic cells, and upregulates Fc
receptors. Interferon was isolated in 1970 by investiga-
tors looking for antiviral substances. The substance we
now know as interferon was actually isolated from
white cells, and called interferon because it interfered
with viral infection. It turns out type 1 and 2 interfer-
ons do have some antitumor activity, but not the
hoped-for level. Interferon’s activity in cancer has been
well documented. However, in kidney cancer, we have
seen small but consistent response rates in a number of
studies. In a randomized controlled study of interferon
alfa versus megestrol acetate, investigators found a
minimal advantage to interferon in terms of survival
(8.5 months vs. 6 months). Interferon has a long his-
tory in metastatic melanoma. A series of small phase 2
trials with high-dose interferon (up to 100 million
units IV daily) reported response rates of 20% to 22%
(44, 45). Interleukin-2 (IL-2) is a T cell growth factor
that binds to a specific tripartite receptor on T cells. In
dose escalation studies, patients treated with high dos-
es of IL-2 showed clinical responses, although severe

toxicity was seen. Response rates were as high as 24%
at the highest IL-2 dose in patients with renal cell car-
cinoma. However, the toxicities of treatment were lim-
iting. These toxicities stem from what is known as a
capillary leak syndrome. Giving IL-2 in high doses is
comparable to inducing a controlled state of septic
shock. Low blood pressure, low systemic vascular re-
sistance, high cardiac output, grade 3/4 hematologic
toxicity, hepatic toxicity, renal toxicity, and pulmonary
edema have all been documented. Toxicity is nearly al-
ways reversible. Low-dose IL-2 has shown activity in
renal cell cancer as well (46, 47). Objective response
rates of 18% to 23% were reported, without the toxic-
ity of high dose IL-2. IL-2 is indicated for use in re-
nal cell carcinoma and melanoma on the basis of dura-
tion of response, rather than achievement of response.
A substantial number of patients with renal cancer
who had an objective response to treatment are still
alive, and stable or progression-free, 1 year post-treat-
ment. Another important determinant of response was
the amount of IL-2 given during the first cycle. The
immunologic effect is manifested by the height of re-
bound leukocytosis. Lymphocyte levels plunge during
initial treatment with IL-2, and rebound when treat-
ment stops. This rebound is an indication of the re-
sponse to IL-2. IL-2 has shown activity in non-
Hodgkins lymphoma and leukemia and lymphoma
post-stem cell transplant. Low-dose IL-2 was also
evaluated in combination with histamine, but no dif-
ferences in response were observed compared with IL-
2 alone. An interesting modification of the IL-2 mol-
ecule, known as BAY 50-4798, has shown potential in
animal models. This agent is the same as IL-2 with
two modified amino acids. It appears to have the ther-
apeutic effect of IL-2 without the toxicity. Interleukin-
12 (IL-12) is a very exciting cytokine. It is a het-
erodimeric protein that promotes NK and T cell activ-
ity and is a growth factor for B cells. It has demon-
strated antitumor activity in mouse models. Alone, IL-
12 shows minimal potential for therapeutic effect (48)
However, IL.-12 may have value as a vaccine adjuvant.
When IL-12 was paired with peptide vaccines in pa-
tients with resected stage 3 and 4 melanoma, 1L-12
appeared to boost the response to the vaccine. (49)
GM-CSF is also being evaluated as an adjuvant for

vaccine therapy.



228

M. Kumar, R. Nagpal, Hemalata R., et al.

Cytokines such as IL-2 have modest antitumor
activity in metastatic renal cell carcinoma and
melanoma. The effect is remarkable for its duration
rather than strength, and its application may have
greatest significance for long-term survival. IL-2 at
high doses is toxic. Low doses may have promising ac-
tivity post-transplant as an immune restorative agent,
and that effect is under evaluation in large randomized
cooperative group studies. IL-12 and GM-CSF are
unlikely to be stand-alone agents for any histology, but
show promise as adjuvant therapy and in combination
with other cytokines

Vaccine against cancer therapy

The antibody-based therapies generally discussed
are a form of passive immunotherapy, i.e., the mole-
cules or substances are introduced into the body,
rather than the body creating its own immune re-
sponse. Vaccines, on the other hand, are considered
active immunotherapy because they generate an in-
trinsic immune response. They are also considered a
form of specific immunotherapy because they attempt
to stimulate an immune response that can directly tar-
get the tumor antigens, in contrast to non-specific ap-
proaches such as cytokines that broadly stimulate the
immune system. Efforts to treat cancer with vaccines
date back to the origins of immunology (26). Patients
have been injected with autologous and allogeneic
malignant cells, usually irradiated to prevent further
growth. However, measuring immune response was
problematic. Now researchers have identified several

Table 1. Vaccines designed for cancer therapy

tumor antigens and the immune response they pro-
voke and have made progress in developing cancer
vaccines.

Peptide, autologous and viral vector vaccines

Numerous approaches to stimulate the immune
system to recognize tumors have been tried over the
years. Vaccines consisting of peptide or protein ad-
ministered with an adjuvant have been the most fre-
quently used. These adjuvants might be compounds
such as bacterial cell wall components that incite an
inflammatory response or cytokines such as IL-12 or
GM-CSF. Monocytes, neutrophils, eosinophils, and T
cells are all recruited to the site of the inflammation
where adjuvant is used, but it is believed that iz sifu
dendritic cells ultimately take up the proteins and
peptides, process them if necessary, and present them
on the cell surface as peptides capable of binding to
the MHC molecules. Dendritic cells can then stimu-
late T cells that have the receptors to recognize those
particular peptides.

Table 1 summarizes some peptide or protein vac-
cines. These vaccines are primarily used in melanoma.
An interesting approach to detecting a clinical re-
sponse was used in lymphoma patients, in whom cir-
culating tumor cells could be detected by polymerase
chain reaction (PCR) prior to immunization. PCR
enables us to actually search for lymphoma cells by
identifying the particular chromosomal translocation
abnormality they are known to possess. In this study,
tumor cells could not be detected in peripheral blood

Peptide and protein vaccine Tumor cell vaccine

Viral vector and plasmid vaccine

gp100,tyrosine +1L-12 Melanoma

ALVAC-CEA B7.1

Transduced with Ad-GM-CSF

gp100+tetanus tox+Montanide ISA-51
or QS-21

gp100, IL-2, TL-12

Allogenic panc

Cancer vax
(Melanoma)

MAGE-3, PADRE, IFA
HER2/neu helper peptides
Idiotype + GM — CSF (lymphoma)

Autologous colon CA + BCG

VacciniaCEA/avipox-CEA + GM-CSF

Tumor secreting GM-CSF

Vaccinia CEA

PSMA/CD86 plasmid

Autologous GBM + New castle virus
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of some patients following immunization. This
method of measuring clinical responses is becoming
increasingly important, particularly for diseases that
cannot be monitored by a CT scan. Tumor cell-based
vaccines are another vital area of research. Some stud-
ies have used autologous tumor, in which tumor cells
are extracted from surgical resection or biopsy speci-
mens. Allogeneic cell lines have also been developed
for tumors such as melanoma that likely encompass
many of the tumor-associated antigens expressed by
the melanomas of most affected individuals. Tumor
cells can also be modified to make them more im-
munogenic. To accomplish that, tumor cells may be
infected with various types of viruses so that viral pro-
teins are expressed on the surface, and transduced with
genes expressing cytokines such as IL-2 and GM-
CSE, or genes for HLA molecules or co-stimulatory
molecules. The idea is irradiate the cells so they can no
longer proliferate, then inject the tumor cells back in-
to the patient. What we hope to see is the immune
system activated by either the tumor cell or the in-
flammatory response that includes recruitment of
dendritic cells. As the injected tumor cells undergo
apoptosis or are destroyed by the inflammatory reac-
tion, antigens are picked up by the dendritic cells and
represented to the T cells. One of the most popular is
to transduce with a vector containing GM-CSE, so
that the tumor secretes GM-CSF and sets up an in-
flammatory response 50). In animal studies, this strat-
egy has been the most promising in inducing a pro-
tective immune response. Newcastle virus is used to
infect the cells in another study (51) to some effect, as
shown by median survival of 46 weeks. Use of Bacille
Calmette-Guerin (BCG) as an inflammation induc-
ing adjuvant along with autologous colorectal cancer
cells (52) showed increased D'TH but no survival ben-
efit. In fact, most of these tumor cell approaches show
an immune response, but again limited clinical re-
sponse. Nonetheless, CancerVax (53), which has been
heavily tested in melanoma, has been suggested in
nonrandomized studies to provide a survival benefit.
Viral vectors and indeed, naked DNA in the form
of plasmids encoding tumor antigens, can be used to
immunize people. Initially these vaccines were admin-
istered to muscle cells, but it is likely that dendritic
cells were ultimately the targets infected by the virus,

or were picking up the antigen released by apoptotic
muscle cells (54, 55, 56). Poxviruses are another pop-
ular way to apply this approach, and a considerable
amount of work has been done with vaccinia and avian
and fowl pox vectors. One of the most interesting
strategies is the prime boost approach. An example of
this is when a patient is first immunized with vaccinia
virus encoding the gene for CEA. Vaccinia is very im-
munogenic, so it can only be used once or twice — af-
ter the first injection patients develop high neutraliz-
ing antibody titers. In subsequent immunizations the
antibody immediately binds to the virus, making it
difficult to get true immunization against the encoded
tumor antigen. However if you follow with an avian
vector expressing CEA, we see better immunologic
responses (55). Clinical responses have remained lim-
ited, but various modifications of these strategies con-
tinue to be explored.

Anti-cancer agents from plants

Plant-derived compounds have played an impor-
tant role in the development of several clinically use-
ful anti-cancer agents. These include vinblastine, vin-
cristine, the camptothecin derivatives, topotecan and
irinotecan, etoposide, derived from epipodophyllotox-
in, and paclitaxel (57, 58). Several promising new
agents are in clinical development based on selective
activity against cancer-related molecular targets, in-
cluding flavopiridol and combretastin A4 phosphate,
and some agents which failed in earlier clinical studies
are stimulating renewed interest. Other plant-derived
agents in clinical use are homoharringtonine, isolated
from the Chinese tree, Cephalotaxus harringtonia var.
drupacea (Cephalotaxaceae), and elliptinium, a deriva-
tive of ellipticine, isolated from species of several gen-
era of the Apocynaceae family, including Bleckeria
vitensis A. C. Sm., a Fijian medicinal plant with re-
puted anti-cancer properties (57, 58). Other impor-
tant examples are the camptothecin derivatives,
topotecan and irinotecan, which exert their cytotoxic
action through inhibition of topoisomerase I, a funda-
mental enzyme complex involved in DNA winding
and unwinding. In spite of significant efforts on the
part of many research groups, few structural classes of
compounds have demonstrated topoisomerase I in-
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hibitory activity. Significant new classes of topoiso-
merase I inhibitors in preclinical development are the
2-aryl-quinoline derivatives (indenoquinolines), 3-
aryl-isoquinoline derivatives (indeno-isoquinolines),
and the naphthyridines which can be traced to the
protoberberine alkaloids, such as nitidine, isolated
from Zanthoxylum and Fagara species (Rutaceae).

With the identification of an increasing number
of molecular targets associated with particular cancers,
anti-cancer drug discovery is now based on high
throughput screening of compounds against a range of
such targets. Cyclin-dependent kinases (Cdks), to-
gether with their cyclin partners, play a key role in the
regulation of cell cycle progression, and inhibition of
their activity delays or arrests progression at specific
stages of the cell cycle. There are over 2000 kinases so
far identified from genomic studies and all have a
common site, the position where the ATP, i.e. the
source of the phosphate that is donated, is bound (57,
58). An early example of a natural product compound
class that ultimately led to Cdk inhibitors, was the
moderately anti-tumor active flavonoid, quercetin.
This flavanoid can be thought of as an ATP-mimic
where the planar bicyclic chromone ring system is an
isostere of adenine. Quercetin was shown to exert its
anti-tumor effect through blocking cell cycle progres-
sion at the GO/G1 interface, consistent with Cdk in-
hibition; however, a close analogue, myricetin, shows
an IC50 close to 10 M versus Cdk2. Flavopiridol
showed about a 100 fold more selectivity for Cdks
compared to its activity for tyrosine kinases, and was
the first compound identified by the NCI as a poten-
tial anti-tumor agent that subsequently was proved to
be a relatively specific Cdk inhibitor. The ability to at-
tach agents to carrier molecules directed to specific tu-
mors holds promise for the effective targeting of high-
ly cytotoxic natural products to the tumors while
avoiding their toxic side effects on normal healthy tis-
sues. With the rapid identification of new proteins
having significant regulatory effects on tumor cell cy-
cle progression, and their conversion into targets for
high throughput screening, molecules isolated from
plants and other natural organisms are proving to be
an important source of novel inhibitors of the action
of these key proteins, and have the potential for devel-
opment into selective anti-cancer agents.

Nanotechnology-based cancer treatment

Nanotechnology has large potential in detection
as well as treatment of cancer in its budding stage.
Nanotechnology can be used to create therapeutic
agents that target specific cells and deliver toxin to kill
them. The nanoparticles can be designed in such a way
that they can circulate through the body, detect cancer-
associated molecular changes, assist with imaging, re-
lease a therapeutic agent and then monitor the effec-
tiveness of the intervention (59). The potential arises
due to the ability of nanoparticles entering inside the
cells and access to the chromosomes/DNA molecules.
Certain nanoparticles can be designed to absorb pref-
erentially certain wave length of radiation and gets
heated. Such a nanoparticle if enters in the cancerous
cell will burn it if irradiated by suitable wavelength ra-
diation, which could be a kind of the analogue of radi-
ation therapy. Certain nano-structures like nanocan-
tilevers, nanopores, nanotubes, nanoshells and quan-
tum dotes are prospective structures that would help in
detecting and treatment of cancers (59). Still, there are
many challenges such as toxicity of the nanoparticles,
and legislative and regulatory means that are to be re-
solved before use of nanotechnology becomes a reality.

The foundation and validation for anti-cancer
therapies

The biggest challenge before the clinicians now is
the management of the rising incidence of cancer in
developing countries, with little prospect of more re-
sources becoming available to fight the disease. The
death rate from cancer in the developing countries is
set to rise at least 3-fold by the year 2025 largely due
to the increased life expectancy, containment of infec-
tious diseases and changing lifestyles. It is estimated
that about 50% of cancers are curable if they are de-
tected early and treated appropriately. Screening has a
major role in early diagnosis. However, in the devel-
oping world, around 80% of cancer patients have late
stage incurable disease when they are diagnosed (60).

Despite the fact that cancer research have gener-
ated a rich complex body of knowledge, and more ad-
ditions are likely in the post genomic era, but the road
from gene to therapy and prevention is slow and un-
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predictable (61). Ideally, the detection of a gene whose
mutations contribute to cancer should lead to the de-
velopment of a drug or procedure that cures or pre-
vents that cancer. The recent remarkable progress in
identifying molecular alteration in human tumor cells
has unfortunately not been paralleled in the field of
anticancer drug discovery. The shortage of effective
anticancer drugs is due in part to the fundamental dif-
ficulties associated with the development of any safe
effective drug. It remains a formidable task to design
small molecules that alter the function of macromole-
cules with both sensitivity and specificity (for exam-
ple, an enzyme with a small active site). It is even
more difficult to inhibit protein-protein interaction
mediated over a large surface, or to restore function to
a defective protein. Many of the genetic alteration fre-
quently found in tumors are loss-of-function, muta-
tion in tumor suppressor genes and thus do not con-
stitute ideal drug targets, because it is difficult to de-
velop drugs that restore the function of a missing or
altered protein (62).

There are also many difficulties specific to anti-
cancer drug discovery. An effective chemotherapeutic
agent must selectively kill tumor cells. In the post ge-
nomic era cancer treatment contemplated to be more
effective and specific for tumor cells compared to the
normal. High-throughput screening platforms based
on microarray and DNA chips are poised to signifi-
cantly impact drug discovery process. However, it is to
be remembered that most deaths from cancer are due
to metastases that are resistant to conventional thera-
pies (63). So the real challenge will be to design drugs
that would be effective in long-term basis, target spe-
cific and easily available to all.
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