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ABSTRACT

Treatment algorithms and survival for patients with metastatic colorec-
tal cancer have changed dramatically over the past decade, largely
due to the advent of molecularly targeted agents. The lessons we have
learned with the integration of bevacizumab and cetuximalb/panitu-
mumab into standard therapy is that meaningful clinical end points
can be achieved, and more patients with metastatic colorectal cancer
are being cured or kept alive with a reasonable quality of life due to
these new agents. As we enter this second decade of "modermn therapy”
for metastatic colorectal cancer, an ever-increasing number of new
agents aimed at a variety of targets believed to promote cancer cell
growth are being tested in clinical trials, and dozens of studies of novel
targeted therapies are ongoing. Moreover, during the next decade, we
can expect to see an explosion of new agents that will likely improve
clinical outcomes further. This review focuses on molecularly targeted
agents that are being used regularly in the treatment of colorectal
cancer ond highlights a number of new agents/targets that cre being
explored and appear promising in phase I or ecrly phase II trials.
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olorectal cancer remains the second

leading cause of cancer death in the
United States." Survival for patients with
metastatic colorectal cancer, however, has
improved dramatically over the past de-
cade. In the mid 1990s, the median overall
survival (OS) for patients with metastatic
colon cancer treated with a 5-fluorouracil
(5-FU)-based regimen was only about 12
months.2 With the addition of irinotecan
and oxaliplatin, OS increased to approxi-
mately 18 months,® but it has really been
the addition of biologic agents that led to a
substantial jump in OS, which approaches
30 months in some studies.*

Along with markedly improved OS, a
corresponding leap in response rates has
occurred, increasing the number of pa-
tients oncologists can reconsider as candi-
dates for metastasectomy with potential cu-
rative intent. The dramatic benefits seen
with biologic agents have spurred a num-
ber of ongoing studies examining the ben-
efits of these agents in the adjuvant setting.
This review focuses on molecularly targeted
agents that are being used regularly in the
treatment of colorectal cancer and high-
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lights a number of new agents/targets that
are being explored and appear promising in
phase | or early phase |l trials.

BEVACIZUMAB AND THE
ANTIANGIOGENIC AGENTS

Bevacizumab

Researchers have recognized for decades
that tumor growth requires the recruitment
of new blood vessels (angiogenesis), a pro-
cess that does not occur in the normal,
healthy adult except in the context of
wound repair, tissue remodeling (such as
during menstruation), or inflammation.®
Angiogenesis is a multistep process that
involves vasodilation, enhanced vessel per-
meability, stromal degradation, and en-
dothelial cell proliferation and migration,
resulting in the formation of a new or ex-
tended capillary.® In neoplastic tissues, this
highly regulated process is disordered, re-
sulting in leaky, tortuous vessels that
branch excessively. Microcirculation is in-
efficient, rendering the area hypoxic and
acidotic, and creating higher hydrostatic
pressures in the local stroma (which ham-
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pers diffusion of chemotherapy agents to
the target tissues).

The process of angiogenesis can be
regulated by a number of growth factors
and their cognate receptors such as plate-
let-derived growth factor, fibroblast growth
factor, and transforming growth factor al-
pha (Figure 1). The most studied pathway,
however, involves vascular endothelial of
growth factors (VEGFs) and their receptors
(VEGFRs).”

The VEGF family of growth factors is
composed of six members, VEGF-A
through E, and placenta growth factor-1
and -2, with VEGF-A (commonly referred to
simply as VEGF) being the most prominent
mediator of angiogenesis.” VEGFs are sol-
uble growth factors secreted by tumor cells
and stromal cells that act by binding to the
extracellular domain of the VEGFRs. The
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Figure 1. The vascular endothelial growth factor (VEGF) signaling pathway

intracellular domain of these receptors con-
tains catalytic tyrosine kinase domains.
Binding to the VEGFs results in the activa-
tion of a number of intracellular signaling
cascades that result in endothelial cell sur-
vival, proliferation, migration, differentia-
tion, and increased vascular permeability.
It has been established that the level of
VEGF expression likely also plays an impor-
tant role in determining the pace and
breadth of the development of metastases,
given that overexpression of VEGF corre-
lates with tumor progression and a worse
overall prognosis in colorectal cancer.®®

In 1971, Judah Folkman hypothesized
that the development of an agent that pre-
vents angiogenesis could have dramatic
implications for cancer treatment.'® While it
took several decades to understand the
underlying biology, that hypothesis is be-
ginning to bear fruit, to the clinical benefit
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of patients. A number of antiangiogenesis
agents have been approved or are under-
going clinical testing. The first such drug
approved was bevacizumab, a monoclonal
antibody directed against VEGF-A. The pre-
sumed benefit of such an agent was that it
would inhibit angiogenesis and thus pre-
vent tumor growth, and while this may be at
least partially true, bevacizumab as a single
agent only induces minimal response
rates.

The true benefit of bevacizumab was
realized when used in conjunction with cy-
totoxic chemotherapy and may be due to
an additive suppression of tumor cell
growth and induction of apoptosis. Bevaci-
zumab also “normalizes” tumor blood ves-
sel architecture and decreases intratumoral
hydrostatic pressure, thus enhancing the
delivery of anticancer agents to the tu-
mor."?

Bevacizumab was first approved
based on its ability to prolong survival in
patients with metastatic colorectal can-
cer. In a pivotal trial, Hurwitz et al dem-
onstrated increased response rates (RR),
progression-free survival (PFS), and OS
when bevacizumab was combined with
the IFL regimen (irinotecan, 5-FU bolus,
and leucovorin) in patients with previ-
ously untreated metastatic colorectal
cancer." IFL later proved to be an inferior
regimen and is no longer used, but the
addition of bevacizumab to chemotherapy
has consistently increased RR and survival
rates in most regimens tested, including in
second-line and even third-line therapy. In
fact the recently reported BRITE registry
data demonstrate that patients who contin-
ued bevacizumab throughout treatment
had a significantly greater OS compared
with those in whom bevacizumab had been
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discontinued (31.8 vs.19.9 months, HR
0.48, P <.001).4

One of the benefits of better RR in pa-
tients with metastatic colorectal cancer has
been that an increasing number of patients
with liver metastases are rendered resect-
able with the intent to cure. Concerns arose
that the use of angiogenesis inhibitors
could complicate postoperative wound
healing in patients undergoing hepatic re-
section. However, two studies (one retro-
spective review by Kesmodel'* from M D
Anderson Cancer Center and one prospec-
tive, nonrandomized phase Il study by
Gruenberger'® from Vienna, Austria) have
clearly demonstrated no increase in the
rates of wound healing as a complication of
surgery in patients undergoing partial hep-
atectomies who had received prior bevaci-
zumab. It should be noted that in both
studies, patients had been off bevacizumab
therapy for at least 1 month prior to sur-
gery. This simple precaution is a logical
guideline to follow in this setting.

However, there have been notable ex-
ceptions to the benefits of adding bevaci-
zumab to chemotherapy. First, in patients
with previously untreated metastatic colo-
rectal cancer, the addition of bevacizumab
to FOLFOX (oxaliplatin/5-FU [bolus and
continuous infusionl/leucovorin) failed to
increase RR or OS over FOLFOX alone,
though there was an improved PFS bene-
fit.'"® Second, the recently presented CO8
trial failed to demonstrate any benefit from
the addition of bevacizumab to FOLFOX in
the adjuvant setting, in patients with re-
sected non-metastatic CRC."”

Bevacizumab is not without side effects.
The most serious potential toxicities ob-
served with the use of bevacizumab in-
clude gastrointestinal perforation (1.5%)
and arterial thromboses, including myocar-
dial infarctions and strokes (2.5% above
baseline).'® Approximately 25% of patients
will also develop hypertension, with 10%
requiring medical therapy.

Other Antiangiogenesis Agents and
Targets

Several other antiangiogenesis agents are
currently in development. Aflibercept is a
recombinant fusion molecule of the human
VEGF receptor extracellular domain and
the Fc portion of human IgG1, and is a
potent inhibitor of VEGF. Aflibercept dem-
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onstrated single-agent activity in a phase I
trial in 51 patients with refractory meta-
static colorectal cancer, with a disease con-
trol rate at 4 months of approximately
30%."® Several phase | trials have proven
this agent to be safe when combined with
standard chemotherapy, and trials assess-
ing efficacy of combination therapy are on-
going.

Several oral agents are also in devel-
opment, though for reasons that are un-
clear, the oral VEGFR antagonists do not
seem to add much benefit to standard
chemotherapy. Vatalanib (PTK/ZK222584)
is an inhibitor of VEGFR-1, -2, and -3-
mediated angiogenesis and reduces tumor
growth and metastasis in preclinical mod-
els. CONFIRM-1, a randomized phase Il
trial of FOLFOX vs. FOLFOX/vatalanib,
failed to demonstrate any significant im-
provement in progression-free survival with
vatalanib, though response rates were
slightly higher in patients treated with vata-
lanib.20

Sunitinib is an oral multi-tyrosine ki-
nase inhibitor targeting the VEGFRs,
PDGFR, c-KIT, RET, and LT3 that is ap-
proved for use in patients with renal cell
cancer. However, in a phase Il trial in
refractory patients, only 1 of 84 patients
responded (1.1%) while 13 had stable
disease for at least 6 months.?' In a ran-
domized phase Il study of irinotecan, ce-
tuximab, and either bevacizumab or
sunitinib, the RR (8% vs. 0%), PFS (8.7 vs.
3.2 months), and OS (12.1 vs. 8.7 months)
were significantly higher in patients who
received bevacizumab, while the addition
of sunitinib was moderately more toxic.

Additionally, in a phase Il study of FOL-
FIRI (irinotecan/5-FU [bolus and continu-
ous infusionl/leucovorin) with or without
vandetanib, no significant benefit was seen
with the addition of vandetanib. Additional
antiangiogenic agents, include cediranib
(AZD2171) and AMG 706, which have both
demonstrated stable disease in patients
with metastatic colorectal cancer in phase |
trials, are now being studied in phase |l
trials.?223

EGFR ANTAGONISTS

The epidermal growth factor receptor
(EGFR) is @ member of the HER family of
receptor tyrosine kinases that includes the
EGFR itself (ErbB1/HER1), ErbB2 (HER2/

neu), ErbB3 (HER3), and ErbB4 (HER4).%*
These proteins are classic membrane-
bound tyrosine kinase receptors, whose ac-
tivation is typically ligand dependent, with
the principal ligands being EGF and TGF-«
(Figure 2). Receptor activation results in
homo- or heterodimerization and autophos-
phorylation of c-terminal tyrosine residues.
Receptor activation enables the docking of
cytoplasmic proteins that bind to specific
phosphotyrosine residues, and initiate sev-
eral cell signaling pathways. These path-
ways include the Ras-Raf-MAPK pathway,
the PI3K-AKT pathway, the protein kinase
C pathway, the STAT pathway, and the src
kinase pathway, all of which play important
roles in tumor cell proliferation, invasion,
migration, and inhibition of apoptosis.
EGFR activation does not initiate linear
downstream pathway signaling, but rather
can activate multiple pathways that cross-
connect intracellularly.?

Anti-EGFR therapies include monoclo-
nal antibodies (mAbs) that recognize the
EGFR and small molecule inhibitors of
EGFR tyrosine kinase activity (TKIs).?® The
mAb  cetuximab  prevents  receptor
dimerization through steric inhibition of the
extracellular domain. Cetuximab also pro-
motes receptor internalization and degra-
dation without receptor activation, resulting
in receptor down-regulation and reduced
cell surface expression levels of EGFR. Ce-
tuximab also blocks the transport of EGFR
into the nucleus, thus inhibiting any direct
affects on DNA transcription and/or repair.
Finally, cetuximab has the potential to kill
target cells by mediating antibody-depen-
dent, cell-mediated cytotoxicity (ADCC)
and complement fixation. The TKls are
competitive inhibitors of adenosine triphos-
phate (ATP). They block the enzymatic ac-
tivity of the intracellular domain of EGFR.

Cetuximab and panitumumab are the
two monoclonal antibodies to EGFR ap-
proved for the treatment of colorectal can-
cer. Based on the pivotal BOND 1 study,
cetuximab was approved by the US Food
and Drug Administration (FDA) in February
2004 in combination with irinotecan in iri-
notecan-refractory disease, or as a single
agent in patients intolerant to irinotecan.®
In patients who had progressed on or were
refractory to prior irinotecan-containing
regimens, cetuximab induced a response
in 11% of patients with a median time to
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Figure 2. The endothelial growth factor receptor ( EGFR) signaling pathway

progression (TTP) of 1.5 months when
used alone. Furthermore, 23% of patients
responded to a combination of cetuximab
plus irinotecan, with a median TTP of 4.1
months. In another trial the efficacy of sin-
gle-agent cetuximab was demonstrated in
the third line setting, resulting in a 10%
response rate.?’

Panitumumab obtained FDA approval
based on a similar study, where 8% of
patients with EGFR-expressing colorectal
cancer whose disease had progressed on
fluoropyrimidine-, oxaliplatin-, and irinote-
can-containing chemotherapy regimens.?®

Despite the clinical activities and safety
data of the anti-EGFR antibodies in colo-
rectal cancer, TKls as single agents showed
minimal activity in metastatic colorectal
cancer. In patients with metastatic colorec-
tal cancer treated with a combination of a
TKI and fluoropyrimidine-, oxaliplatin-, and
irinotecan-based regimens, the clinical re-
sponse rate ranged from 24% to 74% in
phase Il studies. However, TKls were found
to increase grade 3/4 toxicities and some of
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the trials had to be closed prematurely due
to adverse effects. To confirm the clinical
benefit of adding TKIs to chemotherapy, a
phase Il study of chemotherapy plus bev-
acizumab with or without erlotinib in meta-
static colorectal cancer is ongoing, with a
target accrual of 640 patients.

Moreover, the benefits of first line anti-
EGFR therapy have shown great promise.
Phase Il data of cetuximab combined with
irinotecan or oxaliplatin have demonstrated
RR as high as 77%. However, a large
phase Il trial of panitumumab plus stan-
dard chemotherapy with or without bevaci-
zumab revealed a worse outcome in pa-
tients who received panitumumab.?® Thus,
the role of anti-EGFR agents in first-line
therapy of metastatic colorectal cancer is
still unclear, and several large studies are
ongoing to address that question.

Similarly, the role of cetuximab in adju-
vant treatment of colorectal cancer is being
evaluated with two randomized phase llI
clinical trials, NCCTG/INT NO147 and
PETACC-8, and in neoadjuvant therapy for

rectal cancer in the EXPERT-C clinical trial.
The anti-EGFR mAbs have been very well
tolerated, but more than 80% of patients
will develop an acneiform rash. Surpris-
ingly, the RR, time to progression (TTP)
and OS increase with an increasing grade
of skin toxicity, clarifying development of
the acneiform rash as a surrogate marker of
efficacy. By contrast, EGFR expression lev-
els show no correlation with response to
therapy.

Perhaps the most intriguing develop-
ment in predicting response to anti-EGFR
mAb therapy has been the exploration of
the role of mutant k-ras as a predictor of
response. K-ras is a small serine-threo-
nine kinase that is farnesylated and in-
serted into the cell membrane. It is acti-
vated just downstream of activation of the
EGFR (or other TK receptors) and propa-
gates further signaling events. Research-
ers have retrospectively evaluated patient
tumor samples from two large studies,
one using cetuximab and one using pa-
nitumumab both as single agents in re-
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fractory disease, for the mutational status
of the k-ras gene.

Lievre et al identified a k-ras mutation in
27% of patients, with a response rate of 0%
in tumors with mutated k-ras vs. 40% in
tumors with wild type k-ras and a median
0S of 10.1 vs. 14.3 months, respectively.3®
Similarly, Amado et al identified k-ras mu-
tations in 43% of patients with, again, no
patients responding who had mutated k-ras
vs. 17% of patients with wild type k-ras
responding.' As a result of these findings
virtually all clinical trials using the anti-
EGFR mAbs have been put on hold pend-
ing amendments to take k-ras mutational
status into account. K-ras mutation testing
is commercially available and we are rou-
tinely assessing k-ras mutational status to
guide therapeutic decisions.

Finally, attempts to target k-ras specifi-
cally in metastatic colorectal cancer have not
demonstrated much clinical activity. Tipi-
farnib is a farnesyl transferase inhibitor that
demonstrated no single agent activity in a
phase Il study.3? In the race to develop
novel therapies for metastatic colorectal
cancer, agents that act to inhibit cell sig-
naling downstream of k-ras are being
tested actively, and such agents (including
tipifarnib) are likely to be most effective when
used in combination with other cytotoxic and
anti-EGFR/anti-angiogenesis agents.

NOVEL THERAPIES

mTOR Inhibitors

Mammalian Target of Rapamycin (mTOR)
is a multifunctional serine-threonine kinase
member of the phosphatidyl inositol 3’ ki-
nase family.3¥ mTOR is activated in re-
sponse to growth stimuli such as nutrients
and/or growth factors and the growth factor
receptors. Stimulation of mTOR results in
the phosphorylation of translational regula-
tion factors such as eukaryotic initiation
factor 4E-binding protein and p70s6 ki-
nase. These events stimulate cell growth
and proliferation. By contrast, mTOR inhi-
bition leads to cell cycle arrest in late G;
through down-regulation of cyclin/CDK
complexes, and accumulation of the cell
cycle inhibitor p27. mTOR inhibitors also
block proliferation of endothelial and vas-
cular smooth muscle cells, thus inhibiting
angiogenesis. Finally, inhibition of mTOR
can induce apoptosis.
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The mTOR inhibitors are analogs of
rapamycin and act by binding to the immu-
nophilin FK506/rapamycin-binding protein,
which binds to mTOR and inhibits its func-
tion. Preclinical models have revealed the
efficacy of the mTOR inhibitors, particularly in
the absence of the PTEN tumor suppressor
gene, and the mTOR inhibitor temsirolimus is
FDA approved for the treatment of patients
with poor prognosis metastatic renal cell.34

There have been several early studies of
the mTOR inhibitors suggesting some ben-
efit in patients with metastatic colorectal
cancer. In one phase | trial of RAD-001,
another mTOR inhibitor, one partial re-
sponse was seen in a patient with colorectal
cancer (lasting 5.3 months with a disease
control period 9 months).® In the subse-
quent phase Il study, a disease control rate
(defined as RR plus rate of stable disease)
of 25%, with an OS of 5.9 months was
achieved. The combination was somewhat
toxic, though with fatigue, cytopenias and
nausea/vomiting/dehydration  being the
main adverse events.

The mTOR inhibitors will likely be most
effective when combined with traditional
chemotherapy, and in one phase | clinical
trial, the combination of RAD-O01 with
5-fluorouracil in a refractory colorectal can-
cer patient population resulted in one PR
lasting 7.4 months.3® Several phase | and
phase Il studies of the mTOR inhibitors in
combination with chemotherapy are cur-
rently under way.

Protein Kinase C Antagonists

Protein Kinase C (PKC) is a large family of
serine/threonine kinases involved in a vari-
ety of cellular processes.®” Most notably
here, PKC is activated downstream from
the receptor tyrosine kinases such as the
EGFR and VEGFRs, and activation of PKC
is considered a key part of the cell signaling
cascade that leads to tumor growth and
survival. PKC expression and/or activity is
also elevated in many cancer types, includ-
ing colorectal cancer.

Enzastaurin is a potent selective serine/
threonine kinase inhibitor that targets PKC
as well as the PI3K/AKT and GSK3. En-
zastaurin has proven to be safe either as a
single agent or in combination with 5-FU or
bevacizumab,® but most intriguing was
a disease control rate of 53%, with no
significant toxicities in the enzastaurin plus

bevacizumab study. Currently, a phase Il trial
of enzastaurin plus bevacizumab plus 5-FU
is ongoing and showing clinical promise.

Src
The nonreceptor tyrosine kinase Src was
the first identified proto-oncogene. Src is a
nonreceptor tyrosine kinase that plays a
critical role in cancer cell proliferation and
invasion, angiogenesis, and the regulation
of apoptosis.*' Src activation also occurs
downstream from a number of cell signal-
ing pathways, including growth factor re-
ceptor activation. Enhanced Src activity is
observed in 80% of colorectal cancers, and
very high levels of Src activity correlate with
the metastatic phenotype, poor prognosis,
and resistance to chemotherapy.
AZD0530 is an orally active inhibitor of
Src that has demonstrated pre-clinical ac-
tivity against colon cancer metastases in
vivo, and is now undergoing phase |l testing
in patients with metastatic colorectal can-
cer. In the phase | trial, 81 patients were
tested, 28 of whom had colorectal can-
cer.* Eleven patients were on study for
>12 weeks, five of whom had colorectal
cancer, demonstrating some promise of ac-
tivity, at least of disease stabilization in this
patient population. Furthermore, a study of
the approved Src inhibitor dasatinib in
combination with FOLFOX and erbitux is
ongoing and seems promising.

Kinesin Spindle Protein

Mitotic kinesins, such as KSP are involved in
the establishment and function of the mitotic
spindle, providing the propulsive forces re-
quired to separate centrosomes during pro-
phase.®® Mitotic kinesins are preferentially
expressed in proliferating cells, and thus
are an attractive molecular target for anti-
cancer therapy.* Ispinesib (SB-715992) is
a potent and selective small molecule in-
hibitor of KSP. Two phase | studies of ispi-
nesib have been performed with the dose
limiting toxicities being related to neutrope-
nia.*>4® Taken together, a very heavily pre-
treated population of 20 patients with met-
astatic colorectal cancer were treated, and
stable disease lasting at least 3 months was
achieved in 2 patients. Phase Il studies of
ispinesib as a single agent in metastatic
colorectal cancer are ongoing, but surpris-
ingly, no studies combining ispinesib with
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colorectal-cancer —directed chemotherapy
have been performed.

CONCLUSIONS

The treatment algorithms and the expecta-
tions for patients with metastatic colorectal
cancer have changed dramatically over the
past decade, owing greatly to the addition
of molecularly targeted agents. As we enter
this second decade of “modern therapy”
for metastatic colorectal cancer, an ever-
increasing number of new agents aimed at
a variety of targets believed to promote
cancer cell growth are being tested in clin-
ical trials. These targets include other ty-
rosine kinases such as FLT3, the histone
deacetylase inhibitors, the hypomethylating
agents, and differentiating agents such as
PPAR gamma agonists and delta/notch an-
tagonists.

All of these agents have demonstrated
some degree of activity preclinically (which
highlights one of the major pitfalls of using
such preclinical models), and many of
them have demonstrated a hint (or more) of
activity in colon cancer patients who have
been enrolled in phase | studies. As a
result, dozens of clinical trials of novel tar-
geted therapies are ongoing. Typically
these are single-agent studies, often de-
signed to demonstrate some degree of clin-
ical activity in refractory patients in order to
move forward into first- or second-line
treatment.

Alternatively, many phase Il studies di-
rectly assess the efficacy of the novel agent
in combination with standard therapy. In
truth, many of these agents will ultimately
prove ineffective in the treatment of meta-
static colorectal cancer. However, the les-
sons we have learned over the past decade
with the integration of bevacizumab and
cetuximab/panitumumab into standard
therapy for patients with metastatic colo-
rectal cancer is that meaningful clinical end
points can be achieved, and more patients
are being cured, or kept alive with a rea-
sonable quality of life due to these new
agents. In the next decade we will likely see
an explosion of new agents that will likely
improve clinical outcomes further.
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