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Abstract

Colorectal cancer is one of the most frequent malignancies in humans
and an important cause of cancer death. Metastatic colorectal cancer
remains incurable with available systemic therapeutic options. The
most active cytotoxic drug against this malignancy, the antimetabolite
5-fluorouracil, was developed more than forty years ago, and as a
single agent produces responses in only 10 to 15% of patients which in
general last less than one year. Efforts to ameliorate these poor results
resulted in the 5-fluorouracil/leucovorin combination, which enhances
response rates about two-fold, without, however, significantly im-
proving survival rates. The recent emergence of a handful of new 5-
fluorouracil analogues and folate antagonists, as well as the topoisom-
erase I inhibitor irinotecan, and the third-generation platinum com-
pound oxaliplatin, is likely to alter this gloomy scenario. These agents
are at least as effective as 5-fluorouracil in patients with advanced
colorectal carcinoma, both untreated and previously treated with 5-
fluorouracil-based regimens. This has led to the approval of irinotecan
as second-line treatment for 5-fluorouracil-refractory disease, while
the use of oxaliplatin has been suggested for patients having a defec-
tive 5-fluorouracil catabolism. Recently, FDA approved the combina-
tion of irinotecan with 5-fluorouracil and leucovorin for first-line
treatment of advanced colon cancer. Based on the synergistic preclini-
cal antitumor effects of some of these agents, their meaningful single-
agent activity, distinct mechanisms of cytotoxicity and resistance, and
only partially overlapping toxicity profiles, effective combination
regimens are now being developed, which are likely to lead to a new,
more hopeful era for patients suffering from advanced colorectal
carcinoma.
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Introduction

Colorectal cancer is one of the most com-
mon human malignancies, and is among the
leading causes of cancer death (1,2). Inci-
dence rates vary around the world, the high-

est being observed in industrialized coun-
tries such as the USA, with 35.8 cases per
100,000 individuals, and the lowest in India,
with 3.4 cases per 100,000 individuals (1).
This suggests that the development of colo-
rectal carcinoma is influenced by variations
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in environment and life style. This assump-
tion is supported by the rapidly increasing
incidence of colorectal carcinoma in indi-
viduals originating from low-incidence coun-
tries when they migrate to a high-incidence
host country (1).

Incidence and mortality rates of colorec-
tal cancer in the USA and Western Europe
seem to have declined or remained constant
over the past ten years (1). In Brazil, on the
other hand, these figures seem to be increas-
ing (2), as suggested by a recent report from
the Instituto Nacional de Câncer (2), accord-
ing to which colorectal carcinoma affects
nowadays 30% more Brazilians than in 1989,
and kills approximately 40% more cancer
patients in our country than ten years ago.

Presumed risk factors for colorectal car-
cinoma are meals poor in vegetables but rich
in meat and animal fats, cigarette smoking,
excessive alcohol consumption, limited
physical activity, and low calcium intake (1-
3). However, their relative importance is
quite different and has been disputed in the
literature (3). In addition, certain hereditary
factors may predispose to colorectal carci-
noma. Among these are familial adenomatous
polyposis, the hereditary non-polyposis co-
lorectal cancer syndromes, Gardner’s syn-
drome, Turcot’s syndrome, and Lynch’s syn-
drome (3). Patients with inflammatory bowel
diseases also run an increased risk for colo-
rectal carcinoma (3).

In all cases, the development of colorec-
tal carcinoma has been associated with the
occurrence of sequential mutations in the
cells of the intestinal epithelium (3). These
include inactivation of the tumor suppressor
gene APC (adenomatous polyposis coli),
mutations in the ras oncogene, and inactiva-
tion of the tumor suppressor genes DCC
(‘deleted in colon cancer’) and p53. These
mutations have been suggested to coincide
with the occurrence of premalignant, hyper-
plastic lesions, the development of dyspla-
sia, and the subsequent progression to carci-
noma in situ and metastatic disease. How-

ever, not all of these alterations may take
place, and not necessarily in this order. Ex-
amples of alternative genetic changes asso-
ciated with the development of colorectal
carcinoma are aberrations in HER2/erb-B2
(which encodes for the epidermal growth
factor receptor), c-myc (which encodes for a
transcription factor), MCC (which, like DCC,
encodes for a cell adhesion protein), and
hMSH2 and hMLH1 (which encode for pro-
teins of the mismatch repair system) (3).

Treatment options

Cancer of the colon is a highly treatable
and curable disease when localized. In these
cases, surgery is the primary treatment op-
tion (3). The prognosis of patients following
surgery depends on the tumor stage. In those
patients with lymph node involvement, ap-
proximately 50% will eventually experience
metastatic disease progression following sur-
gery (3). Systemic chemotherapy, therefore,
plays an important role in such patients.
Unfortunately, cytotoxic drug therapy gen-
erally produces a partial clinical response of
short duration, making this form of treat-
ment only of palliative value (3).

5-Fluorouracil

The most commonly used protocols in
advanced colorectal carcinoma include the
fluorinated pyrimidine antimetabolite 5-fluo-
rouracil, the relevant aspects of which are
extensively described in Ref. 4. This drug
was rationally synthesized in the 1950s, fol-
lowing the observation that rat hepatomas
preferentially utilized uracil when compared
to normal tissues, suggesting the possibility
of tumor-specific targeting of intracellular
routes for uracil metabolism. As a single
agent, 5-fluorouracil is only modestly active
against advanced colorectal cancer, produc-
ing typical response rates of 10 to 15% which
in general last less than one year (3,4). How-
ever, because of the lack of more effective
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drugs against colorectal carcinoma, it is still
the mainstay in the treatment of this disease.

In addition to being active against malig-
nancies of the gastrointestinal tract, 5-fluo-
rouracil is active against breast and head and
neck carcinomas (4). The major toxic effects
of 5-fluorouracil are mucositis, diarrhea,
nausea and vomiting, and myelosuppression,
which vary with dose, schedule, and route of
administration (3,4).

Mechanism of action

As shown in Figure 1, 5-fluorouracil is a
prodrug that must be intracellularly con-
verted into the active phosphates 5-fluoro-
deoxyuridine monophosphate (FdUMP),
fluorouridine-5’-triphosphate (FUTP), and
fluorodeoxyuridine-5’-triphosphate (FdUTP).
The metabolic steps involved in these con-
versions are addressed in detail in Refs. 4
and 5.

The main mechanism of 5-fluorouracil
cytotoxicity probably involves interference
of FdUMP with the activity of thymidylate
synthase. Thymidylate synthase is a cytoso-
lic enzyme that catalyzes the methylation of
deoxyuridine-5’-monophosphate (dUMP) to
yield deoxythymidine-5’-monophosphate
(dTMP), a precursor of deoxythymidine tri-
phosphate (dTTP), one of the deoxyribo-
nucleotides required for DNA synthesis (4,5).
Intracellularly generated FdUMP associates
covalently with thymidylate synthase and
5,10-methylene-tetrahydrofolate to form a
stabilized ternary complex (6), leading to the
inhibition of dTMP production and thus DNA
synthesis (6).

Using breast and colon cancer cell lines,
activity levels of thymidylate synthase were
found to correlate well with the degree of 5-
fluorouracil cytotoxicity (6,7). Moreover,
thymidylate synthase activity was signifi-
cantly lower in tumors from colon cancer
patients who responded to 5-fluorouracil
when compared to those who did not re-
spond (7). Thus, high thymidylate synthase

activity levels are probably responsible for
the resistance of tumor cells to 5-fluoroura-
cil, and can predict the responses to treat-
ment with this agent (7).

Although these data support the idea that
inhibition of thymidylate synthase is the prin-
cipal mechanism of 5-fluorouracil cytotox-
icity, abnormal RNA and protein processing
after incorporation of FUTP into various
RNA species (8) and premature chain termi-
nation and/or DNA strand breakage upon
incorporation of FdUTP into DNA (9) may
also contribute to varying degrees of 5-fluo-
rouracil cytotoxicity.

Modulation of 5-fluorouracil

The limited tumor responses to 5-fluo-
rouracil prompted numerous efforts to im-
prove the clinical efficacy of the drug. These

Figure 1. Metabolic pathways and mechanism of action of 5-fluorouracil (5-FU). Enzymes
catalyzing these reactions are 1, orotate phosphoribosyltransferase; 2, uridine phosphoryl-
ase; 3, thymidine phosphorylase; 4, uridine kinase; 5, thymidine kinase; 6, thymidylate
synthase; 7, dihydrofolate reductase; 8, dihydropyrimidine dehydrogenase; 9, ribonucle-
otide reductase; 10, 5’-nucleotidases and phosphatases. FUMP, FUDP, FUTP: fluorouridine
-5’-mono-, di-, and triphosphate, respectively; FdUMP, FdUDP, FdUTP: fluorodeoxyuridine-
5’-mono-, di-, and triphosphate, respectively; dUMP: deoxyuridine-5’-monophosphate;
dTMP, dTDP, dTTP: deoxythymidine-5’-mono-, di-, and triphosphate, respectively; PRPP: 5-
phosphoribosyl-1-pyrophosphate; FUR: fluorouridine; FUdR: fluorodeoxyuridine; F-BAL:
a-fluoro-ß-alanine; F-UPA: fluoroureidopropionate; F-DHU: 5-fluorodihydrouracil; DHF:
dihydrofolate; THF: tetrahydrofolate; TdR: thymidine; PPi: pyrophosphate. Modified from
Ref. 61.
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included its administration by continuous
infusion instead of bolus injection in order to
increase dose intensity (10), and its local or
regional administration, such as by direct
hepatic arterial infusion for patients with
liver metastases (11). Also, several combi-
nations of 5-fluorouracil with other cyto-
toxic drugs have been evaluated, such as
with methyl CCNU, mitomycin C, or cis-
platin (reviewed in Refs. 5 and 12).

Furthermore, many attempts have been
made to pharmacologically manipulate the
intracellular metabolizing pathways of 5-
fluorouracil in order to selectively increase
its antitumor efficacy and/or to decrease its
toxicity (12). Examples are the use of the
following substances: methotrexate or N-
phosphon-acetyl-L-aspartate (PALA) to in-
crease 5-phosphoribosyl-1-pyrophosphate
and thus the conversion of 5-fluorouracil to
FUMP, interferons to reduce 5-fluorouracil
plasma clearance, thus increasing drug tis-
sue exposure and 5-fluorouracil-mediated
DNA damage, uridine to prevent 5-fluoro-
uracil incorporation into RNA and to reduce
toxic side effects, thymidine to prevent 5-
fluorouracil degradation, prolonging 5-fluo-
rouracil exposure, allopurinol to inhibit orotic
acid accumulation, improving 5-fluorouracil
activation, dipyridamole to inhibit 5-fluoro-
deoxyuridine efflux, thus increasing FdUMP
retention, levamisole as an immunomodulator
of 5-fluorouracil cytotoxicity, and leucovo-
rin (5-formyltetrahydrofolate) to increase
thymidylate synthase inhibition and reten-
tion (12).

Although these studies have provided
valuable information about the mechanism
of action and clinical pharmacodynamics of
5-fluorouracil, meta-analysis of all data
showed meaningful benefit only by the addi-
tion of leucovorin to 5-fluorouracil (13).
This combination can increase the response
rates of colorectal carcinoma to 5-fluoroura-
cil by approximately two-fold when com-
pared to 5-fluorouracil alone. This is due to
an enhanced inhibition of thymidylate syn-

thase in the presence of excess leucovorin,
due to the prolonged stabilization of the
FdUMP-thymidylate synthase-folate ternary
complex (6,12). This finding provided the
rationale for the current use of 5-fluorouracil
plus leucovorin as first-line therapy in ad-
vanced colorectal carcinoma.

Novel chemotherapeutic options

Despite the greater clinical efficacy of 5-
fluorouracil plus leucovorin compared to 5-
fluorouracil alone, this combination did not
lead to significant improvements in survival
rates, and relapses continue to be the rule
(12). Therefore, the search for more effec-
tive agents for the treatment of advanced 5-
fluorouracil-refractory colorectal carcinoma
continued. This led to the development of
some new 5-fluorouracil analogues and folate
antagonists, which are currently under in-
vestigation.

Capecitabine or Xeloda® or N4-pentoxy-
carbonyl-5’-deoxy-5-fluorocytidine (re-
viewed in Ref. 14) is a rationally designed
oral fluoropyrimidine carbamate that, after
selective conversion to 5-fluorouracil within
solid tumors, acts by inhibiting thymidylate
synthase activity. This would theoretically
yield two advantages, viz. enhanced drug
concentrations at the tumor site and thus
greater antitumor activity, and reduced drug
levels in normal tissues with a consequent
reduction in systemic toxicity. After display-
ing encouraging preclinical activity in vivo
against colorectal carcinoma including 5-
fluorouracil-resistant tumors, capecitabine
underwent clinical testing. In phase II stud-
ies involving diverse schedules with or with-
out leucovorin, capecitabine was found to
induce 21-24% objective responses in pa-
tients with untreated metastatic colorectal
cancer, but less toxicity when compared to
5-fluorouracil/leucovorin. Since patients
treated with intermittent capecitabine showed
a longer time to disease progression when
compared to the other schedules used, and
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also enjoyed a one-week rest period, this
schedule was selected for phase III evalua-
tion.

UFT is a combination of uracil and tegafur
(1-[2-tetrahydrofuranyl]-5-FU, Ftorafur) in
a fixed molar ratio of 4:1 (15). Tegafur is a
prodrug that is hydroxylated and converted
to 5-fluorouracil by microsomal P450 en-
zymes in the liver. In Japan this drug was
developed as an oral formulation in combi-
nation with uracil in order to maximize its
therapeutic selectivity. Uracil is a weak com-
petitive inhibitor of dihydropyrimidine de-
hydrogenase, preventing degradation of 5-
fluorouracil by this cellular enzyme. In two
multicenter, randomized, phase III trials in-
volving patients with advanced colorectal
cancer, the activity of UFT/leucovorin was
equivalent to that of intravenous 5-fluoro-
uracil/leucovorin but with a significantly
lower major toxicity. The predominant side
effect of UFT, diarrhea, is generally self-
limited and easily managed. Myelosuppres-
sion and half-foot syndrome were rarely noted
in these trials. Other combinations of UFT
also demonstrated good activity. In a Japa-
nese clinical study on gastric cancer, re-
sponse rates of 37% were observed for the
combination of UFT and doxorubicin, of
47% for UFT with doxorubicin and cispla-
tin, and of 40% for UFT with doxorubicin,
cisplatin and etoposide. Ongoing trials are
defining the roles of this agent (15).

Examples of new thymidylate synthase-
inhibiting folate antagonists under develop-
ment or registered (reviewed in Ref. 16), are
AG337 (Thymitaq, Nolatrexed®), AG331,
LY231514 (ALIMTA, Pemetrexed®), and
ZD1694 (Tomudex®, Raltitrexed). AG337
and AG331 are lipophilic antifolates that do
not require activation by folylpolyglutamate
synthetase (FPGS) and do not require trans-
port into cells by the reduced folate carrier
(RFC). This would yield the theoretical ad-
vantage of circumvention of resistance
mechanisms involving low FPGS and/or low
RFC expression. AG331 is essentially simi-

lar to AG337, but has a greater potency in
terms of thymidylate synthase inhibition.
Both agents are under early clinical evalua-
tion. In phase II studies, AG337 displayed
modest activity in untreated head and neck
cancer patients. LY231514 is a unique multi-
target antifolate that produced encouraging
responses (16% overall response rate) in
untreated patients with colorectal carcinoma
in a phase II clinical trial. Of the newly
available thymidylate synthase inhibitors,
ZD1694 is the only one that has thus far
advanced to phase III studies. This com-
pound displayed activity against colorectal
carcinoma comparable to that of 5-fluoro-
uracil/leucovorin, while exhibiting a more
favorable toxicity profile (16).

In addition to these developments, a num-
ber of novel chemotherapeutic agents, which
proved to be effective against advanced co-
lorectal carcinoma, have emerged. Among
these are the topoisomerase I-inhibiting agent
irinotecan and the platinum analogue oxali-
platin, which are described below in greater
detail.

Irinotecan

Irinotecan (7-ethyl-10-(4-(1-piperidino)-
1-piperidino) carbonyloxy-camptothecin;
CPT-11; Camptosar®) is a semisynthetic,
water-soluble derivative of camptothecin, an
alkaloid isolated from the bark and wood of
the Chinese tree Camptotheca acuminata
(17). Camptothecin advanced to clinical tri-
als in the 1970s (18), but despite some anti-
tumor activity, its poor water solubility and
unpredictable toxicity profile (diarrhea, cys-
titis, stomatitis, and myelosuppression) led
to the termination of its further evaluation.

Renewed interest in camptothecin was
prompted by the identification of topoisom-
erase I as its principal target in the 1980s
(19). The discovery of this ‘novel mechan-
ism of action’ fueled efforts directed at the
synthesis of more water-soluble analogues
having a more favorable toxicity profile as
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well as consistent antitumor activity. In ad-
dition to irinotecan, several other promising
analogues such as topotecan, 9-aminocamp-
tothecin, and 9-nitrocamptothecin emerged
from these efforts. These have been exten-
sively reviewed in Ref. 20.

Irinotecan displays meaningful activity
against colorectal carcinoma, both singly and
in certain combinations, in first- as well as
second-line studies (reviewed in Ref. 20).
This compound was further found to be ac-
tive against gastric and pancreatic carcino-
ma (21), cervical carcinoma, small cell and
non-small cell lung carcinoma (22), high-
grade central nervous system tumors (23), as
well as leukemia and lymphoma (24).

Mechanism of action

Irinotecan has a piperino side chain at the
C-10 position (Figure 2), which can be
cleaved by carboxyl esterases that are pres-
ent abundantly in the liver, but can also be
found in other tissues and cells. This reac-
tion yields the 100- to 1000-fold more bio-
logically active metabolite, 7-ethyl-10-
hydroxycamptothecin or SN-38 (25). Like
camptothecin, both irinotecan and SN-38 act
by introducing single-strand DNA breaks
upon the stabilization of DNA-topoisomerase

I complexes (19,20). As shown in Figure 3,
these are formed in duplicating DNA as
intermediates of topoisomerase I-catalyzed
DNA cleavage and religation reactions, nec-
essary to relieve the torsical strain generated
by advancing replication forks (19,20).

The single-strand breaks themselves are
not cytotoxic, because they are highly re-
versible and are rapidly repaired when the
drug is removed. According to the ‘fork
collision model’, lethal, irreversible DNA
damage only occurs with ongoing DNA syn-
thesis, i.e., when a replication fork encoun-
ters a cleavable complex, resulting in the
formation of a complete double-strand DNA
break (19,20).

Preclinical studies

Initial preclinical studies with irinotecan
are summarized in Ref. 24. The drug showed
significant antitumor activity against a broad
spectrum of tumor cell lines and xenografts,
including breast, gastric, and colon cancer.
Irinotecan was also active against multidrug-
resistant tumor cells expressing the mdr gene,
both in vitro and in vivo, indicating that it
may be a poor substrate for cellular drug-
exporting mechanisms (24). The antitumor
effects of irinotecan were found to be highly

Figure 2. Metabolic conversion
of irinotecan into SN-38. 1: car-
boxylesterase-converting en-
zyme. Modified from Ref. 62.
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schedule-dependent in laboratory animals,
with significant improvement by repeated
administration of smaller doses for prolonged
periods of time instead of higher doses at
less frequent intervals (26). Studies to assess
the definite clinical significance of this find-
ing are still needed.

Preclinical studies of the irinotecan-5-
fluorouracil combination (see for instance
Refs. 27-31) seemed to yield contradictory
results in terms of the optimum sequence of
drug administration. With virtually each com-
bination and sequence, antagonistic, addi-
tive, and/or synergistic interactions were re-
ported, which might be due to differences in
experimental conditions. These include,
among others, the choice of cell line, the use
of a cell culture or a nude mouse-xenograft
model, and the use of a short or a continuous
period of drug exposure, conditions known
to considerably influence the antiprolifera-
tive effects of both 5-fluorouracil and irino-
tecan. As an example, in a recent study from
our laboratory with SW620, HT-29, and
SNU-C4 human colon carcinoma cell lines
(31), differences in intrinsic drug sensitivity
and target enzyme activities appeared to par-
tially determine the response to the 5-fluo-
rouracil-irinotecan combination. Thus, prior
administration of irinotecan at a fixed con-
centration of low cytotoxicity sensitized all
three cell lines to 5-fluorouracil, but in the
more 5-fluorouracil-sensitive SNU-C4 cell
line low-dose 5-fluorouracil also added to
irinotecan cytotoxicity (31).

Furthermore, while 5-fluorouracil fol-
lowed by irinotecan was found to act syner-
gistically on a human colon carcinoma cell
line, this sequence did not prove better than
either drug alone in a xenograft model (27).
In another study (28), prior 5-fluorouracil
potentiated subsequent irinotecan in a colon
cancer cell line, a fact which was suggested
to be due to 5-fluorouracil-stimulated DNA-
topoisomerase I complex formation. The
additive or synergistic effects noted by these
authors with the reversed sequence were

attributed to an irinotecan-induced decrease
in thymidylate synthase activity (28). Ac-
cording to other investigators, the enhanced
cytotoxicity elicited by this sequence might
be attributable to SN-38-mediated perturba-
tion of nucleotide metabolism (29). Still other
studies reported no significant effects of 5-
fluorouracil on topoisomerase I-mediated
phenomena, or of irinotecan on thymidylate
synthase activity (30).

Nevertheless, most data, including those
from a number of studies not cited, indicate
that irinotecan followed by 5-fluorouracil is
the most effective sequence. Using the above-
mentioned human colon carcinoma cell line
panel, our recent data (31) conclusively
showed synergistic growth inhibition when
irinotecan was given before 5-fluorouracil,
and antagonism with the reversed sequence.
These results could be related to the intro-
duction of more persistent DNA damage
with the former sequence (31).

Phase I studies

The first clinical study with irinotecan
was conducted in Japan in 1987, with the
drug being administered as a 30-min infu-
sion (32). The dose-limiting toxicity was

Figure 3. Mechanism of action of camptothecin. Modified from Ref. 62.
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predominantly gastrointestinal (vomiting and
diarrhea). Subsequent studies in Japan and
France using a variety of schedules (see for
instance Refs. 22 and 24) confirmed the
occurrence of both acute and delayed diar-
rhea, the latter more often seen in patients
receiving irinotecan at repeated doses or in
weekly schedules. These observations might
be explained, at least in part, by the above-
mentioned preclinical data with laboratory
mice (26), showing that irinotecan, even when
given at an apparently optimum schedule,
did not produce greater antitumor effects
when some critical level of dose intensity
was exceeded, but rather led to increased
toxicity.

In addition, phase I studies revealed the
occurrence of severe granulocytopenia,
which was dose- and schedule-related but
noncumulative. Besides these dose-limiting
side effects, mild to moderate alopecia, nau-
sea and vomiting, and fatigue were noted.
The maximum tolerable dose (MTD) was
150 mg m-2 day-1 in daily x 3 schedules, and
145 mg/m2 in weekly schedules.

Phase II and phase III studies

In phase II clinical studies (see for in-
stance Ref. 33), irinotecan produced response
rates of 15-32% and 17-25% in chemo-
therapy-naive and pretreated patients with
colorectal carcinoma, respectively. These
results were consistent and indicated not
only the substantial clinical efficacy of
irinotecan in this disease, but also its lack of
cross-resistance with 5-fluorouracil. The lat-
ter suggestion was definitely confirmed in a
recent prospective, multicentric phase II study
in which patients fulfilling stringent criteria
for 5-fluorouracil-resistant colorectal carci-
noma were treated with 350 mg/m2 irinotecan
once every 3 weeks (33). The objective re-
sponse rate among 95 evaluable patients was
13.5% (median duration of 8.5 months), and
disease stabilization occurred in 44.2% of
patients (median duration of 4.8 months).

Median survival was extended to 45 weeks.
These and other observations raised the

hope for an alternative option for patients
with advanced colorectal carcinoma who
relapsed after a 5-fluorouracil-based treat-
ment. This hope was confirmed in subse-
quent randomized phase III clinical trials.
When compared with best supportive care
(33), or with best high-dose 5-fluorouracil
given by infusion (33), irinotecan was dem-
onstrated to provide significant quality of
life and survival advantages (8-10 months)
for patients who had failed to benefit from a
prior 5-fluorouracil-based therapy, produc-
ing response rates of 14-22%. An added
benefit of irinotecan was its cost-effective-
ness when compared to 5-fluorouracil or 5-
fluorouracil plus leucovorin (33).

These data led to the approval of irinote-
can as second-line treatment for 5-fluoroura-
cil-refractory advanced colorectal carcino-
ma in many countries. The recommended
administration schedule is 125 mg/m2 once
weekly by 90-min infusion for 4 weeks every
6 weeks, which yields a 6-week administra-
tion intensity of 500 mg/m2 (33), or 350 mg/
m2 as an intravenous 90-min infusion every
3 weeks (33).

Combination studies

Many studies have been, or are being
carried out to evaluate the combination of
irinotecan plus 5-fluorouracil and leucovo-
rin for its therapeutic efficacy against ad-
vanced colorectal carcinoma. Although the
best schedules of drug administration have
yet to be defined, the results from all these
studies were encouraging in terms of re-
sponse rates, time to tumor progression, and
survival rates when compared to 5-fluoro-
uracil or irinotecan alone (see for instance
Refs. 34-37). Moreover, as predicted by most
preclinical studies (29-31), the best results
were found when irinotecan preceded 5-
fluorouracil.

Different schedules and sequences com-
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bining irinotecan and 5-fluorouracil have
been investigated in phase I trials in Europe,
the United States, and Japan (34-36). For
instance, in 24 chemotherapy-naive patients
treated with irinotecan followed by 24-h con-
tinuous 5-fluorouracil plus leucovorin given
once a week for 6 weeks, the MTD was
established at 80 mg/m2 irinotecan, 2.6 g/m2

5-fluorouracil and 500 mg/m2 leucovorin.
The dose-limiting toxicity was diarrhea, and
there were 15 objective responses, including
one complete response (34). In a study using
a bimonthly schedule (35), 14 patients re-
ceived irinotecan on day 1, and bolus 5-
fluorouracil plus leucovorin on day 2. The
MTD was 100 mg/m2 irinotecan, 500 mg/m2

leucovorin, and 2.6 mg/m2 5-fluorouracil,
with diarrhea as dose-limiting toxicity. The
overall response rate was 45%. Another phase
I trial (36) used bimonthly irinotecan on day
1, and leucovorin plus bolus 5-fluorouracil
followed by 22-h continuous infusion 5-fluo-
rouracil on days 1 and 2. The results from
this study showed that 180-200 mg/m2 irino-
tecan could be safely combined with bolus
400 mg/m2 5-fluorouracil followed by con-
tinuous infusion of 600 mg/m2 5-fluoroura-
cil without causing overlapping toxicity.

In subsequent phase II studies, this com-
bination was evaluated as second- or first-
line treatment of colorectal carcinoma. In
one of these studies (37), bimonthly 180 mg/
m2 irinotecan and 400 mg/m2 leucovorin
were given on day 1 as a 90-min and a 2-h
infusion, respectively, immediately followed
by a 5-fluorouracil bolus of 400 mg/m2 and a
46-h continuous infusion of 2.4-3 g/m2 5-
fluorouracil. Of the 33 pretreated patients, 2
experienced a partial response (6%), 20 had
stabilization of their disease (61%), and 11
progressed (33%). Grade 3-4 toxicities oc-
curred in 10 patients (33%), but were man-
ageable. Thus, this so-called FOLFIRI regi-
men (folinic acid, 5-fluorouracil, irinotecan)
was effective as second-line therapy against
metastatic colorectal carcinoma, producing
acceptable toxicity.

In a recent multicenter open-label ran-
domized trial, the combination of irinotecan
plus 5-fluorouracil/leucovorin was evaluated
vs 5-fluorouracil/leucovorin in patients with
previously untreated disease (38). Patients
were assigned to receive 180 mg/m2 irinote-
can on day 1, and 400 mg/m2 5-fluorouracil
as an intravenous bolus followed by 600 mg/
m2 daily as a 22-h continuous infusion plus
leucovorin on days 1 and 2, repeated every 2
weeks; irinotecan at 80 mg/m2 and 5-fluoro-
uracil at 2.3 g/m2 as a 24-h continuous infu-
sion plus leucovorin weekly for 6 weeks,
every 7 weeks, or the same regimen of 5-
fluorouracil/leucovorin alone. A total of 199
patients were treated with the irinotecan-
containing regimen, and 188 with 5-fluoro-
uracil/leucovorin alone. Although causing
more grade 3-4 toxicities, the former combi-
nation was well tolerated when compared to
the latter, producing increased response rates
(49 vs 31%), time to progression (6.7 vs 4.4
months), and survival rate (17.4 vs 14.1
months), and indicating its potential useful-
ness as first-line treatment of metastatic co-
lorectal carcinoma.

Another trial (39) included 683 patients
who where assigned randomly to 1 of 3
arms. Patients on one of the arms received
452 mg/m2 5-fluorouracil as an intravenous
bolus and 20 mg/m2 leucovorin as an intra-
venous bolus daily for 5 consecutive days,
every 4 weeks; irinotecan alone at 125 mg/
m2 intravenously, weekly for 4 weeks, every
6 weeks; 125 mg/m2 irinotecan intravenously,
500 mg/m2 5-fluorouracil as an intravenous
bolus, and 20 mg/m2 leucovorin as an intra-
venous bolus weekly for 4 weeks, every 6
weeks. Irinotecan alone did not show any
benefit compared to 5-fluorouracil/leucovo-
rin, but the three-drug combination com-
pared to the standard therapy increased tu-
mor response rate (39 vs 21%), time to dis-
ease progression (7 vs 4.3 months), and me-
dian survival time (14.8 vs 12.6 months).

These two randomized, controlled clini-
cal trials (see Refs. 38 and 39) led to the



1096

Braz J Med Biol Res 34(9) 2001

I. Grivicich et al.

approval of the irinotecan/5-fluorouracil/leu-
covorin regimen by the Food and Drug Ad-
ministration in April, 2000, in the US. In
these studies, the combination of irinotecan
and 5-fluorouracil/leucovorin resulted in a
significant delay in the time to tumor pro-
gression and significant improvement in sur-
vival compared with 5-fluorouracil/leuco-
vorin alone.

Oxaliplatin

Oxaliplatin (trans-l-diaminocyclohexane
oxalatoplatinum, L-OHP) was developed in
the 1970s as one of dozens of 1,2-diami-
nocyclohexane (1,2-DACH) platinum com-
pounds in an attempt to obtain platinum
analogues with a more favorable therapeutic
index (40). These compounds evoked imme-
diate enthusiasm when they appeared to ex-
hibit no cross-resistance with cisplatin and
carboplatin, and to have a preclinical activ-
ity profile distinct from that of the latter
agents. However, interest in these agents
waned after the occurrence of severe neuro-
logical toxicity in phase I studies with tetra-
platin (or ormaplatin), the then most promis-
ing 1,2-DACH platinum compound at the
time.

Clinical testing of oxaliplatin more than
one decade later revealed its meaningful an-
titumor activity and favorable toxicity pro-
file. Indeed, oxaliplatin proved effective in
colorectal cancer both as first-line and as
second-line treatment of 5-fluorouracil-re-
fractory tumors (41). In addition, oxaliplatin
was effective against both untreated and pre-
treated advanced ovarian carcinoma (42).
Importantly, oxaliplatin does not induce the
renal, hematologic, and auditory toxicity as-
sociated with cisplatin and carboplatin, its
emetic effects can be effectively controlled,
and its neurological toxicity - in contrast to
that of most other platinum compounds - is
reversible (41,42).

Mechanism of action

Like all platinum compounds, oxaliplatin
must be converted into reactive species in
displacement and aquation reactions in the
bloodstream and in the intracellular environ-
ment (Figure 4). Thus, weak nucleophiles
such as blood bicarbonates or intracellular
dihydrogen phosphate displace the oxalate
group (40,43), resulting in the formation of
unstable intermediates that are readily hy-
drolyzed to diaquated 1,2-DACH platinum.

Figure 4. Oxaliplatin biotransfor-
mation. DACH: diaminocyclo-
hexane. Modified from Ref. 46.
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The latter species is rapidly converted into
monoaqua-1,2-DACH monochloroplatinum
and 1,2-DACH platinum dichloride species,
which instantaneously react with DNA. As
is the case with cisplatin and carboplatin, the
result is the formation of platinated guanine-
guanine or adenine-guanine intrastrand ad-
ducts.

However, unlike the two former agents
which act via a common cis-diamine inter-
mediate, the reactive oxaliplatin intermedi-
ates retain the 1,2-DACH carrier. This has
two important consequences. Firstly, the 1,2-
DACH ring can project into the major groove
of DNA, escaping recognition by the mis-
match repair enzyme complex (43). Sec-
ondly, the presence of the bulky 1,2-DACH
group prevents replicative bypass, i.e., DNA
synthesis past the site of the DNA adducts,
as observed to occur in cisplatin-resistant
cell lines (44).

These features can largely account for the
requirement of fewer oxaliplatin adducts to
achieve an equal level of cytotoxicity as cis-
platin and carboplatin (43,44), as well as for
the lack of cross-resistance between the former
and both latter agents (41,42). The poor recog-
nition of oxaliplatin adducts by the mismatch
repair system may further explain the selective
activity of oxaliplatin, unlike cisplatin and
carboplatin, against tumors exhibiting mis-
match repair aberrance, such as a subset of
colorectal carcinomas (41). Moreover, while
loss of this repair function will affect the apop-
totic response of tumor cells to cisplatin and
carboplatin, this is probably not the case with
oxaliplatin. Consequently, platinum-respon-
sive tumors may be more sensitive to oxali-
platin, and cisplatin-refractory tumors may
respond to oxaliplatin. This presumably ac-
counts for the above-mentioned efficacy of
oxaliplatin in cisplatin-refractory patients with
ovarian cancer (42).

Preclinical studies

The preclinical experience with oxali-

platin has been reviewed in Ref. 45. In vitro,
oxaliplatin displayed broad antitumor activ-
ity, which was in many cases equivalent to or
higher than that of cisplatin. Importantly,
oxaliplatin was able to inhibit the growth of
cisplatin-resistant cell lines at much lower
concentrations than cisplatin and carboplatin.
These observations provided the first indica-
tions for the absence of cross-resistance of
oxaliplatin with cisplatin and carboplatin,
and its very different mechanism of cytotox-
icity when compared to the latter agents
(45).

These encouraging data were also seen
with tumor colony-forming units isolated
from patients suffering from malignant mela-
noma, or colon, non-small cell lung, or gas-
tric carcinoma, including those resistant to
carboplatin, 5-fluorouracil, irinotecan, pac-
litaxel, or doxorubicin (46). These results
indicated the possibility of using oxaliplatin
against a variety of drug-refractory malig-
nancies. Results were better with protracted
rather than short exposure schedules (46), a
finding that may be of significance when
considering administration schedules. The
data from the cell culture experiments were
largely confirmed in studies with laboratory
animals inoculated or grafted with a variety
of human tumor cells (44), in which oxali-
platin was equally effective, significantly
better, or superior to cisplatin in prolonging
survival (44).

Preclinical combination in vitro and in
vivo studies showed additive or synergistic
interactions of oxaliplatin or cisplatin with
5-fluorouracil, AG337, gemcitabine, irino-
tecan, paclitaxel, cisplatin, and cyclophos-
phamide (47). Notably, synergism between
oxaliplatin and 5-fluorouracil was also seen
in 5-fluorouracil- and cisplatin-resistant cell
lines (46,47). This phenomenon also oc-
curred with the combination of oxaliplatin
and SN-38 in the HT-29 human colon carci-
noma cell line, and was attributed to SN-38-
induced delay of the removal of oxaliplatin-
induced interstrand DNA cross-links, as well
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as to an increase in the SN-38-inhibited DNA
elongation in the presence of oxaliplatin ad-
ducts (48).

Phase I studies

Phase I testing (45) showed that oxali-
platin induced neither the nephrotoxicity nor
the ototoxicity associated with cisplatin
therapy. Emesis was in general moderate,
and nausea and vomiting could effectively
be controlled with antiemetics. Diarrhea was
mild and was confined to a subset of pa-
tients. Hematological toxicity was much
lower than that induced by equi-therapeutic
doses of carboplatin, and included moderate
thrombocytopenia and neutropenia.

The most consistent acute side effect was
transient sensory neuropathy, which was
dose-limiting and cumulative, and manifested
as paresthesia and dysesthesia. These symp-
toms were severe with higher cumulative
doses of oxaliplatin (doses higher than 1000
mg/m2 have been associated with a higher
than 50% toxic risk), or with combinations
of oxaliplatin with other neurotoxic drugs
such as taxanes and other platinum ana-
logues (49). However, at clinically feasible
dose levels of oxaliplatin, the neurological
toxicity was usually moderate and completely
reversible. Auditory toxicity was mild to
moderate. Importantly, a few objective clini-
cal responses were noted during these phase
I studies (45).

Recommended doses for oxaliplatin
monotherapy are 130 mg/m2 given as a 2-h
intravenous infusion every 3 weeks, or 125-
150 mg/m2 daily as a chronomodulated in-
travenous infusion over 5 days per week
every 3 weeks.

Phase II studies

Formal phase II evaluation of oxaliplatin
was only performed after several hundreds
of patients had been treated with oxaliplatin
in combination with 5-fluorouracil and leu-

covorin (50,51). These studies enrolled both
pretreated and untreated patients, and used
oxaliplatin-5-fluorouracil/leucovorin given
as a chronomodulated continuous infusion
every 3 or 2 weeks (50), or bimonthly oxali-
platin combined with high-dose continuous
infusion 5-fluorouracil/leucovorin (51). De-
spite the occurrence of significant grade 3
and 4 gastrointestinal, bone marrow, and
neurological side effects with all three regi-
mens, and 2 toxic deaths in one study (50),
objective response rates (29-58%), median
progression-free survival (6-10 months), and
overall survival times were encouraging (13-
17.8 months), and residual metastases could
be successfully excised in some patients.

Subsequent phase II evaluation of oxali-
platin alone confirmed its therapeutic effi-
cacy against advanced colorectal carcinoma.
For instance, 130 mg/m2 oxaliplatin every
21 days produced 9 partial responses (24.3%)
among 38 previously untreated patients with
metastatic colorectal carcinoma, with a re-
sponse duration of 216 + days (52). Disease
stabilization was noted in 15 patients (40.5%),
and 13 patients progressed (35.2%). The
main side effect was peripheral sensory neu-
ropathy, but hematologic and gastrointesti-
nal toxicities were mild. The results from
two other clinical trials with 130 mg/m2

oxaliplatin for 21 days in chemotherapy-
naive patients were in agreement with those
from the latter study, showing 20% objective
responses and 32% stable diseases among
25 patients (53), an overall response rate of
18% among 63 patients, and a median over-
all survival of 13-14 months (reviewed in
Ref. 54). These data suggested that oxali-
platin monotherapy may be considered as
first-line treatment of advanced colorectal
carcinoma.

In three phase II studies carried out on a
total of 139 pretreated patients, an overall
response rate of 10% and a median overall
survival of 8-10 months were reported (54).
These results are modest, but in the same
range as those produced by other drugs that
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are active in pretreated colorectal carcino-
ma, indicating that oxaliplatin may also be
useful for the palliation of 5-fluorouracil-
refractory colorectal carcinoma.

However, oxaliplatin singly is not rec-
ommended as an option in first- or second-
line treatment of advanced colorectal carci-
noma, except in patients with dihydropy-
rimidine dehydrogenase deficiency. This con-
dition is associated with an increased risk of
very severe and potentially lethal toxicity in
patients treated with 5-fluorouracil at con-
ventional schedules, or in those with cardio-
toxicity from 5-fluorouracil.

Combination studies with oxaliplatin-
5-fluorouracil/leucovorin

Studies to assess the benefits of the addi-
tion of oxaliplatin to 5-fluorouracil plus leu-
covorin were initiated following the obser-
vation that this combination acted synergis-
tically in in vitro as well as in vivo murine
models (45). These studies enrolled chemo-
therapy-naive and 5-fluorouracil-pretreated
patients and were performed according to
various trial designs, viz. as one-armed phase
II trials, two-armed phase III trials, and com-
passionate-use programs.

The results from these studies were com-
parable in terms of the efficacy and tolerabil-
ity of the combination of 5-fluorouracil/leu-
covorin with oxaliplatin. Response rates, pro-
gression-free survival, and overall survival
were consistently and significantly higher
with oxaliplatin plus 5-fluorouracil/leuco-
vorin when compared with 5-fluorouracil/
leucovorin alone. The main problem with
the addition of oxaliplatin to 5-fluorouracil/
leucovorin was diarrhea, which was prob-
ably related to a cumulative effect of both
drugs, but could be managed. These data led
to proposals to use the oxaliplatin-5-fluoro-
uracil/leucovorin combination as first- or
second-line treatment against advanced co-
lorectal carcinoma, as well as against liver
metastases associated with the disease.

Support for the efficacy of the combina-
tion as a first-line treatment option came
from a recent study (55) in which 200 pa-
tients were randomly assigned to receive a 5-
day course of chronomodulated 5-fluoroura-
cil and leucovorin (700 and 300 mg/m2 daily,
respectively) with or without oxaliplatin (125
mg/m2) on the first day of each course. The
treatment was repeated every 21 days. The
most severe toxicity was grade 3-4 diarrhea
in 43% of patients given oxaliplatin. Median
progression-free survival time was slightly
higher in this group when compared to that
receiving 5-fluorouracil/leucovorin alone
(8.7 versus 6.1 months), and there were no
significant differences in median survival
time between the two arms (19.4 and 19.9
months). However, objective response rates
were 53% in the former group versus only
16% in the latter.

Indications for the applicability of oxali-
platin-5-fluorouracil/leucovorin as second-
or third-line treatment of colorectal carcino-
ma came from various studies evaluating
this combination in patients with metastatic
colorectal carcinoma who were refractory to
5-fluorouracil and/or irinotecan, or who pro-
gressed while on a second 5-fluorouracil-
based therapy (56). These studies used
weekly or bimonthly schedules, bolus and/
or continuous infusion 5-fluorouracil at con-
ventional or at high doses, and/or oxaliplatin
at full dose or at 50% reduced doses, and
were carried out according to one-armed or
two-armed designs. The results from these
studies showed that the oxaliplatin-5-fluo-
rouracil/leucovorin combination could ef-
fectively palliate treatment-refractory colo-
rectal carcinoma, producing meaningful ob-
jective response rates, a considerable num-
ber of cases of disease stabilization, and
significant improvements in time to progres-
sion and survival. Side effects were occa-
sionally severe, consisting of grade 3 and 4
bone marrow, gastrointestinal, and/or neu-
rological toxicity, which was, however, man-
ageable.
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These results justified the employment of
this combination in compassionate-use pro-
grams. In one such study (57), 80-100 mg/m2

oxaliplatin every 2 weeks or 100-135 mg/m2

every 3 weeks added to 5-fluorouracil plus
leucovorin produced an overall response rate
of 25.5%, a median time to progression of
4.1 months, and a median overall survival of
9.6 months in 98 evaluable patients with
advanced colorectal carcinoma.

Another important therapeutic advan-
tage of the oxaliplatin-5-fluorouracil/leu-
covorin combination is its capacity to
shrink hepatic metastases in a significant
number of patients with metastatic colon
carcinoma (55,57). This led not only to
improvement in two- and five-year sur-
vival rates (55), but also to an increased
number of successes in subsequent at-
tempts involving secondary potentially
curative surgery (55,57).

An important phase III study (58) inves-
tigated the effect of combining oxaliplatin
with 5-fluorouracil/leucovorin, with progres-
sion-free survival as the primary end point.
For that purpose 420 previously untreated
patients with measurable disease were ran-
domized to receive a 2-h infusion of leuco-
vorin, 200 mg/m2 daily, followed by 400 mg/
m2 5-fluorouracil as bolus daily, and 22-h
infusion of 600 mg/m2 daily for 2 consecu-
tive days, every 2 weeks, either alone or
together with 85 mg/m2 oxaliplatin as a 2-h
infusion on day 1. Patients allocated to oxali-
platin plus 5-fluorouracil/leucovorin had sig-
nificantly longer progression-free survival
(9.0 vs 6.2 months) and a better response rate
(50.7 vs 22.3%) when compared with the
control arm. The improvement in overall
survival did not reach significance (16.2 vs
14.7 months).

The combination of oxaliplatin with 5-
fluorouracil/leucovorin seems beneficial as
first-line therapy in advanced colorectal can-
cer. However, no improvement in terms of
overall survival was obtained (55,58). These
results led to disapproval of this therapy by

the Food and Drug Administration in the
USA.

Combination studies with
oxaliplatin-irinotecan

Four phase I/II trials with oxaliplatin fol-
lowed one hour later by irinotecan have been
carried out on patients with 5-fluorouracil-
refractory gastrointestinal carcinomas, in-
cluding colorectal carcinoma (59,60). Two
studies evaluated this combination using a 3-
week schedule (59), two used a 2-week sched-
ule (reviewed in Ref. 60). The recommended
doses for oxaliplatin and irinotecan for the 3-
week schedule were 85 and 200 mg/m2,
respectively, and for the 2-week schedule 85
and 175 mg/m2, respectively. Despite the
occurrence of grade 3 and 4 gastrointestinal,
bone marrow, and neurological toxicities,
objective response rates were encouraging
(34%), suggesting that this combination is
feasible and active in advanced colorectal
carcinoma.

Various other schedules are being ex-
plored in additional studies (reviewed in
Ref. 60). For instance, in a phase II trial the
combination of 85 mg/m2 oxaliplatin on days
1 and 15 plus 80 mg/m2 irinotecan on days 1,
8, and 15, given every 4 weeks with or
without granulocyte colony-stimulating fac-
tor, produced 2 complete responses (6%)
and 13 cases of disease stabilization (36%)
in 36 patients with metastatic colorectal car-
cinoma who had been pretreated with 5-
fluorouracil/leucovorin. There were 7 cases
of grade 3-4 granulocytopenia, and gas-
trointestinal toxicity (nausea, vomiting, and
diarrhea) was dose-limiting (60).

Concluding remarks and future
prospects

Today, advanced colorectal cancer is still
an incurable disease. Although successful
surgery is possible in selected patients, cur-
rent treatment modalities are still insuffi-
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ciently efficacious. This also holds true for
chemotherapy that has thus far only pallia-
tive value. However, the availability of a
number of new 5-fluorouracil analogues, new
folate antagonists, as well as novel, effective
cytotoxic agents such as irinotecan and ox-
aliplatin, is generally considered to have a
significant impact on the treatment of colo-
rectal carcinoma. Clinical trials have already
established the efficacy and tolerability of
these agents singly, which led to their rec-
ommended use as second-line treatment in
5-fluorouracil-refractory disease, or in pa-
tients for whom 5-fluorouracil is contraindi-
cated. Other studies showed that their addi-
tion to the classical 5-fluorouracil/leucovo-
rin combination significantly increases re-
sponse rates, time to disease progression,
and survival. The challenge is now to fully
exploit the opportunities at hand by design-
ing effective multidrug regimens. This will
require studies to optimize dosing, timing,
and schedule of administration of each agent,
to define the roles of the new 5-fluorouracil
analogues and folate antagonists in cancer
therapy with respect to those of the parent

compounds, to determine optimum combi-
nation(s) of the most active drugs, and to
establish optimum drug administration se-
quences. The results from these studies will
contribute to the design of more effective
chemotherapy treatment protocols for ad-
vanced colorectal carcinoma, both as first-
and second-line treatment, and in the adju-
vant setting.

In addition, current knowledge on the
predictive value of thymidylate synthase and
dihydropyrimidine dehydrogenase (7) ex-
pression will enable us to select patients for
potential effective treatment. Patients with a
high intratumoral level of either thymidylate
synthase or dihydropyrimidine dehydrogen-
ase should not receive 5-fluorouracil-based
treatment, unless a dihydropyrimidine dehy-
drogenase inhibitor is included. Patients with
a high thymidylate synthase should receive
an irinotecan or an oxaliplatin-based treat-
ment schedule. These prospective studies
will permit us to tailor treatment to each
patient and to give them the most active
treatment modality.
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