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Introduction

For the last three decades, fluorouracil
(5-FU)-based chemotherapy has been
the mainstay of treatment in advanced
colorectal cancer [1-3]. When given
alone as intravenous (IV) bolus once
weekly or for 5 consecutive days every
4 to 5 weeks, 5-FU produces response
rates from 11% to 17% and a median
survival time of approximately 1-year
[4-6]. Although increased therapeutic
efficacy of 5-FU in terms of higher re-
sponse rates by the biomodulation with
leucovorin (LV) has been well estab-
lished, a meta-analysis of clinical stud-
ies failed to demonstrate a clear survival
benefit [6,7]. Recently, evidence has ac-
cumulated that a pro-longed infusion of
5-FU may improve the tumor response
rate and survival time when compared
with 5-FU bolus regimens [8]. DeGra-
mont et al [9] reported results of a ran-
domized study involving 448 patients
with advanced colorectal cancer and
comparing high-dose IV in combina-
tion with bolus plus infusional 5-FU to
the standard low-dose LV-5-FU bolus
schedule given according to the North
Central Cancer Treatment Group (NC-
CTG) regimen. The response rate (348
patients; 32.6% v 14.4%, P = .0004)
and an improved progression-free sur-
vival time (27.6 v 22.0 weeks, P =
.0012). Furthermore, a significant in-

crease in the median survival time was
achieved in patients with measurable
disease. Additionally, the German Asso-
ciation of Medical Oncology (AIO), in a
randomized multicenter trial in
metastatic colorectal cancer demon-
strated an overall response rate of 44%
and a median survival time of 16
months using a weekly-times-six sched-
ule of high-dose LV (500 mg/mZ/Z—hour
IV infusion) followed by infusional 5-
FU (2.6 g/m” given as a 24-hour IV in-
fusion) (S—FU2 4h/LV) [10]. These results
again indicate the superiority of LV-
modulated infusional 5-FU over LV-5-
FU bolus regimens given on a weekly
or daily-times-five schedule. In contrast
to these data, no significant differences
in overall survival time were found in a
multicenter trial of the Southwest On-
cology Group, which compared low-
dose LV-modulated bolus 5-FU, admin-
istered according to the NCCTG regi-
men, with several 5-FU regimens in-
cluding single-agent infusional
5-FU24h at a dose of 2.6 g/m2 on a
weekly schedule. Thus, significant em-
phasis has been placed on designing
more effective 5-FU-based combination
protocols.

Irinotecan (CPT-11; 7-ethyl-10-[4(-1-
piperidino)-1-piperidino]carbonyloxy-
camptothecin) is a new semisynthetic
derivative of a plant alkaloid, camp-
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tothecin, with significant clinical effica-
cy against colorectal cancer [11,12].
CPT-11 (SN-38) appears to exert its cy-
totoxic mechanism by binding to
DNA-associated topoisomerase I, a nu-
clear enzyme that facilitates DNA repli-
cation and transcription by causing
single strand protein-bridged DNA
breaks. The collision of these drug-sta-
bilized protein-bridged DNA breaks,
referred to as cleavable complexes,
with moving replication forks leads to
cell death during replication [13,14].

As first-line chemotherapy in metastat-
ic colorectal cancer, CPT-11 produced
a cumulative response rate of 26%
(95% confidence interval, 20% to
32%), a median remission duration of
8 to 9 months, and a median survival
time of 12 months [15-18]. Thus, CPT-
11 demonstrates antitumor efficacy
comparable to that achievable with V-
modulated 5-FU-based standard regi-
mens. Furthermore, CPT-11 showed
considerable antitumor activity in 5-
FU-refractory colon cancer, producing
response rates of 13% to 23% and me-
dian remission duration of 6 to 8
months [19-21]. These results suggest
that CPT-11 is one of the most active
single agents for chemotherapy in col-
orectal cancer [20-22].

On the basis of promising single-agent
activity of CPT-11 in colorectal cancer,
different schedules of 5-FU-based regi-
mens (with or without LV) combined
with CPT-11 have been evaluated or
are currently under investigation [23-
26]. Preclinical data on human colon
tumor cell lines and tumor xenografts
suggested additive to synergistic antitu-
mor activity for the combination of
both drugs if CPT-11 preceded 5-FU
[27-30]. Although it was reported ear-
lier that 5-FU may decrease the car-
boxylesterase-mediated conversion of
CPT-11 to its active metabolite SN-38
(7-ethyl-10-hydroxy-camptothecin)
[31], recent data on human hepatic mi-
crosomes showed no substantial alter-
ations of the metabolism of CPT-11 to
SN-38 by 5-FU [32]. Furthermore, no
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Tabel 1 - New drugs in colorectal cancer

pharmacokinetic interactions between
5-FU and CPT-11 were observed.

Recently, Saltz et al reported the results
of an extended phase I study in patients
with metastatic colon cancer using a
weekly schedule of bolus 5-FU (500
mg/m2) plus low-dose LV (20 mg/m2),
together with CPT-11. The maximum-
tolerated dose (MTD) for CPT-11 in this
combination was 125 mg/m2 given on
a weekly-times-four schedule, with
neutropenia being the dose-limiting
toxicity (DLT). Furthermore, the inci-
dences of grade 3 or higher diarrhea
and neutropenia for weekly bolus LV/5-
FU regimens are similar to those ob-
served with 5-FU S/ Vs S reported
previously 33,34]; however, the antitu-
mor efficacy of the 5-FU, , /1V regimen
appears to be higher [10].

The concept of this regimen was further
supported by preclinical data demon-
strated a lack of cross-resistance be-
tween CPT-11 and 5-FU based on dif-
ferent molecular mechanisms of cyto-
toxic action and the potential for syner-

gistic antitumor activity between both
drugs in vitro and in vivo [27-30].

Investigational and Approved
Drugs in the Treatment of
Patients with Advanced
Colorectal Cancer

Table 1 is a brief outline of new investi-
gational and FDA approved drugs in
colorectal cancer. While FU/LY, irinote-
can, oxaliplatin, Avastin, Eribitux and
Iressa are drug approved alone and in
various combinations; other drugs and
combinations are now being pursued
experimentally and it is likely that
some may be considered for approval
in the future.

Mechanism-Based Selective
Metabolism of 5-FU Prodrug

One direction vigorously pursued is
the development of orally administered
fluoropyrimidine prodrugs with greater
therapeutic efficacy and selectivity than
5-FU. Because the oral bioavailability
of 5-FU is low, several 5-FU prodrugs
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with bioavailability close to 100% have
been synthesized and are at various
stages of preclinical and clinical devel-
opment. This includes UFT/LV, FU/EU,
S-1 and capecitabine (Xeloda).

S-1

S-1, an oral 5-FU prodrug, is a combi-
nation of FT, CDHP, and potassium ox-
onate (Oxo0) in a fixed molar ratio of
1.0:0.4:1.0, predetermined for optimal
selective in vivo tissue distribution.
CDHP is a potent inhibitor of DPD.
Oxo is an inhibitor of phosphoribo-
sylpyrophosphate transferase (PRPPT),
an enzyme that metabolizes 5-FU to 5-
FUMP Inhibition of PRPPT in gastroin-
testinal tissues was reported as a possi-
ble mechanism for reduction of diar-
thea, generally associated with 5-FU
regiments. Daily oral administration of
S-1 at the MTD or below to rats bear-
ing advanced colorectal carcinoma
showed a greater antitumor efficacy
with less toxicity than 5-FU or FT. An
improved therapeutic index for S-1
compared with 5-FU and FT was ob-
served in sarcoma. The antitumor ac-
tivity of S-1 has been evaluated in mice
bearing C-26, which is relatively resist-
ant to 5-FU, and in rats bearing sensi-
tive Ward tumors. The antitumor activ-
ity was compared with FT (oral) and
with continuous IV infusion of 5-FU
using 7- and 28-day schedules at the
MTDs. In addition, a 100% complete
tumor regression (CR) rate was
achieved at doses lower than the MTD
with no detectable host toxicity, sug-
gesting a significant safety margin with
S-1 over FT or FU as optimal responses
with these agents were only achieved at
the MTD. Of interest is that the 50%
CR rate was achieved with the 7-day
continuous IV infusion of 5-FU, but
not the 28-day protracted infusion.
The therapeutic indices for S-1, FT,
and 5-FU were 5.3, 1.0, and 1.0, re-
spectively. In mice bearing C-26, or
nude mice bearing human HCT-8
xenografts, both of which are relatively
resistant to 5-FU, lower CR rates were
achieved with S-1 treatment than was
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observed in rats bearing Ward tumors.

The therapeutic selectivity of S-1 is
based on the following premises: (1)
high oral bioavailability; (2) differential
tumor expression of the key activation
enzyme, namely, TPase; (3) a lower lev-
el of the 5-FU degradation enzyme,
DPD, in tumor tissues than in normal
tissues; and (4) a lower level of the tar-
get enzyme, TS, in tumor tissues.

The data demonstrated that S-1 is not
another formulation mimicking 5-FU
infusion. This conclusion is based on
the following observations. (1) The
high therapeutic index and efficacy
profile of S-1 in model systems could

Of interest is that
the 50% CR rate was
achieved with the
7-day continuous IV
infusion of 5-FU,
but not the 28-day
protracted infusion

not be reproduced by 5-FU adminis-
tered by various schedules, including a
28-day protracted continuous IV infu-
sion. In a preclinical model system, a
28-day protracted continuous IV infu-
sion of 5-FU at the MTD (12.5 mg/kg/d
x 28) yielded a response rate signifi-
cantly less than that of oral daily ad-
ministration of S-1 (0% v 100%). (2)
Based on the results generated in this
laboratory and by other groups, the ob-
served decrease in diarrhea and neuro-
toxicity with S-1, but not with 5-FU is
likely due to selective inhibition of
PRPPT by Oxo and DPD by CDHBP, re-
spectively. (3) Pharmacokinetic studies
demonstrated that, although the plas-
ma concentrations of 5-FU derived
from continuous IV infusion and from
oral S-1 at the MTD were similar, dif-
ferences in response rates appear to be
due to cellular factors. It is likely that

selective tumor tissue activation of S-1
by TPase, together with inhibition of
DPD by CDHP and inhibition of
PRPPT by Oxo, are predictive for cura-
tive therapy by S-1. Measurement of
the plasma pharmacokinetics parame-
ter of 5-FU either derived from 5-FU or
its prodrugs is, therefore, unlikely to be
a useful predictor of response, but may
be predictive for toxicity. (4) Results
from our laboratory indicate that the
cure rate achieved with S-1 is directly
associated with higher and sustained
levels of treatment-induced apoptosis,
which could not be produced with 5-
FU treatment.

UFT/LV

UFT, another oral 5-FU prodrug, is a
combination of FT and uracil in a mo-
lar ratio of 1:4; this was determined to
be the optimal therapeutic ratio by in
vitro and in vivo studies. Uracil in-
hibits the degradation of 5-FU formed
from FT by inhibiting DPD. Co-admin-
istration of uracil and FT enhanced the
concentration of 5-FU in tumor and
potentiated the antitumor activity of
FT. The antitumor efficacy of UFT and
FT was evaluated in rats bearing ad-
vanced colorectal cancer using 7- and
28-day oral administration schedules.
The MTDs of UFT and FT were 80 and
200 mg/kg/d for 7 days and 60 and
150 mg/kg/d for 28 days, respectively.
At the MTD, the antitumor efficacy of
UFT was superior to that of FT. The
sustained CR rates were 75% for UFT
on both schedules, and 19% on the 7-
day and 0% on the 28-day schedule for
FT. In this model, LV was shown to
further increase the antitumor activity
of UFT.

The antitumor activity of UFT has been
demonstrated in patients with colorec-
tal and gastric cancer. Clinical trials of
28-day oral administration of UFT in
combination with low- or high-dose LV
demonstrated significant antitumor ac-
tivity with manageable toxicity among
patients with metastatic colorectal can-
cer. Phase III trials of oral UFT plus LV
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in the treatment of patients with ad-
vanced colorectal cancer are currently
underway.

Capecitabine

Capecitabine (N4-pentoxy-carbonyl-5'-
deoxy-5-fluoro-cytidine; Xeloda, Hoff-
man-La Roche, Nutley, NJ) is a new oral
fluoropyrimidine carbamate, converted
to 5-FU by three enzymatic steps (Fig-
ure 1). Capecitabine is absorbed intact
in the gastrointestinal tract and initially
metabolized in liver by carboxylesterase
to 5’-deoxy-5-fluorocytidine (5’-dFCR).
It is subsequently metabolized to 5™-de-
oxy-5-fluorouridine (5-d5-FUR) and
doxifluoridine by cytidine deaminase, is
expressed in higher concentrations in
tumor tissues than normal tissues, and
is subsequently converted to 5-FU by

Preclinical studies
in model systems
demonstrated the
selectivity of
capecitabine in
tumor tissue

TPase, which is present at higher levels
in the tumor. Since the conversion to
doxifluoridine does not take place in
the gut, the therapeutic selectivity of
capecitabine should be higher than that
of doxifluoridine.

Preclinical studies in model systems
demonstrated the selectivity of
capecitabine in tumor tissue.
Capecitabine was effective against 5-
FU-resistant human colon cancer
xenografts. The 5-FU concentrations in
tumors was more than 30 times higher
with capecitabine than with 5-FU com-
pared at the MTD. In addition, tumor
concentrations of 5-FU were higher
than in plasma (127-fold) or muscle
(22-fold). The antitumor activity and
selectivity of capecitabine (oral admin-
istration) was evaluated and compared
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with 5-FU (IV push) on a schedule of
5- days a week, 2-day rest, for 3 weeks
in several model systems, including
highly 5-FU-resistant murine C-26,
nude mice bearing human colon carci-
noma, and 5-FU-sensitive and —resist-
ant HCT-8. The results, summarized in
Table 3, indicate that capecitabine is
highly active against 5-FU-resistant tu-
mors. Capecitabine was also effective
against CSF280, HCT116, and
COLO205 human colon xenograft
models, whereas 5-FU was effective
only in CXF280 tumors. In three mod-
els, 5-FU concentrations in tumor were
23- to 25-fold higher after capecitabine
administration than after 5-FU, with
both drugs administered at their MTD.
In addition, capecitabine-treated ani-
mals had higher levels of 5-FU in tu-
mor than in plasma (114- to 209-fold
higher) and muscle (22-fold higher),
whereas 5-FU was not selectively dis-
tributed to tumors. The therapeutic in-
dex of capecitabine was also superior
to that of 5-FU or UFT. Furthermore,
efficacy of capecitabine consequently
correlated well with the ratio of TPase
and DPD in tumor. Preclinical studies
suggest that efficacy of capecitabine
can be optimized by selecting patients

with a high ratio of PTAs to DPD.

Preliminary clinical results of
capecitabine with or without LV in pa-
tients with solid tumors have been re-
ported. Recently, capecitabine was ap-
proved by the FDA as a second-line
therapy for patients with breast cancer.

5-Ethynyluracil

5-Ethynyluracil (EU; 776C85) is a po-
tent mechanism-based irreversible inac-
tivator of DPD, the enzyme that rapidly
degrades 5-FU. EU markedly increases
systemic exposure to 5-FU in laborato-
ry animals and in cancer patients. For
example, EU increases the plasma half-
life of 5-FU in patients form approxi-
mately 10 minutes to 5 hours. To evalu-
ate further the role of inhibition of DPD
in correlation with the therapeutic effi-
cacy of 5-FU, the antitumor activity and
toxicity of 5-FU alone and in combina-
tion with EU in rats bearing advanced
colon carcinoma were evaluated. Two
schedules were studies: (1) 5-FU ad-
ministered by IV push daily for 4 days
(daily x 4); and (2) 5-FU by IV push
once a week for 3 weeks (weekly x 3).
EU as administered at 1 mg/kg 1 hour
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before 5-FU and for 2 additional days
post-5-FU therapy. The MTDs of 5-FU
alone were 35 and 100 mg/kg, and for
5-FU plus EU were 10 and 15 mg/kg
for the daily x 4 and weekly x 3 sched-
ules, respectively. The dose limiting
toxicities were diarrhea and stomatitis
both for 5-FU alone and for 5-FU in
combination with EU. Although EU it-
self was neither toxic nor active, it
markedly improved the efficacy and
therapeutic index of 5-FU. The combi-
nation of 5-FU and EU produced 100%
sustained CRS on both schedules. The
therapeutic index was <1 for 5-FU alone
and 6 for 5-FU plus EU. EU also in-
creased the efficacy and therapeutic in-
dex of 5-FU in tumor-bearing mice.
These results are similar or better than
those achieved with UFT, demonstrat-
ing further the important role of inhibi-
tion of DPD in reversal of resistance to
5-FU. These preclinical results provided
in part the basis for the design and im-
plementation of clinical protocols. The
results of phase I clinical and pharmaco-
logic studies of 5-FU with EU have been
reported. Phase 111 clinical trails of 5-FU
with EU in patients with advanced col-
orectal cancer are underway in multiple
cancer centers.

The antitumor
activity and
pharmacokinetics of
EU in combination
with FT
administered orally
for 7 days to rats
bearing advanced
colon carcinoma was
also evaluated

Since preclinical results demonstrated
that the therapeutic efficacy of 5-FU
and EU can be further modulated by
LTV in vitro, and in vivo, the use of
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double modulation of 5-FU by EU and
LV should be evaluated clinically.

The antitumor activity and pharmaco-
kinetics of EU in combination with FT
administered orally for 7 days to rats
bearing advanced colon carcinoma was
also evaluated. The MTDs of FT alone
and FT plus EU were 200 and 5
mg/kg/d, respectively. At the MTD,
while FT alone achieved only 19% sus-
tained CRS, 100% sustained CRS were
achieved with FT plus EU without in-
ducing significant host toxicity. Phar-
macokinetic studies show that the area
under the plasma concentration-ver-
sus-time curve of 5-FU generated from
FT and FT/EU at their MTD was 50
and 27 ?mo/L/h, respectively. The re-
sults from preclinical studies provided
the basis for EU with 5-FU or FT as
once-daily oral therapy for patients
with colorectal cancer.

Markers Associated with
Response to Chemotherapy in
Advanced Colorectal Cancer

Many biochemical and molecular
markers evaluated to date have been
found useful in the design of new and
more selective therapy for advanced
colorectal cancer. Approved drugs for
the treatment of colorectal cancer in-
clude: the so-called Mayo Clinic regi-
men of 5-FU + LV daily x 5; weekly
and monthly CPT-11; and the triple
combination irinotecan + 5-FU +LV.

TS, TP and DPD

Biochemical and molecular markers as-
sociated with the response to 5-FU or
its prodrug capecitabine include the
enzymes thymidylate synthase (TS),
thymidine phosphorylase (TP), and di-
hydropyrimidine dehydrogenase
(DPD). Capecitabine is an example of
a 5-FU prodrug which requires three-
step activation before it gets to 5-FU.
The final activating enzyme is thymi-
dine phosphorylase (TP), which is ex-
pressed in tumor tissues over the nor-
mal adjacent tissue [35]. Once 5-FU is

generated from capecitabine, there are
three metabolic pathways available to
it: (1) It can be metabolized and incor-
porated into RNA; (2) it can be metab-
olized to the active metabolite of 5-FU,
FAUMP. FAUMP acts as a very potent

Data from Japan
shows the distribution
of thymidine
phosphorylase in
normal and counter-
part tumor tissues

inhibitor of the enzyme thymidylate
synthase (TS), which is necessary for
DNA synthesis. (3) It can degrade into
CO2. Eighty-five percent to 90% of the
injected dose of 5-FU converts to CO2
within five to ten minutes. Therefore, it
provides a target for developing a com-
pound for the ablation of tumor tissue
that has a high level of DPD. (Figure 1)

Data from Japan shows the distribution
of thymidine phosphorylase in normal
and counterpart tumor tissues [35]. A
significantly higher level of thymidine
phosphorylase is expressed in tumor
tissues as compared to the normal tis-
sue counterpatrt. Is this an expression
in all tumors with colorectal cancer or
in selected patients with this disease? It
is likely that only a small percentage of
patients with advanced colorectal can-
cer have this profile activity for thymi-
dine phosphorylase; therefore, one
would suspect that patients with high
levels of thymidine phosphorylase are
likely to respond to a drug like
capecitabine.

The second question that arises based
on this finding is whether in patients
with tumors that have a low level of
thymidine phosphorylase, the level of
this enzyme can be increased to a level
comparable to what is seen in patients
with higher levels. CPT-11, taxanes and
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radiation can induce increased levels of
thymidine phosphorylase, so the idea
of increasing the level of thymidine
phosphorylase is promising.

What is the relationship between thymi-
dine phosphorylase, dihydropyrimidine
dehydrogenase and the response to

Not only can
response be
predicted; survival
also can be predicted
for the patient
treated with 5-FU + LV

capecitabine? Patients with higher levels
of thymidine phosphorylase are the sen-
sitive patients; those who have lower
levels of thymidine phosphorylase are
those who do not respond to
chemotherapy. Patients with low levels
of DPD are the patients who have a bet-
ter chance or likelihood of response to
capecitabine versus the patient who has
a significantly higher level of DPD.
However, not all patients with high lev-
els of thymidine phosphorylase respond
to therapy. Similar correlation was ob-
tained in xenografts (Ishikawa et al)
[36,37].

Danenberg, Leichman et al looked at
the relationships between thymidylate
synthase and the response to
chemotherapy with 5-FU [38-40]. This
data shows that the responders have a
lower level of thymidylate synthase
versus the patient who does not re-
spond to chemotherapy with 5-FU +
LV and has a higher level of this en-
zyme thymidylate synthase [38]. How-
ever, about 50% of patients who are
not responsive to 5-FU have a low level
of thymidylate synthase comparable to
those patients who responded to
chemotherapy. These data suggest that
there are other factors involved not
only thymidylate synthase.

Not only can response be predicted;
survival also can be predicted for the
patient treated with 5-FU + LV. Patients
who have a high level of thymidylate
synthase were studied versus patients
who had a lower level of thymidylate
synthase. Low levels of thymidylate syn-
thase were found to impact on survival.
In a study linking the three enzymes to-
gether, it was found that, in general, the
responders that have a lower level of
the three enzymes. Collectively, these
are the patients who responded to 5-FU
+ LV with the Mayo Clinic regimen. The
non-responders are the patients who
have a varying level of DPD, TS and TP
Patients who have a high level of DPD
are the patients who are not responding
to chemotherapy with 5-FU based ther-
apy [38].

When tumor tissue is treated with a
DPD inhibitor like uracil to lower the
level of DPD, the tumor that was high-
ly resistant to 5-FU + LV can be con-
verted to be highly sensitive to 5-FU
therapy, so indeed modulation of the
level of DPD in tumors could offer a
therapeutic advantage. (Rustum, un-
published data)

Based on the combined data, a high
level of TP would seem to predict for a
response to capecitabine and low levels
of this enzyme seemed to predict for a
response to 5-FU + LV. DPD, the sec-
ond marker, is a catabolic enzyme. If it

is low, it is a predictor for response for
5-FU + LV as well 5-FU prodrug
capecitabine. Thymidylate synthase
(TS) for target enzyme is low for both
columns. These enzyme levels can and
should be used to monitor patients and
determine which patients should be
treated with certain modalities.

Therapeutic Outcome in
Advanced Colorectal Cancer
Patients

The data in Figure 2 is a summary of
the experience gained in previously
untreated, metastatic colorectal cancer,
namely FU/LV (weekly and bi-weekly)
capecitabine bid x 14d q 3 and irinote-
can (weekly) in combination with
FU/LV (IFL) using the American and
French schedule. The data indicate that
while the overall response to FU/LV is
approximately 10-15%, the combina-
tion yielded an overall response rate of
approximately 40%.

Overall Survival

The data in Figure 3 is an overall summa-
ry of overall survival of previously un-
treated patients and treated with various
drug combinations since 1980 to pres-
ent. It is clear that significant advances
have been made with the use of drugs in
combination. During the last four years,
however, the 20-22 month in overall sur-
vival remains constant. It is hoped that

Response Rate to Different First-Line Chemotherapy
Regimens
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Figure 2 - Response Rate
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newer drugs and better use of markers
that improve on overall survival, quality 251
of life and costs will continue. 20
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