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Fig. 3 Comparison of antitumor activity of intermittent and consecu-
tive schedules of irinotecan p.o. against HC, colon adenocarcinoma
xenografts. Mice were treated with 50 (B) or 25 (C) mg/kg/dose (dx5)12
or 50 (E) or 25 (F) mg/kg/dose [(dx5)2]4; A and D, controls. Each curve
represents the growth of an individual tumor.

7, respectively. Irinotecan and SN-38 pharmacokinetics after
oral administration are presented in Table 3. A nonproportional
increase in irinotecan and SN-38 AUC in nontumor bearing
mice, suggestive of nonlinear disposition, was observed when
the irinotecan dose was increased from 10 to 25 mg/kg/dose. A
similar observation was made for the irinotecan AUC in mice
bearing ELC, and HC, xenografts, whereas the 2.3- and 2.8-fold
increase in SN-38 AUC in mice bearing ELC, and HC, xe-
nografts suggest linear disposition of SN-38. Oral bioavailabil-
ity of irinotecan at 10 mg/kg was 0.13, 0.07, and 0.09 in
non-tumor-bearing mice, mice bearing ELC,, and mice bearing
HC, tumor xenografts, respectively. The ratio of SN-38 forma-
tion was 5-fold greater after oral (10 mg/kg) as compared with
i.v. (10 mg/kg) administration in non-tumor and tumor-bearing
mice.

Irinotecan and SN-38 Pharmacokinetics after i.v. Ad-
ministration. Irinotecan and SN-38 lactone plasma concen-
tration-time data after i.v. administration in non-tumor and
tumor-bearing mice are presented in Fig. 8. The pharmacoki-
netic parameters for irinotecan and SN-38 after i.v. administra-
tion are presented in Table 4. The SN-38 lactone AUC was 43%
higher in mice bearing HC, xenografts compared with mice
bearing ELC, xenografts and non-tumor-bearing mice. We have
previously reported the irinotecan MTD was 10 mg/kg admin-
istered i.v. using the [(dx5)2]3 schedule. The SN-38 AUC
associated with irinotecan 10 mg/kg i.v. was 568.5 and 759.3
ng/mlh for mice bearing ELC, and HC, xenografts, respec-
tively.

DISCUSSION

Irinotecan has significant activity against both rodent tu-
mors and human xenograft models and has demonstrated broad
spectrum activity in adult clinical trials. Previously, we reported
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Fig. 4 Activity of p.o. irinotecan against the topotecan-resistant colon
tumor VRC4/TOPO. Mice were treated with vehicle control (4), 50
mg/kg/dose (dx5)12 (B), or 75 (C) or 50 mg/kg/dose (D) (dx5)2 for three
cycles. Each curve represents the growth of an individual tumor.

that daily administration of i.v. irinotecan to mice resulted in
significant tumor regressions in colon, rhabdomyosarcoma, and
neuroblastoma xenograft models (22, 23). Furthermore, re-
peated cycles of therapy were more efficacious than more in-
tense schedules, resulting in greater antitumor activity at a lower
total dose of drug (8). However, in patients daily parenteral
administration over an extended time may not be practical,
although oral irinotecan administration may be more acceptable
to patients. Only limited data demonstrating the efficacy of oral
irinotecan have been reported in preclinical models (3, 22). We
have investigated whether irinotecan maintained antitumor ef-
ficacy when administered p.o. in a panel of human colon tumor
xenografts where the responses to optimal schedules of irinote-
can administered i.v. have been established. Initially, oral treat-
ment was limited to two 5-day courses [(dx5)2]. The MTD for
oral dosing was 75 mg/kg/dose, whereas by i.v. administration
the MTD was 40 mg/kg/dose on the same schedule. Statistical
analysis showed that even against the least responsive tumor
(ELC,), irinotecan caused significant growth inhibition when
administered by either route on a (dx5)2 schedule. No statistical
difference was noted between the antitumor activity of i.v. or
oral irinotecan at the MTD in ELC, and VRC4 xenografts. For
experiments where an i.v. arm was not run concomitantly, oral
administration achieved antitumor activity similar to that re-
ported previously for i.v. irinotecan using the (dx5)2 schedule
(8).
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Fig. 5 Activity of i.v. or p.o irinotecan against the topotecan-resistant
colon tumor VRC,/TOPO. Mice were treated i.v. with vehicle control
(A), 10 mg/kg/dose (B), or 5 mg/kg/dose (C) on the intermittent
[(dx5)2]3 schedule or with 50 mg/kg/dose (dx5)12 p.o. (D). Each curve
represents the growth of an individual tumor.

Table 3 Pharmacokinetic parameters for irinotecan and SN-38 after
oral irinotecan administration
Pharmacokinetic parameters for irinotecan and SN-38 lactone after
oral administration of irinotecan at doses of 10 and 25 mg/kg in mice
bearing ELC, and HC, human adenocarcinoma tumor xenografts and
non-tumor-bearing mice. Pharmacokinetic parameters were determined
from the average concentration of three mice at each time point.

Pharmaco- 10 mg/kg 25 mg/kg
kinetic
parameter  Nontumor ELC, HC, Nontumor ELC, HC,
Irinotecan
AUC,_,., 140.3 1324 1143 14379 8292 791.6
(ng/ml - h)
k. (h™") 0.45 091 0.80 0.99 0.71 0.71
SN-38
AUC,_,.. 216.6  308.7 3344 1320.8 7183 942.6
(ng/ml * h)
k. (h™) 0.93 095 0.74 0.47 0.22 0.65
Molar SN-38 1.5 23 29 091 087 1.2
formation

We next extended the duration of therapy on schedules of
12 consecutive courses or as intermittent schedules where
(dx5)2 was repeated every 21 days for up to four cycles.
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Fig. 6 Irinotecan and SN-38 concentration-time plots after oral admin-
istration of irinotecan at 10 mg/kg. Upper panel, irinotecan lactone
concentration-time plot in mice bearing ELC, (O) and HC, (@) human
colon carcinoma xenografts and non-tumor-bearing mice (N7B; H).
Lower panel, SN-38 lactone concentration-time plot in mice bearing
ELC, (O) and HC, (@) xenografts and NTB (). Data points are the
means of plasma concentrations from three mice at each time point;
bars, SD.

Although both schedules of drug administration were well tol-
erated, as determined by morbidity and mortality, the intermit-
tent schedule resulted in significantly less weight loss than an
equivalent amount of drug given on the (dx5)12 schedule. The
intermittent schedule of administration allowed mice to regain
their initial weight between cycles of therapy, such that at the
end of the fourth cycle, mean body weight was >90% of that at
the time therapy was initiated.

The antitumor activity of protracted schedules of irinotecan
administered p.o. on either schedule was significant and similar
to that reported for repeated cycles of i.v. therapy (8). Objective
responses were measured in all but one colon tumor line and
against the topotecan-resistant tumor VRCs/TOPO. Direct com-
parison of i.v. and oral administration for three cycles of treat-
ment [(dx5)2]3 showed that oral dosing was as effective as
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Fig. 7 Irinotecan and SN-38 concentration-time plots after oral admin-
istration of irinotecan at 25 mg/kg. Upper panel, irinotecan lactone
concentration-time plot in mice bearing ELC, (O) and HC, (®) human
colon carcinoma xenografts and non-tumor-bearing mice (NTB; W).
Lower panel, SN-38 lactone concentration-time plot in mice bearing
ELC, (O) and HC, (@) human colon carcinoma xenografts and NTB
(W). Data points are the means of plasma concentrations from three mice
at each time point; bars, SD.

systemic administration. At the MTD on this schedule (75
mg/kg oral and 10 mg/kg i.v.), oral dosing resulted in 92% CR,
whereas only 71% of mice on the i.v. arm had tumors that
regressed completely (8). Furthermore, at the 50-mg/kg/dose
oral dose, >80% of mice had tumors that demonstrated main-
tained CR, whereas only 50% demonstrated PR at 5 mg/kg/dose
administered i.v. Thus, oral irinotecan given at 75 or 50 mg/kg/
dose on the [(dx5)2]3, or [(dx5)2]4 intermittent schedule, or 50
and 25 mg/kg (dx5)12 schedule appear to be equally or more
active than i.v. administration on a [(dx5)2]3 schedule at 10 or
5 mg/kg/dose (8).

Irinotecan and SN-38 disposition after i.v. and oral irino-
tecan administration were determined in non-tumor-bearing
mice and mice bearing two colon carcinoma xenograft lines. We
have shown previously that these lines represent the least
(ELC,)- and most-sensitive (HC,) tumor lines to irinotecan
treatment (8). Consistent with the difference in irinotecan sen-
sitivity, the SN-38 lactone AUC in mice bearing HC, xenografts
(759.3 ng/ml-h) was greater than mice bearing ELC, xenografts
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Fig. 8 Irinotecan and SN-38 concentration-time plots after i.v. admin-
istration of irinotecan at 10 mg/kg. Upper panel, irinotecan lactone
concentration-time plot in mice bearing ELC, (O) and HC, (®) human
colon carcinoma xenografts and non-tumor-bearing mice (NTB; W).
Lower panel, SN-38 lactone concentration-time plot in mice bearing
ELC, (O) and HC, (@) human colon carcinoma xenografts and NTB
(W). Data points, bars, and lines represent the means, SD, and best fit
lines of the data, respectively, of plasma concentrations from three mice
at each time point.

(568.1 ng/ml-h) and nontumor mice (532.6 ng/ml-h), after i.v.
administration. Several possible explanations may account for
the increase in SN-38 systemic exposure in mice bearing HC,
xenografts. Although we did not specifically measure carboxy-
lesterase activity in these tumors, HC, colon adenocarcinoma
tumor xenografts may have an increased carboxylesterase con-
version of irinotecan to SN-38. Nonspecific carboxylesterase is
endogenous to a wide range of organ tissues in humans, with
high, intermediate, and low activity in liver, colon, and brain
tissue, respectively (26, 27). This enzyme is highly expressed in
human small intestine and colon tissue (26-28, 37). In addition,
intracellular carboxylesterase activity correlates with irinotecan
cytotoxicity in a wide range of human tumor cell lines (38-40).
Moreover, carboxylesterase is expressed in human colon ade-
nocarcinoma cell lines (26, 28), although is is ~5-fold lower
than normal human colon (28). Thus, increased SN-38 exposure
in mice bearing HC, compared with ELC, xenografts may
partially explain the relative differences in irinotecan antitumor
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Table 4 Pharmacokinetic parameters for irinotecan and SN-38
lactone after i.v. irinotecan administration

Pharmacokinetic parameters for irinotecan and SN-38 lactone after
i.v. administration of irinotecan at a dose of 10 mg/kg in mice bearing
ELC, and HC, human adenocarcinoma tumor xenografts and non-
tumor-bearing mice. Pharmacokinetic parameters were determined from
the average concentration of three mice at each time point. SN-38 AUC
was significantly greater (P < 0.05) in mice bearing HC, compared with
mice bearing ELC, human adenocarcinoma tumor xenografts and non-
tumor bearing mice.

Pharmacokinetic

parameters Non-tumor ELC, HC,
Irinotecan
Ve (Lim?) 12.8 6.8 4.4
kyo (h™h) 0.01 0.08 1.2
ko (h7h) 0.51 0.43 48
kyy (h7Y) 0.85 1.1 2.1
kiy (™) 1.9 1.9 32
CL (L/h/m?) 23.9 14.1 19.3
AUC,_.... (ng/ml - h) 1116.3 1859.2 1281.0
SN-38
Ve (Lim?) 12.8 6.8 4.4
ks (A1) 44 74 6.7
kys (A7) 3.0 33 8.4
kg3 (h7H) 1.2 0.75 1.1
CL (L/h/m?) 55.9 50.5 29.8
AUC,_... (ng/ml - h) 532.6“ 568.5" 759.3¢
Molar SN-38 0.48 0.31 0.59
formation
“ P < 0.05.

sensitivity between the two xenograft lines. Moreover, the phar-
macokinetic model parameter describing carboxylesterase hy-
drolysis of irinotecan to SN-38 (i.e., k) is 1.6-fold higher in
mice bearing HC, compared with ELC,, which may provide a
potential mechanism that accounts for the difference in sensi-
tivity between the two xenograft lines.

Decreased SN-38 hepatic glucuronidation and an increase
in nonglucuronidated SN-38 in mice bearing HC, compared
with ELC, xenografts would explain the increased SN-38 AUC.
However, due to limited plasma volume, SN-38 glucuronide
was not measured in plasma samples obtained in this study. In
support of a decreased conversion to SN-38 glucuronide, the
model parameter describing carboxylesterase conversion of iri-
notecan to SN-38 (k,,) was similar in mice bearing HC, and
ELC, xenografts, whereas the SN-38 clearance was lower in
mice bearing HC, compared with mice bearing ELC, xenografts
and non-tumor-bearing mice. Thus, model parameter estimates
suggest that the increase in SN-38 systemic exposure may be
due to a decrease in SN-38 elimination in addition to an increase
in SN-38 formation in mice bearing HC, compared with ELC,
xenografts.

After oral irinotecan (10 or 25 mg/kg), the systemic expo-
sure of SN-38 is similar in non-tumor mice and mice bearing
HC, and ELC, xenografts. In addition, the nonproportional
increase in irinotecan systemic exposure after 25 mg/kg sug-
gests nonlinear disposition. However, in mice bearing HC, and
ELC, xenograft lines, a proportional increase in SN-38 systemic
exposure was observed with an increase in irinotecan dose. This
observation is consistent with linear disposition of SN-38 at the
doses studied. Furthermore, consistent with the increased for-

mation of SN-38 after i.v. administration in mice bearing HC,
xenografts (Table 4), the molar SN-38 formation ratio after oral
irinotecan (Table 3) was greater in mice bearing HC, xenografts
compared with ELC, xenografts.

The higher molar ratio of SN-38 to irinotecan after oral
administration suggests the presence of intestinal factors that
increase irinotecan conversion to SN-38 or increase the bio-
availability of irinotecan and SN-38. As discussed earlier, car-
boxylesterase is highly expressed in the proximal and distal
small intestine and colon (26-28, 37). Thus, carboxylesterase in
intestinal epithelium may be responsible for increased conver-
sion of irinotecan to SN-38 after oral irinotecan administration
and subsequent increased exposure of SN-38 after oral as com-
pared with i.v. administration.

Results indicate similar antitumor activity after either i.v.
or oral administration of irinotecan in this panel of colon car-
cinoma xenografts. However, in clinical trials, irinotecan given
by i.v. administration has caused significant diarrhea, a toxicity
not accurately recapitulated in the mouse. Thus, extrapolation of
the data derived in the mouse to humans requires caution.
Although the cause of diarrhea induced in humans by irinotecan
is unknown, patients with high biliary concentrations of SN-38
were more likely to have more serious symptoms than those
having higher levels of SN-38 glucuronide (21). However, it is
also possible that intestinal glucuronidase could hydrolyze
SN-38 conjugate (41), causing diarrhea. Recently, Sakai et al.
(42) reported that relatively high concentrations of irinotecan
caused eicosanoid-mediated chloride secretion in isolated rat
colon. Frequently, diarrhea is caused by the active secretion of
electrolytes, especially chloride secretion, suggesting this tox-
icity is independent of the action of this agent on topoiso-
merase I.

Although irinotecan has shown a significant and broad
spectrum of antitumor activity in clinical trials, results from
rodent and human xenograft models may overpredict its clinical
activity in pediatric and other tumors. In part, this may be a
consequence of more optimal scheduling of irinotecan in our
model. Moreover, it is probable that the mouse may tolerate
higher concentrations of irinotecan and SN-38, in part because
the dose-limiting toxicity in the rodent is myelosuppression,
whereas in humans, dose intensity is precluded by diarrhea. In
addition, results of this study in mice suggest that the presence
of tumor alters irinotecan and SN-38 disposition. Thus, to ac-
curately compare preclinical and clinical results, it is important
to determine the systemic exposure of irinotecan and SN-38 in
tumor-bearing mice and relate this to the exposure that can be
achieved in patients. Preclinical studies of irinotecan have
shown that low-dose protracted schedules of irinotecan achieve
greater antitumor response than high-dose bolus schedules. Oral
administration of irinotecan allows for convenient administra-
tion of prolonged schedules of irinotecan, and with the presence
of carboxylesterase in intestinal epithelium, a unique rationale is
provided for oral irinotecan administration.
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