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ABSTRACT
Purpose To establish a physiologically-based pharmacokinet-
ic (PBPK) model for analyzing the factors associated with side
effects of irinotecan by using a computer-based virtual clinical
study (VCS) because many controversial associations between
various genetic polymorphisms and side effects of irinotecan
have been reported.
Methods To optimize biochemical parameters of irinotecan
and its metabolites in the PBPK modeling, a Cluster Newton
method was introduced. In the VCS, virtual patients were
generated considering the inter-individual variability and ge-
netic polymorphisms of enzymes and transporters.
Results Approximately 30 sets of parameters of the PBPK
model gave good reproduction of the pharmacokinetics of
irinotecan and its metabolites. Of these, 19 sets gave relatively
good description of the effect of UGT1A1 *28 and SLCO1B1
c.521T>C polymorphism on the SN-38 plasma concentra-
tion, neutropenia, and diarrhea observed in clinical studies
reported mainly by Teft et al. (Br J Cancer. 112(5):857-65,
20). VCS also indicated that the frequency of significant asso-
ciation of biliary index with diarrhea was higher than that of
UGT1A1 *28 polymorphism.
Conclusion The VCS confirmed the importance of genetic
polymorphisms of UGT1A1 *28 and SLCO1B1 c.521T>C

in the irinotecan induced side effects. The VCS also indicated
that biliary index is a better biomarker of diarrhea than
UGT1A1 *28 polymorphism.

KEY WORDS Cluster Newtonmethod . inter-individual
variability . irinotecan(CPT-11) . neutropenia .
physiologically-based pharmacokinetic modeling .
virtual clinical study

ABBREVIATIONS
AUC Area under the curve of concentration time profile
BCRP Breast cancer resistance protein
CES Carboxylesterase
CL Clearance
CNM Cluster Newton method
CYP Cytochrome P450
IgG Immunoglobulin G
MDR1 Multiple drug resistance 1
MRP2 Multidrug resistance-associated protein 2
OATP Organic anion transporting polypeptide
PBPK Physiologically-based pharmacokinetics
PS Permeability surface area-product
SN-38 7-Ethyl-10-hydroxy-camptothecin
SN-38G 7-Ethyl-10-hydroxy-camptothecin glucuronide
UGT Uridine diphosphate glucuronosyltransferases
VCS Virtual clinical study
WSS Weighted sum of squares

INTRODUCTION

Irinotecan (CPT-11) is a prodrug for the treatment of various
kinds of cancer. Irinotecan exerts its pharmacological effect by
blocking DNA replication and transcription by topoisomerase-
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1 inhibition (1). Irinotecan has a complex metabolic pathway
in which carboxylesterase (CES) 1 and CES2 in the liver, gas-
trointestinal tract, and plasma convert irinotecan to its active
metabolite SN-38 as a first step. SN-38 is then metabolized to
the inactive metabolite SN-38 glucuronide (SN-38G) by uri-
dine diphosphate glucuronosyltransferases (UGTs), especially
UGT1A1. Deconjugation from SN-38G to SN-38 occurs by
intestinal β-deglucuronidase. In addition, irinotecan undergoes
CYP3A4/5 metabolism to inactive metabolites APC, M4, and
NPC with further conversion to SN-38 by CES1 and CES2
(Fig. 1) (2).

The severe adverse effects of irinotecan are neutropenia
and delayed diarrhea, which are caused by high exposure
of plasma and intestinal epithelia to SN-38 (3). Irinotecan
has been widely studied by clinical pharmacogenomics fo-
cused on UGT1A1 (4,5). A UGT1A1 *28 or UGT1A1 *6
phenotype may increase the risk of neutropenia owing to
higher SN-38 exposure by decreasing the UGT1A1 meta-
bolic clearance, as found in various clinical studies (6,7). In
addition to the UGT1A1, some transporter genotypes are
reported as having key roles in the adverse effects of
Irinotecan. Decreased uptake clearance among patients
with an SLCO1B1 (OATP1B1) c.521T>C genotype
causes severe irinotecan toxicity (8). Although other clinical
studies report that ABC transporter genotypes such as
ABCB1 (MDR1), ABCG2 (BCRP), and ABCC2 (MRP2),
which are involved in biliary excretion and intestinal efflux
in the intestinal lumen, have been linked to exposure to
SN-38 and the side effects of irinotecan (9,10), others have
described that these genetic polymorphisms have no asso-
ciation with the adverse effects (11,12). Thus, different
findings by various clinical studies have been made with
regard to the associations between enzymes/transporters
and drug-induced side effects (neutropenia, diarrhea).
This is probably because insufficient numbers of patients
were included in most of those previous clinical studies.

By contrast, to predict drug pharmacokinetics quantita-
tively, physiologically-based pharmacokinetic (PBPK)
modeling has been more recently used to predict blood
and tissue concentration–time profiles. Over 350 articles
on human PBPK modeling have been published since
2008 (13). The number of regulatory submissions to the
U.S. FDA using PBPK model analysis has gradually in-
creased since 2008 (14). Furthermore, the potential of vir-
tual clinical study (VCS), which uses computational simu-
lation with PBPK, pharmacodynamic, and toxicodynamic
models—with virtual patients generated by the variability
of physiological and pharmacokinetic parameters based on
genetic polymorphism, ethnic differences, and inter- and
intra-individual variability—is an advantage of PBPK
model analysis (15). The concept of VCS has already been
integrated into PBPK model analysis, where the associa-
tion between SLCO1B1 genotype and rosuvastatin phar-
macological effect (a decline of the plasma concentration of
mevalonic acid) has been reported (16). In VCS, since the
values of all parameters for each virtual patient are known,
it is possible to identify the factors significantly associated
with the effects and side effects based on the large number
of simulation results. It was considered that an accurate
PBPK model of irinotecan and its metabolites would en-
able us to identify the factors related to its side effects. A
brief PBPK model of irinotecan and SN-38 metabolism
has been published by Fujita et al. (17). They predicted
SN-38 exposure after renal failure. However, because such
a simple PBPK model did not contain an enterocyte com-
partment, it was impossible to predict diarrhea.

The purpose of the present study was to gain insight into
the factors highly associated with neutropenia and diarrhea
using a VCS approach with the PBPK model. The parame-
ters for the PBPK model, which could reproduce the average
blood concentration–time profile of irinotecan and its metab-
olites, were estimated as the first step of our analyses. Because
there were 46 unknown parameters within the search space, it
was difficult to set appropriate initial values for unknown pa-
rameters; thus, conventional nonlinear least squares methods
such as the Gauss–Newton method and Levenberg–
Marquardt method could not be applied. To overcome this
problem, a Cluster Newton method (CNM) was newly
employed to optimize unknown parameters (18). In this algo-
rithm, multiple sets of initial values of parameters were first
generated at random from a certain range of initial values for
each unknown parameter. Then, linear approximations of
projection from parameters to objective function were used
to determine the next iterations from initial sets. CNM has
some advantages over conventional parameter optimization
algorithms (19). The first advantage is that it is easy to set the
initial condition of the parameters. While CNM only requires
a rough range of values for each parameter, many conven-
tional approaches require fixed initial possible values. TheFig. 1 Metabolic and transport pathway for irinotecan (CPT-11).
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second advantage is that multiple optimized sets of parameters
can be obtained using a single optimization.

In the present study, 46 unknown parameters in the PBPK
model of the metabolism of irinotecan and its metabolites
were optimized by CNM. Then, obtained sets of parameters
were evaluated regarding whether the PBPK model with op-
timized parameters could reproduce the outcomes of clinical
studies, focusing on the effect of UGT1A1 *28 and SLCO1B1
c.521T>C polymorphism, as reported by Teft et al. (20) and in
some other clinical studies, and the reproduction of clinical
outcomes was attempted using a VCS approach.

MATERIALS AND METHODS

Measurement of the Contribution of CES1 Metabolism
of Irinotecan to SN-38

The possible involvement of CES1 in the metabolism of
irinotecan in the liver was assessed using anti-CES1A IgG.
The methods were as follows.

CES1A IgG-treated microsomes were prepared by a mod-
ification of a procedure described previously (21). Microsomes
(50 mixed-sex donors, Corning, Japan) were solubilized with
0.5% cholic acid in 10 mM Tris-HCl buffer (pH 8.0). After
solubilizing, this mixture was centrifuged, and anti-CES1A
IgG was added to the supernatant and incubated for 30 min
at 37°C, and then for 24 h at 4°C. After the incubation,
nProtein A Sepharose 4 Fast Flow (GE Healthcare, Japan)
was added to the mixture, which was then incubated for 1 h
on ice. Then, this mixture was centrifuged and the hydrolase
activity in the supernatant was determined.

The method for assessment of hydrolase activity was mod-
ified from a procedure described previously (22). To assess
hydrolase activity, temocapril was used as a positive control
for CES1 activity. Temocapril (1 μM) and irinotecan (2 μM)
were added to the CES1A IgG-treated or control microsomes
(0.1 mg/mL) and incubated at 37°C for up to 30 min. After
the incubation, the reaction was stopped by the addition of
0.1% formic acid in acetonitrile containing an internal stan-
dard. The generation of metabolites (SN-38 for irinotecan
and temocaprilat for temocapril) was measured by LC-MS/
MS. The LC-MS/MS consisted of a Nexera X2 separating
module (Shimadzu, Kyoto, Japan) and an LCMS8050 mass
spectrometer (Shimadzu) with an electron ion spray interface.
The mass spectrometer was operated in a multiple reaction
monitoring mode using the respective MH+ ions, m/z 587 to
m/z 124 for irinotecan, m/z 393 to m/z 349 for SN-38, m/z
477 to m/z 270 for temocapril, m/z 449 to m/z 270 for
temocaprilat, and m/z 277 to m/z 175 for chlorpropamide
(internal standard). Chromatographic separation was per-
formed on a C18 column (Kintex C18, 2.1 × 100 mm,
2.6 μm; Phenomenex Inc., Torrance, CA) at 40°C under

gradient conditions (0.1% formic acid and acetonitrile) at
0.2 mL/min. The stabilities of SN-38 and temocaprilat were
confirmed up to 20 h, and no degradation was observed dur-
ing the procedure.

Development of the PBPK Model of Irinotecan and Its
Metabolites

The PBPK model of irinotecan and its metabolites SN-38,
SN-38G, NPC, and APC is shown in Fig. 2. A module of
the PBPK model shown in Fig. 2a was developed and con-
nected as depicted in Fig. 2b. For each module, the liver
compartment was divided into five units of extrahepatic and
hepatocyte compartments to mimic a dispersionmodel (5 liver
model (23)) and take the permeability-limited process of he-
patic uptake into account. As biliary excretion of irinotecan
and its metabolites was observed from a mass balance study of
a patient with a biliary T-tube (24), three transit compart-
ments between hepatocytes and the intestinal lumen were
incorporated to represent enterohepatic circulation. The
structure of a segregated flow model (25) that could represent
intestinal metabolism and transport was employed.

Fixed physiological and physicochemical parameters
were obtained from the literature and our experiments
(Supplementary Table 1). Tissue-to-blood concentration
ratios (Kp,muscle, Kp,skin, Kp,adipose, and Kp,gut), and protein
unbound fraction in the liver (fh) and enterocytes (fgut) were
based on reported in silico calculations using clogP and
pKa (acidic and basic) obtained from SciFinder Scholar
(Chemical Abstracts Service, Columbus, OH) (26,27).
The name and initial range of unknown parameters for
CNM optimization are described in Table I. In the liver
compartment, parameter optimization with some hybrid
parameters (CLint,all, Rdif,h, β, fbile) (28) was performed,
except for irinotecan. PSact,inf,h was defined as the hepatic
active uptake via transporters, PSdif,inf,h as the influx clear-
ance by passive diffusion through sinusoidal membrane in
the liver, PSdif,eff,h as the efflux clearance by passive diffu-
sion through the sinusoidal membrane in the liver, CLmet,h

as the metabolic clearance in the liver, and CLbile as the
biliary excretion clearance. Then, the overall intrinsic
clearance (CLint,all) was described in Eq. 1 (29).

CLint;all ¼ PSact;in f ;h þ PSdi f ;in f ;h
� �

⋅
CLmet;h þ CLbile

PSdi f ;e f f ;h þ CLmet;h þ CLint;bile
ð1Þ

In the present research, PSdif,inf,h = PSdif,eff,h was assumed.
Rdif,h, β, and fbile were defined as described in Eqs. 2, 3, and 4.

Rdi f ;h ¼ PSdi f ;in f ;h
PSact;in f ;h

ð2Þ
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β ¼ CLmet;h þ CLint;bile

PSdi f ;e f f ;h þ CLmet;h þ CLint;bile
ð3Þ

f bile ¼
CLbile

CLmet;h þ CLbile
ð4Þ

As shown in Fig. 1, SN-38 is considered to be taken up by
OATP1B1 into the liver based on a previous report (30). The
uptake study of SN-38G was performed using an
HEK293/OATP1B1-expressing cell system. The amount of
SN-38G in the cell was measured by LC-MS/MS which was
used the measurement of the contribution of CES1 metabo-
lism of irinotecan to SN-38. The uptake of SN-38G by
HEK293/OATP1B1 cells was showed time-dependent in-
crease and higher than that by HEK293/mock cells
(Supplementary Fig. 1). Therefore, SN-38G is also considered
with OATP1B1-mediated uptake in the liver. No involvement
of active uptake transporters for other compounds was
assumed.

In the intest inal compartment, the value of
PSdif,eff,ent, which represents efflux clearance by passive
diffusion through a basolateral membrane from the
enterocyte to the mucosal blood, and PSdif,inf,ent, which
represents influx clearance by passive diffusion through
basolateral membranes from the mucosal blood to the
enterocyte, was assumed to be equal. The value of pas-
sive diffusional clearance from the enterocyte to the in-
testinal lumen was defined as the product of PSdif,eff,ent
and an apical/basolateral area ratio (AR = 20 (31)).

PSact,eff,ent represents the active efflux transporters via
ABCB1, ABCG2, and ABCC2 in the intestine. A hy-
brid parameter Rdif,ent was defined as the ratio of pas-
sive diffusional efflux to the active efflux in the
enterocytes as described in Eq. 5 for compounds that
are substrates of these efflux transporters.

Rdif ;ent ¼ AR* PSdif ;eff ;ent
PSact;eff ;ent

ð5Þ

The differential equations of the PBPK model are de-
scribed in the Supplementary Text.

The process employed to optimize parameters using CNM
was as follows.

1. 10,000 initial sets of parameters, the range of which is
described in Table I for each unknown parameter, were
generated.

2. CNM was used to optimize the 10,000 sets of pa-
rameters. To provide the diversity of the problem
solutions (optimized sets of parameters), AUC for
each compound was used as the objective function
for optimization. Only stage 1 of the CNM optimi-
zation (18) was performed to avoid overfitting and
save computational time.

3. Procedures 1 and 2 described above were repeated 100
times with 10,000 different initial sets of parameters.

4. The blood concentration–time profile of irinotecan
and its metabolites was simulated using 1,000,000
optimized sets of parameters. The weighted sum of
squares (WSS) between the simulated and observed

Fig. 2 Structures of the physiologically-based pharmacokinetic (PBPK) model of irinotecan and its metabolites. (a) shows a module of PBPK model. The liver
compartment was adapted as a permeability-limited model and divided into five compartments (23) to construct a model similar to the dispersion model.
Enterohepatic circulation was considered. Permeability between the intestinal lumen and enterocytes and between enterocytes and mucosal blood was also
incorporated. Portal vein blood flow was divided into mucosal blood flow (Qmucosa) and serosal blood flow (Qserosa). (b) Each module for irinotecan and the
metabolites is connected shown here based on the scheme in Fig. 1.
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blood concentration–time profile described in Eq. 6
was calculated

WSS ¼ ∑n
i¼1

yi−y′i
� �2

y2i
; yi : ith observed value; y′i : ith predicted value ð6Þ

5. The top 30 sets of parameters that minimized the WSS
between simulated and observed concentration–time pro-
files at the sampling points were selected.

The clinical study reported by van der Bol et al. (32)
was used for observed AUC and blood concentration–

time profiles of irinotecan, SN-38, SN-38G, NPC, and
APC. 30 selected sets of parameters were used for VCS
as described below and given in ascending order of
WSS for IDs 1 to 30.

Generation of Virtual Patients

To perform VCS, consideration of genetic polymorphisms of
some enzymes and transporters is required, in addition to the
inter-individual variability for each parameter of the PBPK
model. This VCS considered 6 genetic polymorphisms of

Table I Initial Range and Theoretical Lower Limit of Parameters for CNM

A. Common parameters

Parameter Unit Irinotecan SN-38 SN-38G NPC APC Theoretical
lower limit

Vcentral L/kg 0.075 ~ 0.75 0.075 ~ 0.75 0.075 ~ 0.75 0.075 ~ 0.75 0.075 ~ 0.75 0.074a

ka /h 0.06 ~ 6.0 0.06 ~ 6.0 0.06 ~ 6.0 0.06 ~ 6.0 0.06 ~ 6.0 0

kfeces /h 0.06 ~ 6.0 0.06 ~ 6.0 0.06 ~ 6.0 0.06 ~ 6.0 0.06 ~ 6.0 0

Rdif,h - -b,c 0.01 ~ 1.0 0.01 ~ 1.0 -c -c 0

1/β - -b 1.1 ~ 10 1.1 ~ 10 1.1 ~ 10 1.1 ~ 10 1

CLint,all L/h/kg -b 0.1 ~ 100 0.1 ~ 100 0.1 ~ 100 0.1 ~ 100 0

1/fbile - -b -e -d 1.1 ~ 10 -d 1

kbile /h 0.06 ~ 6.0 0.06 ~ 6.0 0.06 ~ 6.0 0.06 ~ 6.0 0.06 ~ 6.0 0

Rdif,ent - 0.1 ~ 10 0.1 ~ 10 0.1 ~ 10 -c -c 0

B. Irinotecan parameters

Parameter Unit Value Theoretical lower limit

PSdif,inf,h L/kg 0.1 ~ 100 0

CLSN-38,h(irinotecan) L/h/kg 0.1 ~ 100 0

CLNPC,h(irinotecan) L/h/kg 0.1 ~ 100 0

CLAPC,h(irinotecan) L/h/kg 0.1 ~ 100 0

CLothers,h(irinotecan) L/h/kg 0.1 ~ 100 0

CLbile L/h/kg 0.1 ~ 100 0

PSdif,eff,ent L/h/kg 0.1 ~ 100 0

CLSN-38,h(irinotecan) /CLSN-38,ent(irinotecan) - 1.1 ~ 10 1

CLNPC,h(irinotecan) / CLNPC,ent(irinotecan) - 1.1 ~ 10 1

C. SN-38 parameters

Parameter Unit Value Theoretical lower limit

1/fglu
e - 1.1 ~ 10 1

CLSN-38G,h(SN-38) /CLSN-38G,ent(SN-38) - 1.1 ~ 10 1

D. SN-38G parameters

Parameter Unit Value Theoretical lower limit

kdec /h 0.06 ~ 6 0

a Vcentral is larger than blood volume
bHybrid parameters were not used. Instead of it, as shown in Table 1B. parameters for representing elementary steps were used
cNo involvement of active uptake or efflux transporters for these compounds
d fbile value was fixed as 1
e The ratio (fglu) of metabolic clearance for glucuronidation of SN-38 to hepatic intrinsic clearance was estimated using the following equation, fglu = 1 - fblie
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enzyme and transporters (UGT1A1*28, SLCO1B1 c.521T>C
and c.388A>G, ABCG2 c.421C>A, ABCB1 c.3435C>T, and
ABCC2 c.-24C>T). The contribution of each enzyme and
transporter in the metabolism and transporter process is as-
sumed as follows: UGT1A1, metabolism from SN-38 to SN-
38G in the liver (CLSN-38G,h(SN-38)) and intestine (CLSN-

38G,ent(SN-38)), contributions for both are 100%; SLCO1B1, he-
patic active uptake of SN-38 and SN-38G (PSact,inf,h(SN-38) and
PSact,inf,h(SN-38G)), contributions for both are 100%;
ABCG2, biliary excretion of SN-38 (CLbile(SN-38)) and
active efflux from enterocytes to the intestinal lumen
of SN-38 (PSact,eff,ent(SN-38)), contributions for both are
33%; ABCB1, biliary excretion of irinotecan and SN-
38 (CLbile(irinotecan) and CLbile(SN-38)) and active efflux of
irinotecan and SN-38 from enterocytes to the intestinal
lumen (PSact,eff,ent(irinotecan) and PSact,eff,ent(SN-38)), contri-
butions are 50% for irinotecan and 33% for SN-38; and
ABCC2, biliary excretion of irinotecan, SN-38, and SN-38G
(CLbile(irinotecan), CLbile(SN-38), and CLbile(SN-38G)) and active ef-
flux of irinotecan, SN-38, and SN-38G from enterocytes to
the intestinal lumen (PSact,eff,ent(irinotecan), PSact,eff,ent(SN-38), and
PSact,eff,ent(SN-38G)), contributions are 50% for irinotecan, 33%
for SN-38, and 100% for SN-38G. Supplementary
Table 2 shows the activity ratio and the allele frequency
for each genetic polymorphism obtained from experi-
ments in vitro and in vivo.

A virtual patient was generated by performing Monte Carlo
simulation following a given frequency distribution (average,
coefficient of variation [CV], and the shape of distribution) for
each parameter. Hybrid parameters (e.g. CLint,all, β, Rdif,h, fbile,
Rdif,ent) used for CNM optimization were converted to each
parameter representing elementary processes. The averages of
physiological parameters are presented in Supplementary
Table 3A. Other parameters were obtained by optimization
using the CNM, and the average values were used together with
their variabilities. The variabilities (CV) and the shape of distri-
bution are described in Supplementary Table 3B. Because the
observed blood concentration–time profile of irinotecan
and its metabolites (32) used by the CNM was obtained
from patients recruiting the same number of UGT1A1
*1/*1 and *1/*28 patients, the value of metabolic clear-
ance of SN-38 to SN-38G (CLSN-38G,h(SN-38) and CLSN-

38G,ent(SN-38)) was recalculated for UGT1A1 *1/*1 using
values obtained from the CNM as an average value
between UGT1A1 *1/*1 and *1/*28.

The variability of each variable in performing Monte
Carlo simulation was set as follows.

(1) Body weight and body surface area

The body weight of a virtual patient was generated based on
normal distribution (average and CV are given in
Supplementary Table 3). Body surface area (BSA) was

obtained from a normal distribution of which the
average and CV were calculated from Eq. 7 (33) and
5.5%, respectively.

BSA ¼ 4:688⋅BW 0:8168−0:0154⋅log BWð Þð Þ; BSA cm2� �
;BW g½ � ð7Þ

CV of 5.5% was determined as follows. After temporary
BSA was calculated from Eq. 7 with the distribution of body
weight for a healthy man (average, 78.8 kg; CV, 11.7% (34)),
actual BSA was calculated for the normal distribution of vari-
ability based on a certain set CV. Calculated BSA distribution
was compared with the reported distribution (average, 1.97 m2;
CV, 9.6% (35)). CVs estimated using the calculated and report-
ed BSA distribution corresponded with each other. In this VCS,
the average and CV of body weight distribution were also esti-
mated to compare the calculated distribution of BSA with the
distribution reported after clinical study of irinotecan (5,32).

(2) Plasma and blood unbound fraction of compounds

Plasma unbound fraction of compounds was calculated
from Eq. 8, which was derived from the Langmuir equation.

f p ¼
1

1þ n Pt½ �
K d

ð8Þ

In Eq. 8, n represents the number of binding sites of the
protein, [Pt] the protein concentration, and Kd the dissocia-
tion constant. fp for each virtual patient was calculated so that
n[Pt]/Kd was generated from the distribution described in
Supplementary Table 3. Blood unbound fraction was calcu-
lated fromEq. 9 assuming the same unbound concentration of
the compound between the plasma and blood cells:

f b ¼
f p

1− 1−
f p
f r

r

� �
Hct

ð9Þ

where fr represents the unbound fraction in the blood cells and
Hct the hematocrit. Eq. 8 can be used to calculate fr. In these
calculations, it was assumed that the inter-individual variabil-
ity of n[Pt]/Kd was caused only by the [Pt]. The same [Pt] was
used for different compounds if they were bound to the same
protein. In the present study, the major protein bound to
compounds in plasma was α1-acid glycoprotein when a com-
pound’s basic pKa was over 7 (irinotecan, NPC, and APC),
and albumin for the others (SN-38 and SN-38G). In blood
cells, all compounds except for SN-38G are bound to red
blood cells. It was assumed that SN-38G was not transferred
to blood cells considering Rb reached the theoretical lower
limit value (1 –Hct). Eq. 10 is used to calculate fb of SN-38G.

f b ¼
f p
Rb

¼ f p
1−Hct

ð10Þ
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(3) Kp and tissue unbound fraction of compounds

Kp for muscle, skin, adipose, and gut, and tissue unbound
fraction (fh and fgut) were obtained using in silico calculations
(26,27). pKa, clogP, fp, and fb were used in these calculations.

(4) Renal clearance

Assuming that reabsorption of compounds was negligible,
renal clearance (CLr) was calculated using Eq. 11:

CLr ¼ f b⋅GFRþ CLsec ð11Þ
where GFR represents glomerular filtration rate and CLsec
secretion clearance. CLsec is described in Eqs. 12 to 16 based
on the dispersion model.

CLsec ¼ Q rtb 1−
4a

aþ 1ð Þ2⋅e
a−1
2DN

� 	
− a−1ð Þ2⋅e

−aþ1
2DN

� 	
0
BB@

1
CCA ð12Þ

a ¼ 1þ 4DN ⋅ f b⋅CLint;sec

Q rtb

� �1
2

ð13Þ

Q rtb ¼ Q r−GFR ð14Þ

Q r ¼
ERPF
1−Hct

ð15Þ

ERPF ¼ GFR
FF

ð16Þ

where CLint,sec represents intrinsic secretion clearance, Qrtb

renal uriniferous tubule blood flow, Qr renal blood flow,
ERPF effective renal plasma flow, and FF filtration fraction.
DN is the dispersion number and is set to 0.17. The average
and CV of FF, Hct, and GFR are described in Supplementary
Table 3. The CV of CLint,sec that could reproduce the inter-
individual variability of CLr for irinotecan, SN-38, SN-38G,
and APC observed in a clinical study (36) was estimated, and
their average (CV 34.2%), excluding SN-38G, was used for
VCS. For SN-38G, the contribution of CLint,sec to CLr is small
and its CV values cannot be calculated.

Performing VCSs and the Comparison of their
Outcomes with Clinical Studies

Using a VCS approach, 30 sets of parameters optimized by
CNM so that the blood concentration–time data of irinotecan
and its metabolites were well described (33), were evaluated
whether some sets of parameters can describe well other clin-
ical findings [20 and References 1–17 in Supplementary
Text]. The clinical findings showing the similarities to the

prediction by VCSs adopted in the present analyses consist
of the following 4 categories: (I) the association between SN-
38 plasma concentration at the end of infusion (90 min) and
UGT1A1 *28 polymorphism or SLCO1B1 c.521T>C poly-
morphism; (II) the association between neutropenia and each
genetic polymorphism of enzymes and transporters; (III) the
association between diarrhea and each genetic polymorphism
of enzymes and transporters; and (IV) the association between
diarrhea and Bbiliary index (= AUC(irinotecan) × AUC(SN-38) /
AUC(SN-38G)),^ which has been reported as a good biomarker
of diarrhea (37). For the categories I, VCS outcomes were
compared with those reported by Teft et al. (20), which is
called the Btarget study^ in this article. The target study was
performed with 127 advanced or metastatic cancer patients
and focused on 14 genetic polymorphisms of enzymes and
transporters, including 6 genetic polymorphisms considered
in VCS. For the other categories (Categories II, III, and IV),
VCS outcomes were compared not only with the target study,
but also with other previously reported studies. The VCS
procedure can be described as follows:

1. A virtual population (n= 127, equivalent to the number of
target study patients) was generated using processes 1–1
and 1–2.

1-1. 6 genetic polymorphisms (UGT1A1 *28, SLCO1B1
c.521T>C and c.388A>G, ABCG2 c.421C>A,
ABCB1 c.3435C>T, and ABCC2 c.-24C>T) among
127 virtual patients were selected.

1-2. A Monte Carlo simulation was used to generate a value
for each parameter following Supplementary Tables 2
and 3.

2. A blood and tissue concentration–time profile was simu-
lated, and the probability of side effects was determined
and compared with the findings of the target study.
Neutropenia and diarrhea are considered to be related
to the AUCs in the plasma and intestinal epithelia,
respectively.

3. Processes 1 and 2 were repeated 100 times for different
virtual populations to consider the differences among dif-
ferent clinical study results caused by the inter-individual
variability of patients.

4. Processes 1 to 3 were repeated for all 30 sets of parameters.

A Welch’s t test with post hoc Bonferroni correction was
used to compare SN-38 concentration among the polymor-
phisms. Neutropenia occurred in 21 and diarrhea in 8 patients
in the target study. To determine the corresponding values of
AUCs in those who suffered from these side effects, we as-
sumed that among the 127 virtual patients, those who had
the highest 21 unbound plasma AUCs for SN-38 developed
neutropenia, and those who had the highest 8 unbound
enterocyte AUCs for SN-38 developed diarrhea. Although
side effect factors in the target study were estimated based
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on logistic regression, none of the factors used by logistic re-
gression were shown in the target study article. Subsequently,
Fisher’s extract test was applied to determine the frequency of
polymorphism between those with and without side effects.
Dominant and recessive genetic models were applied in
Fisher’s extract test. The dominant model compares a combi-
nation of heterozygous and homozygous variants to the wild
type. The recessive model compares a homozygous variant to
a combination of heterozygous variants and the wild type.
The Wilcoxon rank sum test was used was used to determine
the association between the biliary index and diarrhea.

Analysis of the Effect of the Number of Virtual Patients
on the Inter-Individual Variability of Clinical Outcomes

The inter-individual variability of patients may affect the results
of clinical studies with insufficient numbers of patients. Thus,
the effect of inter-individual variability among virtual patients
for the VCS outcomes was compared by performing VCS 100
times with different numbers of virtual patients (25, 39, 51, 64,
96, 127, 192, 256, 384, 512, 1024, and 1280) (Fig. 6). For each
VCS, the frequency of a significant (p< 0.05) effect of polymor-
phism of UGT1A1 *28 or SLCO1B1 c.521T>C on the SN-38
plasma concentration at the end of infusion (90 min) was calcu-
lated. This analysis was only performed using the set of param-
eters IDs 1 and 5 as representatives.

Computational Environment

The simultaneous ordinary differential equations were solved
using the MATLAB (MathWorks, Natick, MA) stiff ODE
solver ODE15s on MATLAB version 8.6.0 (R2015b).
Virtual patients were generated and all statistical tests were
performed using R version 3.2.3. All calculations were per-
formed on a workstation (CPU: Xeon E5–2640 v3 × 2; OS:
CentOS 6.7 64 bit; RAM: 32 GB).

RESULTS

Estimation of the Contribution of CES1
to the Metabolism of Irinotecan to SN-38

Figure 3 shows the ratio of the production of metabolites
(SN-38 from irinotecan and temocaprilat from temocapril)
between CES1A IgG-treated and control microsomes (% of
control). Temocapril is a well-known substrate of CES1
(38). The ratio for temocapril decreased as the amount of
CES1A IgG increased. By using 0.30 mg CES1A IgG, the
values were 45.1 ± 2.6 (%) for temocapril and 95.3 ± 2.9
(%) for irinotecan compared with controls, indicating that
CES2 plays an important role in the production of SN-38
in human liver.

Analyses of Pharmacokinetics of Irinotecan and Its
Metabolites Based on PBPK Modeling
and Optimization of Various Biochemical Parameters
Using CNM

Figure 4 shows the blood concentration–time profiles for
irinotecan, SN-38, SN-38G, NPC, and APC with 30 sets of
parameters optimized by CNM, which minimizes the WSS
between simulated and observed concentrations at the various
sampling points. The average WSS for each set of parameters
is shown in Supplementary Fig. 2, and optimized values for
each parameter are shown in Supplementary Table 4. The
average WSS for the top 30 sets of parameters ranged from
0.082–0.107.

Simulation of the Effect of Inter-Individual Variability
by Using VCSs

The VCS was performed 100 times with a different virtual
population for each set of parameters. Figure 5 shows the
effect of inter-individual variability among the virtual popula-
tion which comes from other variability than genetic polymor-
phism. Figure 5a and b show the effect of UGT1A1 *28 poly-
morphism on the plasma concentration of SN-38 at the end of
infusion (90 min) with different populations (ID 1 and ID 5)
and Fig. 5 c and d show the effect of SLCO1B1 c.521T>C
polymorphism on the plasma concentration of SN-38 at the
end of infusion (90 min) with different populations (ID 1 and
ID 5). In Fig. 5, the top-left panel in each figure shows the
results of the target study (20). The others show 9 of the 100
times of VCSs using the set of parameter ID1 (Fig. 5a and c)
and ID 5 (Fig. 5b and D). As shown in Fig. 5a, all cases of VCS
could reproduce the result of target study using the set of ID 1.
However, using the set of ID 5, Fig. 5b shows that only 5 cases

Fig. 3 The contribution of CES1 tometabolism of irinotecan and temocapril.
The amount of metabolite normalized by control condition is shown with
increased amount of CES1A-specific IgG (N = 3).
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of VCS could reproduce the clinical results. This finding sug-
gests that the same clinical outcomes may not be obtained
even if the clinical studies are repeated when the number of
patients in the population (n) is small, as in the present case
(n = 127) with the set of parameters ID 5. In case of Fig. 5c (ID
1) and 5D (ID 5), 3 cases and 6 cases of VCS could reproduce
the results of target study for ID 1 and ID 5, respectively.
These results suggested that with different set of parameters,
different clinical outcomes were predicted.

The Relationship between the Number of Virtual
Patients and the Reproduction Frequency of the Effect
of Polymorphisms of UGT1A1 and SLCO 1B1
on the Plasma Concentration of SN 38.

Figure 6 shows the reproduction frequency of the effect of
UGT1A1 *28 (Fig. 6a) and SLCO1B1 c.521T>C (Fig. 6b)
on the plasma SN-38 concentration at the end of infusion
(90 min) among 100 times of VCSs for each number of virtual
patient using the set of parameters IDs 1 and 5. The repro-
duction frequency increased when the number of virtual pa-
tients (n) increased, and was higher than 0.8 for n= 96 with ID
1 and n = 192 with ID 5 for UGT1A1 *28 (Fig. 6a) and
n = 1024 with ID 1 and n = 192 with ID 5 for SLCO1B1
c.521T>C (Fig. 6b).

Comparison of VCS Outcomes among Sets
of Parameters Obtained by CNM to the Target Study
with Regard to the Effect of UGT1A1 *28 and SLCO1B1
c.521T>C Genotype on Plasma SN-38 Concentration

Figure 7 shows that SN-38 plasma concentration at the end of
infusion in UGT1A1 *28 (Fig. 7a) and SLCO1B1 c.521T>C
(Fig. 7b) genotypes for the target study and 9 VCSs with dif-
ferent sets of parameter values optimized by CNM. The top
left shows the clinical results of the target study. The others
show 9 VCS outcomes in which a different sets of parameter
IDs from 1 to 9 were used (Supplementary Table 4). Figure 7a
and b show the results of the same sets of parameters for VCSs.
In these VCSs, only the outcomes for the set of parameters ID
1, 7, and 9 could reproduce the results of the target study with
regard to the effects of polymorphism of both UGT1A1 and
SLCO1B1 on the SN-38 plasma concentrations.

Selection of the Best Set of Parameters that Could
Reproduce the Target Study and Some Other Clinical
Studies with Regard to the Effect of UGT1A1 *28
and SLCO1B1 c.521T>C

3000 VCSs (100 VCSs multiplied by 30 sets of parame-
ters) were performed. Figure 7 shows only 9 sets of

Fig. 4 Comparison of clinically
obtained blood concentration–time
profile of irinotecan (a), SN-38 (b),
SN-38G (c), NPC (d), and APC (e)
and the simulated lines obtained
using the top 30 sets of parameters
optimized by CNM. Orange dots
represent the observed blood
concentration (31). Each blue line
represents the blood
concentration–time profile using a
certain set of optimized parameters
obtained using CNM. Each figure
shows 30 blue lines that was
obtained by minimizing the
weighted sum of squares between
predicted and observed
concentrations at all sampling points.
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parameters (selected at random) among 30 sets of param-
eters. Supplementary Table 5 shows all the results of
VCSs. Outcomes of frequency of statistical significance
of genotypes or phenotype are shown in this table. Some
significant associations between the genetic polymorphism
of enzymes and transporters and SN-38 plasma concen-
t ra t i on and s ide e f f e c t s we re p i cked up f rom
Supplementary Table 5 and was shown in Fig. 8. The
association in Fig. 8 satisfied either of the 3 conditions
described below: (I) the association was statistically signif-
icant as shown in the target study; (II) the association
between the polymorphism of UGT1A1 *28 or
SLCO1B1 c.521T>C and side effects (neutropenia, diar-
rhea) was statistically significant in other reported studies,

though not in the target study; and (III) the side effect
diarrhea shows an association with biliary index (37).
Some VCSs shown in green color indicated the high sim-
ilarities between the VCSs and real clinical outcomes. To
examine whether the 100 times of VCSs using each set of
parameters reproduce the outcomes of clinical studies, the
following 7 criteria were used: (I) the effect of UGT1A1
*28 heterozygous on plasma concentration of SN-38 was
reproduced over 75 times; (II) the effect of UGT1A1 *28
homozygous on plasma concentration of SN-38 was
reproduced over 75 times; (III) the effect of UGT1A1
*28 polymorphism on neutropenia using either dominant
model (UGT1A1 *1/*1 vs. *1/*28 and *28/*28) or reces-
sive model (UGT1A1 *1/*1 and *1/*28 vs. *28/*28) was

Fig. 5 The association between the UGT1A1 *28 or SLCO1B1 c.521T>C polymorphism and dose-normalized SN-38 plasma concentration at the end of
infusion (90 min) with 9 VCSs of 100 times of VCSs. (a) and (a) show the association between the UGT1A1 *28 polymorphism and dose-normalized SN-38
plasma concentration. (c) and (d) show the association between the SLCO1B1 c.521T>C polymorphism and dose-normalized SN-38 plasma concentration. In
(a) and (c), each virtual patient was generated from the set of parameters ID 1. In (b) and (d), each virtual patient was generated from the set of parameters ID 5.
The top-left panel in each figure shows the results of the target study (20). The others show 9 of the 100 times of VCSs. * p< 0.05, ** p< 0.01, *** p< 0.01.
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reproduced over 75 times; (IV) the effect of UGT1A1 *28
polymorphism on diarrhea using either dominant model
or recessive model was reproduced over 25 times; (V) the
effect of SLCO1B1 c.521T>C on plasma concentration of
SN-38 was reproduced over 25 times; (VI) the effect of
SLCO1B1 c.521T>C on neutropenia using either domi-
nant model (SLCO1B1 521 T/T vs. T/C and C/C) or
recessive model (SLCO1B1 521 T/T and T/C vs. C/C)
was reproduced over 25 times; and (VII) the association
between biliary index and diarrhea was reproduced over
25 times. Under this definition, 19 sets of parameters were
satisfactory in terms of the consistency of more than or
equal to 5 of 7 criteria. Especially, ID 2, 10, 11, 12, 14,
and 18 were satisfactory with consistency of more than 5
criteria.

DISCUSSION

The purpose of this study was to establish a PBPK model that
could be used to obtain insight into the factors associated with
the side effects caused by irinotecan. First, the key findings were
briefly described. The parameters for the PBPK model were
estimated as the first step in our analyses. Because it was difficult
to estimate a large number of unknown parameters, CNMwas
newly employed to optimize unknown parameters. By using
CNM, over 30 sets of parameters, which could reproduce not
only the average blood concentration–time profile of irinotecan
and its metabolites, but also urinary and fecal accumulation–
time profiles (24), were successfully obtained. The sets of pa-
rameters obtained were also evaluated in terms of whether they
could reproduce the results of reported clinical outcomes of

Fig. 5 (continued)
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irinotecan-induced side effects such as neutropenia and delayed
diarrhea using a VCS approach. The VCS results indicated
three important findings: (I) inter-individual variability of pa-
tients has the potential to cause a different clinical outcomewith
a small number of patients; n ≥ 192 is needed to obtain a
significant result with the effect of SLCO1B1 c.521T>C on
the plasma concentration of SN-38, (II) specific parameters
were strongly correlated with the frequency of reproducing
clinical observations, and (III) the biliary index is considered
to be a better biomarker than UGT1A1 *28 polymorphism
regarding susceptibility to diarrhea.

PBPK Modeling of Irinotecan and Its Metabolites

First, the contribution of CES1 to the metabolism of
irinotecan to SN-38 in the liver was estimated using CES1A
IgG. As shown in Fig. 3, it was found that CES2 plays a key
role in the metabolism of irinotecan to SN-38 in the liver. The
relative expression level of mRNA for CES2 to CES1 in the
intestine is higher than that in the liver (39), suggesting that the
contribution of CES1 to the metabolism of irinotecan is con-
sidered small if any in the liver and intestine. Therefore, the
CES1 genotype was not considered in the VCS.

Figure 4 shows that multiple sets of parameters in the
PBPK model of irinotecan and its metabolites that could re-
produce the observed blood concentration–time profiles. This
PBPK-based optimization was obtained using a CNM (18).
Although the same optimization using a Levenberg–
Marquardt method, which is a conventional fitting approach,
was performed onMATLAB, parameters were not converged
because of too many unknown parameters. The computation-
al time for CNM optimization with the initial 10,000 sets of
parameters was about 15 min. This result shows that CNM is

a powerful algorithm by which to find multiple sets of param-
eters for PBPK models.

Yoshida et al. (19) reported estimated PBPKmodel param-
eters for the metabolism of irinotecan and its metabolites that
reproduced observed urinary and fecal accumulation–time
profiles (24) using CNM. Urinary and fecal accumulation
was also simulated using the 30 sets of parameters obtained
using CNM (Supplementary Fig. 3). Considering the variance
of the observed accumulation, the simulated accumulation
profiles using these set s of parameters are considered to be
comparable with the observed accumulation–time profiles.

VCSs Using Sets of Parameters Obtained by CNM
to Examine whether the Clinical Outcome with Regard
to the Effect of Genetic Polymorphism on the SN-38
Plasma Concentrations and Side Effects Can be
Produced

As shown in Fig. 5, even when the virtual populations were
generated from the same average value for all parameters,
different results of VCSwith different virtual populations were
obtained. This result indicates that inter-individual variability
of patients has the potential to cause a different clinical out-
come with such a small number of patients as the 127 adopted
in the target clinical study (20). To calculate the effect of inter-
individual variability, 100 VCSs were performed with differ-
ent numbers of virtual patients. Figure 6 shows the reproduc-
tion frequency of the plasma SN-38 concentration at the end
of infusion (90 min) among 100 VCSs with regard to the effect
of UGT1A1 *28 (Fig. 6 a) and SLCO1B1 c.521T>C (Fig. 6
b), which was estimated by VCSs changing the number of
virtual patients in each clinical study. In Fig. 6, the reproduc-
tion frequency increases according to the increase in the num-
ber of virtual population. In this analysis, the reproduction

Fig. 6 The association between the number of virtual patient and the reproduction frequency of the effect of UGT1A1 *28 or SLCO1B1 c.521T>C
polymorphism on dose-normalized SN-38 plasma concentration at the end of infusion (90 min) among 100 times of VCSs. The reproduction frequency of
(a) shows the effect of UGT1A1 *28 polymorphism on dose-normalized SN-38 plasma concentration. The reproduction frequency of (b) shows the effect of
SLCO1B1 c.521T>C polymorphism on dose-normalized SN-38 plasma concentration. The set of parameters ID 1 (×) and 5 (○) were used. The number of
virtual population in X-axis is shown as a logarithmic scale.
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frequency is an index similar to statistical power. The statisti-
cal power of 0.8 has been often used as the threshold of its
power.When 0.8 was applied as the threshold of reproduction
frequency, the reproduction frequency was higher than 0.8 at
n = 192 for SLCO 1B1 and ID 5, at n = 96 for UGT1A1 and
ID 1 (Fig. 6). ID 5 used in this analysis could reproduce the
effect of SLCO1B1 polymorphism on the plasma SN-38 con-
centration with the highest frequency in all sets of parameters
for n = 127 (Fig. 8). On the other hand, many sets of param-
eters could reproduce the effect of UGT1A1 polymorphism
with the highest frequency (Fig. 8). It was thus estimated that
n ≥ 192 is needed to obtain the significant result of the effect of
SLCO1B1 c.521T>C. Generally, it is difficult to perform a
clinical study using such large number of patients. On the
other hand, large-scale VCSs can overcome the effect of

inter-individual variability and provide a good estimate of true
clinical outcomes.

Some clinical studies have reported that the UGT1A1*28
genotype does not affect the frequency of neutropenia (40),
even if many other studies have reported this effect. Figure 8
shows that the impact of UGT1A1*28 polymorphism on in-
creasing the plasma SN-38 concentration and side effects; neu-
tropenia was reproduced in more than 80 of the 100 times of
VCS trials with most sets of parameters except for ID 4, 5, 6,
15, 24, and 29. The common features of parameters among ID
4, 5, 6, 15, 24, and 29 were searched, and these 6 sets were
found to have the lowest values for the ratio (fglu(SN-38)) of met-
abolic clearance for glucuronidation of SN-38 to hepatic in-
trinsic clearance. Then, the correlation of fglu(SN-38) and the
reproduction frequency of the impact of UGT1A1*28

Fig. 7 Comparison between clinical study and virtual clinical study outcomes using 9 different sets of parameters determined by CNM. (a) and (b) show the
association between dose-normalized SN-38 plasma concentrations at the end of infusion (90min) and the UGT1A1*28 genotype (a) and SLCO1B1 c.521T>C
genotype (b). The top-left panel in each figure shows the results of the target study (20). The others show 9 sets of parameters of the 30 sets optimized by CNM.
* p < 0.05, ** p < 0.01, *** p < 0.01.
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polymorphism on increasing the neutropenia was plotted using
30 sets of parameters (Supplementary Fig. 4A). Supplementary
Fig. 4A shows that each set of parameters in which fglu(SN-38)
was more than 0.8 had a high reproduction frequency of more
than 0.8. This is because the effect of UGT1A1 *28 is less
pronounced when the fglu(SN-38) value becomes smaller.
Similarly, when the correlation of Rdif,h(SN-38) and the repro-
duction frequency of the impact of SLCO1B1 c.521T>C poly-
morphism on increasing the neutropenia was plotted using 30
sets of parameters (Supplementary Fig. 4B), the set of param-
eters having a large Rdif,h(SN-38) could not reproduce the effect
of SLCO1B1 c.521T>C on neutropenia with high frequency.
Because the contribution of SLCO1B1 to the total hepatic
uptake clearance becomes smaller with larger Rdif,h(SN-38),
SLCO1B1 c.521T>C polymorphism had little effect on SN-
38 plasma exposure.

The target study also found that only heterozygous
ABCC2 c.-24C>T, but not homozygous carriers reduced
the risk of neutropenia (Fig. 8). As seen in Fig. 8, no set of
parameters could reproduce this result in more than 10 of the
100 times of VCSs. We believe that the target study may have
obtained this result by chance, considering only heterozygous
carriers achieved statistical significance. In association with
diarrhea, the target study found that a common SNP in
CES1 (rs2244613) caused a lower risk. However, the current
study (Fig. 1) suggests that CES2 mainly contributes to the
metabolism of irinotecan to SN-38 in the liver and intestine,
as discussed previously. The mechanism by which the target
study found the effect of CES1 rs2244613 on the occurrence
of diarrhea has not yet been clarified.

Gupta et al. (37) proposed that patients with a high biliary
index have a risk of diarrhea. By contrast, other clinical studies
have reported that UGT1A1 *28 polymorphism increases the
risk of diarrhea (4,5). Figure 8 includes the results of tests
according to the association between these factors and diar-
rhea for 100 times of VCSs among 30 sets of parameters. The
VCSs were performed by assuming the diarrhea is influenced
by the unbound AUC of SN-38 in the intestinal epithelia. As
shown in Fig. 8, the sets of parameters for which the frequency
of statistical significance of association of UGT1A1 *28 poly-
morphism with diarrhea is high also exhibited a high frequen-
cy of significant association between the biliary index and
diarrhea. This result may be explained by the possibility that
UGT1A1 *28 polymorphism affects the increase in the biliary
index, which has been found clinically (41). However, the
frequency of significant association between the biliary index
and diarrhea was higher than that of the association between
UGT1A1 *28 polymorphism and diarrhea for all sets of pa-
rameters (Fig. 8). Consequently, the biliary index is considered
to be a better biomarker than UGT1A1 *28 for susceptibility
of diarrhea.

Perspective of VCS

In the present study, VCS was performed to evaluate whether
reported clinical studies could be reproduced by the PBPK
model, which was a Bretrospective^ approach. In the practical
application of VCS to new drug development, we have to use
a Bprospective^ approach. What kind of procedure should be
adopted for this purpose? A PBPK model is first established

Fig. 8 Heat map for the frequency of significance match of the 100 virtual clinical studies to a target clinical study for each of the 30 sets of parameters determined
by CNM. Each cell number shows how many times the statistical significance (p < 0.05) for each association described in the left row among 100 VCSs. Small
frequency of significance described in the cell is colored in yellow, and the higher frequency of significance is colored in green. The BTarget^ column shows the
results of the target study (20). The BOthers^ column shows the results from other reports than the target study. The references described in BOthers^ are
provided in the Supplementary Text. All the associations except for the association between ABCC2 c.-24C>T genotype and the neutropenia shows some
higher frequency of significance between the genetic polymorphisms and SN-38 plasma concentration, neutropenia, or diarrhea. The association between
ABCC2 c.-24C>T genotype and the neutropenia is very small if any. This figure shows the results of statistical test. The complete sets of results are described in
Supplementary Table 5.
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for a candidate compound after a Phase I clinical study, using
observed plasma concentration–time profile data together
with many available in vitro experimental data on the binding,
metabolism and transport.We then can estimate the exposure
of the compound in the target tissues as a function of dose in
terms of pharmacological and side effects. Next, the relation-
ship between the simulated target tissue exposure of the com-
pound and the pharmacological effects and side effects are
simulated. To do so, we have to estimate the exposure to cause
pharmacological effects and side effects using in vivo and in vitro
data. Those may include clinical phase I studies (in the case of
anticancer drugs) and in vitro experiments using human nor-
mal cells, cancer cells, gene expressed and knockdown cells
and in vivo animal model experiments. These studies will pro-
vide the thresholds of exposure, i.e., the criteria as to whether
effects or side effects occur. Then, various virtual populations
(e.g., genetic polymorphism, ethnicity and disease state) are
generated. Finally, after VCS is performed using a generated
varied virtual population, the PBPK model is developed and
the relationships of target tissue exposure to the effects and
side effects of the compound are estimated. Finally, we will be
able to estimate the occurrence probability of effects and side
effects and the suitable dosage for every virtual population
such as population with different genetic polymorphisms, co-
administered drugs, different ethnicity and dysfunctions of
organs (liver, kidney).

We generated 1,000,000 virtual people using the ID 2 set
of parameters as average values and variabilities (shown as
CV) as shown in Supplementary Tables 3 and 4, and simulat-
ed unbound AUC values of SN-38 in the plasma and
enterocyte. The thresholds of neutropenia and diarrhea were
set for plasma unbound AUC> 26.35 [nM⋅h] and enterocyte
unbound AUC > 53.60 [nM⋅h], respectively, the values of
which were determined as average thresholds for 100 times
of VCSs using the ID 2 set of parameters. Thus, the probabil-
ity of neutropenia and diarrhea were estimated by VCS with
1,000,000 virtual people (Supplementary Fig. 5). As a result, it
was estimated that 16.3% and 6.04% of patients would expe-
rience neutropenia and diarrhea, respectively. The occur-
rence frequency of neutropenia and diarrhea were reported
to be 23.0 ± 3.4% and 10.3 ± 3.0%, respectively, by summa-
rizing previous clinical studies (Supplementary Table 6).
Comparing the frequency of side effects obtained from VCS
to that of reported studies, VCS provided somewhat lower
values, probably because thresholds values were determined
based only on the results of the target study.

CONCLUSION

This work successfully obtained multiple sets of PBPK
model parameters that could reproduce the effects of ge-
netic polymorphisms of UGT1A1 *28 and SLCO1B1

c.521T>C on the plasma concentration of SN-38 and side
effects such as neutropenia and diarrhea using a VCS ap-
proach. To optimize the numerous biochemical parame-
ters of irinotecan and its metabolites in the PBPK model, a
CNM parameter optimization algorithm was introduced.
VCS suggested that inter-individual variabilities affect clin-
ical outcomes when performed with smaller number of
patients. The current VCS confirmed the importance of
the biliary index as a better biomarker of irinotecan-
induced diarrhea compared with only UGT1A1 *28 poly-
morphism. By contrast, VCS suggested that the impor-
tance of polymorphism of other factors (CES1, ABCC2,
ABCB1, and ABCG2) should be interpreted carefully.
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