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ABSTRACT:

Accurate prediction of pharmacokinetics (PK) parameters in hu-
mans from animal data is difficult for various reasons, including
species differences. However, chimeric mice with humanized liver
(PXB mice; urokinase-type plasminogen activator/severe com-
bined immunodeficiency mice repopulated with approximately
80% human hepatocytes) have been developed. The expression
levels and metabolic activities of cytochrome P450 (P450) and
non-P450 enzymes in the livers of PXB mice are similar to those in
humans. In this study, we examined the predictability for human PK
parameters from data obtained in PXB mice. Elimination of se-
lected drugs involves multiple metabolic pathways mediated not
only by P450 but also by non-P450 enzymes, such as UDP-glucu-
ronosyltransferase, sulfotransferase, and aldehyde oxidase in liver.
Direct comparison between in vitro intrinsic clearance (CL;,¢n vitro)

in PXB mice hepatocytes and in vivo intrinsic clearance (CLy in vivo)
in humans, calculated based on a well stirred model, showed a
moderate correlation (* = 0.475, p = 0.009). However, when CLi,¢in vivo
values in humans and PXB mice were compared similarly, there
was a good correlation (2 = 0.754, p = 1.174 x 10~%). Elimination
half-life (t,,,) after intravenous administration also showed a good
correlation (2 = 0.886, p = 1.506 x 10~*) between humans and PXB
mice. The rank order of CL and t,,, in human could be predicted at
least, although it may not be possible to predict absolute values
due to rather large prediction errors. Our results indicate that in
vitro and in vivo experiments with PXB mice should be useful at
least for semiquantitative prediction of the PK characteristics of
candidate drugs in humans.

Introduction

It is important to predict human pharmacokinetics (PK) and me-
tabolism of drug candidates in the preclinical stage of pharmaceutical
development. Various approaches to predict human clearance (CL)
with in vitro metabolic systems, such as human liver microsomes and
hepatocytes, have been reported (Nagilla et al., 2006; Brown et al.,
2007; Fagerholm, 2007; Stringer et al., 2008; Chiba et al., 2009;
Hallifax et al., 2010) but with limited success. One of the reasons for
the discrepancy between predicted and observed CL may be that the
preparation, storage, and experimental treatment of hepatocytes alter
the normal function of metabolic enzymes (Wang et al., 2005). Al-
though this might be ameliorated by using fresh hepatocytes imme-

This work was supported by a Grant-in-Aid for Young Scientists (B) from Japan
Society for the Promotion of Science [Grant 22790109]; and PhoenixBio, Co., Ltd.

Article, publication date, and citation information can be found at
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The online version of this article (available at http://dmd.aspetjournals.org)
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diately after isolation from the liver, these are not readily available
and in any case show considerable interindividual differences.

It has become possible recently to predict CL and half-life (¢,,,) by
means of computational approaches and physiologically based mod-
eling (Ekins and Obach, 2000; De Buck et al., 2007; Tabata et al.,
2009; Paixdo et al., 2010). Accurate prediction of human PK is a key
issue for the development of new drugs, because many new drug
candidates with diverse chemical structures are metabolized not only
by cytochrome P450 (P450) but also by non-P450 enzymes, such as
UDP-glucuronosyltransferase (UGT) and sulfotransferase (SULT). It
is also necessary to take into account the effects of cell permeability,
transporter-mediated uptake, and excretion (Chiba et al., 2009; Huang
et al., 2010).

Chimeric mice with humanized liver (PXB mice; PhoenixBio Co.,
Ltd., Hiroshima, Japan) have been generated from urokinase-type
plasminogen activator/severe combined immunodeficiency mice
transplanted with human hepatocytes (Tateno et al., 2004). In these
mice, approximately 80% of the hepatocytes are human. The expres-
sion levels and metabolic activities of P450 and non-P450 enzymes in

ABBREVIATIONS: PK, pharmacokinetics; CL, clearance; AO, aldehyde oxidase; CLi, in viro, IN Vitro intrinsic clearance; CL;y i vivo, iN Vitro intrinsic
clearance; CL,,,, oral clearance; CL,, total clearance; P450, cytochrome P450; DMSO, dimethyl sulfoxide; fu, plasma unbound fraction;
h-hepatocytes, PXB mice hepatocytes; LC/MS/MS, liquid chromatography tandem mass spectrometry; NAT, N-acetyltransferase; PXB mice,
chimeric mice with humanized liver; Q, hepatic blood flow; Rb, blood/plasma concentration ratio; R, replacement index; SULT, sulfotransferase;
t,», half-life; UGT, UDP-glucuronosyltransferase; AUC,,, area under the concentration versus time curve by intravenous administration.
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livers of PXB mice with a high replacement index (RI) are similar to
those of humans (Katoh et al., 2004, 2005), and human-specific
metabolites are formed in PXB mice (Inoue et al., 2009; Kamimura et
al., 2010; Yamazaki et al., 2010; De Serres et al., 2011). Thus, PXB
mice could be a good in vivo model for predicting drug metabolism in
humans.

However, quantitative methods for predicting PK parameters of
humans from data in PXB mice have not been established yet.
Therefore, we selected 13 model compounds that are metabolized by
P450 and/or non-P450 enzymes in liver and compared the PK param-
eters in humans and PXB mice, using both in vitro and in vivo
approaches, to evaluate the utility of this animal model for the
prediction of human PK.

Materials and Methods

Chemicals. 6-Deoxypenciclovir and mirtazapine were obtained from To-
ronto Research Chemicals Inc. (North York, ON, Canada). Dapsone, lam-
otrigine, salbutamol, and sulindac were purchased from Sigma-Aldrich (St.
Louis, MO). Diclofenac was purchased from Tokyo Chemical Industry Co.
Ltd. (Tokyo, Japan). Fasudil was obtained from Tocris Bioscience (Bristol,
UK). (S)-Naproxen was purchased from Cayman Chemical (Ann Arbor, MI).
Ibuprofen, ketoprofen, and (S)-warfarin were purchased from Wako Pure
Chemicals (Osaka, Japan). Zaleplon was kindly provided by King Pharm. Inc.
(Bristol, UK). All of the other regents and solvents were commercial products
of the highest available grade or analytical grade.

Animals. The present study was approved by the animal ethics committee
and was conducted in accordance with the regulations on the use of living
modified organisms of Hiroshima University. PXB mice (10-14 weeks of age)
with human hepatocytes were prepared by the reported method (Tateno et al.,
2004). Human hepatocytes of a donor (African-American boy, 5 years old)
were obtained from BD Biosciences (San Jose, CA). PXB mice were housed
in a temperature- and humidity-controlled environment under a 12-h light/dark
cycle.

The RI was determined by the measurement of human albumin in blood
collected from the tail vein. The RI was estimated by the correlation curve
between the human albumin levels in mouse blood and determined by using
human-specific cytokeratin 8/18-immunostained liver sections (Tateno et al.,
2004). The RI values of PXB mice used in this study ranged from 73.4 to
93.4%.

Administration. Drug solution (5 ml/kg) was administered intravenously to
PXB mice at 0.3 to 5 mg/kg body weight. Solutions of dapsone, diclofenac,
6-deoxypenciclovir, fasudil, ketoprofen, ibuprofen, mirtazapine, naproxen, sal-
butamol, and sulindac were prepared in saline. In the cases of ketoprofen,
ibuprofen, naproxen, and sulindac, equivalent amounts of alkali were added.
Dapsone solutions contained 10% dimethyl sulfoxide (DMSO), and mirtazap-
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ine solutions were prepared with 10% DMSO and equivalent amounts of
hydrochloric acid. Lamotrigine, and zaleplon solutions were prepared with
10% DMSO and 10% polyethylene glycol 400 in saline. Equivalent amounts
of hydrochloric acid also were added to the solutions of lamotrigine and
zaleplon. Warfarin was formulated in 3% DMSO and 97% saline with an
equivalent amount of sodium hydroxide.

Blood samples after dosing were collected from orbital veins of PXB mice
at predetermined times using heparinized glass. These samples were centri-
fuged, and the plasma was stored at —30°C.

Determination of Drug Concentrations in Plasma. A 10 ul aliquot of
plasma was added to 40 ul of acetonitrile or methanol containing an internal
standard (carbamazepine, ketoprofen, or ibuprofen). The mixtures were cen-
trifuged at 14,000g for 5 min, and the supernatant was subjected to liquid
chromatography tandem mass spectrometry (LC/MS/MS).

Isolation and Purification of Hepatocytes from PXB Mice. Fresh hepa-
tocytes were isolated from PXB mice (13—15 weeks of age) by means of the
in situ collagenase perfusion method and purified as described previously
(Yamasaki et al., 2010). PXB mouse hepatocytes (h-hepatocytes) contained
approximately 7% mouse hepatocytes. We used h-hepatocytes purified by the
use of 66Z rat IgG and magnetic beads bearing anti-rat IgG antibodies. The
magnetic removal of mouse hepatocytes reduced the level of mouse hepato-
cytes to approximately 2% (in this study, the purity of human hepatocytes from
PXB mouse hepatocytes ranged from 96.6 to 99.7% after purification). Cell
viability of the hepatocytes used in the experiments ranged from 79 to 91%, as
determined by means of the trypan blue exclusion test.

In Vitro Metabolic Studies Using h-Hepatocytes. The h-hepatocyte sus-
pension (I X 10° cells/ml) was incubated in Krebs-Henseleit buffer without
serum in the presence of 10 uM of the test drug at 37°C under an atmosphere
of 5% CO,/95% O,. The final concentration of acetonitrile was 0.5% (v/v) in
the reaction mixture. The plates (24 wells) were shaken gently with an orbital
shaker. The incubation mixture was sampled at 0, 0.25, 0.5, 1, and 2 h after
treatment, and reactions were stopped by freezing the mixture in liquid
nitrogen. When required, the samples were thawed, spiked with two volumes
of acetonitrile or methanol containing an internal standard, and centrifuged.
Aliquots of the supernatants were subjected to LC/MS/MS.

LC/MS/MS Conditions. Aliquots (10 ul) of plasma and h-hepatocyte
suspension were introduced into the high-performance liquid chromatography
system with an autosampler (Agilent Technologies, Santa Clara, CA). Several
mobile phase conditions were used. Mobile phase condition 1 consisted of 10
mM ammonium acetate (A) and acetonitrile (B) on an Inertsil ODS-3 column
(3 wm, 50 X 2.1 mm; GL Sciences Inc., Tokyo, Japan) at 40°C for the analysis
of diclofenac, ibuprofen, ketoprofen, mirtazapine, (S)-naproxen, sulindac, and
(S)-warfarin. The flow rate was set at 0.2 ml/min. The starting condition for the
high-performance liquid chromatography gradient was 90:10 (A/B). From O to
5 min, the mobile phase composition was changed linearly to 10:90 (A/B), and
this was held until 8 min. The gradient then was returned to 90:10 (A/B)

T o

Dapsone 6-Deoxypenciclovir Diclofenac Fasudll Ibuprofen
j‘:‘z
: s e IS
COOH N N
O O al COOH \'< Fig. 1. Chemical structures of the model com-
pounds used in this study.
cl
Ketoprofen Lamotrigine Mmampme (S)-Naproxen Salubutamol
COOH o CN
o o oy L
\! = N i IN
S~
O CLLOD o~
i
Sulindac (S)-Warfarin Zaleplon
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TABLE 1

Literature values of plasma clearance, half-life, unbound fraction in plasma, blood/plasma concentration ratio, and metabolic enzymes in humans for the model
compounds examined in this analysis

Rb values of fasudil, lamotrigine, and sulindac were assumed to be 1 due to unavailable data from the literature. References are in Supplemental Tables 1 and 2.

Compounds CL, or CL t fu Rb Metabolic Enzymes
ml - min~" - kg™! h

Dapsone 0.48 22 0.25 1.04 CYP2C9, CYP3A4, NAT
6-Deoxypenciclovirs" 118 - 1 1.2 AO
Diclofenac 35 1.4 0.005 0.55 CYP2C9, UGT2B7, UGT1A9
Fasudil 732 0.26 0.51 1 AO
Ibuprofen 0.82 1.6 0.006 0.55 CYP2C9, UGT2B7
Ketoprofen 1.6 2:1 0.008 0.55 UGT2B7
Lamotrigine* 0.3 = 0.45 1 UGT1A4, UGT2B7
Mirtazapine 8.0 15 0.15 0.67 CYPIA2, CYP2D6. CYP3A4
(S)-Naproxen 0.1 = 0.01 0.55 CYP2C9, CYP1A2, UGT2B7
Salbutamol 7.7 3.9 0.925 0.96 SULTI1A3
Sulindac* 3.3 - 0.069 1 AO
(S)-Warfarin 0.055 29 0.015 0.55 CYP2C9
Zaleplon 16 1.1 0.4 0.99 AO, CYP3A4

* From oral administration data.
" Calculated as famciclovir, which is prodrug of 6-deoxypenciclovir.
—, Unavailable data from intravenous administration.

linearly from 8 to 8.1 min, and the column was re-equilibrated to the initial
condition.

Mobile phase condition 2 consisted of 0.1% formic acid (A) and methanol
(B) on a YMC-Triart C18 column (3 pum, 50 X 2.1 mm; YMC Co., Ltd.,
Kyoto, Japan) for the analysis of dapsone, 6-deoxypenciclovir, fasudil, lam-
otrigine, salbutamol, and zaleplon. The starting condition was 90:10 (A/B).
From 0O to 5 min, the mobile phase composition was changed linearly to 10:90
(A/B), and this was maintained until 8 min, then the column was re-
equilibrated to the initial condition.

The MS/MS experiments were conducted by using API2000 LC/MS/MS
systems (Applied Biosystems, Foster, CA). Mass number of the ionization
mode, molecular ion, and product ion for the model compounds were as
follows: dapsone m/z = 248.99 [M + H]™ to 92.18, 6-deoxypenciclovir m/z =
238.05 [M + H]™" to 210.95, diclofenac m/z = 294.14 [M + H] ™ to 249.53,
fasudil m/z = 292.07 [M + H]" to 99.09, ibuprofen m/z = 204.88 [M + H]~
to 158.52, ketoprofen m/z = 253.16 [M + H] ™ to 208.73, lamotrigine m/z =
256.03 [M + H]* to 210.96 mirtazapine m/z = 266.14 [M + H]" to 194.97,
(S)-naproxen m/z = 228.68 [M + H]™ to 168.55, salbutamol m/z = 240.18
[M + H]" t0148.03, sulindac m/z = 357.07 [M + H] ™" to 232.96, (S)-warfarin
mlz = 309.06 [M + H]" t0162.97, zaleplon m/z = 306.08 [M + H]" to
236.12.

Determination of PK Parameters. Pharmacokinetic parameters were de-
termined by noncompartmental methods using the concentration-time curve
profile. The total clearances (CL,) after intravenous administration were cal-
culated as dose/AUC;,. AUC,, values were estimated from the time course
using the trapezoidal method with extrapolation from the last quantifiable point
to infinity. The terminal elimination #,,, was estimated as In 2/ke, where ke is
that of the plot of the terminal elimination phase on a logarithmic scale.

Calculation of In Vitro Intrinsic Clearance. In vitro intrinsic clearance
(CLjpin vivo) Was calculated from the time course of the disappearance of the
test drug during incubation with h-hepatocytes. Each plot was fitted to the
first-order elimination rate constant as C(r) = C,*exp(—ke=*r), where C(f) and
C, are the concentration of unchanged test drug at incubation time 7 and that
at preincubation and ke is the disappearance rate constant of the unchanged
drug.

Subsequently, CLiy in viwo (1 - min™! - 10° cells ") values were converted
0 CLiyin viwo (Ml - min~" - kg™ for the whole body. CL;, i1 viuo data were
scaled up using physiological parameters, human liver weight 26 g/kg (Davies
and Morris, 1993) and PXB mouse liver weight 140 g/kg, and the hepatocel-
lularity (132 X 10° cells/g liver) of PXB mice. These parameters were taken
from the average of observed data in PXB mice (RI = 80%).

Calculation of In Vivo Intrinsic Clearance. CL, of PXB mice was
calculated from the plasma concentrations after dosing using noncompartmen-
tal methods as described. CL, was assumed to be equal to the hepatic clearance.

Values of CL,, plasma unbound fraction (fu), and blood/plasma concentra-
tion ratio (Rb) in humans were taken from the literature.

In vivo intrinsic clearance (CL;, i, vivo) Was calculated from the in vivo CL,,
fu, Rb, and average hepatic blood flow (Q) based on a well stirred model as
CLingin vive = CL/{(fu/Rb) X (1 — CL/Q)} (Pang and Rowland, 1977). These
CL, values were converted to blood clearance using Rb values.

The Q values of humans and PXB mice were set at 21 and 90 ml - min~"' -
kg™! (same as in normal mice), respectively (Davies and Morris, 1993). In
addition, Rb and fu of human were assumed to be equivalent to those of PXB
mice. If CL, of drugs exceeded liver blood flow, then the hepatic clearance was
taken as 90% of liver blood flow. CL, i, vivo Of 6-deoxypenciclovir, lam-
otrigine, and sulindac were evaluated from oral clearance (CL,,) as
CL,,,/fu/Rb.

Results

Selection of the Model Compounds for Analysis. In this study,
we selected 13 compounds with diverse chemical structures (Fig. 1);
Elimination of these selected drugs involves multiple metabolic path-
ways mediated not only by P450 but also by non-P450 enzymes, such
as UGT, SULT, and aldehyde oxidase (AO) in liver. Mirtazapine and
warfarin were known to be mainly metabolized by P450. Diclofenac,
ibuprofen, and naproxen were metabolized by both UGT and P450.
Furthermore, the model compounds metabolized by AO, such as

TABLE 2

Estimation of CLy,, ;. vizo (1 = min™" = 10° cells™) in PXB mice hepatocytes and

scaling to humans and PXB mice

CLivcin viwo (1 - min™! < 10° cells™!) values were converted to CLincin vitro (ml = min™! -

kg™") for the whole body. CLipin viwo data were scaled up using physiological parameters,
human liver weight (26 g/kg) and PXB mouse liver weight (140 g/kg), and the
hepatocellularity (132 X 10° cells/g liver) of PXB mice. Each value represents the mean +
SD.(n = 3).

Scaled CLiygin vivo  Scaled CLiy i vigo

Compounds CLintin vitro

(Human) (PXB Mice)
wl - min™! - 10° cells™ ml - min~! - kg™!

Dapsone 23*12 8.0*4.0 43.1 =213
6-Deoxypenciclovir 53*12 18.3 =42 98.6 = 22.4
Diclofenac 247 £ 1.2 84.7 = 4.0 4558 +21.3
Fasudil 357+ 133 122.4 £ 45.6 659.1 = 245.4
Ibuprofen 133 £ 2.1 458 = 7.1 246.4 = 38.5
Ketoprofen 6.0+ 1.0 20.6 £ 34 110.9 = 18.5
Lamotrigine 14+1.0 48 3.6 259 *+19.2
Mirtazapine 63 1.2 217 £4.0 117.0 £21.3
(S)-Naproxen 127 = 2,5 435 *+8.6 234.1 £ 465
Salbutamol 1.0+ 1.0 33£33 179 = 17.8
Sulindac 20*20 7.0 6.7 37.6 = 36.0
(S)-Warfarin 1.2 +0.7 4.1+25 222+ 133
Zaleplon 23+12 8.0 4.0 43.1 =213
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6-deoxypenciclovir, fasudil, sulindac, and zaleplon, were added in this
study. These were reflected in the data set that spanned a wide range
of PK parameter characteristics. CL, and ¢, , after intravenous admin-
istration of selected model drugs to humans were obtained from the
literature. If CL, after intravenous administration was not available
from the literature, we used the value of CL/F after oral administra-
tion. The PK parameters and the major enzymes responsible for drug
metabolism in humans are shown in Table 1. The spreadsheet con-
taining these values with the literature references is included as an
attachment in the supplemental data (Supplemental Tables 1 and 2).

Disappearance of Parent Drugs after Incubation. Remaining
amounts of all of the compounds decreased linearly for 2 h on
incubation with h-hepatocytes. The values of CL;, i, viwo in hepato-
cytes, calculated using scaling factors to humans and PXB mice whole
body as described under Materials and Methods, are listed in Table 2.
These CL;, in viwo Values covered a wide range. Fasudil showed high
clearance, whereas warfarin was very stable.

PK Study of the Model Compounds in PXB Mice. Plasma
concentrations and PK parameters in PXB mice after intravenous

TABLE 3
Experimental conditions and RI values in PXB mice used for PK study

Each compound was administered intravenously to PXB mice at 0.3 to 5 mg/kg body
weight. The values of RI of PXB mice ranged from 73.4 to 93.4%. Each value represents the
mean = S.D. (n = 3-5).

g 04 812160M 0 1 2 3 456 o1 2 3 4 56 0123 456 0123456
E—? Ketoprofen Lamotrigine Mirtazapine
& 10000 ¢ 1000 130 (S)-Naproxen Salbutamol
-] %000
o
"3 10000 0000
E 1000 | 100 . 1000
g 1w 1000 100 FiG. 2. Plasma concentrations after intrave-
§ 100 100 ¢ 10 00 o nous administration to PXB mice. Each point
o represents the mean = S.D. (n = 3-5).
-Ef 10 10 s — 1 ——————— 10 } 1}
& 01 23 45 6 0612182430364248 ¢ 4 3 12 162024 0 4 8 1216 0 % o 1 2 3 4 5 &
[
. Sulindac 10000 (S)-Warfarin Zaleplon
1000
10000 _—
1000 100
100 100 10
10 10 1
o1 2 3 4 5 6 0 4 & 12 16 0 4 01 2 3 4 5 6
Time after administration (hr)

administration of drug solutions at 0.3 to 5 mg/kg are shown in
Fig. 2 and Tables 3 and 4. Each RI value in PXB mice was 73.4 to
93.4%.

CL, values of warfarin and lamotrigine were relatively low,
whereas those of fasudil and salbutamol were much higher; the range
of CL, was 0.2 to 198 ml - min~' - kg ~'. The ¢,, value of lamotrigine
was the longest, and those of 6-deoxypenciclovir and fasudil were
short, as shown in Table 3.

Comparison of Intrinsic CL between h-Hepatocytes and Hu-
mans. Direct comparison between CL, ;. viwo from h-hepatocytes
and CL;, i, vivo Calculated for a well stirred model in humans showed
a moderate correlation (r* = 0.475, p = 0.009) (Fig. 3). For 2 of 13
(15%) compounds, observed CL,;n vivo Was predicted within a 3-fold
error from hepatocyte CL,,; i, viwo- However, for 8 of 13 (62%) com-
pounds, observed CL,, i, vivo Was predicted with a 3- to 10-fold error.

Figure 4 shows the relationship between CLy i, vivo and CLiy i vigo fOT

PXB mice; again, the correlation was moderate (> = 0.435, p =

TABLE 4
CL,

CLiyin vivo Was calculated from in vivo CL,, fu, Rb, and Q based on a well stirred model.
The Q values of humans and PXB mice were set at 21 and 90 ml - min~! - kg7l (same as in
normal mice), respectively. In addition, Rb and fu of human were assumed to be equivalent
to those of PXB mice. If total CL of drugs exceeded liver blood flow, then the hepatic
clearance was taken as 90% of liver blood flow. CLiyin vive Of 6-deoxypenciclovir,
lamotrigine, and sulindac were evaluated from CL, as CL,/fu/Rb.

of humans and PXB mice, calculated by a well stirred model

int,in vivo

dspetd) DRUG METABOLISM A DISPOSITION

Compounds Dose RI CL, ta Compounds Human CL;;(iy vivo PXB Mice CL;yin vivo
mg/kg % ml - min~ " kg™! h ml - min~"! - kg_]
Dapsone 3.0 774 £55 2.1 205 45 =* 1.1 Dapsone 2.0 8.6
6-Deoxypenciclovir 3.0 934 =42 712 = 13.0 0.1 £0.1 6-Deoxypenciclovir 118.0 209.0
Diclofenac 3.0 764 = 2.1 164 =43 0.6 0.2 Diclofenac 1004.3 4905.1
Fasudil 3.0 758 1.3 198.1 *= 14.6 0.3 £0.1 Fasudil 370.6 1588.2
Ibuprofen 5.0 734 =32 38 1.0 0.7 = 0.1 Ibuprofen 147.1 686.0
Ketoprofen 3.0 74.0 = 1.1 33 *0.6 1.1 £0.1 Ketoprofen 2322 442.0
Lamotrigine 3.0 77.1 = 4.0 14+02 10.1 £09 Lamotrigine 0.7 32
Mirtazapine 3.0 79.8 = 1.7 30.4 £9.4 6.0+ 14 Mirtazapine 123.6 408.7
(S)-Naproxen 5.0 822 = 6.1 22205 48 x2.7 (S)-Naproxen 10.1 230.2
Salbutamol 3.0 745 £ 0.7 79.9 *+ 34.0 0.6 £0.3 Salbutamol 13.5 1148.2
Sulindac 3.0 745 £2.0 56+ 13 1.2 08 Sulindac 47.8 86.5
(S)-Warfarin 0.3 753 £ 1.8 0.2 = 0.1 82+*28 (S)-Warfarin 3.7 13.4
Zaleplon 3.0 77.1 £3.7 48.1 = 7.1 0.7 =04 Zaleplon 173.6 261.3
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Fig. 3. Correlation between observed human CL. and CL. of PXB Fig. 5. Correlation of CL;, ;. v, between humans and PXB mice, calculated as

int.in vivo intin vitro

mouse hepatocytes, calculated as described in the text. The solid line represents
unity. The dotted line represents the range within 3-fold of unity.

0.014). For 6 of 13 (46%) compounds, CL; i, vivo Of PXB mice was
predicted within a 3-fold error from h-hepatocyte CL,, i, viiro- FOIr 5 of
13 (38%) compounds, CL,, ;. vivo Was predicted within a 3- to 10-fold
error.

Relationship between Intrinsic Clearance in Humans and PXB
Mice In Vivo. We directly compared CL,, ;, vivo calculated based on
a well stirred model in humans and PXB mice. As shown in Fig. 5,
there was a good correlation (* = 0.754, p = 1.174 X 10~ %) between
literature CL;,, i, yivo in human and measured CL;, ;. vivo Of PXB mice
for these compounds. For 4 of 13 (31%) compounds, observed
CLi, in vivo 1N humans was predicted within a 3-fold error from PXB
mouse CL;, iy vivo- FOr 7 of 13 (54%) compounds, human CL
was predicted within a 3- to 10-fold error.

Relationship of Elimination #,,, between Humans and PXB
mice. Figure 6 shows the relationship of ¢,,, after intravenous admin-
istration between humans and PXB mice. Compounds for which
literature data were not available were excluded from this figure. A
good correlation (©* = 0.886, p = 1.506 X 10~*) was found. For 6 of
9 (67%) compounds, human observed ¢,,, was predicted within a
3-fold error from PXB mice ¢,,,. For 3 of 9 (33%) compounds, the
error was in the range of 3- to 10-fold.

int,in vivo

Discussion

The prediction of human PK parameters is an important step during
the preclinical development of pharmaceuticals to reduce costs by

: §

h-hepatocytes
Scaled CLyy iy vigo (PXB mice)
(mL/min/kg)
g

10

1 10 100

1000 10000
PXBmice CLiy invivo
{mL/min/kg)

FiG. 4. Correlation between CL,, ;. vivo Of PXB mice and CL, ;. viuo Of their

hepatocytes. calculated as described in the text. The solid line represents unity. The
dotted line represents the range within 3-fold of unity.

described in the text. The solid line represents unity. The dotted line represents the
range within 3-fold of unity.

enabling the early elimination of candidates with unsuitable proper-
ties. However, species differences make it difficult to predict human
PK from animal data; monkey data may lead to underprediction
(Chiou and Buehler, 2002; Akabane et al., 2010), whereas dog data
may cause overestimation (Chiou et al., 2000). In vitro-in vivo scaling
from data obtained with human hepatic microsomes and hepatocytes
is a widely used approach but often results in the underprediction of
in vivo CL (Obach, 1999). We considered the possibility that PXB
mice, in which hepatocytes are replaced with human hepatocytes to
the extent of approximately 80% (Tateno et al., 2004), may have
superior predictive utility, because the expression levels and activities
of both P450 and non-P450 enzymes well reflect those of the donor
hepatocytes (Yoshitsugu et al., 2006; Yamasaki et al., 2010). In this
study, we checked metabolic activities (CYP2C9, CYP2D6, UGT,
SULT, and AO) using probe substrates between donor hepatocytes
and h-hepatocytes purified from PXB mice (Supplemental Table 3) as
well as the expression of drug transporters and blood albumin (Tateno
et al., 2004; Nishimura et al., 2005).

For the present study, we selected 13 model compounds with
diverse chemical structures (Fig. 1), which are metabolized through
multiple pathways by P450 and non-P450 enzymes, such as UGT,
SULT, and AO. Their values of CL cover a wide range from 0.055 to
118 ml * min~" - kg~ " (Table 1).

100
E}
2 10
g
£
m 1
>
y
0.1
0.1 1 10 100

Human t,, (hr)

Fig. 6. Correlation of ¢,,, after intravenous administration between humans and
PXB mice. Compounds for which literature data were not available were excluded
from this figure. The solid line represents unity. The dotted line represents the range
within 3-fold of unity.
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PREDICTION OF PK PARAMETERS USING HUMAN LIVER CHIMERIC MICE

First, we performed an in vitro metabolic study using fresh h-
hepatocytes isolated from PXB mice. We calculated CL;, i, viiro USing
fresh h-hepatocytes and compared the results with human CL; i vivo
estimated by use of a well stirred model (Pang and Rowland, 1977).
These results using a parallel tube model and a dispersion model were
also similar to those of a well stirred model (S. Sanoh, unpublished
observations). A moderate correlation (* = 0.475, p = 0.009) was
found, but this approach was not superior to prediction using other
methods.

CLiyin viwo Values of diclofenac, ibuprofen, warfarin, and zaleplon
were approximately similar to reported values using cryopreserved
hepatocytes (Ekins and Obach, 2000; Nagilla et al., 2006; Stringer et
al., 2008), supporting the idea that CL;, ;,, vivo vValues are similar in
fresh hepatocytes and cryopreserved hepatocytes (Naritomi et al.,
2003; McGinnity et al., 2004).

A similar correlation (#* = 0.435, p = 0.014) was observed
between CLi, in vivo a0d CLiy in vivo in PXB mice (Fig. 4). In both
cases, the numbers of compounds for which absolute values of CL;
were predicted within a 3-fold error were insufficient.

Therefore, we next evaluated the predictability of hepatic clearance
and ¢,,, from in vivo data in PXB mice. The values of CLj, i1 vivo
estimated by intravenous administration in PXB mice were well
correlated (2 = 0.754, p = 1.174 X 10~*) with observed CLiy i vivo
in human. Surprisingly, we also found a good correlation (% = 0.886,
p = 1506 X 10~*) between t,,, values in PXB mice and humans.
However, although the rank order was the same, there were rather
large prediction errors, so it may not be possible to predict absolute
values. This is consistent with the findings of Xiao et al. (2010) in
PXB mice.

We used PXB mice that showed that the average RI values were
approximately 80%. It was a concern that the contribution of the
remaining approximately 20% mice hepatocytes may be reflected on
clearance. CL;, in viuo Values of these model compounds in host mice
hepatocytes (severe combined immunodeficiency mice) were almost
higher than those of h-hepatocytes within a 10-fold range (Supple-
mental Fig. 1). The extent of the difference may not influence the
predictability of CL;, in vivo.

For the estimation of CL;, i, vivo in PXB mice, the fu values of
those model compounds is the same as those in humans because
human albumin is expressed in the blood of PXB mice. Inoue et al.
(2009) reported fu value of warfarin in PXB mice was similar to that
in humans. Furthermore, fu values of some compounds (dapsone,
diclofenac, ketoprofen, salbutamol, and zaleplon) in this study
were also approximately similar to those in humans (S. Sanoh,
unpublished observations).

We assumed that the Rb values of those model compounds is also
the same as those in humans, because Rb values of some compounds
(dapsone, diclofenac, ketoprofen, salbutamol, and zaleplon) in this
study were also approximately similar to those in humans (S. Sanoh,
unpublished observations).

Q values were assumed to be 90 ml - min~" - kg™, respectively,
corresponding to the values of normal mice (Davies and Morris,
1993). In further work, it would be desirable to examine whether these
values are appropriate.

In this study, we selected model compounds metabolized not only
by P450, but also by non-P450 enzymes, including AO. 6-Deoxypen-
ciclovir, fasudil, sulindac, and zaleplon are metabolized mainly by AO
in humans. It has been reported that human CL for drugs metabolized
by AO may be underpredicted from data obtained with human liver
cytosol and S9 due to the loss or deactivation of AO during prepara-
tion, homogenization, storage, and experimental procedures (Zientek
et al., 2010). PXB mice have high AO activity, being similar to
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humans (Kitamura et al., 2008), and may be a useful source of fresh
h-hepatocytes.

Our results indicate that PXB mice can be used at least for semi-
quantitative prediction of not only CL, but also ¢,,, in humans. PXB
mice also would be useful for in vitro estimation and comparison of
PK of various candidate compounds, because large amounts of fresh,
identical hepatocytes (1.1 X 10® cells/mouse) are available by trans-
plantation of donor hepatocytes (2.5 X 10° cells/mouse). The combi-
nation of in vitro study in PXB mice and in vitro study using PXB
hepatocytes may prove to be particularly effective.
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ABSTRACT:

The induction of cytochrome P450 (P450) enzymes is one of the
risk factors for drug-drug interactions (DDls). To date, the human
pregnane X receptor (PXR)-mediated CYP3A4 induction has been
well studied. In addition to CYP3A4, the expression of CYP2C
subfamily is also regulated by PXR, and the DDIs caused by the
induction of CYP2C enzymes have been reported to have a major
clinical impact. The purpose of the present study was to investi-
gate whether chimeric mice with a humanized liver (PXB mice) can
be a suitable animal model for investigating the PXR-mediated
induction of CYP2C subfamily, together with CYP3A4. We evalu-
ated the inductive effect of rifampicin (RIF), a typical human PXR
ligand, on the plasma exposure to the four P450 substrate drugs
(triazolam/CYP3A4, pioglitazone/CYP2C8, (S)-warfarin/CYP2C9,

and (S)-(—)-mephenytoin/CYP2C19) by cassette dosing in PXB
mice. The induction of several drug-metabolizing enzymes and
transporters in the liver was also examined by measuring the
enzyme activity and mRNA expression levels. Significant reduc-
tions in the exposure to triazolam, pioglitazone, and (S)-(—)-me-
phenytoin, but not to (S)-warfarin, were observed. In contrast to the
in vivo results, all the four P450 isoforms, including CYP2C9, were
elevated by RIF treatment. The discrepancy in the (S)-warfarin
results between in vivo and in vitro studies may be attributed to the
relatively small contribution of CYP2C9 to (S)-warfarin elimination
in the PXB mice used in this study. In summary, PXB mice are a
useful animal model to examine DDIs caused by PXR-mediated
induction of CYP2C and CYP3AA4.

Introduction

The induction of cytochrome P450 (P450) enzymes is one of the
risk factors for drug-drug interactions (DDIs) (Niemi et al., 2003; Luo
et al., 2004). The human pregnane X receptor (PXR) is a key nuclear
receptor principally responsible for the induction of several P450
enzymes, including CYP3A4, -2C8, -2C9, -2C19, -2A6, and -2B6
(Niemi et al., 2003; Sinz et al., 2008; Chen and Goldstein, 2009). In
addition to P450 enzymes, the expression of several drug transporters,
such as multidrug resistance gene (MDR) 1, multidrug resistance-
associated protein (MRP) 2, organic anion-transporting polypeptides,
and phase II metabolic enzymes, including UDP-glucuronosyltrans-
ferase (UGT), sulfotransferase, and glutathione S-transferase, are also
regulated by human PXR (Dixit et al., 2007; Nishimura et al.,
2008a,b; Sinz et al., 2008).

Article, publication date, and citation information can be found at
http://dmd.aspetjournals.org.

http://dx.doi.org/10.1124/dmd.111.042754.

The online version of this article (available at http://dmd.aspetjournals.org)
contains supplemental material.

In humans, CYP3A4 plays a major role in drug metabolism because
of its abundant expression in the liver and intestine and its broad
substrate specificity. In fact, CYP3A4 contributes to the oxidative
metabolism of more than 50% of all currently used drugs (de Wildt et
al., 1999; Luo et al., 2004). Therefore, CYP3A4-related DDIs have a
major clinical impact. CYP3A4 is the most studied isoform among the
P450s in terms of DDIs caused by PXR-related induction of drug-
metabolizing enzymes. Both in vitro and in vivo experimental models
for CYP3A4 induction have been reported by several pharmaceutical
companies (Cui et al., 2008; Kanebratt and Andersson, 2008; Kim et
al., 2008, 2010; Kamiguchi et al., 2010).

The human CYP2C subfamily has four members: CYP2CS,
CYP2C9, CYP2CI8, and CYP2C19 (Lapple et al., 2003; Chen and
Goldstein, 2009). Of these, CYP2C8, CYP2C9, and CYP2C19 are of
clinical importance and are collectively responsible for the metabo-
lism of ~20% of clinically used drugs (Chen and Goldstein, 2009).
The substrate specificity of CYP3A4 and CYP2C enzymes sometimes
overlaps. In that case, the overall contribution of PXR-regulated P450
enzymes in the drug elimination process is relatively large. These
observations suggest that new investigations should focus on the DDIs

ABBREVIATIONS: P450, cytochrome P450; DDI, drug-drug interaction; PXR, pregnane X receptor; MDR, multidrug resistance gene; MRP,
multidrug resistance-associated protein; UGT, UDP-glucuronosyltransferase; RIF, rifampicin; ROS, rosiglitazone; WAR, (S)-warfarin; MEP, (S)-
(—)-mephenytoin; TRZ, triazolam; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PCR, polymerase chain reaction; G-6-P, p-glucose
6-phosphate; G-6-P-DH, G-6-P dehydrogenase; LC/MS/MS, liquid chromatography-tandem mass spectrometry; AUC, area under the plasma

concentration-time curve.
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between PXR ligands and CYP2C substrate drugs. The quantitative
polymerase chain reaction (PCR) analyses using human hepatocytes
have demonstrated that the magnitude of CYP3A4 induction by PXR
ligand is the largest followed by CYP2C enzymes, including
CYP2C8, CYP2C9, and CYP2C19 (Raucy et al., 2002; Niemi et al.,
2003). In fact, DDIs caused by induction of CYP2C enzymes have
been also reported (Chen and Goldstein, 2009). However, there has
been no systematic in vivo analysis focusing on the differences in the
degree of the inductive effects of PXR ligands on the each of these
P450 enzymes.

It has been reported that there is a large species difference in ligand
recognition by the PXR between rodents and humans (Jones et al.,
2000; LeCluyse, 2001). For example, RIF is more selective for human
PXR, whereas the synthetic C21 steroid pregnenolone-16[propto]-
carbonitrile, is a weak ligand for the human PXR but a potent ligand
for rodents (Jones et al., 2000; LeCluyse, 2001). In fact, the expres-
sion of mouse Cyp3a is not influenced by the administration of RIF
(Ma et al., 2007). The species differences in the ligand recognition of
the PXR limit the utility of animal models to predict PXR-related
DDIs in humans. In addition, it is known that there are species
differences in metabolic patterns, as well as in the contribution of each
P450 isoform to drug elimination (Shin et al., 2009; Kamimura et al.,
2010). These species differences make it hard to predict human
pharmacokinetics from animal data. Recently, several groups, includ-
ing our own, have generated the humanized mouse models of the PXR
and CYP3A4 by gene knockout and transgenic techniques (Xie et al.,
2000; Ma et al., 2007; Kim et al., 2008; Scheer et al., 2008; Hasegawa
et al.,, 2011). These models are useful for investigating CYP3A4
induction by human PXR ligands. However, the effect of the human
PXR ligand on drug-metabolizing enzymes other than CYP3A4 can-
not be examined using these mouse models.

The chimeric mouse with a humanized liver is an alternative mouse
model (Strom et al., 2010). This mouse model, designated as the
“PXB mouse,” has been established by the transplantation of human
hepatocytes into urokinase-type plasminogen activator-transgenic se-
vere combined immunodeficient mice (Tateno et al., 2004). The livers
of the PXB mice are replaced with more than 70% human hepato-
cytes, although the remaining 30% are mouse hepatocytes (Strom et
al., 2010). It has been reported that the mRNA expression of several
P450 enzymes in the PXB mouse liver is induced by RIF treatment
and that PXB mice also show similar drug-metabolizing profiles of
CYP3A4 and CYP2C substrate drugs to humans (Katoh et al.,
2005a,b; Kamimura et al., 2010). The PXB mouse is expected to
provide the opportunity to examine the inductive effect of PXR
ligands on the plasma profiles of not only CYP3A4 but also CYP2C
substrate drugs. This study will provide important information on
DDIs caused by CYP2C induction in addition to CYP3A4.

In the present study, we evaluated the inductive effect of three
different doses of RIF on the plasma exposure of PXB mice to the
substrate drugs of CYP3A4, CYP2C8, CYP2C9, and CYP2CI19,
which have been reported to have DDIs with RIF in humans. Fur-
thermore, the induction of several drug-metabolizing enzymes and
transporters in the liver was also examined by measuring the enzyme
activities and mRNA expression levels.

Materials and Methods

Materials. RIF, rosiglitazone (ROS), (S)-warfarin (WAR), dextrometho-
rphan hydrobromide monohydrate, and propranolol hydrochloride were pur-
chased from Wako Pure Chemical Industries (Osaka, Japan). Triazolam (TRZ),
phenacetin, bupropion, and diclofenac were purchased from Sigma-Aldrich
(St. Louis, MO). (S)-(—)-Mephenytoin (MEP) was purchased from Toronto
Research Chemicals (North York, Canada). NADP™, p-glucose 6-phosphate
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(G-6-P), and G-6-P dehydrogenase (G-6-P-DH) were purchased from Oriental
Yeast (Tokyo, Japan). All other chemicals and solvents were of analytical
grade otherwise noted.

Generation of Chimeric Mice with a Humanized Liver. All animal
studies were conducted in accordance with the Guiding Principles for the Care
and Use of Laboratory Animals, and the experimental protocol used in this
study was approved by the Committee for Animal Experiments of PhoenixBio
Co., Ltd., and Kyowa Hakko Kirin Co., Ltd. The PXB mice were generated as
described previously (Tateno et al., 2004). All PXB mice used in the present
study were derived from the same donor cryopreserved hepatocytes (BDS8S5,
from a 5-year-old black male; BD Biosciences, Franklin Lakes, NJ). The blood
concentration of human albumin in the PXB mice was measured according to
a previous report (Tateno et al., 2004) to predict the replacement index of
human hepatocytes that had repopulated in the host mouse liver. The actual
values of the replacement index in PXB mice used in this study ranged from
82 to 94%.

Pharmacokinetic DDI Study in PXB Mice. Male PXB mice (11-12-
weeks-old, 18-23 g) were used in this study. The suspensions of RIF prepared
with corn oil were given intraperitoneally at doses of 2, 10, and 50 mg/kg to
the PXB mice once daily for 4 days. After the 4 days of treatment of RIF, the
PXB mice received a mixture of CYP3A4, CYP2C8, CYP2C9, and CYP2CI19
substrate drugs orally via cassette dosing. The dosing mixture was prepared by
adding a dimethyl sulfoxide solution of each drug to a 0.5% methylcellulose
aqueous solution. The dose of each substrate drug was as follows: TRZ
(CYP3A4 substrate), 5 mg/kg; ROS (CYP2CS8 substrate), 1 mg/kg; WAR
(CYP2C9 substrate), 0.1 mg/kg; and MEP (CYP2CI19 substrate), 5 mg/kg.
Blood samples were collected at 2 h after administration on days | and 4 and
0.5, 1,2, 4, and 7 h on day 5. The blood samples were centrifuged, and the
plasma samples obtained were stored at —80°C until the analysis. After blood
sampling on day 5, the mice were euthanized, and a piece of the liver was
collected and preserved in RNAlater solution (Invitrogen, Carlsbad, CA) to
stabilize the RNA. The remaining liver tissue was frozen in liquid nitrogen and
stored at —80°C until microsomal preparation.

RNA Isolation and Quantitative Reverse Transcription-PCR. Total
RNA was extracted from the liver using an RNeasy Plus mini kit (QIAGEN,
Hilden, Germany) and was reverse-transcribed to obtain ¢cDNA using a Pri-
meScript RT reagent kit (Takara Bio, Shiga, Japan) according to the manu-
facturer’s instructions. SYBR-PCR was performed using an ABI PRISM
7900HT (Invitrogen) with SYBR Premix Ex Taq (Takara Bio). The PCR
conditions were as follows: after initial denaturation at 94°C for 5 min, the
amplification was performed by denaturation at 94°C for 30 s, annealing at
65°C for 30 s, and extension at 72°C for 30 s for 45 cycles. In all cases, the
input cDNA concentrations were normalized to those of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; ACt). The relative mRNA expression was
determined by a 272 calculation. The primer sequences used in the present
study are summarized in Table 1. We confirmed that these primers were
capable of amplifying human but not mouse genes.

Preparation of Liver Microsomes and Metabolic Assay. Liver micro-
somes were prepared from the frozen liver tissues as described previously
(Sugihara et al., 2001). The reaction conditions for the enzyme activity of each
P450 isoform are summarized in Table 2. The optimized substrate concentra-
tions, the microsomal concentrations, and the reaction times were used to
determine metabolic activity precisely. A reaction mixture (50 ul) consisted of
100 mM phosphate buffer, pH 7.4, 3 mM magnesium chloride, 8 mM G-6-P,
1 U/ml G-6-P-DH, 0.8 mM NADP™, microsomal protein, and substrate. The
reaction was initiated by the addition of an NADPH-generating system (a
mixture of magnesium chloride, G-6-P, G-6-P-DH, and NADP™) after prein-
cubation of the mixture without the NADPH-generating system for 5 min at
37°C. The reaction was terminated at the designated time by the addition of
ice-cold methanol containing propranolol as an internal standard. The sample
was centrifuged, and the supernatant was diluted with water. The metabolite of
each substrate was analyzed using a liquid chromatography-tandem mass
spectrometry (LC/MS/MS) system.

Pretreatment of Plasma. Two microliters of plasma sample, 2 ul of
dimethyl sulfoxide, and 30 ul of the ice-cold methanol containing the internal
standard were mixed and centrifuged. The calibration standards were prepared
in the same manner as the plasma samples. The supernatant was mixed with 10
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TABLE 1
The sequences of the primers for SYBR-PCR

Primer Sequence (5'-3')

Gene Name

Forward Reverse
CYPIA2 AGCTTGACCTTCAGCACAGAC GATAGTGCTCCTGGACTGTTTTC
CYP2B6 CACTCATCAGCTCTGTATTCGG GTATGGCATTTTGGCTCGG
CYP2C8 CACAGCTAAAGTCCAGGAAGAG GATGGGCTAGCATTCTTCAGAC
CYP2C9 ACTATCTCATTCCCAAGGGCAC GTTCACTAGATCTTCAGGGAAGGG
CYP2CI9 CAGCTGACTTACTTGGAGCTGG CCTGCTGAGAAAGGCATGAAG
CYP2D6" GGTGTGACCCATATGACATC CTCCCCGAGGCATGCACG
CYP3A4 AGTTAATCCACTGTGACTTTGCCC TGAGGATGGAATGCAAGAGG
UGTIAI TGTTCCCACTTACTGCACAAC CTTCAAATTCCTGGGATAGTGG
MDRI1 GTATTCAACTATCCCACCCGAC GAGCTGAGTTCCTTTGTCTCCTAC
MRP2 ACATGAGAGTTGGAGTCTACGG GGATAACTGGCAAACCTGATAC
GAPDH CCGAGCCACATCGCTCAGAC ATGACGAACATGGGGGCATCAG

“ From Katoh et al. (2005a).

mM ammonium acetate, and the mixture was injected into the LC/MS/MS
system.

LC/MS/MS Analysis. The concentrations of the substrate drugs (in plasma
samples), and metabolites (in microsomal samples) were measured using the
LC/MS/MS system consisting of an ACQUITY UPLC (Waters, Inc., Bedford,
MA) connected to a 4000 QTRAP mass spectrometer (AB Sciex, Foster
City, CA).

For the plasma samples, chromatographic separation was performed on a
CAPCELL PAK C18 MGII column (3 wm, 3 mm inner diameter X 35 mm;
Shiseido, Tokyo, Japan) using an injection volume of 10 ul (ROS and WAR)
or 25 ul (TRZ and MEP) and a run time of 4 min. The elution was conducted
at a flow rate of 0.8 ml/min by a linear gradient with the mobile phase, which
consisted of 10 mM ammonium acetate in water (A) and methanol (B). The
gradient condition of B (%) was as follows: at 0, 0.2, 2.2,2.21, 3, and 3.01 min,
the B% was 80, 80, 25, 10, 10, and 80%, respectively. The mass spectrometry
detection was performed by positive ionization electrospray. The multiple
reaction monitoring mode was used, and the monitor ions (m/z precursor ion >
product ion) were as follows: ROS (358.1 > 153.3), WAR (309.6 > 163.5),
TRZ (343.4 > 308.1), and MEP (219.6 > 134.4). The plasma concentration
ranges of quantification were as follows: ROS (1.07-3570 ng/ml), WAR
(0.925-9250 ng/ml), TRZ (0.343-3430 ng/ml), and MEP (2.18—-6550 ng/ml).

For the microsomal samples, chromatographic separation was performed on
an ACQUITY UPLC BEH CI18 column (1.7 wm, 2.1 mm inner diameter X 50
mm; Waters, Milford, MA) using an injection volume of 7.5 ul and a run time
of 2.5 min. The elution was conducted at a flow rate of 0.5 ml/min by a linear
gradient with the mobile phase, which consisted of 10 mM ammonium acetate
in water (A for CYPLA2, CYP2B6, CYP2C9 (7-hydroxywarfarin), CYP2CI19,
and CYP2D6 assays) or 0.05% formic acid in water (A for CYP2C8, CYP2C9
(4'-hydroxydiclofenac), and CYP3A4 assays) and methanol (B). The gradient
condition of B (%) was as follows: at 0, 0.2, 1.5, 2 and 2.01 min, the B% was
95, 95, 5, 5, and 95%, respectively. The mass spectrometry detection was
performed by positive ionization electrospray. The multiple reaction monitor-
ing mode was used, and the monitor ions (m/z precursor ion > product ion)
were as follows: CYPIA2 (acetaminophen, 152.0 > 110.0), CYP2B6 (hy-
droxybupropion, 256.1 > 238.1), CYP2C8 (N-demethyl rosiglitazone,

344.1 > 121.1; 5-hydroxyrosiglitazone, 374.1 > 151.1), CYP2C9 (4'-
hydroxydiclofenac, 312.05 > 230.45; 7-hydroxywarfarin, 325.6 > 163.5),
CYP2CI19 (4'-hydroxymephenytoin, 235.0 > 150.15), CYP2D6 (dextrorphan,
258.1 > 157.1), and CYP3A4 (1'-hydroxytriazolam, 359.1 > 176.1; 4-hy-
droxytriazolam, 359.1 > 314.1). Although the metabolites concentrations in
the microsomal samples were not quantified, we have confirmed the linearity
of signal intensities and no signals in the blank samples.

Pharmacokinetic Analysis. The pharmacokinetic parameters for TRZ,
ROS, WAR, and MEP were obtained by a noncompartmental analysis. The
log-transformed plasma concentrations were plotted against time. The slope of
the elimination phase (A,) was estimated by linear regression. The maximal
plasma concentration (C,,,,) and time to C,,,, (f,,,x) were obtained directly
from the observed values. The apparent #,,, was obtained as In2/A,. The area
under the plasma concentration-time curve (AUC) from time O to the last data
point (AUC,,_,) was calculated using the linear trapezoidal method. The AUC
after the last data point (AUC,,) was estimated by extrapolating with A,. The
sum of AUC, and AUC,, was regarded as AUC,,_....

Statistical Analysis. A one-way analysis of variance with a Dunnett’s test
was performed to assess for significant differences in the pharmacokinetics,
metabolic activity in the liver microsomes, and mRNA expression in the liver
between vehicle- and RIF-treated groups. The statistical analyses were per-
formed using the SAS software program (SAS Institute, Cary, NC). The
criterion for statistical significance was P < 0.05.

Results

The Effect of RIF Treatment on the Pharmacokinetics of
CYP3A4 and CYP2C Substrate Drugs. The pharmacokinetics of
CYP3A4 (TRZ) and CYP2C substrate drugs (ROS, MEP, and WAR)
was evaluated after repeated intraperitoneal administration of RIF (2,
10, and 50 mg/kg daily for 4 days) or vehicle to the PXB mice. The
plasma concentration-time profiles of the substrate drugs are shown in
Fig. 1, and the pharmacokinetic parameters and the AUC decrease
(percentage) of substrate drugs are summarized in Table 3. The
plasma exposure to TRZ was decreased with increased doses of RIF

TABLE 2

The reaction conditions for P450 enzyme assay using the liver microsomes

P450 Substrate Metabolite Substrate Concentration Microsomal Concentration Reaction Time

uM mg/ml min

CYPIA2 Phenacetin Acetaminophen 5 0.5 20
CYP2B6 Bupropion Hydroxybupropion 5 0.5 20
CYP2C8 Rosiglitazone N-Demethylrosiglitazone 2 0.2 20

5-Hydroxyrosiglitazone

CYP2C9 (S)-Warfarin 7-Hydroxywarfarin 4 1 30
Diclofenac 4'-Hydroxydiclofenac 4 0.2 30

CYP2C19 (S)-(—)-Mephenytoin 4'-Hydroxymephenytoin 20 0.5 20
CYP2D6 Dextromethorphan Dextrorphan 1 0.2 20
CYP3A4 Triazolam 1'-Hydroxytriazolam 2 0.2 20

4-Hydroxytriazolam
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FiG. 1. The plasma concentration-time profiles of TRZ (A), ROS
(B). WAR (C), and MEP (D) after repeated intraperitoneal admin-
istration of RIF once daily for 4 days to male PXB mice. The PXB
mice were given oral doses of 5 mg/kg TRZ (CYP3A4 substrate), 1
mg/kg ROS (CYP2C8 substrate), 0.1 mg/kg WAR (CYP2C9 sub-
strate), and 5 mg/kg MEP (CYP2C19 substrate) via cassette dosing
after 4 days of treatment with 2 (@). 10 (A), or 50 (H) mg/kg RIF
or vehicle (O). Each point represents the mean * S.D. of three mice.
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(Fig. 1A). The TRZ AUC was significantly decreased by 46 (2
mg/kg), 54 (10 mg/kg), and 71% (50 mg/kg) compared with the
vehicle control (Table 3). RIF treatment also resulted in an AUC
decrease of ROS and MEP with increased doses of RIF, and the
statistically significance in the AUC decrease was observed only at
the dose of 50 mg/kg RIF as 47% for ROS and 46% for MEP (Fig. 1,
B and D; Table 3). Treatment with RIF had no effect on the pharma-
cokinetics of WAR (Fig. 1C; Table 3).

The Metabolic Activities of Human P450 Enzymes in the Liver
Microsomes. The metabolic activities of seven human P450 enzymes
were determined in the liver microsomes prepared from PXB mice
treated with RIF. The fold-induction of enzyme activity for each P450

5 6 7

isoform in the RIF-treated group is shown in Fig. 2. The metabolic
activities of CYP3A4 (1'- and 4-hydroxy-TRZ), CYP2C8 (5-hydroxy-
and N-demethyl-ROS), and CYP2C19 (4-hydroxy-MEP), whose in-
duction was detected in the in vivo study, were significantly increased
with increased doses of RIF. Although CYP2C9 induction was not
detected in the in vivo study, the metabolic activity of CYP2C9 (7-
hydroxy-WAR and 4'-hydroxydiclofenac) was significantly increased by
RIF treatment. In addition to CYP3A4 and CYP2C enzymes, the meta-
bolic activities of the CYP1A2, CYP2B6, and CYP2D6 enzymes were
also examined. The metabolic activity of CYP2B6 (hydroxybupropion)
but not CYP1A2 (acetaminophen) or CYP2D6 (dextrorphan) was in-
creased in a dose-dependent manner by RIF.

TABLE 3

The pharmacokinetic parameters of TRZ, ROS, WAR, and MEP administered orally in cassette dosing after repeated intraperitoneal administration of RIF once daily
for 4 days to the male PXB mice

Each value was determined from the data shown in Fig. 1. Data represent the mean = S.D. of three mice.

RIF Dose Cinax tin AUC.» AUC Decrease

mg/kg ng/ml h ng « h/ml %

CYP3A4 TRZ Vehicle 824 + 92 0.733 £ 0.066 1210 = 110
2 643 = 72* 0.775 £ 0.055 650 £ 117#* 46
10 408 = 45 0.699 * 0.109 561 = 20 54
50 531 * 43%%* 0.575 = 0.028 346 =27 71

CYP2C8 ROS Vehicle 1970 = 240 1.07 = 0.13 4960 + 770
2 1920 = 210 1.10 £ 0.18 4120 * 680 17
10 1900 = 350 0911 * 0.075 3690 = 860 26
50 1850 * 330 0.772 £ 0.058 2630 = 900* 47

CYP2C9 WAR Vehicle 680 * 26 ND 3830 % 60

2 640 * 161 ND 3120 £ 830 19
10 709 = 197 ND 3420 = 610 11
50 Tla:E B ND 3160 = 400 18

CYP2C19 MEP Vehicle 951 =250 0.757 £ 0.249 1240 = 230
2 955 <= 150 0.683 = 0.144 844 = 173 32
10 894 = 102 0.660 = 0.155 876 £ 84 30
50 730 = 61 0.524 £0.120 685 = 198* 46

ND, not determined.

Statistically significant from the vehicle-treated group: * P < 0.05: ** P < 0.01; *** P < 0.001.
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The mRNA Expression of Human P450 Enzymes and Trans-
porters. The mRNA expression of the seven human P450 enzymes,
UGTI1AL, and transporters, including MDR1 and MRP2, was evalu-
ated in the livers of the PXB mice treated with RIF. The fold induction
of mRNA expression of enzymes and transporters in the RIF-treated
group is shown in Fig. 3. The magnitude of CYP3A4 induction was
the largest among the P450 enzymes, followed by CYP2C8 and
CYP2B6. Although the enzyme activities of CYP2C9 and CYP2C19
were increased by RIF treatment, the increase in mRNA expression

o
N
-
o
L34
o

was too slight to detect significant difference. No changes in the
mRNA expression of CYPIA2 and CYP2D6 were observed. RIF
treatment significantly increased the mRNA expression of UGT1A1,
but not MDR1 and MRP2.

Discussion

In the present study, in vivo study using PXB mice, we simultane-
ously investigated the inductive effect of RIF on CYP3A4 and
CYP2C enzymes. We demonstrated that concomitant use of RIF
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affects the pharmacokinetics of both CYP3A4 and CYP2C substrate
drugs and that the inductive effect of RIF on CYP3A4 is greater than
that on CYP2C enzymes. In addition, in vitro studies using the liver
samples after RIF treatment were also carried out to examine the
enzyme activities of human P450s and the mRNA expression levels of
human P450s, UGT, and transporters. The induction by RIF was
observed in the genes whose expression levels were known to be
regulated by the human PXR, but no change was observed in the
genes not regulated by the PXR (CYP2D6).

To compare the pharmacokinetic data between studies conducted in
humans and this study, we selected substrate drugs that have previ-
ously been reported to have DDIs with RIF in humans. In a clinical
study, the AUC decreases in the P450 substrate drug with concomitant
use of RIF (600 mg daily) were 46 to 78% (ROS), 57 to 85% (WAR),
and 95% (TRZ) (Villikka et al., 1997; Niemi et al., 2003, 2004; Park
et al., 2004). The DDI information on CYP2C19 substrate drugs is
very limited, and we could only find information about the urinary
excretion data for 4’-hydroxymephenytoin, the main metabolite of
MEP (Zhou et al., 1990; Feng et al., 1998). The concomitant use of
RIF (600 mg daily) increased the urinary excretion of 4'-hy-
droxymephenytoin from 1.4- to 2.8-fold (Zhou et al., 1990). Assum-
ing that the urinary excretion amount of the metabolite reflects the
metabolic clearance of MEP, the decrease in the AUC would be
between 29 to 64% as a result of RIF treatment. These reported
clinical data suggest that CYP3A4 is the most susceptible to induction
by RIF treatment and that the magnitude of induction of CYP2CS,
CYP2C9, and CYP2CI19 by RIF seems to be relatively weak com-
pared with CYP3A4. In this study using PXB mice, RIF treatment
resulted in the largest AUC decrease in TRZ, followed by ROS and
MEP (Fig. 1; Table 3). The response to RIF treatment observed in the
PXB mice is therefore similar to that in humans.

It was unexpected that the exposure to WAR was not affected by
RIF treatment, despite CYP2C9 induction in the liver microsomes
(Figs. 1C and 2, E and F; Table 3). The elimination pathways of WAR
other than metabolism by CYP2C9 might have made it harder to
detect CYP2C9 induction in the in vivo study. In humans, WAR is
mainly metabolized to the 7-hydroxyl metabolite by CYP2C9, al-
though WAR is also metabolized to other hydroxyl metabolites by
other P450 isoforms (Inoue et al., 2009). Given that the PXB mice
used in the present study were derived from the hepatocytes of a
single donor, the contribution of CYP2C9 to WAR metabolism in
these PXB mice might not be uniformly typical of humans in general.
The availability of murine P450 isoforms remaining in the liver of
PXB mice could also potentially have affected the overall metabolism
of WAR in the in vivo study.

We measured the metabolic activities of WAR in the liver micro-
somes of SCID (severe combined immunodeficiency) mice (the back-
ground strain of the PXB mice) and in pooled human liver micro-
somes to compare them with PXB mice (supplemental figure). The
three types of hydroxyl metabolites of WAR, including 7-hydroxy-
WAR, were detected in all of the microsomes. However, the 7-hy-
droxylation activity in the liver microsomes of PXB mice was only
one fifth of that in the human liver microsomes. Therefore, the
contribution of CYP2C9 to WAR metabolism in the PXB mice may
have been smaller than expected. In fact, the formation of another
hydroxyl WAR (M2) in the liver microsomes of SCID mice was
greater than that in the human liver microsomes, although the absolute
metabolic clearance was not determined (supplemental figure). The
metabolic activity of murine P450s remaining in the liver could
possibly make it difficult to examine CYP2C9 induction by examin-
ing the pharmacokinetics of WAR.
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To investigate whether a genetic polymorphism could explain the
lower CYP2C9 activity in PXB mice, the CYP2C9 genomic polymor-
phism was determined by Invader assay (BML, Inc., Tokyo, Tokyo)
for the cryopreserved human hepatocytes (ot BD85) used in this
study. Although no variant sequence was detected in the CYP2C9
gene (data not shown), real-time quantitative reverse transcription-
PCR analysis revealed that the mRNA expression level of CYP2C9 in
the hepatocytes was relatively low compared with that in other donor
hepatocytes (data not shown). In fact, the plasma elimination of WAR
in this study seems to be slower than that in the previous study using
PXB mice transplanted with a different lot of human hepatocytes
(Inoue et al., 2008). Therefore, the main reason for the failure to detect
of CYP2C9 induction in the in vivo study was probably the low
hepatic expression of CYP2C9 in the PXB mice used in this study.

In humans, a therapeutic dose of RIF (600 mg) resulted in an
AUC,_, of 22,400 to 35,300 ng - h/ml (Polk et al., 2001), which was
a similar range of plasma exposure as the PXB mouse receiving the 10
mg/kg RIF (M. Kakuni, unpublished data). Considering the AUC
decrease of the substrate drugs in PXB mice and humans caused by
RIF treatment, the inductive response in PXB mice seems to be
relatively weaker than that in humans. It has been reported that
CYP3A4, CYP2C8, CYP2C9, and CYP2C19 are expressed in the
human intestine (Kolars et al., 1992; Lapple et al., 2003; van de
Kerkhof et al., 2008). In addition, it is well known that drug metab-
olism by intestinal CYP3A4 affects the pharmacokinetics of orally
administered drugs (Kato et al., 2003). RIF was previously reported to
induce CYP3A4 not only in the liver but also in the intestine in
humans (Kolars et al., 1992; van de Kerkhof et al., 2008). Therefore,
the decrease in the AUC by concomitant use of RIF in the clinic is
accounted for by induction of P450 enzymes both in the liver and in
the intestine. In PXB mice, only the liver, but not the intestine, is
humanized. Therefore, the intestinal P450 enzymes in PXB mice
cannot be induced by RIF, which is a specific human PXR ligand. As
a result of the lack of induction in the intestinal P450 enzymes in PXB
mice, the reduction of the AUC in the PXB mice would be predicted
to be smaller than that in humans. In addition, the hepatic exposure of
PXB mice to RIF might be smaller than the expected level, because
RIF was administered intraperitoneally, not orally, to PXB mice in
this study. The relatively low exposure of the liver to RIF may have
result in a weaker induction in the PXB mice.

The induction of CYP3A4 and CYP2CS8, CYP2C9, and CYP2CI19
by RIF in PXB mice was also demonstrated by examining the enzyme
activities using typical substrates for each P450 isoform (Fig. 2). The
induction of CYP2B6 in the liver microsomes was also detected (Fig.
2B). This result is consistent with the fact that the expression of
CYP2B6 is regulated by the human PXR (Sinz et al., 2008). Next, we
determined the mRNA expression levels of other genes, including
UGTI1A1, MDRI1, and MRP2, whose expression levels are also under
the regulation of the human PXR (Fig. 3) (Nakata et al., 2006). It was
previously demonstrated that RIF led to a small increase in the mRNA
expression of these genes using human hepatocytes (Nishimura et al.,
2008a,b). In this study, the mRNA expression levels seemed to be
slightly increased by RIF in a dose-dependent manner. Statistically
significant increase was observed in the mRNA expression levels of
UGTIAI but not in those of MDR1 or MRP2 expression (Fig. 3,
H-J). These results might be also attributed to the use of single donor
hepatocytes as discussed above.

In the present study, we have performed a DDI study focusing on
the human PXR-related induction of CYP3A4 and CYP2C enzymes
simultaneously by using the cassette dosing of substrate drugs in PXB
mice. We have demonstrated that the PXB mice show a similar
response to humans in terms of human PXR-related P450 induction by
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RIF. Because the PXB mice used in the present study were derived
from the hepatocytes of a single donor, further studies are needed to
generalize the present findings by performing DDI studies using PXB
mice derived from the different hepatocyte donors.

Considering the magnitude of induction and its contribution to the
drug metabolism in clinical situations, CYP3A4 is the most important
enzyme to examine during the preclinical development of a new drug
candidate. Several groups have established PXR and/or CYP3A4
humanized mice using gene knockout and transgenic techniques (Xie
et al., 2000; Ma et al., 2007; Kim et al., 2008; Scheer et al., 2008;
Hasegawa et al., 2011). On the other hand, the previous and present
DDI studies have demonstrated that the induction of CYP2C enzymes
also has a large impact on the pharmacokinetics of CYP2C substrate
drugs (Niemi et al., 2003). At present, chimeric mice with a human-
ized liver, including the PXB mice, are only animal model available
to investigate DDIs caused by the induction of CYP2C together with
CYP3A4. Furthermore, several groups have reported that the drug-
metabolizing profiles in PXB mice are similar to those in humans
(Kamimura et al., 2010). Therefore, PXB mice seem to be a suitable
animal model to examine the enzyme induction by a drug and its
metabolite(s) if these are ligands for the human PXR. In conclusion,
PXB mice will provide the opportunity to examine potential DDIs
caused by PXR-related enzyme induction in a situation similar to that
observed in humans.
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1. Introduction

ABSTRACT

Interferon regulatory factor (IRF)-4 is a member of the IRF transcription factor family, whose expression is
primarily restricted to lymphoid and myeloid cells. In T-cells, IRF-4 expression is induced by T-cell recep-
tor (TCR) cross-linking or treatment with phorbol-12-myristate-13-acetate (PMA)/lonomycin, and IRF-4
is thought to be a critical factor for various functions of T-cells. To elucidate the IRF-4 functions in human
adult T-cell leukemia virus type 1 (HTLV-1)-infected T-cells, which constitutively express IRF-4, we iso-
lated IRF-4-binding proteins from T-cells, using a tandem affinity purification (TAP)-mass spectrometry
strategy. Fourteen proteins were identified in the IRF-4-binding complex, including endogenous IRF-4
and the nuclear factor-kappaB (NF-xB) family member, c-Rel. The specific association of IRF-4 with c-
Rel was confirmed by immunoprecipitation experiments, and IRF-4 was shown to enhance the c-Rel-
dependent binding and activation of the interleukin-4 (IL-4) promoter region. We also demonstrated that
IL-2 production was also enhanced by exogenously-expressed IRF-4 and c-Rel in the presence of P/I, in T-
cells, and that the optimal IL-2 and IL-4 productions in vivo was IRF-4-dependent using IRF-4~/~ mice.
These data provide molecular evidence to support the clinical observation that elevated expression of
c-Rel and IRF-4 is associated with the prognosis in adult T-cell leukemia/lymphoma (ATLL) patients,
and present possible targets for future gene therapy.

© 2011 Elsevier Ltd. All rights reserved.

(IRFs). In mammals, the members of the IRF family of transcription
factors (IRF-1-IRF-9) bind to the IFN-stimulated response elements

Interferons (IFNs) are multi-functional cytokines that regulate
the genes involved in viral infection defense, immune system acti-
vation, hematopoietic development and modulation of cell growth.
IFNs derive their effects through the transcriptional activation of
target genes, which are regulated through IFN regulatory factors

Abbreviations: IRF-4, interferon regulatory factor-4; IFN, interferon; ISRE, IFN-
stimulated response element; TCR, T-cell receptor; PMA, phorbol-12-myristate-13-
acetate; [, lonomycin; TAP, tandem affinity purification; IL-4, interleukin-4; HTLV-1,
human adult T-cell leukemia virus type 1; ATLL, adult T-cell leukemia/lymphoma;
NF-kB, nuclear factor-kappaB; NFATc2 (NFAT1), nuclear factor of activated T-cells;
AZT, azidothymidine (zidovudine).
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(ISREs) found in the promoter regions of [FN-stimulated genes [1].

The expression of IRF-4 is restricted to the immune system, and
is induced by diverse mitogenic stimuli, including T-cell receptor
(TCR) cross-linking or treatment with phorbol-12-myristate-13-
acetate (PMA)/lonomycin (I) [2-4]. Mice deficient in the IRF-4 gene
(IRF-4~/~) exhibited profound defects in the functions of both B-
and T-cells [5]. IRF-4 plays crucial roles in multiple steps of B-cell
differentiation. For instance, IRF-4 activates the immunoglobulin
light-chain genes by binding a specific DNA sequence in the 3’ en-
hancer regions, in cooperation with the ETS-family transcription
factor PU.1, and by repressing the key germinal center regulator,
BCL6 [6,7]. Recently, IRF-4 was reported to be the master regulator
gene in multiple myeloma, a malignancy of plasma cells [7,8]. IRF-4
is also essential for several stages of T-cell and myeloid cell
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differentiation. We, as well as other groups, have found that, in the
absence of IRF-4, not only the development of Th2 but also that of a
¢DC subset, CD8a"CD11b", is severely impaired [9-12]. The IRF-4
functions are regulated by several IRF-4-binding proteins. FK506-
binding protein 52 (FKBP52) reportedly bound to IRF-4 in HTLV-1
(human T-cell leukemia virus type 1)-infected T-cells, and re-
pressed the IRF-4 function by preventing the nuclear translocation
and the target DNA binding of IRF-4 [13]. The IRF-4-dependent IL-4
induction in the presence of PMA and lonomycin was enhanced by
NFATc2 (NFAT1), and provided an important molecular function in
T-helper cell (Th) differentiation [9]. NFATc1 (NFAT2) also activated
the human IL-2 and IL-4 promoters in cooperation with IRF-4 [14].
Recently, it was reported that the elevated expressions of a nuclear
factor-kappaB (NF-kB) family member, c-Rel, and IRF-4 are associ-
ated with the prognosis in adult T-cell leukemia/lymphoma (ATLL)
patients [15]. To elucidate the mechanism, we isolated IRF-4-bind-
ing proteins from the HTLV-1-infected T-cells (HUT102), using the
tandem affinity purification (TAP) method [16]. We identified c-
Rel, as a novel IRF-4-associated protein in T-cells. We further exam-
ined whether IRF-4 activates the promoters of IL-2 (a T-cell growth
factor) and IL-4 (an inducer of Th2 differentiation and growth) in
cooperation with c-Rel in the stimulated T-cells.

2. Materials and methods
2.1. Cell culture and transfection

HUT102, an HTLV-1-infected human T-cell line, and EL-4, a
murine thymoma cell line, were grown in RPMI 1640 medium sup-
plemented with 10% heat-inactivated fetal bovine serum (FBS), and
transfected with the indicated plasmids by electroporation using a
pipette-type electroporator, Microporator MP-100 (Digital Bio).
HEK293T cells were grown in 10% FBS-supplemented DMEM, and
transfected with the indicated plasmids using the FUGENE 6 trans-
fection reagent (Roche).

2.2. Plasmid constructs

The full-length human IRF-4 cDNA (1-1356) [2], and the PCR-
amplified DNA fragments, (1-405) and (403-1356), were inserted
downstream of the FLAG tag in the pcDNA3 vector (Invitrogen).
The unique restriction enzyme, Apal, was used to excise the N-ter-
minal (1-1174) and C-terminal (1174-1860) regions from the full-
length human c-Rel cDNA (1-1860) [17]. The fragments were in-
serted downstream of the HA tag in the pcDNA3 vector. The IL-4-
Luc reporter plasmid was constructed by inserting the PCR-ampli-
fied promoter region (—250 to +15) of the human IL-4 gene into the
pGL2-Basic vector (Promega). All constructs were confirmed by
DNA sequencing.

2.3. Preparation of cell extracts

Cell lysates were prepared by vigorous vortexing in 400 pl of ly-
sis buffer (20 mM Tris, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1%
NP40), containing a protease inhibitor mix (Boehringer), 48 h after
transfection in a 6-well plate.

For the preparation of the nuclear extract, HUT102 cells
(1 x 10° cells) were transfected with the indicated plasmids, and
the nuclear proteins were extracted as described previously [18].

2.4. Immunoprecipitation and immunoblot analyses

The cell lysates were incubated with anti-FLAG M1 antibody-
conjugated agarose beads (Sigma) for 2 h at 4 °C. The nuclear ex-
tracts from HUT102 cells were incubated with 5 pg of goat poly-
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clonal anti-IRF-4 antibody (Santa Cruz Biotechnology), rabbit
polyclonal anti-c-Rel antibody (Santa Cruz Biotechnology) or the
corresponding control IgG antibody (Sigma), and Protein A Sephar-
0se4B Fast Flow beads, for 3 h at 4 °C. The immunocomplexes were
extensively washed, and the co-precipitated proteins were eluted
from the Sepharose beads by boiling in SDS sample buffer. Each
sample was resolved by SDS-PAGE, transferred to a PVDF mem-
brane, and incubated with the indicated antibodies. Specific pro-
teins were visualized with the appropriate HRP-conjugated
antibodies and the ECL Plus detection system (Amersham Pharma-
cia Biotech).

2.5. Chromatin immunoprecipitation (ChIP)

The nuclear extracts from HUT102 cells were subjected to DNA-
protein cross-linking with 1% formaldehyde for 5 min. After exten-
sive washing, the samples were suspended in 500 pl of 150 mM
NacCl, 25 mM Tris, pH 7.5, 5 mM EDTA, 1% Triton X-100, 0.1% SDS,
and 0.5% deoxycholate, and were sonicated. After centrifugation at
14,000 rpm for 10 min at 4 °C, the supernatants were precipitated
with 25 g anti-IRF-4 antibody, anti-c-Rel antibody, or the corre-
sponding IgG (Sigma) (as a control), and Protein A Sepharose4B Fast
Flow beads. The amounts of precipitated DNA were quantified by
PCR, using a pair of IL4 promoter-specific primers (Forward:
5-CAAAGCAAAAAGCCAGCA-3', Reverse: 5'-CGTTACACCAGATTGT-
CAGTCAC-3").

2.6. Mice and primary T-cell activation

IRF-4 deficient (IRF-4~/~) mice were initially mated to C57BL/6
mice, and were maintained by intercrossing in the Laboratory Ani-
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Fig. 1. IRF-4 and c-Rel binding. (A and B) Nuclear extracts from HUT102 cells
(5 x 10°), cultured for 8 h in the presence or absence of 250 ng/ml PMA and 1 uM
lonomycin (P/I), were immunoprecipitated with the IRF-4 antibody (A) or the c-Rel
antibody (B). The SDS-PAGE fractionated proteins were blotted with the c-Rel
antibody (A) and the IRF-4 antibody (B), respectively. (C) HEK293T cells (4 x 10°)
were transfected with an HA-tagged IRF-4 expression plasmid and/or Flag-tagged c-
Rel expression plasmid (500 ng each), using the FUGENE reagent. Two days after
transfection, the cells were incubated for 8 h in the presence or absence of P/I. The
nuclear extracts were prepared, immunoprecipitated with an anti-FLAG antibody,
and blotted with an anti-HA antibody.
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mal Center for Animal Research at Nagasaki University. Mice were
used at 5-6 weeks of age. The animal experiments reported herein
were conducted according to the Guidelines of the Laboratory Ani-
mal Center for Biomedical Research at Nagasaki University.

Freshly isolated CD4" T-cells, from the spleens of C57BL/6 and
IRF-4-/~ littermates, were treated continuously with TNF-o (5 ng/
ml) for 6 h. The cells were then collected by centrifugation and cul-
tured at a density of 1 x 10 cells/ml in six-well plates precoated
with anti-TCRB mAb (H57-597, 10 pg/ml). Cells were harvested
at 4 h for RNA analyses.

2.7. RNA isolation and reverse-transcription PCR

Total RNA was extracted from the CD4" T-cells and the HUT102
cells transfected with the indicated plasmids, using Isogen (Nippon
Gene, Japan). cDNA was generated from 1 pg RNA, using reverse
transcriptase. The PCR primers used for human IL-2 were 5'-TGTA-
CAGCATGCAGCTCGC-3' and 5-TGCTTCCGCTGTAGAGCTTG-3/,
those for mouse IL-2 were 5-GAGTCAAATCCAGAAGATGCCGCAG-
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3’ and 5-TGATGGACCTACAGGAGCTCCTGAG-3’, those for mouse
IL-4 were 5-CGAAGAACACCACAGAGAGTGAGCT-3' and 5'-GAC-
TCATTCATGGTGCAGCTTATCG-3', those for G3PDH were 5'-CAT-
CTGAGGGCCCACTGAAG-3’ and 5'-TGCTGTTGAAGTCGCAGGAG-3/,
those for human pB-actin were 5-AAGAGAGGCATCCTCACCCT-3’
and 5-TACATGGCTGGGGTGTTGAA-3', and those for mouse B-actin
were 5-TGGAATCCTGTGGCATCCATGAAAC-3’ and 5-TAAAACG-
CAGCTCAGTAACAGTCCG-3'.

2.8. Intraperitoneal injections and cell isolation

Complete and incomplete Freund’s adjuvants (CFA/IFA) were
purchased from Difco Laboratories. An emulsion (100 pl) of CFA
in PBS was injected into each of the C57BL/6 and IRF-4~/~ litter-
mates, followed by an injection of 100 pl of IFA on the next day.
PBS alone was used as a negative control for all experiments. The
animals were sacrificed on day 6. Lymphocytes were collected
from the spleens. Total CD4" T-cells were purified using magnetic
particles conjugated with anti-CD4 Ab (Imag Cell Separation
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Fig. 2. Determination of IRF-4 and c-Rel binding sites. (A and B) HA-tagged full-length, N-terminal half (1-1174), and C-terminal half (1174-1860) c-Rel constructs (500 ng
each) were introduced with FLAG-tagged full-length IRF-4 (500 ng) into 4 x 10° HEK293T cells in 6-well plates. The lysates (B, left panel), and the c-Rel deletion mutants co-
immunoprecipitated with IRF-4 by the anti-FLAG antibody (B, right panel) were detected with an anti-HA antibody. The arrows indicate the HA-c-Rel bands, and the
arrowhead shows a non-specific band. (C and D) FLAG-tagged full-length, N-terminal region (1-405), and C-terminal region (403-1356) IRF-4 constructs (500 ng each) were
introduced with HA-tagged full-length c-Rel (500 ng) into 4 x 10° HEK293T cells in 6-well plates. The lysates (D, left panel), and the c-Rel co-immunoprecipitated with the
IRF-4 deletion mutants by the anti-FLAG antibody (D, right panel), were probed with an anti-HA antibody. The arrows and arrowhead indicate the FLAG-IRF-4 bands, and the
HA-c-Rel band, respectively.
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System, BD Biosciences), as specified by the manufacturer. This
protocol provided cells with >99% purity, as assessed by flow
cytometry. Freshly isolated CD4" T-cells were collected by centrifu-
gation and cultured at a density of 1 x 10° cells/ml in six-well
plates precoated with various concentrations of anti-TCRp mAb
(H57-597). Cells were harvested at 16 h for cytokine assays, using
sandwich ELISA. For the mRNA preparation, the isolated CD4" T-
cells (2 x 10° cells/well) were stimulated in the 96-well paltes pre-
coated with the indicated concentrations of anti-CD3 (Pharmin-
gen) and anti-CD28 (Southern Biotech) antibodies for 4 h.

3. Results

3.1. Identification of the proteins associated with IRF-4 by the TAP
method, followed by mass spectrometry

To identify the proteins that associate with IRF-4 in T-cells, we
purified the IRF-4-binding complex by the TAP method, as de-
scribed previously [16], and in Supplemental Figs. 15-3S. We ex-
cised 30 well-separated bands that were specifically bound to
IRF-4 from the gel, digested them with trypsin, and identified them
by tandem mass spectrometry. However, only fourteen bands, in
addition to IRF-4, were identified with significant scores
(p < 0.05) in the Swiss-Prot database, using the MASCOT search en-
gine (Supplemental Table S1). One of the peptide sequences ac-
quired from the approximately 75-80kDa protein band was
matched to the human c-Rel proto-oncogene protein.

3.2. Specific binding between IRF-4 and c-Rel

We further analyzed the binding of c-Rel to IRF-4, because the
enhanced expression of both c-Rel and IRF-4 is associated with
the prognosis in ATLL patients [15,16]. An HTLV-1 (human T-cell
leukemia virus type 1)-infected T-cell line, HUT102, also expresses
large amounts of IRF-4 and c-Rel. As shown in Fig. 1A, the IRF-4
antibody co-precipitated c-Rel with IRF-4 more effectively in the
presence of 250 ng/ml PMA and 1 uM Ionomycin (P/I), as compared
to the control IgG. Conversely, the anti c-Rel antibody also co-pre-
cipitated IRF-4 with c-Rel independently of the P/I treatment, as
compared to the control IgG (Fig. 1B). Since the amounts of IRF-4
and c-Rel were not affected by the P/I treatment, the enhanced
binding by P/l indicated that the P/I treatment induced a functional
change in IRF-4, c-Rel, or other binding molecules. In addition, we
examined whether IRF-4 directly binds to c-Rel, by over-expressing
them in HEK293T cells. The HA-tagged IRF-4 was specifically co-
precipitated with the FLAG-tagged c-Rel, and the binding was en-
hanced in the presence of P/I (Fig. 1C).

Next, we examined the region of c-Rel that is responsible for its
interaction with IRF-4, using HA-tagged deletion mutants of c-Rel
(Fig. 2A and B). The expected 68-kDa, 39-kDa, and 34-kDa bands
for the full-length, N-terminal half (1-1174), and C-terminal half
(1174-1860) c-Rel constructs, respectively, were detected with
an anti-HA antibody (Fig. 2B, left). Each mutant c-Rel was co-ex-
pressed with FLAG-tagged IRF-4 in HEK293T cells and subjected
to an immunoprecipitation assay. As shown in the right panel of
Fig. 2B, the full-length and the N-terminal half (1-1174) c-Rel con-
structs interacted with IRF-4, in contrast to the C-terminal half
(1174-1860). A strong band was detected always in the lanes con-
taining FLAG-IRF-4. This may be related to IRF-4, however, the
binding of the N-termial half c-Rel to IRF-4 was specific, because
the C-terminal half c-Rel was not co-precipitated with FLAG-IRF-
4 using the anti-FLAG antibody. On the other hand, the FLAG-
tagged full-length and the C-terminal IRF association domain
(403-1356) of the IRF-4 constructs co-precipitated HA-tagged c-
Rel, in contrast to the N-terminal DNA binding domain (1-405)
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Fig. 3. IRF-4 and c-Rel co-operatively activate the human IL-4 promoter. (A)
HUT102 cells (2 x 10°) were transfected with a luciferase reporter construct driven
by the human IL-4 promoter (—250 to +15) (1 pg) with/without IRF-4, and c-Rel
expression plasmids (200 ng each) by electroporation. Two days after transfection,
the cells were incubated for 8 h in the presence or absence of 250 ng/ml PMA and
1 uM Ionomycin (P/I), and the luciferase activities were measured. Results show the
mean + SE of three independent experiments. (B) The chromatin immunoprecipi-
tation (ChIP) assay was performed using HUT102 cells (5 x 10°) treated with/
without P/l for 8 h, with anti-IRF-4 and anti-c-Rel antibodies. The amount of
specifically precipitated DNA was determined semi-quantitatively, by changing the
PCR cycle numbers (25, 30 and 35 cycles) with primers specific for the [L4 promoter
(-300 to —80).

of IRF-4 (Fig. 2C and D). These results indicated the interaction be-
tween the N-terminal half of c-Rel, containing the Rel homology
domain, and the C-terminal IRF association domain of IRF-4.

3.3. IRF-4 and c-Rel cooperatively activate the IL-4 promoter

To explore the effects of c-Rel on the IRF-4 functions in vivo, we
first examined the effects of c-Rel on the IRF-4-dependent IL-4
stimulation in HUT102 cells, using a luciferase reporter assay with
an IL-4 promoter, because IRF-4 reportedly stimulated IL-4 expres-
sion via a physical interaction with NFATc2 and/or NFATc1 [9,14].
As shown in Fig. 3A, the P/I treatment enhanced the basal IL-4 pro-
moter activities (the open vs. filled bars), and the IRF-4 (lane 4), c-
Rel (lane 6), and IRF-4 + c-Rel (lane 8) activities were significantly
enhanced by 1.88+0.18-, 2.11+0.07-, and 4.47 +0.55-fold,
respectively, as compared to the basal [L-4 promoter (lane 2). Next,
we tested the binding of IRF-4 and c-Rel to the IL-4 promoter re-
gion, using a ChIP assay. The amounts of the IRF-4 promoter region
(—300 to —80) that co-precipitated with the anti-IRF-4, c-Rel, and
control antibodies were determined semi-quantitatively, by
changing the PCR cycle numbers (25, 30, and 35 cycles) in the pres-
ence or absence of P/I treatment (Fig. 3B). The specific binding of
IRF-4 and c-Rel to the IL-4 promoter region was observed, and



