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4. PXB YO ADERADFIA

PXBv D RiTIX, BERO=Y R CE L TEHE
RERAMBEZRTZ LRTHTHD, YFH°EH
LTWBREBHBREOTH» D, HBRMEORSE L&
GREI ORI BHBIZOWTEEH 22173, #R
BEOBEITSVWTR, BREBKLLTEO, B
T, BB, BIRR, SHARLE—BiERO
iz, BREFTEM OBIRF~ORBAY 2 5
B~OEERER LORBRLER LBIRTX 3,
—RBORB|EBRRICOVWTE, 1 bV ERE
GEZERE LTRE)ORES, REHRE(2HE
HORBERAZELEW) bERTRETHD, BT
BREARBIOREE R, BR/ERERTER2D
D& LT, MK B, RBLUE, B
£EERB L URTORBATETHD, ZD5
b, mKIX 10p2L/g BW/1 week, BBHIX52L/h,
Ri31.0mL/24h, X 1.5g/24 h BRBREDBER
ER22oTW3, tThboifix, —BRERER
LUCKEREIC X - TREORERBEIEE L
BoRMEHh TN, &, REVIARR VR
UM ED L BY SR PXBTY R EDWTH,
ERE~DOBRY R I BREL BBV LZE
BN L L CEBOARSE SR ORR

KWLTWD, 2B, YFTiE, ThbPXB=
Y ZROFAFEORMIONVT, FINIRITEEL
BERLSTEE - ZB2T-oTW5,

PIREiTiY, PXB= Y RAOXRAMAO—HL LT,
RICERRBARICEETIROAM, Fitsr
VR TA VROV TOREREE BT 3,

R, EX&RARZROBRBIIBVTE b
DEHLBUEFELBRETIEDILEELHSE
SBTHD, ZOSBITBVWTPXBY R icH#l
FHEhBAIZ, PXB=YRFEAOt RN
b bEKLRARORDRBWEBEZELTVWEZ L
Thd, .

REETILYRICBVWTAEShAPXB =Y
AD9b, 3uy bORRD FF—[FHlEE A
TEEENE PXB Y RDOFEIZoWT, DNA
7 V £ (Afiymetrix GeneChip® Human Genome
U133 plus 2.0 Array, 38,500 B{cF AR TTER) &
AVWERETFREAMTEERLLLZ 5, PXBw
v AFAOE FIFHIIRTI, Y87 V4 ICHER
Ehict MEREFOO D, W%ILHEDBEF
DERBARERBEL, ZDIHB%ITHYTIE
BEFIOVTIR 3 vy FNHORBRRICKE 2EEQ
BRWETIL1/2 TYVREWV) IR bhizdoi,

t MNRRICRELTWASEOSF05 S, R
DRBERICERTIL, BIARLEZRSF L
Z7u—APO(CYP) LEENDEERSTFET
&3 CYP1Al, 1A2, 2A6, 3A4, 3A5, 2C9, 2C8,
2C19, BLU2D6 DRAREBEhTRY MWW
T, TMTE FEF V¥ —FBitonWTHEERR
BB ShTWaYW, Z05%b, CYP2A6, 3A4, 2CB
2C9, 2C19 3 LT’ 2D6 IcoWTiZ, PXB= U A
OESRE LB T TRREERERETTIL
REESHhTRY Y, i, CYP2A6, 2C198 &%
T6 L2V T, FF—oRGEFSBARL:
B2 b IBRELORERBSh TS W %%
B IRRELESERICOVWTR, SA7avR
BAWR (UGT), BEBIIABER (SULT, CSTH X
TTPST), 7EFAAAER(NAT), INETF
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A EAERE (GSTRLTIMGST), A FAHAE
¥ (COMT, PNMT, TPMT, GAMT, PEMT B kX
CASMDEEENITZERDFEROZIENER
ERNTWAE 9, “heORRICETh397F
#m 5%, UGT2BT, SULTIAL, SULTIEl BLT
NAT2 iE oW T, PXB= U R OERE LRIC
HoTHREELEREZRTI L bREShTS
Y 19, NAT2 OEERIEHEIC VTR K- —FFila
ORETFEHILHRETILEZBNID FF—[2
REBELTHVS Y, (LEMRZFBENSIC
BETIBEEIRO IV AF—F—zonTH,
ABC 5 v RAR—%—(ABCA), Solute carrier 7 7
3D —22(5LC22), AT =2V PSS RR—F—
(OATP) Iz oV T mRNA DREANER S h TS 12,
XS, PXB= U RAFBAOE MMMl
i, B¥OE MNEGFRIVE VA RRBEL
THRELTWIZ LEEREINTEY, FHl:
AT 2RORBLFOFRICBNTHECESL
VY—RTChHBLELOND, EBRIZ, b TH
AEhTW3ERLICHETIHEL LT,
Cefmetazole '” % Warfarin 1 12 ¢ ¢k pyBhR (Rix,
R, 2B L OHEST)2, v FNFERO
BEBERBLTWA I LBRBEhTWS, £,
t FERTEMHEERAO 1oL LTHEE R
TWABEBRICOWTIE, PXB v Y A
Rifampicin ¥ 72§ Rifabutin ¥ REHE L&
. CYP3A4 OmRNA RBRE, ¥ I/ RABABBX
VFURIAREIEMT 2 LAV EhTH
33000 = EOWHRBEL, PXB < UAR
t FERER CORBEEIER ORI - FRITBNT
FRATHOOIILEFRTF—2LEXDNIS,
FFEEHRLITF T, EXRTBRERER
HDEEWE Lo TRETIFFRENR, b o
PR ROEREMBEICEALEEL 525
e, PXBwUREELEH L WY Y—ROBREIC
LoT, L FCORBEREEZRE L FRCE
DILBHMBENRTNS, LL, b MF#R*
AT2YARR, FEEREICHE>TERT~

ERENIRETLIS, 1HBIE, PXBowo 2
THRWPARBIL LTy AFHBICEE 2%
ELTV3ied, BLETHHIED AST R ALT
REEREEEZAL, Y AFElakko
AST & ALT Ikt MFHIRIKBETI o h b5l
ERLERTOLLPRELRTHB(E2),
PXB= DU ARFHLTE M~ DEE 288
THBRICIX, Thbo~ v RFFHIRR Sk % BLEER
DOREFEOR—ABEN L BE %, HBWE
DR EWE CRA—EE TORBBEROEB 2 RE
TAHZERHBBBI L - THEEORELHER
THRLRBELEXOLD, 281X, PXB=
DABRERLOBREFH LD, RERNE

#2 PXBYYROMBELET—4

H B B iy + REEREE
GOT/AST um 437.2 = 504.8
GPT/ALT wn 280.3 = 280.2
GGT wm 522 =  24.0
CPK /N 275.4 = 134.8
LDH w/m 1165.9 = 799.7
ALP um 874.0 = 421.1
LAP wnm 86.6 = 28.8
CHE /N 4173 £ 82.4
AMYL w/m 977.3 + 363.3
BUN (mg/dL) 35,6 = 21.4
TCHO (mg/dL) 135.3 +  50.0
HDL-C (mg/dL) 31.3 £ 15.2
TG (mg/dL) 969 * 37.3
TBIL (mg/dL) 0.7 0.4
DBIL (mg/dL) 0.1 0.0
GLU (mg/dL) 118.3 = 36.9
VA (mg/dL) 356 1.9
ALB (g/dL) 27+ 13
TP (g/dL) 49 04
CRE (mg/dL) 255.6 = 260.3
Ca (mg/dL), 101 £ 1.2
Ip (mg/dL) 95 1.6
Mg (mg/dL) 26 % 0.9
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P THIEAKAT A UNVREFERLT, PXB=
vREAVTE MNFERZN&S L LE XL ad
IV AQEEEREDTVS, b MFRRTOR
BFEIEOELLER, FEERELTETED
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M AT ARBRBTIHIETR, Fr_v
SRR F VBB REE Lot
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FERELTHAIREZVRBREOEGNER S
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RoTW3,

HCV =) 847 1b RBRP S THEMLE
HCVEB#PXB* U RAE=FVEFALT, HCVHA
WIETHD PeglFNa-2a L L DB LRHEBL
THRBROATE 7 LR, ZTORKRTIX, HCV
B PXB =7 A2, 30ug/kg®DPeg-IFNa-22 % 1
AR 2 BoOSEE T2 BMREKRTRE Lic&kic
2AROKRENMER T, TOKER, Peg-IFNa-
28 OREIT L o TliEP D HCV RNA BEITESR
2EED L, BERTHRICXmME HCV RNARE
DEENER L, HCVRIPXB= Y RETN
EAWE HCV EIREOTMHIZ L Tix, 4T
DM O iz Myriocin (Serine palmitoyltransferase
inhibitor)®, 17~ (dimethylaminoethylamino) ~17~deme~
thoxygeldanamycin (HSP90 inhibitor) %, DEBIO~025
(Cyclophilin Inhibitor)*® % #REf LR RITOWT
bREShTWS,

© 10E+07 -

| -o-Control
-o-Peg-IFNa-2a

42 35 28 21 44 7 0 7 14 21 28 35
(Day)

B17 HOVEESPXB RIAETILTOPegIFNa—2a ih &

Peg-IFNa~2a iz & b s HCV RNA BN T35,
ZH : HCV##E, KA : Peg-lFNea-2a #5H1M.

-o- Control
10E+10~*~ Lamivudine 30 mg/kg QD

510&«)3 ......... —
5 -(%3-55-49-42.35-23.21-14 7 0 7 14 21 28 35

{Day)

B8 HBVERPXBTHAETILTO Lamivudine IEEE

Lamivudine { X ¥ fn {8 HBV DNA B ERB DT 5.
&H : HBV #38, K : Lamivudine #4530

HBV V=) #47C2BH & THERLEHBY
B PXBw Y AEFAMEFA LT, HBVIERET
¥ % Lamivudine ~OISEE 2R L -RBR O E
8ITiRT, “OMRMTIX, Lamivudine @ 30 mg/kg &
1R 1 BoEEC2ARRERORE LT 2
AR OKENMERITE, TORKR, Lamivudine
#51T k- ChHEPO HBV DNA RE ELHIC
WP L, HE#THIMNP HBV DNA RERE
SITEY L, HBV 8% PXB < 7 AETHE
%33 Lamivudine DELBICBEL T, Y¥&£TO
RN OMIT, Lamivudine 4% HBV 2 B &7
PXB < ¥ 2 T Lamivudine D #i HBV 2R HBH
THILBEEBERTNE®,
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ABSTRACT:

The expression of drug transporters and metabolizing enzymes is
a primary determinant of drug disposition. Chimeric mice with
humanized liver, including PXB mice, are an available model that is
permissive to the in vivo infection of hepatitis C virus (HCV), thus
being a promising tool for investigational studies in development of
new antiviral molecules. To investigate the potential of HCV infec-
tion to alter the pharmacokinetics of smali molecule antiviral ther-
apeutic agents in PXB mice, we have comprehensively determined
the mRNA expression profiles of human ATP-binding cassette
(ABC) transporters, solute carrier {SLC) transporters, and cyto-
chrome P450 (P450) enzymes in the livers of these mice under
noninfected and HCV-infected conditions. Infection of PXB mice
with HCV resulted in an increase in the mRNA expression levels
of a series of interferon-stimulated genes in the liver. For the
maijority of genes involved in drug disposition, minor differences

in the mRNA expression of ABC and SLC transporters as well as
P450s between the noninfected and HCV-infected groups were
observed. The exceptions were statistically significantly higher
expression of multidrug resistance-associated protein 4 and
organic anion-transporting polypeptide 2B1 and lower expres-
sion of organic cation transporter 1 and CYP2D6 in HCV-in-
fected mice, Furthermore, the enzymatic activities of the major
human P450s were, in general, comparable in the two experi-
mental groups. These data suggest that the pharmacokinetic
properties of small molecule antiviral therapies in HCV-infected
PXB mice are likely to be similar to those in noninfected PXB
mice. However, caution is needed in the translation of this rela-
tionship to HCV-infected patients as the PXB mouse model does
not accurately reflect the pathology of patients with chronic
HCV infection.

Introduction

Elimination of endogenous and exogenous substances is one of the
most important physiological functions of the liver, which comprises
the sinusoidal uptake from the blood circulation, intracellular phase I
and phase II metabolism, and canalicular efflux of parent compound
and/or metabolites into bile. Cumulative evidence suggests that mem-
bers of the solute carrier (SLC) and ATP-binding cassette (ABC)
transporters are expressed on either sinusoidal or canalicular mem-
brane of the hepatocytes where they are responsible for the sinusoidal
uptake and bile canalicular efflux of a diverse set of compounds
(Chandra and Brouwer, 2004; Shitara et al., 2006; Dobson and Kell,

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

doi:10.1124/dmd.109.031732.

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

2008). On the other hand, cytochrome P450 enzymes are localized to
the endoplasmic reticulum of hepatocytes and are the major enzymes
involved in phase I drug metabolism and bioactivation, accounting for
approximately 75% of the oxidative metabolism of marketed drugs
(Gonzalez, 1990; Rendic and Di Carlo, 1997). Other enzymes such as
glutathione transferase, UDP-glucuronosyltransferase, and sulfotrans-
ferase are involved in the conjugation of xenobiotics in phase I
metabolism (Meyer, 1996; Williams et al., 2004). The expression and
function of these transporters and enzymes are important determinants
of the physiological turnover of endogenous compounds and clear-
ance of exogenous substances including clinically used drugs.
Hepatitis C virus (HCV) infects an estimated 170 million people
worldwide, and its infection is a leading cause of chronic hepatitis,
liver cirrhosis, and hepatocellular carcinoma (World Health Organi-
zation, 1999). Currently, the combination therapy of pegylated inter-
feron (IFN) and ribavirin is the only approved treatment for HCV
infection. However, this treatment regimen is only effective in ap-

ABBREVIATIONS: SLC, solute carrier; ABG, ATP-binding cassette; HCV, hepatitis C virus; IFN, interferon; uPA/SCID, urokinase plasminogen
activator-transgenic severe combined immunodeficiency disorder; PCR, polymerase chain reaction; ISG, interferon-stimulated gene; hGAPDH,
human glyceraldehyde-3-phosphate dehydrogenase; P450, cytochrome P450; LC, liquid chromatography; MS/MS, tandem mass spectrometry;
MRP, multidrug resistance-associated protein; OATP, organic anion-transporting polypeptide; OCT, organic cation transporter; P-gp, P-glyco-
protein; MDR, multidrug resistance; BSEP, bile sait export pump; NTCP, Na*-taurocholate cotransporting polypeptide; OAT, organic ion

transporter; C,, cycle threshold.
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EFFECT OF HCV INFECTION IN PXB MICE

proximately 50% of all patients infected with HCV. A number of
individuals with HCV infection are unable to achieve a sustained
virological response with the current therapy, and many of them will
progress to liver diseases resulting from chronic infection with HCV.
Thus, the development of more efficient therapies against HCV is of
high priority (Wakita, 2007).

Several in vitro experimental models have been used to investigate
the pathology of HCV as well as the efficacy of potential therapeutic
compounds. These models include the use of individually cloned
proteins of HCV (Littlejohn et al., 1998), infection of primary culture
human hepatocytes with HCV (Buck, 2008), and in vitro HCV rep-
licon systems in Huh-7 cells (Bartenschlager, 2005). The HCV rep-
licon systems are particularly useful in HCV research and drug
discovery because they are both permissive to high-efficiency HCV
replication and respond to antiviral compounds including IFN-a and
ribavirin. However, several limitations exist with the use of replicon
systems in the discovery and development of novel anti-HCV com-
pounds. These include the cell culture-adaptive mutations of the HCV
genome and the innate difference of Huh-7 cells, which are immor-
talized tumor cells, compared with hepatocytes.

Because of the strict tropism of HCV, only humans and higher
primates, such as chimpanzees, have, until recently, been receptive to
authentic HCV infection and the development of chronic liver disease
due to HCV infection (Lanford et al., 2001; Kremsdorf and Brezillon,
2007). However, use of chimpanzees is difficult from ethical and
economical perspectives. The chimeric mouse with a humanized liver
on the genetic background of urokinase plasminogen activator-trans-
genic severe combined immunodeficiency disorder (uPA/SCID) mice,
designated as the PXB mouse, has been developed and characterized
(Tateno et al., 2004). The livers of these mice are near completely
(>70%) replaced with human hepatocytes and maintain the hepatic
expression of most human drug-metabolizing enzymes and transport-
ers (Nishimura et al., 2005). Subsequent studies have demonstrated
that this mouse model is permissive to the infection of HCV in vivo
and has potential utility in the discovery and development of new
anti-HCV therapy (Umehara et al., 2006; Hiraga et al., 2007; Inoue et
al., 2007). However, one should note that HCV-infected PXB mice do
not precisely mimic chronic HCV infection in humans because these
mice lack the adaptive immune response and liver disease associated
with HCV infection as a result of their genetic background (SCID).

Because the primary organ of HCV infection and its replication is
the liver, it is of great importance to know the possible alterations in
the hepatic expression and activity of pharmacokinetics-related genes,
i.e., drug transporters and metabolizing enzymes, by HCV infection.
The aim of the present study was thus to investigate the effect of HCV
infection on the mRNA expression of human ABC and SLC trans-
porters and cytochrome P450 enzymes in the livers of PXB mice.
Furthermore, the enzymatic activities of major human cytochrome
P450 enzymes were compared between noninfected and HCV-in-
fected PXB mice.

Materials and Methods

Generation of PXB Mice. PXB mice were generated by transplanting
1.0 X 10° human hepatocytes into the spleens of 2- to 3-week-old uPA/SCID
mice under diethyl ether anesthesia as described previously (Tateno et al,
2004). All PXB mice used in the present study were derived from the same
donor human hepatocyte (BD87, male, 2-year-old white; BD Biosciences, San
Jose, CA).

Inoculation of HCV to PXB Mice. The inoculum used in the present study
was HCV genotype 1b (HCRS, accession no. AY045702), which was obtained
from HCV-infected PXB mice at the third passage. The original inoculum was
obtained from the serum of an HCV-positive patient. PXB mice with a human
albumin concentration in the blood greater than 6.0 mg/ml were infected with

1955

HCV genotype 1b at 9 to 10 weeks of age by injecting the inoculum (1.0 X 10*
copies/mouse) to the retro-orbital sinus under diethyl ether anesthesia.

Quantification of Human Albumin Concentration and HCV Titer in the
Serum. The concentration of human albumin in mouse blood was determined
by latex agglutination immunonephelometry at 13 to 17 weeks of age. The
replacement index is defined as the percentage of human hepatocyte repopu-
lated in the host mouse liver and can be estimated from the blood human
albumin value. RNA was extracted from the serum of PXB mice using a Sepa
Gene RV-R RNA extraction system (Sanko Junyaku Co., Ltd., Ibaraki, Yapan)
according to the manufacturer’s instructions, and the serum titer of HCV was
determined by real-time quantitative PCR using TaqMan EZ RT-PCR Core
Reagent and an ABI Prism 7500 sequence detector system as described
previously (Takeuchi et al., 1999).

RNA Isolation and TagMan Gene Expression Assays. Body weight was
measured, and the liver was harvested from each mouse at 17 to 19 weeks of
age. Total RNA was isolated from liver specimens using TRIzol (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions and then treated
with DNase T to remove contaminating genomic DNA. For ¢cDNA synthesis,
80 ng of RNA was reverse-transcribed using a Transcriptor First Strand cDNA
Synthesis Kit (Roche Applied Science, Indianapolis, IN) with random hexamer
as the primer. The mRNA expression of human ABC transporters, SLC
transporters, cytochrome P450 enzymes, and interferon-stimulated genes
(ISGs) was quantified by TagMan Gene Expression Assays on an ABI Prism
7900 system (Applied Biosystems, Foster City, CA) using LightCycler 480
Probe Master (Roche Applied Science) with primers and FAM-TAMRA or
FAM-Towa Black dual-labeled probes (Integrated DNA Technologies, Inc.,
Coralville, IA) that are specific for human genes. The protocol for PCR was as
follows: 50°C for 2 min, 95°C for 10 min, and 40 cycles of 95°C for 15 s and
60°C for 1 min. The assay identification number or sequences of primers and
probes used in the present study are listed in Table 1. The specificities of
primers and probes to human genes were confirmed by comparing the ampli-
fication from human or mouse liver cDNA. No specific amplification was
observed when mouse liver cDNA was used as a PCR template for all genes
tested (data not shown). HCV RNA content in the livers of PXB mice was also
quantified by TagMan Gene Expression Assays using a cocktail of three
forward primers, one reverse primer, and two TagMan probes (Table 1) as
described previously (Cook et al., 2004). The mRNA expression of each gene
was quantified using the comparative C; method, and normalized by the
mRNA expression of hGAPDH.

Preparation of Liver Microsomes and Determination of Activities of
Cytochrome P450 Enzymes. The microsomal fractions were isolated from the
livers of noninfected and HCV-infected PXB mice at 18 or 20 weeks of age as
described previously and stored at —70°C until further use (Sugibara et al.,
2001). The activities of various P450s were determined in liver microsomes of
PXB mice using selective substrates for the human P450 isoforms at appro-
priate concentrations (Table 2). In brief, 0.2 mg/ml microsomes were prein-
cubated with substrate in 50 mM potassium phosphate buffer (pH 7.4) con-
taining 5 mM MgCl, at 37°C for 5 min, and, subsequently, 2 mM NADPH was
added to start the enzyme reaction. After the incubation at 37°C for 30 min
(CYP1A2, CYP2CY, and CYP2C19), 15 min (CYP2D6), or 10 min
(CYP3A4), the reaction was terminated by the addition of 150 pl of acetoni-
trile containing 7-hydroxycoumarin as an internal standard to 100 pl of
incubation mixture. Samples were then centrifuged at 3000 rpm for 10 min at
4°C to precipitate the protein, and 10 pl of supernatant was analyzed by liquid
chromatography (LC)-tandem mass spectrometry (MS/MS) to quantify the
formation of metabolite. For the detection of acetarninophen, the supernatant
as well as standard curves were further diluted with 5 mM ammonium acetate
to ensure that the signal of each analyte was within the linear range of
LC-MS/MS analysis. All of the experiments were conducted in triplicate.

LC-MS/MS Analysis, LC-MS/MS was performed on a Shimadzu high-
performance liquid chromatography system with two LC-10ADvp pumps and
the SCL-10Avp controller (Shimadzu Scientific Instruments, Columbia, MD)
and an ABI Sciex API 4000 (Applied Biosystems). Samples were separated on
a Hypersil BDS C18 column (50 X 2.1 mm, 5 um; Thermo Fisher Scientific,
Waltham, MA) with mobile phase A (0.1% formic acid in 5 mM ammonium
acetate) and B (0.1% formic acid in acetonitrile/methanol 50/50, v/v) at a flow
rate of 0.4 m¥/min. High-performance liquid chromatography gradient pro-
grams were as follows: for CYP1A2, CYP2C9, and CYP2CI19 assays,
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EFFECT OF HCV INFECTION IN PXB MICE 1957

1) mobile phase B was maintained at 5% for 1.0 min, 2) increased linearly to
90% from 1.0 to 2.0 min and maintained to 3.0 min, and 3) brought back to the
initial concentration linearly from 3.0 to 3.1 min for reequilibration, total run
time 4.0 min; for CYP2D6 assay, 1) mobile phase B was maintained at 5% for
1.0 min, 2) increased linearly to 95% from 1.0 to 2.0 min and maintained to 4.0
min, and 3) brought back to the initial concentration linearly from 4.0 to 4.1
min for reequilibration, total run time 6.0 min; and for CYP3A4 assay,
1) mobile phase B was maintained at 5% for 1.0 min, 2) increased linearly to
95% from 1.0 to 2.0 min and maintained to 3.0 min, and 3) brought back to the
initial concentration linearly from 3.0 to 3.1 min for reequilibration, total run
time 4.0 min. The MS/MS parameters and linear range of standard curves
(limit of detection to maximum concentration) are listed for each metabolite in
Table 2. Data were collected and processed using Sciex Analyst 1.4.2 data
collection and integration software.

Statistical Analysis. Statistical analysis was performed by Student’s 7 test
using GraphPad Prism (version 4). Asterisks represent significant differences
(*, P < 0.05, #x, P < 0.01, and *+*, P < 0.001, respectively) between
noninfected and HCV-infected PXB mice.

\/

Probe
AGGCCTTTCGCGACCCAACACTACTC

CAAGCTTCCCGTTCTCAGCC
AGGCCTTTCGCAACCCAACGCTACT

Results

Human Albumin Concentration and HCV Titers in PXB Mice.
Sex, human albumin concentration in the blood, body weight, serum
HCV titers, and HCV RNA content in the liver are summarized in
Table 3 for each mouse. The sex of PXB mice did not affect the
activity of human cytochrome P450 enzymes derived from the human
hepatocytes inside the host mouse liver (supplemental data). The
average concentration of human albumin in the blood was not signif-
icantly different between noninfected and HCV-infected PXB mice.
Accordingly, the replacement index of human hepatocytes estimated
from the albumin concentration was similar between the two groups.
Although body weight at the time of liver isolation was significantly
higher in HCV-infected PXB mice than in noninfected mice for those
used for the preparation of total liver RNA, the difference was not
statistically significant in those used for the preparation of liver
microsomes. Indeed, unpublished observations (C. Tateno) with dif-
ferent batches of HCV-infected mice suggested that HCV infection
does not significantly affect the body weight of either male or female
PXB mice. Serum HCV titers were determined in HCV-infected PXB
mice, and HCV RNA content in the liver was measured in both
noninfected and HCV-infected groups. A significant amount of HCV
RNA was detected in both the serum and liver of HCV-infected mice,
whereas HCV RNA was not detected in the liver of noninfected mice.
These results confirmed that PXB mice were successfully infected by
HCV.

Activation of Interferon-Signaling Pathways in HCV-Infected
PXB Mice. Previous reports suggested that chronic infection with
HCV is accompanied by the up-regulation of genes related to the
interferon-signaling pathways in human patients (Smith et al., 2006).
To corroborate the relevance of our experimental model in PXB mice
to clinical HCV infection, the mRNA expression of human ISGs
observed to be activated in HCV-infected patients was quantified in
the livers of noninfected and HCV-infected mice. Fourteen of 22 ISGs
investigated exhibited a significant increase in mRNA expression in
the livers of HCV-infected PXB mice compared with that in nonin-
fected mice (Fig. 1). The mRNA expression of MX2 was below the
limit of detection in both groups. These results suggest that the
interferon signaling pathways are activated by HCV infection in PXB
mice, which is similar to what is observed in patients with chronic
HCYV infection.

mRNA Expression of Human ABC and SLC Transporters, The
mRNA expression of major human hepatic ABC and SLC transporters
was quantified in the livers of noninfected and HCV-infected PXB
mice (Fig. 2). A significant increase in mRNA expression was ob-

Sequences (5’ to 3")

Reverse Primer

AL WITCY WY W AW

GAAGATGGTGATGGGATTTC
CACTCGCAAGCACCCTATCA

TABLE |—Continited.

Forward Primer

GCGACACTCCACCATAGATCACT
CGACACTCCACCATGAATCACT
CACTCCGCCATGAAYCACT®

GAAGGTGAAGGTCGGAGTC

Assay
Identification

A AN U IVLIL LAV J L LOIVL

RefSeq
Identification
NM_002046

Gene Name
CorT.

—— W

UTR, untranslated region.

Others
GAPDH
HCV (5'-UTR)
‘Y
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TABLE 2
Substrate concentration and analytical parameters for each metabolite in MS/MS
Enzyme Substrate Metabolite Mass Transition (m/z) Mode CE DP Linear Range
eV eV

CYP1A2 Phenacetin (10 M) Acetamninophen 152.13 > 110.15 ESI+ 22 46 10 nM-10 puM
CYP2C9 Diclofenac (5 uM) 4'-Hydroxydiclofenac 312.09 > 230.01 ESI+ 45 41 1 nM—l uM
CYP2C19 (5)-Mephenytoin (50 uM) 4'-Hydroxymephenytoin 235.10 > 150.21 ESI+ 24 56 nM-1 uM
CYP2D6 Dextromethorphan (5 uM) Dextrorphan 258.17 > 157.10 ESI+ 51 81 l -1 uM
CYP3A4 Midazolam (1 uM) 1'-Hydroxymidazolam 341.82 > 203.20 ESI+ 38 71 1 nM-1 M

CE, collision energy; DP, declustering potential; ESI, electrospray ionization.

TABLE 3
Human albumin concentration, estimated repilacement index, body weight, and HCV conztent in the serum and liver of PXB mice

Animal Sex h-Alb Estimated RI  Body Weight Sfﬁ’)vmc':g:'slg)" B e e
mg/inl % 4
PXB mice used for the preparation of total liver RNA
Noninfected
PXB4]-18 Male 6.3 74.2 14.4 - N.D.
PXB41-25 Male 8.2 823 13.7 — N.D.
PXB42-1 Male 12.2 9.6 15.0 — N.D.
Mean * S.D. 89+30 837*103 143*06 —_ —_
HCV-infected
PXB36-11 Male 53 68.9 17.2 5.15 495 x 1072
PXB36-23 Male 7.7 804 168 552 353 x 1072
PXB38-11 Male 58 7.7 16.2 212 3.16 X 1073
Mean = SD. 6.3+ 13 73.7x 60 16.7 + 0.5*% 426 = 1.87 3.88 X 1072 %946 X 107*
PXB mice used for the preparation of liver microsomes
Noninfected
PXB22-47 Female 6.3 742 19.8 — —
PXB22-48 Female 13 8.7 11.5 — -_—
PXB22-57 Female 52 68.2 14.7 — —
Mean £ S.D. 63*1.1 73753 153+42 — —
HCV-infected
PXB86-13 Male 6.3 742 228 6.56 —_
PXB86-26 Female 35 55.9 194 0.806 —
PXB86-33 Male 64 74.6 221 4.66 —
Mean = SD. 54*16 682*107 214=*18 401 +293 —_
h-Alb, human albumin; RI replacement index: N.D., not detected.
* P < 001, significanty different between infected and HCV-infected PXB mice.
—, not determined.
served for MRP4 and OATP2B1 in HCV-infected PXB mice com-
Lo ; pared with that in noninfected mice. In contrast, OCT] was signifi-
| O noninfected cantly decreased in HCV-infected PXB mice compared with that in
B HCV-infected their noninfected controls. The mRNA expression of MRP1 was
0.8 below the limit of detection in both noninfected and HCV-infected
g groups. The mRNA levels of other ABC and SLC transporters,
g% . T including P-gp, MDR3, BSEP, MRP2, MRP3, NTCP, OAT2,
% g 96 OATPIBI, and OATP1B3, were comparable between the two groups.
£ p groups
2 =1 7 mRNA Expression of Human Cytochrome P450 Enzymes. The
zZ g 0.4 : e mRNA expression of 12 human cytochrome P450 genes, CYPIA/, CYPIA2,
EE » CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C18, CYP2Cl9, CYP2D6,
= M CYP2EI, CYP3A4, and CYP3AS, was investigated in the livers of nonin-
021 = . fected and HCV-infected PXB mice (Fig. 3). The mRNA expression of these
s genes was not statistically different between the two groups with the excep-
- - tion of significantly lower expression of CYP2D6 in HCV-infected mice.

' P F QS HDELRLLOR S SR AP
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FiG. 1. Activation of interferon signaling pathways in HCV-infected PXB mice.
The mRNA expression of human interferon-stimulated genes was measured in the
livers of noninfected and HCV-infected PXB mice by TagMan Gene Expression
Assays as described under Materials and Methods, and the data were normalized by
the mRNA expression of hGAPDH. Results are presented as the mean = S.D. of
three mice. {J, mRNA expression in noninfected PXB mice; B, mRNA expression
in HCV-infected PXB mice. *, P < 0.05; #*, P < 0.01; *#*, P < 0.001,
significantly different between noninfected and HCV-infected mice.

Activity of Human Cytochrome P450 Enzymes. The activities of
five major human cytochrome P450 enzymes, namely, CYP1A2, CYP2C9,
CYP2C19, CYP2D6, and CYP3A4, were investigated in the liver micro-
somes of noninfected and HCV-infected PXB mice (Fig. 4). The metabolic
activity in the liver microsomes from uPA/SCID mice for each probe sub-
strate was comparable to or lower than that in human liver microsomes (C.
Tateno, unpublished observations). Taking into account the fact that the livers
of PXB mice are nearly completely (>70%) replaced with human hepato-
cytes, the background activity from remaining mouse hepatocyte in PXB
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mice is minor. The metabolic activity of CYP1A2 was significantly lower in
HCV-infected PXB mice than in noninfected PXB mice. The activities of
other P450s were similar between noninfected and HCV-infected PXB mice.

Discussion

In the present study, the effect of HCV infection on the mRNA
expression profiles of human ABC and SLC transporters and cyto-
chrome P450 enzymes in PXB mice was investigated. The primers
and probes specific for human genes were used in the TagMan gene
expression assays to exclude the background amplification of homol-
ogous genes from the host mouse liver. In addition, we have charac-
terized enzymatic activities of major human P450s in the microsomes
isolated from the livers of PXB mice.

The body weight and human albumin concentration in the blood of
PXB mice were similar between noninfected and HCV-infected
groups, suggesting that the inoculation of HCV does not affect the
growth of transplanted human hepatocytes inside the host mouse liver
or maturation of the mice (Table 3). A profound effect of HCV
infection was observed on the status of interferon-signaling pathways,
for which mRNA expression of a series of ISGs was significantly
higher in the livers of HCV-infected PXB mice compared with that of
noninfected controls (Fig. 1). The up-regulation of ISGs are in good
agreement with the observation in patients with chronic HCV infec-

301
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W HCV-infecied
354
z
g a, 204
L4
@ O
8.2
8
85 159
< 9
Zz 8
%
- g IO_
2
5_
0 jﬁdm_.:__
~ v )

1959

Fic. 2. mRNA expression profiles of drug transporters in PXB
mice. The mRNA expression of human ABC and SLC transporters
was measured in the livers of noninfected ((]) and HCV-infected
(W) PXB mice by TagMan Gene Expression Assays, and the daia
are presented as described in the legend to Fig. 1. The inset repre-
sents the magnification of the mRNA expression of MRP4.

tion and chimpanzees with acute HCV infection (Su et al., 2002;
Smith et al., 2006). In addition, these data are similar to the results
published previously by Walters et al. (2006) who also used the
human hepatocyte chimeric mouse model to examine the regulation of
overall hepatic gene expression by HCV genotype la infection with
microarray technology. It is of note that the effect of HCV infection
on the expression of ISGs was comparable between genotype la
(Waiters et al., 2006) and 1b (this study). It is likely that there is no
marked difference between the two HCV genotypes in terms of their
effects on gene expression. It has been previously demonstrated that
viremia in PXB mice can be reduced by treatment with IFN-a or
pegylated-IFN as in human patients (Umehara et al., 2006; Hiraga et
al., 2007; Inoue et al., 2007). The presence of functional interferon
signaling pathways in PXB mice, suggested by the up-regulation of a
number of ISGs by HCV infection, provides a rationale for the
efficacy of those antiviral agents in this model. These observations
warrant the use of PXB mice as an in vivo model for the primary
infection of the liver by HCV to investigate the effects of novel
anti-HCV compounds on suppressing the replication of HCV.

There were, in general, few marked differences in the mRNA
expression of human ABC and SLC transporters and cytochrome
P450 enzymes in the liver between noninfected and HCV-infected
PXB mice with some exceptions, e.g.. significantly higher expression

Fic. 3. mRNA expression profiles of drug-metabolizing enzymes
in PXB mice. The mRNA expression of human cytochrome P450
enzymes was measured in the livers of noninfected (C]) and HCV-
infected (M) PXB mice by TagMan Gene Expression Assays, and
the data are presented as described in the legend to Fig. 1. The inset
represents the magnification of the mRNA expression of CYP2D6.
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of MRP4 and OATP2B1 and lower expression of OCT1 and CYP2D6
in HCV-infected mice than in noninfected mice (Figs. 2 and 3).
Likewise, the activities of major human cytochrome P450 enzymes
were similar between noninfected and HCV-infected PXB mice ex-
cept for CYP1A2, which exhibited a significantly lower activity in
HCV-infected PXB mice than in noninfected mice (Fig. 4). The effect
of HCV infection on the mRNA expression and enzymatic activity of
CYP1A2 and CYP2D6 was not consistent. The change in mRNA
expression of CYP2D6 might not be sufficient to affect its enzymatic
activity, whereas posttranscriptional effects of HCV infection may
explain the decreased enzymatic activity of CYP1A2 regardless of
unchanged mRNA expression. In consideration of the induction of
many ISGs at the mRNA level, it is likely that the effect of HCV
infection on the expression of pharmacokinetics-related genes would
also be observed, if any, at the transcriptional level (CYP1A2 might
be an exception). HCV infection probably affects gene expression via
direct interference by virus infection, that is, the innate antiviral
response and/or indirect interference by adaptive HCV-specific im-
mune response, oxidative stress, and liver disease associated with
chronic infection (Pawlotsky, 1998; Missale et al., 2004). PXB mice
are immunocompromised because of their genetic background and
thus lack the adaptive immune response and liver disease associated
with HCV infection: i.e., there was no hepatocyte damage or inflam-
mation in the liver of infected chimeric mice (Hiraga et al., 2007).
HCV infection will thus affect gene expression only through the
innate antiviral response in our experimental model. The similar
expression profiles of drug transporters and metabolizing enzymes
between noninfected and HCV-infected PXB mice suggest that innate
antiviral signaling pathways play only a minor role in the regulation
of mRNA expression of these genes.

There have been several reports regarding the aberrant mRNA
expression of drug transporters and metabolizing enzymes in patients
with HCV infection compared with those without infection or healthy
volunteers. Hinoshita et al. (2001) have demonstrated that the mRNA
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Fic. 4. Activity of human cytochrome P450
0- enzymes in PXB mice. The activities of five
'&b & major human cytochrome P450 enzymes, i.e.,
‘éé‘ _é:." CYPIA2 (A), CYP2C? (B), CYP2CI9 (O),
& A7 CYP2D6 (D), and CYP3A4 (E), were measured
& Qg‘ in the liver microsomes of noninfected and

HCV-infected PXB mice as described under
Materials and Methods. Results are presented
as the mean * S.D. of three mice. [J, metabolic
activity in noninfected PXB mice; ll, metabolic
activity in HCV-infected PXB mice. *, P <
0.05, significantly different between nonin-
fected and HCV-infected mice.

expression of P-gp, MDR3, MRP1, MRP2, and MRP3 in the noncan-
cerous region in the liver of patients with hepatic tumor tends to be
lower in HCV-infected groups than in noninfected ones. On the other
hand, Ros et al. (2003) have reported increased mRNA expression of
P-gp and MRP3 in the livers of patients with HCV infection compared
with healthy volunteers, whereas there was no significant difference
for MRP2. Nakai et al. (2001) have performed a comprehensive study
of variation in the mRNA levels of drug transporters and metabolizing
enzymes in patients with chronic hepatitis C using quantitative real-
time PCR and observed clear correlations between fibrosis stage and
mRNA levels of CYP1A2, CYP2E!, CYP3A4, NTCP, OCT1, and
OATPIBI in the liver, whereas no fibrosis stage-dependent differ-
ences were observed for other transporters and enzymes that included
P-gp, MDR3, MRP1, MRP2, and MRP3 (Nakai et al., 2008). Intrigu-
ingly, these clinical observations are inconsistent with the present
findings in PXB mice in which HCV infection affects gene expression
primarily through the innate antiviral response. The altered expression
of drug transporters and metabolizing enzymes in clinical patients
might be ascribed to the indirect interference by HCV infection or
secondary effects as a result of the development of liver fibrosis or
other hepatic dysfunction resulting from HCV infection. Indeed, se-
rum levels or spontaneous productions by peripheral blood mononu-
clear cells of inflammatory cytokines such as tumor necrosis factor-a,
interleukin-1f3, and interleukin-6 were elevated in HCV-infected pa-
tients compared with those in healthy subjects (Kishihara et al., 1996;
Huang et al., 1999; Cotler et al., 2001). In addition, several lines of
evidence suggest perturbation of the expression of drug transporters
and metabolizing enzymes by these cytokines both in vivo and in vitro
(Lee and Piquette-Miller, 2003; Geier et al., 2005; Renton, 2005; Vee
et al., 2009). Oxidative stress and liver diseases including cirrhosis
and hepatocellular carcinoma, which are prevalent in patients with
chronic HCV infection, also compromise the physiological expression
of drug transporters (Bonin et al., 2002; Toyoda et al., 2008). This
complex nature of HCV infection and progression to liver disease may
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account for the controversial findings regarding the expression of
pharmacokinetics-related genes in clinical patients with HCV infec-
tion, although the possibility of a difference in the patient population
cannot be ruled out.

Because all PXB mice used in the present study are derived from a
single donor hepatocyte, future studies are necessary to generalize the
present findings by characterizing different batches of PXB mice
originated from other donor hepatocytes. Nevertheless, the present
study has clearly demonstrated that the infection of PXB mice, the
chimeric mice with humanized liver, by HCV triggers the activation
of interferon-signaling pathways as observed in human patients with
chronic infection, but in general does not have a significant impact on
the mRNA expression profiles of human ABC and SLC transporters
or on the mRNA expression and enzymatic activity of cytochrome
P450 enzymes. These results suggest that the pharmacokinetic behav-
ior of small molecule antiviral therapies such as protease and poly-
merase inhibitors is likely to be comparable between HCV-infected
and noninfected PXB mice. The PXB mouse model is a good model
to study the effects of novel anti-HCV compounds in the primary
treatment of HCV infection on suppressing the replication of HCV
and therefore to investigate the relationship of the pharmacokinetics
and pharmacodynamics of such therapies. However, caution is needed
in the translation of this relationship to HCV-infected patients because
PXB mice are immunocompromised based on their genetic back-
ground (SCID), and thus this mouse model does not accurately reflect
the liver disease and immune response such as the increase in the
levels of inflammatory cytokines observed in patients with chronic
HCV infection, which may lead to changes in drug transporter and
metabolizing enzyme expression.
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Summary: Cryopreserved human (h-) hepatocytes are currently regarded as the best in vitro model for
predicting human intrinsic clearance of xenobiotics. Although fresh h-hepatocytes have greater plating ef-
ficiency on dishes and greater metabolic activities than cryopreserved cells, performing reproducible studies
using fresh hepatocytes from the same donor and having an “on demand” supply of fresh hepatocytes are not
possible. In this study, cryopreserved h-hepatocytes were transplanted into albumin enhancer/promoter-
driven, urokinase-type plasminogen activator, transgenic/severe combined immunodeficient {uPA/SCID)
mice to produce chimeric mice, the livers of which were largely replaced with h-hepatocytes. We determined
whether the chimeric mouse could serve as a novel source of fresh h-hepatocytes for in vitro studies. h-
Hepatocytes were isolated from chimeric mice {chimeric hepatocytes), and cytochrome P450 (P450) activi-
ties were determined. Compared with cryopreserved cells, the P450 (1A2, 2C9, 2C19, 2D6, 2E1, 3A) activ-
ities of fresh chimeric hepatocytes were similar or greater. Moreover, ketoprofen was more actively metabo-
lized through glucuronide conjugates by fresh chimeric hepatocytes than by cryopreserved cells. We conclude
that chimeric mice may be a useful tool for supplying fresh h-hepatocytes on demand that provide high and
stable phase | enzyme and glucuronidation activities.

Keywords: human hepatocytes; chimeric mice; cytochrome P450; ketoprofen; UDP-glucuronosyltran-
sferase

P450 has been found to play an important role in the
metabolism of xenobiotics, including drugs. Indeed, ap-

“Chimeric mice” with livers repopulated with human proximately 80% of oxidative metabolism is catalyzed by
hepatocytes (h-hepatocytes), created using urokinase-type P450s,” and to predict pharmacokinetics and drug inter-
plasminogen activator (uPA)severe combined im-  actions precisely, investigation of the pharmacokinetics
munodeficient (SCID) mice,” were previously established  of a P450 substrate using chimeric mice would be of con-
and the expression of both cytochrome P450 enzymes  siderable value.

Introduction

(P450s, CYPs) and phase II enzymes in the liver of these Species differences are known to exist in the metabo-
chimeric mice, as well as in vivo induction of P450, were lism of ketoprofen." Ketoprofen is a propionic acid-class
examined.'™ nonsteroidal anti-inflammatory drug with analgesic and
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antipyretic effects. Rat and mouse P450s primarily
metabolize ketoprofen to hydroxyketoprofen.®” In hu-
mans, ketoprofen is primarily metabolized by UDP-
glucuronosyltransferase (UGT) and is converted to
ketoprofen glucuronides.® Recently, it was demonstrated
that when chimeric mice were administered ketoprofen,
glucuronide conjugates were detected in their sera and
bile. However, these conjugates are minor products;
ketoprofen was primarily hydrolyzed in mice, and the
main metabolites were hydrolyzed ketoprofen and
glucuronide-conjugated ketoprofen.”

The metabolism of chemical entities has been exam-
ined using animals in the laboratory, but this approach
fails to address differences in drug metabolism that exist
between animal species. Because of the species differ-
ences in metabolic abilities, fresh h-hepatocytes are a bet-
ter model for predicting the metabolism of drugs in the
human body. For technical reasons, preparing fresh h-
hepatocytes ahead of time and performing reproducible
studies using the same donor are not possible. Thus,
cryopreserved h-hepatocytes have been used, but they
are compromised on thawing, resulting in decline and al-
teration of their normal function. Additionally, h-hepate-
cytes exhibit large individual differences in P450 activi-
ties. The differences might be due to real individual
differences and/or the cryopreserving and thawing condi-
tions.

We hypothesized that these practical problems in us-
ing h-hepatocytes for in vitro drug testing could be ad-
dressed if h-hepatocytes isolated from chimeric mouse
livers exhibited human-type drug metabolism capacities
in vitro. In the present study, we first determined the
yield, viability, and purity of isolated h-hepatocytes from
chimeric mice (chimeric hepatocytes). We compared the
P450 activities of fresh and cryopreserved chimeric
hepatocytes and assessed glucuronide activities toward
ketoprofen using fresh and cryopreserved chimeric
hepatocytes and cryopreserved donor hepatocytes.

We demonstrate that the chimeric mouse liver is a use-
ful tool that can supply fresh hepatocytes retaining high
P450 and UGT activities and allowing reproducible as-
says using hepatocytes derived from the same donor.

Materials and Methods

Materials: Phenacetin, tolbutamide, S-mepheny-
toin, dextromethorphan, chlorzoxazone, testosterone,
ketoprofen, and Krebs-Henseleit buffer (KHB) were pur-
chased from Sigma-Aldrich (St. Louis, MO). Coumarin
and midazolam were obtained from Wako Pure Chemi-
cal Industries (Osaka, Japan). All other chemicals and sol-
vents were of the highest or analytical grade commercial-
ly available.

Generation of mice with humanized livers: The
present study was approved by the ethics committee of
PhoenixBio Co., Ltd. and the Hiroshima Prefectural In-

stitute of Industrial Science and Technology Ethics
Board.

Cryopreserved h-hepatocytes from three donors (4YF,
a 4-year-old Caucasian girl; 6YF, a 6-year-old African-
American girl; and 2YM, a 2-year-old Caucasian boy)
were purchased from BD Biosciences (San Jose, CA).
Three (donor 4YF), 17 (donor 6YF), and 4 (donor 2YM)
chimeric mice with humanized livers, generated by a
method described previously, were used.” The concen-
tration of human albumin (hAlb) in the blood of the chi-
meric mice and the replacement index (R, the rate of
hepatocyte replacement from mouse to human) were
well correlated.” In the current study, we used 11-15-
week-old male and female chimeric mice with approxi-
mately 11-14 mg/mL hAlb in mouse blood (RI>70%);
uPA/SCID mice were used as controls.

Isolation of hepatocytes from chimeric mouse
liver, SCID mouse liver, and human liver tissue:
Hepatocytes were isolated from the 4YF-, 6YF-, and
2YM-chimeric mice using a two-step collagenase perfu-
sion method. The liver was perfused at 38°C for 10 min
at 1.5 mL/min with Ca’*free and Mg’*free Hanks’
balanced salt solution (CMF-HBSS) containing 200 -
mg/mL ethylene glycol tetraacetic acid (EGTA), I mg/mL
glucose, 10mM  N-2-hydroxyethylpiperazine-N’-2-
ethanesulfonic acid (HEPES), and 10 ug/mL gentamicin.
The perfusion solution was then changed to CMF-HBSS
containing 0.05% collagenase (Wako Pure Chemical In-
dustries), 0.6 mg/mL CaCl;, 10 mM HEPES, and 10
pg/mL gentamicin, and perfusion was continued for
17-23 min at 1.5 mL/min. The liver was dissected and
transferred to a dish; liver cells were gently disaggregated
in the dish with CMF-HBSS containing 10% bovine Alb,
10 mM HEPES, and 10 gg/mL gentamicin. The disag-
gregated cells were centrifuged three times (50X g, 2
min). The pellet was suspended in medium consisting of
Dulbecco’s modified Eagle’s medium (DMEM), 10% fetal
bovine serum (FBS), 20 mM HEPES, 44 mM NaHCO;,
and antibiotics (100 IU/mL penicillin G and 100 ug/mL
streptomycin). Cell number and viability were assessed
using the trypan blue exclusion test.

Normal liver tissues were obtained from the resected
liver of nine patients (51-, 53-, and 64-year-old men and a
68-year-old woman for plating efficiency; 54-, 57-, and
75-year-old men for P450 activity; and 55- and 69-year-
old women for screening of monoclonal antibodies) after
receiving consent prior to surgery, in accordance with
the 1975 Declaration of Helsinki. Hepatocytes were iso-
lated via two-step collagenase perfusion and low-speed
centrifugation.” Aliquots of freshly isolated hepatocytes
from four individuals, used for determining plating ef-
ficiency, were suspended at 1-2X 107 cells/mLivial in
cryopreservation solution (Cellbanker; Juji Field, Inc.,
Tokyo, Japan), cryopreserved using a program freezer
(Kryo-10 Series III; Planer Products Ltd., Sunbury-on-
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Thames, Middlesex, UK), and kept in liquid nitrogen. To
measure the plating efficiency of the hepatocytes, 4YF-
chimeric hepatocytes and hepatocytes from human livers
were inoculated onto 13.5-mm Celldesks (Sumitomo
Bakelite, Tokyo, Japan) in 24-well plates (BD Biosciences)
for 24 h, followed by fixation with ethanol and staining
with hematoxylin and eosin. Adhered hepatocytes were
counted under the microscope and plating efficiency was
calculated by dividing number of adhered cells by the cell
number inoculated in a well.

Hepatocytes were isolated from three male uPA
(wt/wt)/SCID mice by collagenase perfusion methods.”
They were used for in vitro glucuronidation activity stu-
dies.

Purification of h-hepatocytes from total hepato-
cytes of the chimeric mouse livers: A Fischer 344
rat was immunized intraperitoneally three times (once a
week) with 10’ mouse hepatocytes (m-hepatocytes) of
SCID mice as an antigen, and injected with a booster of
2.5X 107 m-hepatocytes at 3 weeks after the last im-
munization. Hybridomas were obtained by conventional
methods and screened on immunohistochemical sections
using m- and h- (from a 55-year-old woman) liver tissues.
Frozen h- and m- liver sections were incubated with
hybridoma supernatants and fluorescein-labeled anti-rat
IgG antibodies (Alexa Fluor 594; Molecular Probes, Eu-
gene, OR). Supernatants from 10 hybridoma clones were
reacted with the plasma membrane of m-hepatocytes, but
not with h-hepatocytes on the sections, The reactivity of
each of the supernatants to the cell surface was deter-
mined with a fluorescence-activated cell sorter (FACS) as
follows. Isolated m- and h- (69-year-old woman) hepato-
cytes were incubated with the supernatants and fluores-
cein isothiocyanate (FITC)-conjugated second antibodies
(Alexa Fluor 488; Molecular Probes) and analyzed with a
FACS Vantage SE (BD Biosciences) using a 100-4m noz-
zle. Fluorescence excited at 488 nm was measured
through a 530-nm filter (FL1) with 4-decade logarithmic
amplification. A hybridoma clone was selected as the
clone that produced antibodies reactive to the cell sur-
face of m-hepatocytes, but not h-hepatocytes. The an-
tibody was purified from the culture medium of the
hybridoma cells by protein G affinity column or ion ex-
change chromatography; the antibody was named 66Z.

Isolated h-hepatocytes from chimeric mice were con-
taminated with m-hepatocytes. To remove the m-hepato-
cytes, 6YF-hepatocytes isolated from the chimeric mice
were incubated with the 66Z antibody, washed with
DMEM containing 10% FBS, and incubated with Dy-
nabeads M450-conjugated sheep anti-rat IgG (Dynal
Biotech, Milwaukee, WI) in a tube for 30 min on ice. The
tube was placed in Dynal MPC-1 (Dynal Biotech) for 1-2
min to remove 66Z-positive (66Z") m-hepatocytes. En-
riched h-hepatocytes were collected as 66Z-negative
(66Z7) cells. Aliquots of chimeric hepatocytes from be-

fore and after enrichment were incubated with FITC-
conjugated 66Z antibodies, and the proportion of 66Z"-
cells in the h-hepatocytes was determined by FACS.

In vitro metabolic study using hepatocytes and
microsomes: For the measurement of the P450 activi-
ties of four fresh and five cryopreserved 6YF-chimeric
mice, cryopreserved donor cells (6YF), and fresh h-
hepatocytes from three individuals, suspended hepato-
cytes (6 X 10* cells) were incubated in KHB with each of
eight substrates specific for seven P450 subtypes
(phenacetin for CYP1A2, coumarin for CYP2A6, tol-
butamide for CYP2C9, S-mephenytoin for CYP2C19,
dextromethorphan for CYP2D6, chlorzoxazone for
CYP2EI, and midazolam and testosterone for CYP3A) in
96-well plates (BD Biosciences) for 1 or 2 h (Table 1).
The incubated solution was collected and an equivalent
volume of methanol containing 1 4M niflumic acid (in-
ternal standard) was added. After centrifugation (10,000
rpm), the supernatant was subjected to liquid chro-
matography-tandem mass spectrometry (LC-MS/MS)
(MDS SCIEX; Applied Biosystems, Foster City, CA). The
LC system consisted of an HP 1100 system including a bi-
nary pump, an automatic sampler, and a column oven
(Agilent Technologies, Waldbronn, Germany), equipped
with a Symmetry Shield C18 column (Waters, Tokyo,
Japan). The column temperature was 35°C. The mobile
phase was 40% acetonitrile/0.1% formic acid (v/v). The
flow rate was 0.3 mL/min. The LC was connected to a PE
Sciex API2000 tandem mass spectrometer (Applied
Biosystems), operated in positive electrospray ionization
mode. The turbo gas was maintained at 550°C. Nitrogen
was used as the nebulizing gas, turbo gas, and curtain gas
at 65, 85, and 30 psi, respectively. Parent and/or frag-
ment ions were filtered in the first quadrupole and dis-
sociated in the collision cell using nitrogen as the colli-
sion gas. The analytical conditions for each substrate are
shown in Table 2. The experiments were performed in
triplicate per mouse, and the results are expressed as the
average value of three mice or humans.

To assess changes in the P450 activities of fresh and
cryopreserved 2YM-chimeric hepatocytes during storage
at 4°C for 3 and 6 h, fresh and cryopreserved chimeric
hepatocytes were prepared from two 2YM chimeric
mice. The isolated hepatocytes from the chimeric mice
were purified by isodensity centrifugation (27% Percoll,
7 min, 4°C) to remove dead hepatocytes. Cells (4 X 10°
cells) were incubated in KHB with four different sub-
strates specific for four P450s (phenacetin for CYP1A2,
diclofenac for CYP2C9, S-mephenytoin for CYP2C19,
and midazolam for CYP3A) in 24-well plates (BD
Biosciences) for 2 h (Table 1). The incubated solution
was collected and the concentration of the metabolites
was measured by high-performance liquid chro-
matography (HPLC; Lachome Elite; Hitachi High-
Technology Co., Tokyo, Japan). HPLC was performed at
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Table 1. Reaction conditions for determination of CYP activities using cells and microsomes for LC-MS/MS and HPLC analysis

Cells Cells Microsomes
Eme sy S L Meaw  (OWM) MO o
Incubation  Incubation o .. . Incubation
time (h) time (h) time (min)
CYP1A2  Phenacetin O-deethylase Phenacetin (15) Acetaminophen 2 2 PB 20
CYP2A6  Coumarin 7-hydroxylase Coumarin (8) 7-Hydroxycoumarin 2 - TB 20
CYP2C9  Tolbutamide 4-hydroxylase Tolbutamide (150) Hydroxytolbutamide 2 - TB 10
Diclofenac 4'-hydroxylase Diclofenac (100) 4-Hydroxydiclofenac - 2 - -
CYP2C19 S-Mephenytoin 4’-hydroxylase S-Mephenytoin (20) (% )4’ -Hydroxymephenytoin 2 2 PB 20
CYP2D6  Dextromethorphan O-demethylase  Dextromethorphan (8) Dextrorphan 2 - PB © 20
CYP2E1  Chlorzoxazone 6-hydroxylase Chlorzoxazone (100)  6-Hydroxychlorzoxazone 2 - PB 20
CYP3A Midazolam 1’-hydroxylase Midazolam (10) 1’-Hydroxymidazolam 1 2 PB 10
Testosterone 65-hydroxylase Testosterone (50) 6f-Hydroxytestosterone 2 = PB 10
*TB, Tris-HCI buffer (pH 7.5); PB, potassium phosphate buffer (pH 7.4).
Table 2. Analytical parameters of LC-MS/MS for CYP1A2, 2A6, 2C9, 2C19, 2D6, 2E1, and 3A assays
Mass spectrometer conditions
e tody voio | Uherws Colsn oo Colldencdlleny e
(V) V) V) (V) z transition
CYP1A2 Acetaminophen Positive 40 25 7 10 5000 152.2-110.3
CYP2A6 7-Hydroxycoumarin Positive 80 30 7 10 4200 162.8—107.2
CYP2C9 Hydroxytolbutamide Positive 40 25 7 10 5000 286.9—171.3
CYP2C19 (% )4’ -Hydroxymephenytoin Positive 80 25 7 10 4200 234.9-150.1
CYP2D6 Dextrorphan Positive 120 40 7 10 4200 259.0—200.2
CYP2E] 6-Hydroxychlorzoxazone Negative —80 —-25 - =10 = 4200 184.1—120.0
CYP3A GﬂHydroxytestosterone Positive 60 25 7 10 4200 305.9—270.3
1"-Hydroxymidazolam Positive 100 40 7 10 5000 341.6—203.3
Ketoprofen ~ Ketoprofen Positive 80 35 7 10 5000 255.5—104.9

a flow rate of 1.0 mL/min using the CAPCELL PAK C18,
UG120 (4.6 X250 mm, 5 um; Shiseido, Tokyo, Japan)
for CYP1A2 and CYP2C19, Inertsil ODS-3 (4.6 X 250
mm, 5 #m; GL Sciences Inc., Tokyo, Japan) for CYP2C9,
and Xterra RP18 (4.6 X150 mm, 5um; Waters) for
CYP3A. Other analytical conditions are shown in Table
3. The measurements were performed in duplicate.
Liver microsomes were prepared from a 6YF-chimeric
mouse and control uPA/SCID mice as described previ-
ously.' They were stored at —80°C until analysis. The
protein concentration was determined using a Bradford
protein assay kit (Bio-Rad, Hercules, CA), using bovine
serum albumin as the standard. Microsomes from a
chimeric mouse liver, pooled microsomes of six uPA/
SCID mice, and pooled microsomes of 20 human

livers (BD Gentest; BD Biosciences) were incubated with
the substrates at 37°C for 5 min following incubation
with the reduced form of nicotinamide adenine dinucleo-
tide phosphate (NADPH) cofactor solution (3.8 mM B-
NADP*, 9.7 mM glucose-6-phosphate, 9.7 mM MgClz,
1.2 WmL glucose-6-phosphate dehydrogenase) at 37°C
for 10 or 20 min (Table 1). The incubated solution was
collected and the concentration of the metabolites was
measured by LC-MS/MS. The experiments were per-
formed in triplicate per microsome preparation, and the
results are expressed as the average value.

Detection of CYP2A6 gene mutations by the In-
vader assay: CYP2A6 polymorphism was determined
by BML, Inc. (Tokyo, Japan). Genomic DNA was isolated
from thawed human hepatocytes and the DNA was used
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Table 3. Analytical conditions of HPLC for CYP1A2, 2C9, 2C19, and 3A assays

Mobile phase
Eaizpmes Analyte e l:mn Column uv
eirured sandig (uL) Solvent A* Solvent B Grad'i,:;t g:i(;%ram, temperature  detection
| 0 (m
CYPIAZ  Acetaminophen Caftene 95 0mM  Acetonitrile Isocratic mode 35 245
crmnep monoll‘i]ydrate PB (pH 4.0) o (A/B=91/9)

iz . 0.4 ug 0.5% (v/v)  Methanol containing 40 (0)— 90 (30)

GFce 4 Hpordicldsne Phenacetin " AAAS 0.5% (v/v) acetic acid —90 (35)—40 (36) 50 280
, . O.1ug . 50 mM Isocratic mode

CYP2C19 (% )-4’-Hydroxymephenytoin :::;::nba:bltal 95 PB Acetonitrile (A/B=80/20) 35 240

, 0.01 ug 10 mM Acetonitrile/methanol 30 (0)— 30 (5)—60 (17)
ETESA  IHydroxyuidiachm Phenacetin 50 pB(pH7.4) mixture (7/5,vh)  —60 (25)-30 (26) W 263

*PB, potassium phosphate buffer; AAAS, acetic acid aqueous solution.

for determining CYP2A6 polymorphism by the Invader
assay.'"

In vitro glucuronidation activity study using
hepatocytes: Ketoprofen metabolism was examined
using three types of hepatocytes: fresh and cryopreserved
6YF-chimeric hepatocytes, cryopreserved donor cells
(6YF), and fresh uPA(wt/wt)/SCID mouse hepatocytes.
Hepatocytes (4 X 10° cells) suspended in KHB were plat-
ed in 24-well, non-treated plates (BD Biosciences) and in-
cubated at 37°C for 15 min. The cells were treated with
1 uM ketoprofen at 37°C for 3 h. The medium was har-
vested and aliquots of the medium were incubated at
37°C for 4 h with 0.25 M acetic acid buffer as a solvent
control (A) and with 2500 units/mL f-glucuronidase (B).
Equivalent 1 N KOH was added into (B) and incubated at
80°C for 3h (C). After incubation, an equivalent of
methanol containing 1 4M niflumic acid (as an internal
standard) was added. After centrifugation (10,000 rpm),
the supernatant was subjected to LC-MS/MS.

The relevant concentrations can then be obtained:
[Concentration of ketoprofen in (B)]—[Concentra-
tion of ketoprofen in (A)] gives [Concentration of
ketoprofen-glucuronide).

[Concentration of ketoprofen in (C)]—[Concentra-

tion of ketoprofen in (B)] gives [Concentration of

transferred ketoprofen-glucuronide].
The transferred ketoprofen is the acyl glucuronide posi-
tional isomer, formed by acyl migration, which may be
the glucuronide form transferred from ketoprofen-
glucuronide during incubation. The experiments were
performed in triplicate for a given mouse, and the results
are expressed as the average value of three chimeric mice
for fresh chimeric hepatocytes, the average of five chi-
meric mice for cryopreserved hepatocytes, and the
average of three uPA(wt/wt)SCID mice for fresh control
mouse hepatocytes.

Statistics: The data were analyzed using Statcel2

(OMS Publishing Inc., Tokorozawa, Japan). Results are
expressed as the mean £ SD, and the significance of the
difference between two groups was analyzed by Student’s
ttest when data were normally distributed, and by
Welch’s t-test otherwise. P<0.05 was deemed to indi-
cate statistical significance.

Results

Yield, viability, and plating efficiency of isolated
h-hepatocytes: Hepatocytes from the 4YF-, 6YF-, and
2YM-donors were transplanted into uPA/SCID mice, and
chimeric mice were obtained bearing the respective
donor hepatocytes (Table 4). The chimeric mice (4YF, 3
mice; 6YF, 17 mice; 2YM, 4 mice) were sacrificed at
54-83 days post-transplantation (Table 4). On the day
they were sacrificed, blood was collected for the determi-
nation of hAlb concentrations (Table 4). Hepatocytes
were then isolated by the collagenase perfusion method.
Numbers (yield) of isolated viable hepatocytes were ap-
proximately 2-3 X 107 cells/mouse (Table 4). The viabil-
ities were approximately 60-70% and 50-60% for fresh
and cryopreserved chimeric hepatocytes, respectively,
without Percoll purification.

The plating efficiency of hepatocytes from the chimer-
ic mice was about 66.6 + 3.4% (mean £ SD), while those
of fresh hepatocytes and cryopreserved hepatocytes from
human livers were 34.0 £ 19.3% and 9.3 % 8.3%, respec-
tively.

Purification of h-hepatocytes isolated from chi-
meric mice: Chimeric hepatocyte preparations con-
sisted of h- and m-hepatocytes. It was found that 17.3 £
6.7% of the fresh hepatocytes from 6YF-chimeric mice
were 66Z* (n=4; Table 4) by FACS analysis. The en-
riched chimeric hepatocytes were found to be 3.3+
1.0% 66Z" (m-hepatocytes; n=4; Table 4).

P450 activities of hepatocytes from the chimeric
mice: The P450 activities of hepatocytes from 6YF-chi-
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Table 4. Hepatocytes used for the experiments

n hAl in Ratio of
Yield of mouse hepatocytes (%)
2 Fresh or sex of host mouse 1
Parpose Origin cryo;res:rved (animals or blood hepatocytes Vihsy 08
stients mg/mL (X'10" cells) Before After
P ) ( ) purification  purification
g‘;“;)'"‘c mOule  presh IM:1,F:2)  11.5%36 290%27/mouse 63965  ND."Y ND.
Plating
efficiency Hiinias: tvee Fresh 4 (M:3,F 1) - 0.98£0.4/g liver  87.9%8.2 - -
(51-68yearold) ¢\ recerved 4 (M: 3, F: 1) - - 56.2+7.59 - -
Chimeric mouse Fresh 4*Y (F) 11.8%+0.6 1.78+0.9/mouse  61.8%6.9 17.3+6.7 33%1.0
(6YF) Cryopreserved 5°2 (M:2, F:3) 126%2.1 - 605£10.6°" 58+47°9 2110
CYP activities Human liver Y
(54-75-year-old) Fresh 3 (M:3) - 0.43%0.4/g liver  96.1£2.4 - -
g?;;r cell Cryopreserved 1 (F) - — 71.1 - -
CYP activities at Chimeri Fresh 2*2(p 11.8 3.05°*mouse 84.8°99 N.D. N.D.
meric mouse
different time points after 2YM)
perfusion or thawing ( Cryopreserved  2° (F) 11.8 - 86.4*%9 N.D. N.D.
Clilineric mioiiss Fresh 3(F) 13.5+2.9 3.24%1.0/mouse 69.8%+11.2 9.8%2.0 -
(e Cryopreserved 5 (M:3,F:2) 13424 - 507£5.1°9  12.5%7.2 -
Glscaranide actirities Donor cell (6YF) Cryopreserved 1 (F) - - 86.7 - -
uPA (WtiwtSCID g 3 —  151%03/mouse 73.2%47 - -
mouse

*" Hepatocytes from one of four mice were used for CYP1A2, 2C9, and 3A (testosterone), and those from another were used for CYP2A6, 2C19, 2D6, 2E1, and

3A (midazolam). Hepatocytes from two mice were used for all tested P450s.

*3 Hepatocytes from one of five mice were used for CYP1A2, 2C9, and 3A (testosterone); those from a second mouse were used for CYP2A6, 2C19, and 2E; those
from a third mouse were used for CYP2C19, 2D6, 3A (midazolam}; and those from a fourth mouse were used for tested P450s except for CYP2C19. Those from

a fifth mouse were used for all tested P450s.

*? Hepatocytes from one of two mice were used for CYP1A2 and 3A, and those from the second mouse were used for CYP2C9 and 2C19.

*¥ Not determined.
*¥ Data after thaw.
*9 Data after purification with Percoll.

meric mice were determined using eight substrates
(Table 1). The reactions of P450 activities with all sub-
strates shown in Table 1 were linear with incubation
time. The activities of fresh chimeric hepatocytes were
compared with cryopreserved chimeric hepatocytes and
cryopreserved donor cells. Three experiments were per-
formed and the means*SD are given in Figure 1.
CYP1A2, 2C19, and 2D6 activities in fresh chimeric
hepatocytes were approximately twice those in
cryopreserved cells (Fig. 1). CYP2A6, 2C9, 2E1, and 3A
activities in fresh chimeric hepatocytes were similar to
those of cryopreserved hepatocytes (Fig. 1). The activi-
ties of cryopreserved donor cells (6YF) were lower than
those of cryopreserved 6YF-chimeric hepatocytes in
CYP1A2, 2C19, and 3A (midazolam); higher in CYP2A6
and 2E1; and similar in CYP2C9, 2D6, 3A (testosterone;
Fig. 1). Compared with CYP2A6 activities of two of the
three fresh hepatocytes, CYP2A6 activity was extremely
low in the chimeric hepatocytes (Fig. 1). Interestingly,
the Invader assay revealed that donor 6YF had the *1/ *4
CYP2A6 polymorphism; livers with the *1/*4 polymor-

phism in CYP2A6 are known to show low CYP2A6 activ-
ity.'"” We concluded that the low CYP2A6 activity was
due to the *1/*4 polymorphism of donor 6YF. Three
kinds of fresh h-hepatocytes were also examined for
P450 activity. One of the three samples did not show
CYP1A2 or 2C19 activity. Large individual differences
were observed among the three in CYP2A6, 2C9, and
2E1 activities. The activities of CYP1A2, 2C19, 2D6, and
3A in fresh h-hepatocytes were lower than those in fresh
chimeric hepatocytes.

We determined changes in the P450 activities of fresh
and cryopreserved 2YM-chimeric hepatocytes after Per-
coll purification during storage at 4°C after isolation and
thawing, respectively. CYP1A2, 2C9, 2C19, and 3A ac-
tivities did not change for up to 6 h after isolation or
thawing (Fig. 2). CYP1A2, 2C19, and 3A activities were
lower in cryopreserved chimeric hepatocytes, and
CYP2C9 activity was similar compared to fresh chimeric
hepatocytes at 0 h after isolation or thawing (Fig. 2). The
results were reproducible and are similar to those in
Figure 1.
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Fig. 1. P450 activities of fresh and cryopreserved chimeric hepatocytes, cryopreserved donor hepatocytes, and fresh h-hepato-

cytes, determined by LC-MS/MS

Hepatocytes were isolated from 6YF-chimeric mice. Aliquots of the isolated hepatocytes were frozen with a programmed freezer. Aliquots
of fresh and thawed cryopreserved chimeric hepatocytes were purified with 66Z antibodies by magnetic sorting. Cryopreserved donor
hepatocytes (6YF) for the chimeric mice were thawed. Fresh h-hepatocytes were isolated from resected livers after surgery from three
patients. Eightkinds of suspended hepatocytes were incubated with eight substrates specific for seven P450s (Table 1): (A) 1A2, (B) 2A6, (C)
2C9, (D) 2C19, (E) 2D6, (F) 2E1, (G) 3A, midazolam, and (H) 3A, testosterone. The incubated medium was analyzed for each metabolite by
LC-MS/MS (Table 2) and the metabolic activity of each P450 is shown as pmol/10° cells/min. Data in fresh and cryopreserved chimeric
hepatocytes are shown as means = SD of metabolite concentrations of three different chimeric mice. *p <0.05, **p <0.01. ND, not detect-

ed.

Contribution of m-hepatocyte contamination in
chimeric hepatocytes to P450 activity: The
proportions of m-hepatocytes in the fresh chimeric
hepatocytes were approximately 17% and 3% before and
after purification with 66Z antibodies, respectively, as
described above. To determine how the contaminating
m-hepatocytes affected P450 activities, we measured
P450 activities using liver microsomes from a 6YF-chi-
meric mouse, pooled host uPA/SCID mice, and pooled
human liver microsomes. Except for CYP2D6 and 2E1,

P450 activities were similar or lower in uPA/SCID mouse
liver microsomes than in human pooled microsomes
(Fig. 3). Because the activities of CYP2D6 and 2E1 in uP-
A/SCID mouse liver microsomes were 50-100% higher
than in pooled human microsomes (Fig. 3), we consi-
dered that m-hepatocytes contaminating the chimeric
hepatocytes at around 17% might not significantly affect
the activities of chimeric hepatocytes. We measured the
P450 activity of pre- and post-purified chimeric hepato-
cytes (6YF) using 66Z antibodies. The purified hepato-
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