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Purpose. To develop model polarized cell systems expressing cyto-
chrome P4503A4, NADPH P450 reductase, and P-glycoprotein (Pgp).
Methods. LLC-PK1 and derivative L-MDRL1 cdlls stably expressing Pgp,
the product of the multidrug resistance gene (MDRL), were transfected
stably using either a mammalian neomycin selectable expression vector
(CYP3A4-Neo) or an episomd vector based on Epstein-Barr virus
(CYP3A4-Hygro). These CYP3A4 expressing cdlls were compared with
LLC-PK1, L-MDR1, or Caco-2 cdls transduced with Adenovirus-3A4
vector (Ad3A4) with or without simultaneous Adenovirus-P450 Reductase
(AdRed) transduction. Cells were characterized for expression of CYP3A4
protein and CY P3A4 mediated metabolism towards midazolam and testos-
terone. Analysis of membrane integrity and drug transport assays were
performed to determine whether infection with recombinant Ad3A4 =+
AdRed affected Pgp function.

Results. The rank order of optimal CYP3A4 expression and activities
in LLC-PK1 and L-MDR1 cells from highest to lowest was cells co-
transduced with Ad3A4 plus AdRed >> Ad3A4 >>> CYP3A4-
Hygro > CY P3A4-Neo. Similarly, coexpression of Ad3A4 plusAdRed
led to enhanced CY P3A4 mediated metabolism in Caco-2 cells over
cellswith Ad3A4 alone. Incubation of transwell cultured cells express-
ing Ad3A4/AdRed with midazolam led to readily detectable metabolite
in the medium. In microsomes from Caco-2 and LLC-PK 1 cells, each
co-transduced with Ad3A4/AdRed, Vmax vaues for testosterone 63-
hydroxylase activity ranged from 414 to 1350 pmoles/min/mg, respec-
tively. For either Caco-2 or LLC-MDRL cells, TEER values and the
rate of apical to basal and basal to apical transport of vinblastine or
digoxinweresimilar in cellswith and without Ad3A4/Red transduction.
Conclusions. Polarized cellular systems coexpressing Ad3A4, AdRed,
and the MDR1/Pgp transporter were developed and characterized. The
results document the utility of these polarized model systemsfor simul-
taneous drug transport/drug metabolism studies. Since the experimental
approach can be adapted to study the interplay of multiple enzyme/
transporting systems, it may find significant application as a screening
tool for the pharmaceutical industry and as a more basic research tool
to study the kinetics of intestina drug biocavailability.
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INTRODUCTION

A variety of approaches have been used to develop cellular
model systems that express cytochromes P450 (CY Ps). These
include heterologous expression in mammalian cells using Vac-
ciniavirus, Epstein-Barr virus, and retrovirus vectors, and intro-
duction of transgenes containing selectable marker genes
(reviewed in (1,2)). The level of functional CYP expression
varies considerably between the model systems (2—4) and the
utility of the models varies significantly depending on the host
cell. Despite these advances, there has been little work on
introduction of CYPs into polarized cells or cells containing
drug transporters.

However, we have recently demonstrated that there is a
dynamic interplay between drug transporting and drug metabo-
lizing systems at the level of CY P regulation. We demonstrated
that P-glycoprotein (Pgp) influenced theintracel lular concentra-
tion of a CY P3A inducer, rifampicin, and thus a pharmacol ogi-
cal action of this drug in the cell, namely the magnitude of
CYP3A induction (5). We further hypothesized (5) that for
drugs that are substrates for both Pgp and CY P3A4, Pgp could
also influencethe rate and extent of CY P3A4 mediated metabo-
lism. However, most of the cellular systems currently described
are not suited to transport experiments examining vectoral
movement of substrates because the host cells do not polarize
in culture. Further, the mgjority of host cells (e.g., V79, SF21,
lymphaoblastoid) do not express drug transporters. Towards the
goal of elucidating a functional interaction between Pgp medi-
ated efflux and CYP3A4 metabolism, we generated cell lines
that expressed either singly or in combination CYP3A4 and/
or Pgp.

We chose two different cellular models. Caco-2 cells were
selected because they express Pgp, polarize in culture, and
retain functional characteristics of human small intestine. These
features make them suitable for routine screening for intestinal
permesbility and oral drug bioavailability of compounds (6).
However, it has been clearly demonstrated that an important
component of first pass drug metabolism is intestinal CYP3A4
(7), an enzyme that is expressed weakly, if at al, in standard
Caco-2 cells (3).

LLC-PK1 and derivative cell lines stably expressing
human Pgp were chosen as recipients for CYP3A4 expression
vectors because this cell polarizes in culture, and has been
used extensively to characterize transport function of Pgp (8).
Moreover, additional cell linesectopically expressing other drug
efflux transporters (e.g., the multidrug resistance associated
proteins MRP1 and MRP2 (9,10), and Sister P-glycoprotein
(11)) have been created using this same LLC-PK1 host. Thus,
knowledge of the suitability of LLC-PK1 cells for interaction
studies between CYP3A4 and Pgp could readily be extended
to other drug metabolizing enzymes and other drug uptake and
efflux transporters.

We compared mammalian expression vector systems to
determine which gave optima CY P3A4 protein expression and
enzymatic activity in Caco-2 and LLC-PK1 cells. Stable cell
lines were generated using vectors that integrate into genomic
DNA and those that are episomally maintained. These were
compared with cells transduced with a novel adenoviral vector
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(AdV) expressing CYP3A4 (Ad3A4) or co-transduced with a
second adenoviral vector expressing P450 reductase (AdRed).

MATERIALS AND METHODS

Materials

Recombinant human IL-1B was purchased from R & D
Systems (Minneapolis, MN). Testosterone and 63-hydroxytes-
tosterone were obtained from Steraloids Inc. (Wilton, NH).
[®H]vinblastine sulphate (11.7 Ci/mmol) from Moravek (Brea,
CA), and [3H]digoxin (19 Ci/mmol) was from NEN Life Sci-
ences (Boston, MA).

Cell Culture and Transport Assays

LLC-PK1 and derivative cell lines containing human
MDRL1 (L-MDR1) were obtained from Dr. Alfred Schinkel (The
Netherlands Cancer Institute, Amsterdam, The Netherlands) (8).
Caco-2 cells were obtained from Dr. Richard Kim (Vanderbilt
University, Nashville, TN).

Transport assays were performed exactly as previousy
described (8). Briefly, LLC-PK1 cells were plated on day O at
1 X 10° cellg/12 mm well. On day 1 medium was changed and
cells were transduced with AdV as described below. On day 4
cells were washed and at time O the assay started by adding
radiolabeled drug to either the apical or basal compartment. At
1, 2, 3, and 4 hr 50 .l aiquots were sampled from the opposite
compartment, counted, and expressed as the % radioactivity
appearing in the opposite compartment relative to radioactivity
added at time 0. Theintegrity/barrier function of the cell mono-
layerswasdetermined by routinely measuring before the experi-
ment the transepithelia electrical resistance (TEER). The
radiolabeled drug was always added at a2 wM final concentra-
tion containing ~0.25 p.Ci/ml. Caco-2 cells were plated at
1 X 106 cells/12 mm well on day 1, transduced on day 15 with
AdV and transport assessed on day 20.

CYP3A4-Hygro

CYP3A4 (from Frank Gonzalez, NIH, Bethesda, MD) was
subcloned into RSV promoter expression vector pRepl0 (In
Vitrogen, Carlsbad, CA).

CYP3A4-Neo

CYP3A4 was cloned into pcDNA3.1/myc-His (In
Vitrogen) to generate CY P3A4-Neo.

Generating Stable Cell Lines

LLC-PK1 or L-MDR1 cells were transfected by calcium
phosphate co-precipitation with DNA and selected for plasmid
expression with G418 (600 wg/ml) or hygromycin (660 U/ml).

Adenoviral Transduction of Cell Lines

For most experiments LLC-PK1 or Caco-2 cells were
plated at 1 X 10° cells/35 mm well on day 1. On day 2 cells
were transduced with various AdV MOIsin 0.5 ml of serum
free medium for 90 min. Then 1.5 ml of serum containing
medium was added. On day 3 medium was removed and fresh
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serum containing medium added. On day 5 cells were assayed
for CYP3A protein and activities.

Preparation of Adenovirus

AdGFP (adeno-green fluorescent protein) (12). Ad3A4
and AdRed: The AARSV3A4 and ADRSV Red (referred to here-
after as Ad3A4 and AdRed) were kindly provided by Genother-
apeutics, Inc. (Memphis, TN). A human CYP3A4 cDNA was
subcloned under the control of aRSV promoter into an adenovi-
ral shuttle vector. The resultant adenoviral shuttle vector was
cotransfected into 293 cellswith pJM 17 (13), an adenoviral type
5 genome plasmid, by calcium phosphate method. Individual
plaques were screened for recombinant ADRSV3A4 by PCR
using specific primers for both the RSV promoter and 3A4
cDNA sequences. Adenovirus expressing human NADPH P450
reductase (AdRSV Red) was similarly constructed. Single vira
clones were propagated in 293 cells. The culture medium of
the 293 cells showing the completed cytopathic effect (CPE)
was collected, and the adenoviruswas purified and concentrated
by twice CsCl, gradient ultracentrifugation. The viral titration
and transduction were performed as previously described (14).

Preparation of Cell Fractions

Cells were scraped, washed and pelleted, pellets resus-
pended in microsomal storage buffer (100 mM potassium phos-
phate, pH 7.4, 1.0 mM EDTA, 20% glycerol, 1 mM
dithiothreiotol, 20 WM butylated hydroxytoluene, 2 mM phenyl-
methylsulfonyl fluoride) [MSB]) and sonicated to yield cell
lysates. Microsomeswere prepared by high speed centrifugation
of lysate at 105,000 X g for 1 hr and the microsomal pellet
resuspended in MSB.

Immunoblot Analysis

10 pg of cell lysate or cell microsomes was separated on
10% dlab polyacrylamide gels and immunoblotted using the
following antibodies: monoclonal anti-CYP3A4 K03 (15) or
rabbit anti-rat P450 reductase (from Dr. Ken Thummel, Univ.
Washington, Seattle, WA) and by appropriate secondary anti-
bodies followed by ECL detection (Amersham).

Midazolam Hydroxylation in Cell Lysates and
Microsomes

4-hydroxymidazolam and 1'-hydroxymidazolam were
assayed as previously described in cell microsomes (0.2 mg/
incubate) at 60 wM midazolam (5). Total cell lysates (1.5-4.2
mg protein/replicate) were preincubated for 10 min with 60
wM midazolam. All reactions were initiated by addition of
1/10™ volume of an NADPH-generating system (10 Units/ml
isocitrate dehydrogenase, 50 mM isocitrate, 10 mM sodium
NADP, and 50 mM magnesium chloride). Lysates were incu-
bated at 37°C for 30 min and the reaction stopped by addition
of 5 ml t-butylether. Samples were mixed, centrifuged at
800 X g and the lower agueous phase removed by freezing in
adry ice/acetone bath. The ether was evaporated under astream
of nitrogen, the residue reconstituted in 200 .l of mobile phase,
and 100 pl was injected onto the HPLC. Enzyme activities
were expressed as nmol of product/mg protein/hr.
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Midazolam Hydroxylation in Monolayer Cultures

Caco-2 or LLC-PK1 cells transduced with Ad3A4 and
AdRed were incubated with medium supplemented with 20 or
10% FBS, respectively, and containing 4—60 wM midazolam
for 4 hr. One ml of medium was removed, and extracted as
above with 5 ml of t-butylether and assayed by HPLC.

Testosterone 6B-Hydroxylase Activities

CYP3A4 activity was determined by examining the rate
of 6B-hydroxytestosterone formation of microsomal fractions
from each cell line. Briefly, a 0.25 ml reaction mixture con-
taining 1.3 mM NADP*, 3.3 mM glucose-6-phosphate, 0.4 U/
ml glucose-6-phosphate dehydrogenase, 3.3 MM magnesium
chloride (NADPH generating solution), 0.5 mg/ml protein, 100
mM potassium phosphate buffer (pH 7.4), and 12.5 M to 200
wM final testosterone concentration was added together (2,3).
Thereaction wasinitiated by addition of the NADPH generating
solution, runfor 10 min at 37°C, stopped with 125 | acetonitrile
spiked with 0.04 mM (5 nmol) dexamethasone. The mix was
extracted with 1.5 ml of ethyl acetate, centrifuged (600 X @),
the upper organic layer removed, evaporated to dryness, the
residue dissolved in 200 wl of mobile phase and a 100-pl
injected on a C,g reversed phase column (Waters Nova-Pak
3.9 X 150 mm, 3 wm particle size, Waters Corp., Milford, MA)
preceded by a Cig guard column (Waters Corp.). The peak
height of 6B-hydroxytestosterone, dexamethasone and testoster-
one was measured using commercially available software (Mil-
lenium, Waters Corp.). Kinetic parameters describing the rate
of metabolism were determined from plots of the initia rate
of 6B-hydroxytestosterone formation versus testosterone con-
centration. Specifically, the maximal rate of 6B-hydroxytestost-
erone formation V 5 and Michaglis-Menten constant K,,, were
calculated using a FORTRAN subroutine and WinNonlin com-
puter program (Pharsight Corporation, Mountain View, CA).

RESULTS

We compared several techniques for introducing CY P3A4
into cell linesto determine the method giving maximal CY P3A4
expression. Thefirst approach wasto use recombinant adenovi-
rus (AdV) vectors. Although AdV will transduce amost every
cell type, the efficiency of this transduction varies between cell
lines (16). Therefore we first characterized the competency of
AdV transduction of our host cells. LLC-PK1, L-MDR1 and
Caco-2 cellswere infected with different multiplicities of infec-
tion (MOI) of an Ad-green fluorescent protein (GFP) vector.
The proportion of GFP-positive cells at 48 hrs post-transduction
was measured by fluorescent activated cell sorting (FACS)
anaysis. With increasing levels of AAGFP there was a dose-
dependent increase in the amount of recombinant GFP cellular
fluorescence (Fig. 1). The percentage of GFP-positive cellswas
97%, 87% and 99% in LLC-PK1, Caco-2 and L-MDR1 cells,
respectively at an MOI of 50 two days after infection with
AdGFP (Fig. 1A). There was a dose-dependent increase in GFP
expression between MOI of 1-100 (Fig. 1B), but an MOI of
500 resulted in lower GFP expression in LLC-PK1 and L-
MDRL1 cells most likely reflecting the higher percentage of
dead cells at this amount of AdV (not shown). We consistently
observed that the LL C-PK 1 cellstransduced with amuch higher
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Fig. 1. GFP expression in cells infected by an AdGFP recombinant
virus. LLC-PK1, L-MDR1, and Caco-2 cells were transduced with the
indicated MOI of AdGFP and harvested two days later and (A) the
percentage of cells expressing AAGFP and (B) the maximum fluores-
cent intensity was analyzed by FACS analysis.

efficiency than Caco-2 (Fig. 1B). These transduction efficien-
cies were highly reproducible from experiment-to-experiment.

We next determined the MOI necessary to achieve maxi-
mum expression of CYP3A4 in Ad3A4 transduced cells. A
dose-dependent increasein CY P3A4 protein was observed from
an MOl of 10to 1000 (Fig. 2A), with very high cellular toxicity
evident at 1000 (not shown). Consistent with the findings for
Ad-GFP, expression of CYP3A4 was higher in the LLC-PK1
compared to Caco-2 cells. Expression of CYP3A4 protein was
at least 22.6-fold higher in Ad3A4 transduced LLC-PK1 cells
compared with Caco-2 cells cultured on matrigel and treated
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Fig. 2. CYP3A4 expression in cells infected with Ad3A4. (A) LLC-
PK1 and Caco-2 were transduced with the indicated MOI of Ad3A4
and 48 hrslater 10 p.g of total cell lysate was resolved on 12.5% PAGE
and analyzed on immunoblot with anti-CY P3A4 1gG. 10 g of lysate
from Caco-2 cells treated with 1,25-dihydroxyvitamin D3 (VD3) were
run simultaneously. (B) Side-by-side comparison of 10 p.gslysate from
LLC-PK1 cells transduced with 1000 MOI Ad3A4 and Caco-2 cells
cultured with 1,25-dihydroxyvitamin D3 analyzed as in (A). (C) 10
g of total cell lysate from LLC-PK1 cells or LLC-PK1 cells stably
transfected with CY P3A4-Neo or CY P3A4-EBV (Hygro) or transduced
with Ad3A4 on day zero and cells analyzed on days 2—15 thereafter
were subjected to 12.5% PAGE followed by immunoblotting with anti-
CYP3A IgG.

with 0.25 uM 1,25-dihydroxyvitamin D3 for two weeks (akind
gift of Dr. Paul Watkins) (Figs. 2A,B) to induce endogenous
CYP3A4 expression (3).

We next compared CY P3A4 expression in clonal cell lines
created using two other vectors. CYP3A4 neo utilized an
expression vector containing a cytomegalovirus enhancer/pro-
moter region that drives CYP3A4 transcription and also con-
tains the selection marker encoding the gene for neomycin
phosphotransferase that permits cell growth in G418 containing
medium. CYP3A4-Neo was transfected into LLC-PK1 cells
and individual G418 resistant clones selected. The advantage
of this approach was stable integration of the plasmid. The
third approach wasto clone CY P3A4 into an Epstein-Barr Virus
(EBV) based expression vector that is maintained episomally
and contains the gene conferring resistance to hygromycin B.
Although this plasmid remains episomal, up to several hundred
copiesper cell of thevector can be maintained resulting in robust
expression of the cDNA. Following immunoblot screening for
CYP3A4 protein expression the CYP3A4-Neo and CY P3A4-
Hygro clones with the highest level of CYP3A4 were selected
and compared to LLC-PK1 cells transduced with Ad3A4 (Fig.
2C). CYP3A4 expression was highestin Ad3A4 LLC-PK 1 cells
compared to either LLC-3A4-Hygro or LLC-3A4-Neo (Fig.
2C). Indeed, CYP3A4 expression was at least 24-fold higher
in LLC-Ad3A4 cells compared to LLC-CYP3A4-Neo.
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Although the LLC-3A4-Hygro cells remained resistant to
hygromycin B over many passages, expression of CY P3A4 was
lost/silenced within 15 passages. This observation is similar to
loss of CYP3A4 expression in Caco-2 cells transfected with a
similar CYP3A4-EBV vector approach (4). Finaly, we exam-
ined how long the Ad3A4 expression persisted in the cells.
Subconfluent cultures were transduced with Ad3A4. CYP3A4
expression remained high and persistent for at least 15 days
in subconfluent cells transduced with Ad3A4 (Fig. 2C). To
determine whether the CYP3A4 protein produced by Ad3A4
was catalytically active we measured the formation of 1'-and
4-hydroxymidazolam, aCY P3A specificreaction (17). Analysis
of cell lysates from Ad3A4 transduced cells revealed a dose-
dependent increase in midazolam hydroxylase activity between
an Ad3A4 MOI of 10 and 1000 MOI in both LLC-PK1 and
Caco-2 cells (not shown).

Suboptimal expression of NADPH P450 reductasein many
cell lines, including Caco-2 (18) can limit maximal CYP cata-
lytic activities. Therefore we determined whether stable trans-
fection of P450 reductase-Neo or co-transduction of a
recombinant-P450 reductase adenovirus (AdRed) would
enhance CY P3A4 activity. Transduction of 1-25 MOI of AdRed
resulted in a dose-dependent increase in P450 reductase protein
expression (Fig. 3A). P450 reductase was also well expressed
in LLC-Reductase-Neo clones (Fig. 3B). Analysisof cell lysates
showed that in LLC-PK1 or Caco-2 cells transduced with
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MOI Ad-P450 Reductase

B. P450-Reductase-Neo

1 2 3 1 2 3 4 7 :clone#
. a-—eg
| LLC-PK1 L-MDR1

Fig. 3. Expression of ectopically expressed NADPH P450 reductase.
(A) LLC-PK1 and Caco-2 cells were transduced with Ad3A4 at an
MOI of 25 or 50 with or without (0) various MOI (1-25) of AdRed.
48 hours later cells were harvested and 10 pg of total cell lysate was
analyzed on 10% PAGE followed by immunoblot with rabbit anti-
P450 reductase. (B) LLC-PK1 and L-MDR1 were stably transfected
with P450-Reductase-Neo and lysates from individual clones analyzed
on immunoblots with anti-P450 reductase 1gG.
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Ad3A4 at an MOI of either 25 or 50 addition of 1-10 MOI of
AdRed maximally enhanced midazolam hydroxylation up to
5.8-fold over LLC-PK1/Ad3A4 cells or Caco-2/Ad3A4 (not
shown). Based on these studies we chose for al subsequent
anadysis an Ad3A4 MOI of 50 and AdRed MOI of 5 or 10 for
LLCPK1 and Caco-2 cells, respectively.

To directly compare the cell linesin this study with previ-
ous reports we determined marker CYP3A activities in cell
lysates from the LLC-PK1 cells stably transfected with
CYP3A4-Neo or CYP3A4-Hygro or LLC-PK1 cellstransduced
with Ad3A4. The rate of formation of 1’'-hydroxymidazolam
(1’R-OH-MDZ) was significantly higher in LLC-PK1 cells
transduced at an Ad3A4 MOI of 100 compared to either of the
stably transfected cells (Table 1). Activitieswere next compared
in microsomes using asingle saturating concentration (100 M)
of midazolam (Table 1). Consistent with CY P3A protein expres-
sion, LLC-Ad3A4/Red cells had significantly higher activity
than Caco-Ad3A4/Red cells.

We expanded on the utility of the system by measuring
metabolites released into the medium of cells transduced with
Ad3A4 + AdRed and cultured on plastic dishes or in transwell
culture. Cells incubated with 4 or 60 wM MDZ produced high
amounts of 1'-OH-MDZ product (Table 2).

Testosterone 6B-hydroxylation assays were performed on
microsomes prepared from LLC-PK1, L-MDR1, and Caco-2,
as well as their counterparts transduced with either Ad3A4,
Ad3A4 plus Adenovirus containing P450 reductase (AdRed)
(Table 3). Activities were compared in microsomes using a
single saturating concentration of testosterone (determined to
be 100 wM). Microsomes isolated from parental cells showed
no evidence of 6@ testosterone hydroxylase activity. Cell lines
transduced with CY P3A4 aone had significantly lower activity
than cell linestransduced with both CY 3A4 and oxidoreductase.
The activities of LLC-PK1 Ad3A4/Red, L-MDR1 Ad3A4/Red,
and Caco-2 Ad3A4/Red, were comparable to or even higher
than that observed in mammalian expression systems such as

Table 1. Midazolam Hydroxylase Activity in Cell Lysates and Micro-
somes of LLC-PK1 and Caco-2 Cells Ectopically Overexpressing

CYP3A4
1'-OH-MDZ

Cells pmol/min/mg Fraction Ref
LLC-PK1 Not detectable Lysate
LLC-3A4-Neo#2 2.52 Lysate
LLC-3A4-MDR-Neo#9 2.11 Lysate
LLC-3A4-Hygro#9** 3.13 Lysate
LLC-3A4-Hygro#12** 211 Lysate
LLC-Ad3A4 (MQI 100) 28.4 R Lysate
LLC-PK1/L-MDR1 53-11.2 Microsomes
LLC-Ad3A4/AdRed* 72.3-180 Microsomes
Caco-2 6.8 Microsomes
Caco-2/Ad3A4/AdRed* 18.7 Microsomes
Human liver 2.1-93.4 nmol/mg/hr Microsomes (30)

Human intestine
Human intestine

41.2 +/— 30.5 pmol/mg
9.2 pmol/mg

Microsomes (3)
Homogenate (3)

Range of activities among individua samples in different
experiments.

* Ad3A4 (MOI = 50)/AdRed (MOI = 5).

** Ratio 1’'ROH-MDZ/4-OH-MDZ = 3.0 and 2.77 for LLC-3A4-
Hygro #12,9 respectively.
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Table 2. Midazolam 1'-Hydroxylase Activity in LLC-PK1 and Caco-
2 CédllsCultured onPlastic or in Transwell Culture Plate and Transduced
with Ad3A4 Plus AdRed

35 mm Total pmoles
Culture 1'-OH-
Céls Wells  Substrate (nM) MDz*

LLC-PK1 Plastic 60 0
LLC-Ad3A4/AdRed Plastic 60 454
LLC-PK1 Transwell 4 ND
LLC-Ad3A4/AdRed Transwell 4 246-262
LLC-PK1 Transwell 60 107.1
LLC-Ad3A4/AdRed Transwell 60 153-379
L-MDR1 Plastic 60 0
L-MDR/Ad3A4/AdRed Plastic 60 320
L-MDR1 Transwell 4 ND
L-MDR/Ad3A4/AdRed  Transwell 4 310-494
L-MDR1 Transwell 60 108.9
L-MDRVAd3A4/AdRed Transwell 60 525-580
Caco-2 Plastic 60 27.8
Caco-2/Ad3A4/AdRed  Plastic 60 109
Caco-2 Transwell 4 ND
Caco-2/Ad3A4/AdRed  Transwell 4 63-101
Caco-2 Transwell 60 57
Caco-2/Ad3A4/AdRed  Transwell 60 71-321

Note: ND, Not done.

* Numbers represent the range of 1'-OH-MDZ product in the medium
of al compartments (basal plusapical for transwell culture) following
a4 hr incubation with midazolam added to either the apical or basal
compartment of cells transduced with 50 MOI Ad3A4 and 5 (LLC-
PK1) or 10 (Caco-2) MOI AdRed.

Table 3. Testosterone 63-Hydroxylase Activity in Cell Microsomes

Testosterone 6p3-
hydroxylase
activity @ 100
wM testosterone  Km Vmax
Cell line (microsomes) (pmol/mg/min)* (wM)  (pmol/mg/min)
LLC-PK1 0 ND ND
LLC-Ad3A4 182 14.8 196
LLC-Ad3A4/AdRed 956 330 1350
LLC-Ad3A4-P450-OR** — 11.0 773
L-MDR1 0 ND ND
L-MDR1-Ad3A4 188 30.0 259
L-MDR1-Ad3A4/AdRed 603 236 698
L-MDR1-Ad3A4-
P450-OR** — 159 311
Caco-2 0 ND ND
Caco-2/Ad3A4 61.9 ND ND
Caco-2/Ad3A4/AdRed 338 18.0 414
~1250-8500***

Human liver microsomes — 50-60 (20)

Note: Caco-2 + CYP3A4 + Oxidoreductase = 4—5 pmol/mg/min (18).
ND, Not detectable. Steady-state kinetic parameters were monitored by
HPL C using isolated microsomal fractions, as described in the methods.
* Testosterone 6B3-hydroxylase activity at 100 wM testosterone (satu-
rating concentration).
** OR cell lines are stably transfected with NADPH-P450 reduc-
tase Neo.
*** 13-fold variation between human livers.
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Hep G2 cells (19), V79 CHO cells (2), Caco-2 cells and
lymphoblasts transduced with CY P3A4 alone or CY P3A4 plus
NADPH P450Red (4,18). The catalytic testosterone 63-hydrox-
ylase activities were in the lower range of testosterone 6p3-
activity observed with a bank of human liver microsomes (20).

Next we determined the kinetic constants for testosterone
6B-hydroxylation in Caco-2, LLC-PK1 and L-MDR1 cells
transduced by Ad3A4 (Table 3). K, and V o Were 33.0 uM
and 1350 pmol/mg/min, respectively, for LLC-PK1-Ad3A4/
Red, 23.6 pM and 698 pmol/mg/min for L-MDR1-Ad3A4/
Red, 18.0 uM and 414 pmol/mg/min for Caco-2 Ad3A4/Red
(Table 3). These values are consistent with earlier studies and
show the CYP3A4 is alow K, enzyme for testosterone. The
Km values are slightly lower than those observed in insect cell
microsomes (21) and human liver microsomes (20,21). The
V max Values are in the range of human liver microsomes (20). In
some experiments we observed differences between the Vmax
values for LLC-PK1 and L-MDR1 cells (e.g., Table 3). This
was likely attributable to the inherent difficulty in dissociating
these cells and getting very precise cell counts and, ultimately,
resulting in differences in Ad3A4 MOlI/cell. More vigorous
pipeting of the trypsinized cells was found to eliminate this
variablecell counting and, thus, variabl e transduction efficiency
between the LLC and L-MDR1 cells.

Next it was determined whether aterationsin culture con-
ditions might further increase the efficiency of AdV transduc-
tion. AdV infection requires expression of specific surface
receptors. Integrins such as aphaV betab integrin participate
in AdV adherence (22) and internalization (23). Because the
expression of integrins in many cell types is markedly influ-
enced by cell shape, cell density and cellular matrix (24,25),
we determined whether aterations in any of these parameters
might affect Ad3A4 transduction. We were particularly inter-
ested in the effects of the extracellular matrix, matrigel because
it has also been shown to enhance expression of CYP3A in
these cells (3). Caco-2 on plastic had no detectable CYP3A
protein (Fig. 4), Ad3A4 transduction produced CYP3A4 in al
Caco-2 cells cultured on either matrigel or plastic (Fig. 4).
Despite a report that treatment of confluent Caco-2 with
interleukin 1B can enhance adenovirus transduction (26), we
observed no improvement of Ad3A4 expression in Caco-2 cells
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Fig. 4. Expression of CYP3A in Caco-2 cells cultured on various
matrices. 35 mm plastic culture wells were coated with 350 wl liquid
matrigel/well and matrigel allowed to solidify for 45 min—1 hr. Caco-
2 cellswere plated at 1 X 10° cells/well (with or without matrigel) on
day 1. Some Caco-2 cellsweretreated with 2.5 wuM 1,25-dihydroxyvita-
min D3. On day 15 some cells were pretreated with recombinant
interleukin-18 (5 ng/ml) (IL-1B) in serum free medium for 6 hrs and
then cells were transduced with 50 MOl Ad3A4. 24 or 48 hrs later
cells were harvested, matrigel dissolved by incubating cells in PBS
with5mM EDTA onicewith frequent pipeting and cell pelletsisolated,
lysed in MSB and analyzed in immunoblots with anti-CY P3A 1gG.
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treated with this cytokine (Fig. 4). Higher CYP3A expression
was observed in LLC-PK1 cells transduced at confluent versus
sub-confluent density with Ad3A4 (not shown). Importantly, the
confluent density and time course from plating until CYP3A4
analysis represents the optimal conditions used to culture LLC-
PK1 and L-MDR1 cells for transwell transport experiments.

Because the ultimate goal was to analyze functiona inter-
actions between CY P3A and Pgp we determined whether trans-
duction of adenovirus would affect membrane integrity. LLC-
PK1 or Caco-2 cdls transduced with AdVector or Ad3A4
showed similar transepithelial resistance (TEER) values. Next
we assessed whether there was any change in Pgp function
by measuring compartment-to-compartment movement of Pgp
substrates across polarized cells transduced with Ad3A4 and
AdRed in transwell culture. The rate of diffusion of vinblastine
across LLC-PK1 cells in either direction (apical to basal and
basal to apical) was unaffected by the presence of the AdV
vector or Ad3A4 (not shown). Vinblastinetransportin L-MDR1
cells (Fig. 5A) and digoxin transport across Caco-2 cells (Fig.
5B) were similar regardless of whether the cells were untreated
or transduced with the AdVector or Ad3A4 (Fig. 5). These
findings supports the feasibility of using Ad3A4 transduced
LLC-PK1, L-MDR1 and Caco-2 cells for coupled transport/
metabolism analysis.

DISCUSSION

Model cellular systems have previously been established
to determine the way drugs interact singly with either CY P3A4
or Pgp. However, these drug metabolizing enzymes and trans-
porters do not exist in isolation but are part of an integrated
detoxification system. Thus, the challenges for the future are
to generate model systems in which the dynamic interplay
between drug transporting proteins and drug metabolizing
enzymes can be explored. Towards that goal this is the first
report on thefunctional analysis of LL C-PK 1 and Caco-2 polar-
ized cells expressing Pgp and transduced with Ad3A4 and
AdRed. The results demonstrate that using the AdV approach
yieldsrobust expression of CY P3A4 activity and that Pgp func-
tion is unimpaired by introduction of the AdV. By simultane-
oudy examining several methods for introduction and
overexpression of CYP3A4 in the same cellular background,
LLC-PK1, and side-by-side with Ad3A4 transduction of Caco-
2, it was possible to directly compare each method and the two
cell linesfor expression of CYP3A protein and activities. AdV
was clearly distinguished by its ability to produce the highest
levels of CYP3A protein expression and associated catalytic
activities followed by the episoma EBV vector which was
superior to the neomycin vector in CY P3A4 production. More-
over, the testosterone 6B-hydroxylase activity of Ad3A4 trans-
duced LLC-PK1 cells was superior to CYP3A4 expressed in
many other extensively used cell model systems (2—4).

Many approaches are utilized to develop cell lines stably
expressing CY Ps (27), however, we are not aware of any report
using adenovirus vectors. Transduction with recombinant ade-
novirus offers several advantages (reviewed in (1)). First, ade-
novirus infects most cell types. Second, the virus enters the
cell but does not replicate. Third, adenovirus is well tolerated
with post-infection viability 100% at low vira titers. Fourth,
levels of the recombinant protein can represent as much as
15-20% of total cellular protein (1). Fifth, most AdV vectors
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Fig. 5. Transepithelial transport of drugs across AdV transduced cells.
(A) [3H]vinblastine movement across L-MDRL1 cells without (closed
symbols) or with transduction of either AdVector (AdV) or Ad3A4
(both open symbols) and (B) [*H]digoxin transport across Caco-2 cells
without (closed symbol) or transduced with Ad3A4 (open symbols).
Drug was added into either the apical (A) or basal (B) compartment
and the % of radiolabel appearing in the opposite compartment deter-
mined at the indicated times.

can accommodate large cDNAs (about 8 kb), and the latest
generation of so-called “gutless’” AdV can accommodate up to
35 kb of foreign DNA. Sixth, recombinant AdV produced for
in vitro studies can be used directly for generation of transgenic
animals as the replication defective AdV can integrate into
DNA of mouse eggs (28). Finaly, as we have shown, multiple
AdV can be simultaneously introduced into the same cell.
Although AdV does not integrate stably, the viral episome is
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stableincells, sowhenterminally differentiated cells (or conflu-
ent monolayers, such as those in transwell culture typically
used for transport experiments) are infected, the viral genome
will last essentialy for the life of the cell.

A critical but as yet untested hypothesisin our systemsis
that because Pgp-mediated transport will influence the intracel-
lular concentration of CYP3A substrate, Pgp could affect the
extent of CYP3A-metabolites formed within the cell. To test
this hypothesis we developed cellular systems to determine the
pharmacokinetic interactions between the drug transporter and
drug metabolizing enzyme. Thus, the ultimate goal of this study
was to derive cellsthat polarize in culture, and have stable high
levels of CYP3A4 in the presence or absence of the drug
transporter Pgp. There are unique advantages and disadvantages
of each model system chosen. Caco-2 cells are used extensively
to screen for oral drug bioavailability, thus addition of CY P3A4,
a protein known to be involved in first pass drug metabolism,
enhances the utility of such a system. Caco-2 also maintain
microvilli, making them most suitable for applicability as a
surrogate for human intestinal mucosal epithelium. However,
while these cells express Pgp they aso express an unknown
complement of other drug transporters that could complicate
modeling the interactions between CYP3A4 and Pgp.

Although LLC-PK1 cells are not of human origin they
offer several advantages over Caco-2. First, LLC-PK1 célls
were superior to Caco-2 cellsin AdV infectivity and expression
of catalytically active CYP3A4. Second, L-MDR1 cells will
readily allow us to measure Pgp transport kinetics of CYP3A4
substrates and metabolitesin the absence of CY P3A4. By com-
parison, measuring therates of formation of CY P3A metabolites
in LLC-Ad3A4 and L-MDR-Ad3A4 cells will alow us to
directly compare the rate and extent of CYP3A metabolism in
the presence or absence of Pgp (ongoing experiments). Third,
derivative LLC-PK1 cell lines expressing a variety of other
transporters (e.g., MDR1, MRP1, SPGP, mdrla, mdrlb, MRP3,
etc) currently exist (10,11,29). Therefore, the interactions of
other Phase | and Phase Il drug metabolizing enzymes with
the drug transporters can be explored in this model cell system.
We envision cell systems, such as those developed and charac-
terized in thisreport containing CY P3A4 with and without Pgp,
as the paradigm for such studies.

ACKNOWLEDGMENTS

This work was supported by National Institute of Health
Research Grants ES05851 (JDS), and ES08658 (EGS),
CA51001 (MVR), P30 CA21765 (EGS, JDS, MVR), a grant
from the St. Francis of Assisi Foundation of Memphis (JTD
and YL), the Center of Excellence Grant from the State of
Tennessee, and by the American Lebanese Syrian Associated
Charities (ALSAC). The technical assistance of Ken Cox is
acknowledged.

REFERENCES

1. T. Friedberg and C. R. Wolf. Recombinant DNA technology as
an investigative tool in drug metabolism research. Adv. Drug Del.
Rev. 22:187-213 (1996).

2. A. Schneider, W. A. Schmalix, V. Siruguri, E. M. de Groene, G.
J. Horbach, B. Kleingeist, D. Lang, R. Bocker, C. Belloc, P.
Beaune, H. Greim, and J. Doehmer. Stable expression of human
Cytochrome P450 3A4 in conjunction with human NADPH-Cyto-
chrome P450 Oxidoreductase in V79 Chinese Hamster Cells.



810

10.

11

12.

13.

14.

15.

16.

Arch. Biochem. Biophys. 332:295-304 (1996).

P. Schmiedlin-Ren, K. E. Thummel, J. M. Fisher, M. F. Paine,
K. S. Lown, and P. B. Watkins. Expression of enzymatically active
CYP3A4 by Caco-2 cells grown on extracellular matrix-coated
permeable supports in the presence of 1-alpha 25-dihydroxyvita-
min D3. Mol. Pharmacol. 51:741-754 (1997).

C. L. Crespi, B. W. Penman, and M. Hu. Development of Caco-
2 cells expressing high levels of cDNA-derived cytochrome
P4503A4. Pharmacol. Res. 13:1635-1641 (1996).

E. G. Schuetz, A. H. Schinkel, M. V. Relling, and J. D. Schuetz.
P-glycoprotein: A maor determinant of rifampicin-inducible
expression of cytochrome P4503A in mice and humans. Proc.
Natl. Acad. Sci. USA 93:4001-4005 (1996).

M-C. Gres, B. Julian, M. Bourrie, V. Meunier, C. Roques, M.
Berger, X. Boulenc, Y. Berger, and G. Fabre. Correlation between
oral drug absorption in humans, and apparent drug permeability
in TC-7 cells, a human epithelial intestinal cell line: Comparison
with the parental Caco-2 cell line. Pharmacol. Res. 15:726—
733 (1998).

J. C. Kolars, W. M. Awni, R. M. Merion, and P. B. Watkins. First-
pass metabolism of cyclosporin by the gut. Lancet 338:1488—
1490 (1991).

A. H. Schinkel, E. Wagenaar, L. van Deemter, C. Mol, and P.
Borst. Absence of the mdrla P-glycoprotein in mice affects tissue
distribution and pharmacokinetics of dexamethasone, digoxin and
cyclosporin A. J. Clin. Invest. 96:1698—1705 (1995).

R. Evers, M. Kool, L. van Deemter, H. Janssen, J. Calafat, L.
Oomen, C. C. Paulusma, R. P. J. Oude Elferink, F. Baas, A. H.
Schinkel, and P. Borst. Drug export activity of the human canalicu-
lar multispecific organic anion transporter in polarized kidney
MDCK cells expressing cMOAT (MRP2) cDNA. J. Clin. Invest.
101:1310-1319 (1998).

R. Evers, G. J. R. Zaman, L. van Deemter, H. Jansen, J. Calafat,
L. C.J M. Oomen, R. P. J. Oude Elferinck, P. Borst, and A. H.
Schinkel. Basolateral localization and export activity of the human
multidrug resistance-associated protein in polarized pig kidney
cells. J. Clin. Invest. 97:1211-1218 (1996).

V. Lecureur, D. Sun, P. Hargrove, E. G. Schuetz, R. Kim, L. B.
Lan, and J. D. Schuetz. Cloning and expression of murine sister
of P-glycoprotein reveals a more discriminating transporter than
MDR1/P-glycoprotein. Mol. Pharmacol. 57:24—35 (2000).

A. C. Nathwani, D. A. Persons, S. C. Stevenson, P. Frare, A.
McClelland, A. W. Nienhuis, and E. F. Vanin. Adenovirus-medi-
ated expression of the murine ecotropic receptor facilitates trans-
duction of human hematopoietic cells with an ecotropic retroviral
vector. Gene Ther. 6:1456—1468 (1999).

W. J. McGrory, D. S. Bautista, and F. L. Graham. A simple
technique for the rescue of early region 1 mutationsinto infectious
human adenovirus type 5. Virology 163:614—617 (1988).

F. L. Graham and L. Prevec. Manipulation of adenovirus vectors.
In: Methods in Molecular Biology. Vol. 7: Gene transfer and
expression protocols, edited by E.J. Murray, New York: Clifton:
The Human Press, Inc., 1991, pp. 109-128.

P. Beaune, P. Kremers, F. Letawe-Goujon, and J. E. Gielen. Mono-
clonal antibodies against human liver cytochrome P-450. Bio-
chem. Pharmacol. 34:3547—-3552 (1985).

C. Hidaka, E. Milano, P. L. Leopold, J. M. Bergelson, N. R.
Hackett, R. W. Finberg, T. J. Wickham, |. Kovesdi, P. Roelvink,
and R. G. Crystal. CAR-dependent and CAR-independent path-
ways of adenovirus vector-mediated gene transfer and expression

17.

18.

10.

20.

21.

22,

23.

24.

25,

26.

27.
28.

29.

30.

Brimer et al.

in human fibroblasts. J. Clin. Invest. 103:579-587 (1999).

S. A. Wrighton, W. R. Brian, M.-A. Sari, M. Iwasaki, F. P. Gueng-
erich, J. L. Raucy, D. T. Molowa, and M. Vandenbranden. Studies
on the expression and metabolic capabilities of human liver cyto-
chrome P450111A5 (HLp3). Mol. Pharmacol. 38:207—-213 (1990).
M. Hu, L. Yiqi, C. M. Davitt, S.-M. Huang, K. Thummel, B. W.
Penman, and C. L. Crespi. Transport and metabolic characteriza-
tion of Caco-2 cellsexpressing CY P3A4 and CY P3A4 plus oxido-
reductase. Pharmacol. Res. 16:1352—-1359 (1999).

T. Aoyama, S. Yamano, D. J. Waxman, D. P. Lapenson, U. A.
Meyer, V. Fischer, R. Tyndale, T. Inaba, W. Kalow, H. V. Gelboin,
and F. J. Gonzalez. Cytochrome P450 hPCN3, anovel cytochrome
P-450 I11A gene product that is differentially expressed in adult
human liver cDNA and deduced amino acid sequence and distinct
specificities of cDNA-expressed hPCN1 and hPCN3 for the
metabolism of steroid hormones and cyclosporine. J. Biol. Chem.
264:10388—10395 (1989).

A.J. Draper, A. Madan, K. Smith, and A. Parkinson. Development
of anon-high pressure liquid chromatography assay to determine
testosterone hydroxylase (CY P3A) activity in human liver micro-
somes. Drug Metab. Dispos. 26:299—-304 (1998).

C. A. Lee, S H. Kadwdll, T. A. Kost, and C. J. Serahjit-Singh.
CYP3A4 expressed by insect cells infected with a recombinant
baculovirus containing both CYP3A4 and human NADPH-cyto-
chrome P450 reductase is catalytically similar to human liver
microsomal CYP3A4. Arch. Biochem. Biophys. 319:157-167
(1995).

K. Takayama, H. Ueno, X. H. Pei, Y. Nakanishi, J. Yatsunami,
and N. Hara. The levels of integrin alpha v beta 5 may predict
the susceptibility to adenovirus-mediated gene transfer in human
lung cancer cells. Gene Ther. 5:361-368 (1998).

S. Tatebe, T. Matsuura, K. Endo, R. Doi, A. Goto, K. Sato, and
H. Ito. Adenovira transduction efficiency partly correlates with
expression levels of integrin alphavbetab, but not alphavbeta3 in
human gastic carcinoma cells. Int. J. Mol. Med. 2:61-64 (1998).
Y. Hashimoto, K. Kohri, H. Akita, K. Mitani, K. Ikeda, and M.
Nakanishi. Efficient transfer of genes into senescent cells by
adenovirus vectors via highly expressed alpha v beta 5 integrin.
Biochem. Biophys. Res. Commun. 240:88-92 (1997).

C. Y. Chiu, P. Mathias, G. R. Nemorow, and P. L. Stewart. Struc-
ture of adenovirus complexed with its internalization receptor,
aphavbeta’ integrin. J. Virol. 73:6759-6768 (1999).

M. A. Croyle, E. Walter, S. Janich, B. J. Roessler, and G. L.
Amidon. Role of integrin expression in adenovirus-mediated gene
delivery to the intestinal epithelium. Hum. Gene Ther. 9:561—
573 (1998).

R. J. Yanez and A. C. G. Porter. Therapeutic gene targeting. Gene
Ther. 5:149-159 (1998).

T. Tsukui, Y. Kanegal, |. Saito, and Y. Toyoda. Transgenesis by
adenovirus-mediated gene transfer into mouse zona-free eggs.
Nature Biol. 14:982—985 (1996).

A. H. Schinkel, U. Mayer, E. Wagenaar, C. A. A. M. Mal, L.
van Deemter, J. J. M Smit,, M. A. van der Valk, A. C. Voordouw,
H. Spits, O. van Tellingen, J. Zijimans, W. E. Fibbe, and P. Borst.
Normal viability and altered pharmacokinetics in mice lacking
mdr1-type (drug-transporting) P-glycoproteins. Proc. Natl. Acad.
Sci. USA 94:4028-4033 (1997).

M. V. Relling, J. Nemec, E. G. Schuetz, J. D. Schuetz, F. J.
Gonzalez, and K. R. Korzekwa. O-demethylation of epipodophy!-
lotoxinsis catalyzed by human cytochrome P450 3A4. Moal. Phar-
macol. 45:352—358 (1994).



