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Purpose. The presence of P-glycoprotein (P-gp) within the lipid bi-
layers of the absorptive cells greatly influences drug entry into the
HIV-infected sanctuary sites. The objective of this study was to access
the potential role of pulmonary cells expressing high levels of P-gp in
the efflux of potent anti-HIV drugs such as protease inhibitors.
Methods. Human airway epithelium-derived Calu-3 cells grown in the
presence of 0.025 mM 1a,25di-hydroxy Vitamin D5 (di-OH vit D3)
were used as a model to evaluate the effects of p-glycoprotein efflux
of HIV protease inhibitors. Cells used as controls were not treated
with di-OH vit D;. The anti-HIV agents *H Ritonavir and Saquinavir
(50 uM) were used as model compounds for influx and efflux studies.
Results. Di-OH vit D5 treatment enhanced the differentiation of
Calu-3 cells indicated by more cilia and mucus secretion. It also
caused elevated P-gp expression as demonstrated by Western Blot
analysis and enhanced basal to apical transport of cyclosporine as
compared with untreated cells. The amount of Saquinavir trans-
ported, after 3 h, across untreated Calu-3 cells (A-B) was 3-fold
higher (1.62 pg; Papp = 2.4 (+ 0.79) x 107 cm/s) than di-OH vit
Ds-treated cells (0.57 wg with the Papp = 5.02 (+ 0.62) x 1077 cm/s).
Similar transport profiles were obtained for *H ritonavir and a sig-
nificant increase (p < 0.05) in the A-B transport (2.5-fold) of *H
ritonavir was observed when the cell monolayers were preincubated
with testosterone prior to transport studies. However, transport of
AZT remained unaltered in di-OH vit D5 treated monolayers.
Conclusion. Modulation of P-gp activity may be necessary to increase
the therapeutic efficacy of protease inhibitors against HIV-1 reser-
voirs across alveolar lining cells and fluids.

KEY WORDS: P-glycoprotein; Calu-3; efflux; permeability; induc-
tion; anti-HIV agents.

INTRODUCTION

Highly active antiretroviral therapy (HAART) has dra-
matically improved the clinical management of HIV-1 infec-
tion. Despite nondetectable viral RNA in plasma, low levels
of replicating viral RNA still exist at the sanctuary sites. HIV
reservoirs are primarily formed because effective virucidal
concentrations of anti-HIV drugs are not achieved at these
sites with current dosage regimens. Subtherapeutic concen-
trations may either be the result of low permeability associ-
ated with efflux of drug molecules into the lumen and/or me-
tabolism in various organs (1,2). The existence of sanctu-
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ary sites for HIV-1 may potentially endanger the efficacy of
long-term antiretroviral therapy. In addition, complete eradi-
cation of HIV-1 may not be possible because of latently in-
fected cells. During HAART, HIV-1 can persist in circulat-
ing/resting CD4+ T lymphocytes, lymph node mononuclear
cells, pulmonary tissues, placenta and, to a greater extent, in
the brain tissues despite sustained suppression of plasma vi-
remia to undetectable levels (3-5). HIV reservoirs, where an-
tiretroviral drug penetration is not optimal, may allow local
HIV-1 infection ultimately propagating to other tissues. Pos-
sible HIV sanctuary sites include the lungs, testes, lymph
nodes, placenta, and the central nervous system (6-9). Lungs
act as a separate pharmacokinetic and viriologic compart-
ment. Penetration of xenobiotics into pulmonary epithelial
lining and alveolar cells is highly variable. Viral loads in lungs
may not necessarily reflect those in plasma and the presence
of P-glycoprotein (P-gp) and cytochrome P450 3A4
(CYP3A4) in the alveolar cells greatly influence the drug
entry into the HIV-1 infected sanctuary sites (10-12).

Lungs are one of the major targets during HIV infection
and advanced complications of AIDS. With the onset of
AIDS, an opportunistic lung infection is observed along with
severe pulmonary complications in more than 50% of the
patients (13). Proviral DNA has been detected in lung cells
and tissues of HIV infected patients. Hence, lung seems to act
as an important reservoir for active HIV-1 replication and
subsequent proliferation. Patients with HIV detected in their
lungs have extremely poor clinical prognosis with rapid onset
of death compared with patients having no detectable HIV in
lungs. In addition, patients with pulmonary complications
have detectable levels of HIV-infected macrophages along
with CD4*, CD8" T-lymphocytes (14,15).

One major limitation to the penetration of clinically im-
portant anti-HIV drugs to HIV sanctuary sites is the active
efflux by P-glycoprotein (P-gp), the product of multidrug re-
sistance protein (MDR; 1,2). P-gp, considered as a versatile
xenobiotic pump, was initially discovered in cancer cells. This
efflux pump is a member of a highly conserved group of the
energy-dependent ATP-binding-cassette transporters found
in cells from various tissues. This transporter is encoded by a
small multigene family, described by mdr Class I, II, and III.
P-gp is expressed on the lumenal side of the alveolar vessels,
where it can actively exclude agents that are substrates of
P-gp (16). Recently it has been shown that P-gp limits the
permeation of HIV-protease inhibitors across intestinal and
central nervous system barriers (17-19). These studies pro-
vided the mechanistic basis for the limited cell permeability of
the protease inhibitors. The following work was initiated (i)
to compare the membrane permeation characteristics of the
HIV protease inhibitors, ritonavir, and saquinavir; (ii) to de-
termine the role of P-gp on the permeation of anti-HIV drugs
to the HIV-sanctuary site of lungs; and (iii) to examine wheth-
er co-administration of other protease inhibitors could el-
evate the desired protease inhibitor concentration in lungs.

Recently, various cell lines and primary cultures have
been used to study the transport of drugs within alveolar
linings. A549 cells exhibit many features of alveolar type II
cells and have been used to study alveolar drug absorption
and metabolism. However, many questions remain over the
ability of A549 cells to form functional tight junctions and to
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detect chemically induced alveolar toxicity. Despite the abun-
dance of type II cells in the alveoli, approximately 95% of the
alveolar epithelial surface area is composed of type I cells.
Hence, suitability of A549 cells as a drug absorption model
can also be debated (19,20). Currently, no satisfactory human
cell line exists to model the alveolar epithelium. Hence, we
are using Calu-3 cells derived from lower airway, anatomi-
cally located in vicinity to alveolar tissue, to delineate factors
responsible for lower drug concentrations in sanctuary sites
during antiretroviral therapy.

The human airway epithelial cell line, Calu-3, has been
used extensively as a model to study the drug transport across
lower bronchial epithelium (21-24). Because no other suit-
able cell culture model is currently available to study drug
transport across alveolar barrier, we have used Calu-3 cells to
study transport of anti-HIV compounds. However, prelimi-
nary studies in our laboratory have demonstrated that under
conventional growth conditions, Calu-3 cells do not express
significant levels of P-gp. Recently, it has been reported that
Caco-2 cells grown in presence of 1a,25-di-hydroxy Vitamin
D5 (di-OH vit D;) express high levels of P-gp and CYP3A4
(25). In this study, we adopted a similar culture technique to
induce levels of P-gp in Calu-3 cells and to study its influence
on the transport of anti-HIV agents like saquinavir and rito-
navir. Results from these studies may demonstrate the utility
of this culture system for studying P-gp-mediated drug inter-
actions.

MATERIALS

Zinc sulfate, ferrous sulfate, sodium selenite, trypsin-
EDTA, rat-tail collagen type I, AZT, quinidine, cyclosporin
A (CsA), and rhodamine 123 (Rh-123) were purchased from
Sigma Chemical Company (St. Louis, MO, USA). 1a,25-di-
OH vitamin D5 (di-OH vit D;) was purchased from Calbio-
chem (Los Angeles, CA, USA). *H-Ritonavir and *C-AZT
were obtained from Moravek Chemicals (Brea, CA, USA)
'4C-mannitol (50 mCi/mmol) was supplied by Amersham
(Piscataway, NJ, USA). Ritonavir and Saquinavir were ob-
tained from National Institute of Health (Rockville, MD,
USA) under the Reagents Assistance Program of NIAID.

Cell Culture

Human lung carcinoma-derived Calu-3 cells were ob-
tained from American Type Culture Collection (ATCC,
Rockville, MD, USA). The growth medium, Dulbecco’s
modified Eagle Medium F-12 was obtained from Life Tech-
nologies (Grand Island, NY, USA). MEM non-essential
amino acids (NEAA), penicillin, streptomycin, sodium bicar-
bonate, and HEPES were purchased from Sigma Chemical
Company (St. Louis, MO, USA). Fetal bovine serum (FBS)
was purchased from JRH Biosciences (Lenexa, KS, USA).
The buffer used in transport studies was Dulbecco’s modified
phosphate buffer saline (DPBS), containing 129 mM NacCl,
2.5 mM KCl, 74 mM Na,HPO,, 1.3 mM KH,PO,, 1 mM
CaCl,, 0.7 mM MgSO,, and 5.3 mM glucose at pH 7.4. Cul-
ture flasks (75 cm? growth area), polyester Transwells® (pore
size 0.4 pwm with diameter 6.5mm) were procured from Costar
(Bedford, MA, USA).
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METHODS

Cell Culture

Human lung carcinoma-derived Calu-3 cells were used at
passages 20 to 40.

Conventional Calu-3 Cell Culture

Calu-3 cells were grown at 37°C in an atmosphere of 5%
CO, in DMEM-F12 containing L-glutamine, supplemented
with 10% (v/v) FBS, 1% (v/v) non-essential amino acids,
penicillin (100 U/mL), and streptomycin (100 pg/mL). Semi-
confluent cell monolayers were subcultured every 4 days us-
ing 0.25% trypsin containing 0.537 mM EDTA. Cells were
seeded at a density of 50,000 cells/well in 24-well plates on
Transwell® polyester clear inserts (Coaster; diameter: 6.5 mm,
pore size: 0.4 pm) coated with rat tail collagen type I followed
by laminin and allowed to differentiate completely for 10 days
before performing transport experiments. Cells of passage
number 20-40 were used through the entire duration of study.

Calu-3 Culture for Enhanced Expression of P-gp

Cellular growth was routinely monitored by optical mi-
croscopy (Carl Zeiss Telaval 31). After achieving confluence
with conventionally grown Calu-3 cells, the growth medium
was replaced with a complete differentiation medium contain-
ing 0.1 M sodium selenite, 3.0 uM zinc sulfate, 5.0 uM fer-
rous sulfate, and 0.25 pM di-OH vit D5 supplemented with
5% FBS. The cells were then allowed to differentiate for 5
days before using them for experiments. Upon reaching con-
fluency, the cells were treated with di-OH vit D5 at least for
6 days before each experiment. Monolayer integrity was
monitored by paracellular marker '*C mannitol transport and
by measuring the transepithelial electrical resistance (TEER)
with an EVOM Epithelial Volt-ohmmeter (World Precision
Instruments. Inc., Sarasota, FL, USA).

Microscopy

Transmission electron microscopy (TEM) and scanning
electronic microscopy (SEM) were performed to characterize
the morphology of Calu-3 cells grown under liquid-covered
culture conditions. Cells grown on clear polyester membrane
with a 0.4-pwm pore size at confluency after 9 days were
washed twice with cold DPBS. The cells were fixed with 2%
paraformaldehyde in phosphate-buffered saline (PBS) and
2% glutaraldehyde in cacodylate buffer for 30 min at 4°C,
washed 3 times, and finally dehydrated with graded ethanol.
At the end, the membrane was removed from plate, placed on
the stub, coated with gold/Pd, and observed using SEM (Phil-
ips Electron Microscope, Model XL-30 ESEM-FEG) and pic-
tures were taken.

For TEM, cells were fixed in paraformaldehyde and glu-
taraldehyde as described previously and postfixed with OsO,
for 30 min. Then the cell surface was coated with 10% gelatin
to protect the surface structures. Cells were processed for thin
sectioning using routine procedures (section thickness 90 nm
for TEM). Jeol electron microscope (Model JEM 1200 EX II)
at 100 kV was used to take pictures.
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Immunoprecipitation Western Blot

Confluent Calu-3 cells (both di-OH vit D5 treated and
untreated) grown on T 75 flasks were washed twice with PBS
and harvested using a cell scraper. The cells were collected by
centrifugation and lysed with immunoprecipitation (IPP)
buffer (10 mM Tris, pH 7.4; 150 mM NaCl; 2 mM Na;VO,; 5
mM NaF; 1 mM EGTA; 1% Triton X-100; 0.5% NP-40; 0.1
mM phenylmethylsulfonyl fluoride; and 10 pwg/mL leupectin)
for 10 min on ice. The cells were ultrasonicated (Branson
Cleaning Equipment Co., Shelton, CT, USA) for 30 s and
then centrifuged at 15,500 g for 10 min at 4°C. The membrane
fraction and supernatant were collected, stored at —20°C, and
subsequently used for immunoprecipitation. This Calu-3 ex-
tract (150 pL) containing 20 g of protein along with 150 nL
of IPP buffer was immunoprecipitated with monoclonal anti-
body to human anti-P-glycoprotein (#RDI-PRO57043, Re-
search Diagnostics, Inc.) overnight at 4°C. This monoclonal
antibody (clone determination: JSB-1) reacts with a con-
served cytoplasmic epitope of the plasma membrane-
associated P-gp, a 170-kD multidrug resistance-related
protein. The tubes were then incubated with protein
A-Sepharose for 2 h at 4°C. Sepharose beads containing an-
tigen-antibody complexes were collected by centrifugation,
washed three times with IPP buffer, resuspended in 30 pL of
SDS sample buffer (62 mM Tris, pH 6.6, bromophenol blue),
and then boiled for 5 min. All of these immunoprecipitated
samples and molecular weight protein markers were then
separated by SDS polyacrylamide gel electrophoresis. The
protein markers and the samples were electrophoretically
transferred to a nitrocellulose membrane. The portion of the
blot containing P-glycoprotein samples was incubated in a
blocking buffer containing 5% nonfat dry milk and 3% bo-
vine serum albumin in Tris-buffered saline for 1 h at room
temperature. The blot containing immunoprecipitated
P-glycoprotein was then incubated with anti-P-glycoprotein
(Research Diagnostics, Inc.) antibody at 4°C. Western Blot
Amplification Kit from Bio-Rad™ was used to develop the
blots according to the manufacturer’s protocol.

Diffusion Studies

The permeabilities of various radiolabeled as well as
nonradiolabeled molecules and anti-HIV agents across di-OH
vit D5 treated and untreated Calu-3 cells were determined
using Transwell® inserts. Before each experiment, cell mono-
layers were washed three times with DPBS (pH 7.4) at 37°C.
Drug solution (100 L) prepared in DPBS was placed on the
donor chamber (upper chamber in case of A-B transport and
bottom chamber for B-A). The receiver chamber was filled
with 500 pL of DPBS (in case of A-B transport studies).
Sampling from the receiver chamber was performed at pre-
determined time intervals. Entire volume was withdrawn
from the receiver chamber and replaced with fresh DPBS
solution to maintain sink conditions in receiver chamber. The
samples were then analyzed by an appropriate analytical tech-
nique such as radiolabelled scintillation counting or HPLC.
All experiments were performed at 37°C.

Stock solutions (10 mg/mL) of saquinavir and ritonavir
were prepared in DMSO. This stock solution was used to
prepare the final concentration of 50 wM with DPBS. Stock
solution of Rh123 (200 wuM) was prepared in DPBS. Testos-
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terone was first dissolved in ethanol to prepare stock solution
of 10 mM, which was then diluted to DPBS to prepare the
final working concentration of 100 uM.

To examine the inhibitory effects on the P-gp-mediated
efflux of CsA, saquinavir and ritonavir, cells were pre-
incubated on both sides with other P-gp substrates/inhibitors
(quinidine, cortisol, testosterone, and Rh-123) 30 min before
the experiment. Incubation medium was then removed from
donor chamber before replacing it with drug solution.

Radioactivity in the experimental samples was deter-
mined by a scintillation counter (LS 6500, Beckman, Fuller-
ton, CA, USA). Nonradioactive samples were analyzed by
HPLC. The effective permeability (cm/s) was determined us-
ing the following equation:

P,pp=(60 - V/A - Co)(dC/dr)

P denotes the permeability in cm/s, dC/dt is the slope of plot
of concentration (mM) vs. time (min); Co is the initial donor
concentration of drug. A represents the surface area of diffu-
sion, and V is the volume of receiver chamber.

Analytical Method

The amount of ritonavir and saquinavir transported was
determined by using reversed-phase HPLC with UV detec-
tion. The HPLC system composed of Beckman Gold gradient
HPLC pump (128 solvent module), Beckman Gold UV de-
tector (Model 166), and Phenomenix RP-C8 column (5 wm,
4.6 mm i.d. x 15 cm) was used. Detection of both ritonavir and
saquinavir was performed at a wavelength of 230 nm. Eluent
composition was 67 mM potassium dihydrogenphosphate:
acetonitrile (65:35) set at a flow rate of 1.0 mL/min. Elution of
ritonavir and saquinavir occurred at 12.8 min and 16.6 min
respectively.

Statistical Analysis

All studies were performed at least in triplicates. Data
are presented as mean * standard deviation. Statistical
significance was inferred through unpaired student’s ¢ test
(INSTAT, version 1.2). Statistical significance was expressed
at the 95% confidence level.

RESULTS

Morphology of Calu-3 Cells

We have described in a previous report that Calu-3 cells
form tight monolayers along with cilia and active mucus se-
cretion in conventionally grown liquid immersed surface (26).
To elucidate whether change in media conditions result in
accelerated morphologic differentiation, electron micro-
graphs of Calu-3 cells grown in both conventional medium
and differentiation medium were obtained. Cells grown under
liquid-immersed conditions on collagen and laminin coated
Transwell filters formed a single layer of cells at confluency,
as shown by light microscopy, which also revealed that no
observable difference in the monolayer characteristic existed
between untreated and di-OH vit D5 treated culture mono-
layers. Presence of abundant cilia was evident from the SEM
of di-OH vit D5 treated Calu-3 cells (Fig. 1 A and B). The
main difference was in the shape of cilia, i.e., thick and short
in conventionally cultured cells compared with long and thin
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Fig. 1. Scanning electron microscopy pictures of Calu-3 cells showing abundant cilia and
mucus secretion in di-OH vit Ds-treated cells (B, x20,000), when compared to untreated cells
(A, %20, 000). Transmission electron microscopy pictures of Calu-3 cells grown under liquid
immersed conditions on collagen and laminin coated filters. Figures illustrate enhanced
growth of cilia (D) and mucus secretion (F) in di-OH vit D,-treated Calu-3 cells compared
with untreated cells (C and E, respectively; scale 1 um). Increase in the number of cilia and
mucus secretion is indicated by bold arrow («).

in di-OH vit D;-treated cultures. TEM analysis revealed that
di-OH vit D; cells express well-defined apical cilia (Fig. 1C) in
comparison with untreated cells (Fig. 1D). Also, an enhanced
secretion of mucus was evident in di-OH vit D;-treated cells
(Fig. 1 E and F) Hence, Calu-3 cells grown with differentia-
tion medium containing di-OH vit D5 seems to be a suitable
model to study in vitro drug delivery across airway epithe-
lium.

In addition, Western Blot analysis clearly demonstrated
higher levels of P-gp expression in di-OH vit D5 treated cells
than conventionally grown untreated cells (Fig. 2).

Calu-3 Cell Monolayer Integrity

Cellular integrity of Calu-3 cells was regularly monitored
by TEER values associated with the monolayer. The trans-
epithelial resistance of the monolayers reached a stable value
at 1200 + 220 Q-cm? in di-OH vit D;-treated monolayers as
compared with 900 + 150 Q-cm? in untreated cells. The integ-
rity of the cell monolayers during a transport experiment was
further investigated using both paracellular and transcellular
markers, '*C mannitol and '*C diazepam, respectively. Ap-

pearance of these markers in the receiver chamber was linear
with time in both A-B and B-A directions. The apparent
permeabilities of mannitol and diazepam across di-OH vit
D,-treated Calu-3 cells were 5.2 + 0.44 x 1077 cm/s and 1.7 +
0.38 x 107 cm/s, respectively compared with 3.9 + 0.96 x 107’

170kDa

Calu-3
Treated

Calu-3
Control
Fig. 2. Comparison of P-gp expression in untreated Calu-3 cells and
di-OH vit D;-treated Calu-3 cells. Presence of 1a,25di-hydroxy vita-
min Dj is responsible for enhanced expression of P-gp in Calu-3 cells.
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cm/s (p < 0.05) and 1.7 + 0.38 x 10> cm/s across untreated
cells. These results suggests that treating the cells with di-OH
vit D5 does cause differential changes in the properties of
tight junction, limiting the paracellular transport of mannitol
(p < 0.05), but this treatment does not appear to alter trans-
cellular transport characteristics.

Effect of Quinidine: A Specific P-gp/MRP1 Inhibitor on
CsA Transport

To confirm the existence of P-gp-mediated efflux in di-
OH vit Dj-treated Calu-3 cells, transport of CsA, a well-
established P-gp substrate was examined. Quinidine, a known
P-gp/MRP1 inhibitor, was used at various concentrations to
determine the effect of P-gp on cellular transport of CsA in
both untreated and di-OH vit D;-treated Calu-3 cells.

Transport of *H CsA (0.5 wCi/ml, 7.0 Ci/mmol) in pres-
ence of various concentrations of quinidine across both un-
treated and di-OH vit D5-treated Calu-3 cells is depicted in
Fig. 3, A and B, respectively. A 2-fold increase in the B-A
transport of CsA (5.54% of donor concentration) compared
with A-B transport (3.37% of donor concentration) was no-
ticed across the untreated cells (p < 0.05). However, in case of
di-OH vit Ds-treated cell monolayers, a 4-fold increase in the
B-A transport of CsA (19.53% of donor concentration) com-
pared with A-B transport (4.8% of donor concentration) was
observed (p < 0.05). Quinidine inhibited the efflux of *H CsA
mediated by P-gp in both the culture systems, in a concentra-
tion dependent manner. The maximum inhibitory concentra-
tion used in both cell monolayers was 75 wM. However, the
inhibitory effect of quinidine on CsA transport was more pro-
nounced in the di-OH vit D;-treated Calu-3 cells (Fig. 3 A
and B).

An involvement of P-gp in the efflux of CsA and its
inhibition by quinidine was further evaluated by studying the
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Fig. 3. Concentration dependent inhibitory effect of quinidine on
P-gp mediated efflux of 1*C CsA across (A) untreated and (B) di-OH
vit Ds-treated Calu-3 cells. A 4-fold increase in B-A transport is
pronounced in treated cells compared with untreated cells. Quinidine
shows maximum inhibitory at 75 pM (p < 0.05) compared with a
nonsignificant effect at 10 uM (p > 0.05) (Mean + SD, n = 3-6).
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bidirectional transport of '*C AZT (0.5 Ci/ml, 54 mCi/mmol).
The major pathway of AZT transport is considered to be
by transcellular passive diffusion and is not a known sub-
strate for P-gp. P, values (A-B and B-A) of AZT were 3.99
(+ 1.07) x 10~ cm/s and 4.06 (+ 0.83) x 10~ cm/s for un-
treated and 2.7 (= 1.3) x 1075 cm/s and 3.9 (= 0.77) x 10~ cm/s
for di-OH vit D;-treated Calu-3 cells, respectively. These val-
ues were not significantly different from each other (p > 0.05),
clearly suggesting that P-gp induction does not play a role in
the transport of AZT.

Interaction of P-gp Substrate/Inhibitor with
Protease Inhibitor

Directional studies were conducted to evaluate the influ-
ence of P-gp efflux on *H ritonavir (0.5 wCi/mL, 1.0 Ci/mmol)
transport. P-gp substrate, such as Rh-123 (0.2 mM) and P-gp
inhibitor, like testosterone (0.1 mM) were used to study the
inhibitory effect of these compounds on ritonavir efflux. Fig-
ure 4 depicts the effect of Rh-123 and testosterone on the
transport of *H ritonavir across di-OH vit D, treated Calu-3
cell monolayers. A significant increase (p < 0.05) in the A-B
transport (2.5-fold) of *H ritonavir was observed when the
cell monolayers were either pre or co-incubated with testos-
terone. The permeability values have been summarized in
Table I. These results indicate that testosterone, like other
p-gp inhibitors, interferes with the efflux of protease inhibi-
tor, ritonavir. In addition, Rh-123 did not exhibit remarkable
inhibition on ritonavir efflux since it is not an inhibitor for

P-gp.

Transport of Saquinavir and Ritonavir across Calu-3 Cells

This study was designed to investigate the combined ef-
fect of P-gp and CYP3A4 induction on the transport of sa-
quinavir, an anti-HIV compound, which is known to be a
substrate for both P-gp and CYP3A4. Figure 5 shows the
effect of P-gp induction on transcellular transport of saquina-
vir. The cumulative amount of saquinavir transported, after 3
h, across untreated Calu 3 cells (A-B) was 1.62 pg with P,

= 2.4 (+ 0.79) x 107° cm/s, which was 3-fold higher than
di-OH vit D;-treated cells. Same value for treated cells was
0.57 pg with the P, = 5.02 (+ 0.62) x 1077 cm/s.

Once the induction of P-gp in the di-OH vit D;-treated
Calu-3 cells was functionally determined, further studies were
performed to understand the extent of P-gp activity in the
treated cells by studying the bi-directional transport of sa-

- kM
9 O

Fraction of 3H Ritonavir
transportad (% Donor)
A
[=]

(=T 1]

Fig. 4. Bidirectional transport of *H ritonavir in di-OH vit Ds-treated
Calu-3 cells and the inhibitory effect of P-gp-mediated efflux by
Rh123 and testosterone (*p < 0.05) (Mean + SD, n = 3-6).
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Table I. Comparative P,,s of Ritonavir Transport across di-OH vit
D;-Treated Calu-3 Cells

Compound P, (A-B) cm/s P, (B-A) cm/s

316 x 107 (£ 0.22) 5.83 x 107 (£ 0.29)
327 x 1077 (+ 0.37) -
7.29 x 1076 (+ 0.28) -

Ritonavir
Ritonavir + Rh123
Ritonavir + testosterone

quinavir across Calu-3 monolayers. Figure 5B illustrates the
effect of P-gp on the bi-directional transport of saquinavir
across di-OH vit Ds-treated Calu-3 cells. The cumulative
amounts of saquinavir transported after 3 h were 0.57 pg with
the P, of 5.02 (+ 0.62) x 1077 cm/s in A-B direction and 5.73
pg with the P, of 9.07 (+ 1.17) x 107 cm/s in B-A direction.

To further delineate the effects of P-gp and CYP3A4 on
saquinavir transport, a known P-gp and CYP3A4 inhibitor,
cortisol, was included to inactivate the enzymes before the
transport experiments. Figure 6 demonstrates the inhibitory
effect of cortisol on the P-gp mediated efflux of saquinavir,
across P-gp induced Calu-3 cell monolayers at two different
concentrations. At the end of the 3-h experimental period, the
cumulative amount of saquinavir transported (A-B) was 176
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Fig. 5. (A) Transport of saquinavir across untreated and di-OH vit
D;-treated Calu-3 cells. About a 3-fold decrease in transport (A-B) of
saquinavir is observed in treated cells because of P-gp induction (*p
< 0.05). (B) Bidirectional transport of saquinavir across di-OH vit
D;-treated Calu-3 cells. Approximately a 12-fold increase in () B-A
transport of saquinavir (cumulative amount of 5.71 pg) is found com-
pared with (@) A-B transport (cumulative amount of 0.49 pg) (Mean
+ SD, n = 3-6).
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Fig. 6. Inhibitory effect of (l) 0.05 mM and ((J) 0.2 mM cortisol on

(®) A-B transport of Saquinavir in di-OH vit D; Calu-3 cells (Mean
+SD, n = 3-6).

ng. On pretreating the cells with 0.05 mM cortisol, no signifi-
cant increase in A-B transport of saquinavir was observed
with the value of 174 ng in 3 h. However, the transport of
saquinavir was significantly increased to 340 ng with pretreat-
ment of a higher concentration of cortisol (0.2 mM).

DISCUSSION

Previous studies on changes in epithelial cell growth have
demonstrated that filters and precoatings can significantly in-
fluence the morphology and protein expression in various
cultures (27). The aim of this study was to modify an estab-
lished cell line to increase its utility in screening the transport
of drug molecules against P-gp-mediated efflux. This study
used the human airway epithelial cell-line Calu-3 as a model
to study the efflux of protease inhibitors. In this article, we
report that submicromolar concentrations of di-OH vit D,
stimulate P-gp expression in human airway epithelial cell line.
This is the first demonstration of the induction of P-gp efflux
pump in Calu-3 cell monolayer stimulated with di-OH vit Ds.
This observation is consistent with a previous report of in-
duction in P-gp expression by di-OH vit D in Caco-2 cells
(25,27). In the induced Calu-3 cells, a significant expression of
P-gp was functionally determined. Such enhancement in the
P-gp expression by di-OH vit D; was confirmed by immuno-
blotting using P-gp antibody (which does not cross react with
other MRPs), as well as inhibition of P-gp with specific in-
hibitors like quinidine and testosterone, thus establishing that
the efflux of the protease inhibitors was primarily P-gp me-
diated.

Previous studies have demonstrated a time-dependent
increase in induction of enzyme activity of cells on exposure
to di-OH vit D5 (25). Therefore, all the efflux studies using
Calu-3 cells were conducted after a specified period of expo-
sure to the differentiation medium. Generally, Calu-3 cells
have been used for transport experiments at 10-12 days post-
seeding, which measures up to 5-6 days post-confluence (26).
Hence, we established a 6-day exposure protocol with di-OH
vit D; medium. Six days of exposure to this differentiation
medium was kept constant with an estimation of equal pro-
tein expression during all experimental conditions. Similarly,
for untreated cultures, the cells were exposed to conventional
growth medium for the same duration. However, studies
showing time dependent induction of P-gp and its mRNA
expression in response to di-OH vit D5 are in progress.
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Various cell lines and primary cultures have been used to
study the transport of drugs within alveolar linings. Currently
no satisfactory human cell line exists to model the alveolar
epithelium. Hence, we are using Calu-3 cell line derived from
lower airway, anatomically located in vicinity to alveolar tis-
sue. Our liquid-immersed culture technique has demon-
strated a morphologic similarity of cilia and mucus secretions
comparable to air-interface culture system (24,26). We have
reported that the cells grown under di-OH vit D; medium-
immersed conditions expresses elongated cilia and consider-
able amount of mucus secretion, similar to the cells grown
under air-interface. In addition, the functional tight junctions
are more pronounced compared to conventionally grown
cells, which is demonstrated by lower '*C mannitol flux. How-
ever, no difference is observed in the characteristic of the lipid
bilayer’s property, as demonstrated by no statistically signifi-
cant differences in the flux of *C diazepam across both un-
treated and di-OH vit D5 treated Calu-3 cells.

A number of clinical data revealed that multi-drug resis-
tance in epithelial cells is associated with the over expression
of certain MDR proteins. Numerous drug efflux pumps (P-gp,
MDR-1, MRP-1 etc) present on the apical surface of the ep-
ithelial cells, are known to limit absorption of several thera-
peutic agents. Modest modulation in the P-gp activity was
achieved by pre-incubation with potent P-gp inhibitors. Thus,
the efflux of *H CsA across Calu-3 was completely inhibited
by quinidine at a concentration of 75uM (Fig. 3 A and B). It
was also observed that there was no significant inhibition of
B-A transport of CsA across untreated cells as compared with
di-OH vit D5-treated cells with 50 uM quinidine. This may be
explained by the fact that only 2-fold increase in B-A trans-
port was observed across untreated cells as compared with
A-B. Hence, the inhibition in presence of 50 uM quinidine is
not significant when compared with 75 uM quinidine. The
inhibition of *H CsA efflux in the B-A direction by quinidine
suggests that the efflux of CsA be mainly driven by P-gp.
Previous report suggested that P-gp mediated efflux could be
completely inhibited by specific P-gp inhibitors like CsA (22).
In present case, the CsA is used as a specific substrate for
P-gp and inhibition of its efflux demonstrates the inactivation
of P-gp pump. Results from P-gp induction were further vali-
dated by performing the bi-directional transport of ritonavir
(Fig. 4), saquinavir (Fig. 5B), and AZT. Because both rito-
navir and saquinavir are substrates for P-gp, whereas AZT is
not, their transport characteristics are indicative of P-gp in-
duction. Our studies demonstrate that there is no significant
difference in AZT flux across both untreated and di-OH vit
Dj-treated Calu-3 cells. Hence, induction of P-gp does not
alter transport characteristics of molecules that are not sub-
strate for P-gp.

The present study also analyzed A-B transport of *H
ritonavir in presence of various P-gp substrates such as Rh-
123 and testosterone. These substrates interact with ritonavir
efflux by inhibiting P-gp efflux pump. Based on our results
(Fig. 4), we hypothesize that since Rh-123 is a substrate for
P-gp and does not inhibit the transport of other substrate
(ritonavir in this case), thus was not able to significantly in-
crease its flux (28). However, testosterone is a known inhibi-
tor for P-gp, and hence demonstrated a significant increase in
A-B transport of ritonavir (29,30). Because the HIV protease
inhibitors are substrates for both CYP3A4 and P-gp, their
transport can be highly influenced by the molecules capable
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of inducing or inhibiting CYP3A4 P-gp. Because di-OH vit
D5 induces both P-gp and CYP3A4, treated cells could be
used as an in vitro model for both P-gp and CYP3A4 effects
(27). Transcellular transport of saquinavir (A-B) was signifi-
cantly increased in the presence of 0.2 mM cortisol, which is
possibly caused by combined inhibition of both P-gp and
CYP3A4. The contribution of P-gp inhibition by cortisol can
be established easily based on the other supportive data from
this report. However, the role of metabolic inactivation in
increasing the saquinavir transport needs further investiga-
tion.

In conclusion, P-gp and CYP3A4 limit the transport of
anti-HIV protease inhibitors across absorptive cells. This re-
port demonstrates that induction of P-gp in Calu-3 cells by
0.25 uM di-OH vit D; provides a practical model to perform
in vitro transport studies to assess drug availability to the HIV
sanctuary site of lower pulmonary region. The induced cells
express increased levels of P-gp whereas retaining the mono-
layer characteristic of the cell line. Although Calu-3 cells ex-
press different types of cytochrome enzymes (25), induction
of CYP3A4 in response to di-OH vit D5 needs further explo-
ration. The induced cell culture model may predict the alveo-
lar permeation rates and metabolism of anti-HIV agents thus
providing a more realistic model to study the drug-drug in-
teractions during the HAART.

ACKNOWLEDGMENTS

The following reagents were obtained through AIDS Re-
search and Reference Reagent Program, NIAID, NIH: Ritona-
vir, Saquinavir. Supported by NIH grant RO1 GM 64320-01.

REFERENCES

1. R. B. Kim, M. F. Fromm, C. Wandel, B. Leake, A.J. Wood,
D. M. Roden and G. R. Wilkinson. The drug transporter
P-glycoprotein limits oral absorption and brain entry of HIV-1
protease inhibitors. J. Clin. Invest. 101:289-294 (1998).

2. E.F. Choo, B. Leake, C. Wandel, H. Imamura, A. J. Wood, G. R.
Wilkinson and R. B. Kim. Pharmacological inhibition of
P-glycoprotein transport enhances the distribution of HIV-1 pro-
tease inhibitors into brain and testes. Drug. Metab. Dispos. 28:
655-660 (2000).

3. S. M. Hammer, K. E. Squires, M. D. Hughes, J. M. Grimes, L. M.
Demeter, J. S. Currier, J. J. Eron, J. E. Feinberg, H. H. Balfour,
L.R. Deyton, J. A. Chodakeweitz and M. A. Fischel. A con-
trolled trial of two nucleoside analogues plus indinavir in persons
with human immunodeficiency virus infection and CD4 cell
counts of 200 per cubic millimeter or less. AIDS Clinical Trials
Group 320 Study Team. N. Engl. J. Med. 337:725-733 (1997).

4. G. H. Friedland, R. Pollard, B. Griffith, M. Hughes, G. Morse, R.
Bassett, W. Freimuth, L. Demeter, E. Connick, T. Nevin, M.
Hirsch and M. Fischl. Efficacy and safety of delavirdine mesylate
with zidovudine and didanosine compared with two-drug combi-
nations of these agents in persons with HIV disease with CD4
counts of 100 to 500 cells/mm3 (ACTG 261). ACTG 261 Team.
J. Acquir. Immune Defic. Syndr. 21:281-292 (1999).

5. P. Langmann, M. Zilly, B. Weissbrich, C. Schlor, T. Vath, E.
Richter and H. Klinker. Therapeutic drug monitoring of saquina-
vir in patients during protease inhibitor therapy with saquinavir
alone or in combination with ritonavir or nelfinavir. Eur. J. Med.
Res. 5:59-62 (2000).

6. N. C. White, C. Agostini, D. Israel-Biet, G. Semenzato, and J. R.
Clarke. The growth and the control of human immunodeficiency
virus in the lung: implications for highly active antiretroviral
therapy. Eur. J. Clin. Invest. 29:964-972 (1999).

7. S. Taylor, D. J. Back, S. M. Drake, J. Workman, H. Reynolds,
S. E. Gibbons, D. J. White and D. Pillay. Antiretroviral drug con-
centrations in semen of HIV-infected men: Differential penetra-



Modulation of P-Glycoprotein Activity

10.

11.

12.

13.

14.

15.

16.

17.

18.

tion of indinavir, ritonavir and saquinavir. J. Antimicrob. Che-
mother. 49:227 (2002).

. S. Taylor, D. J. Back, S. M. Drake, J. Workman, H. Reynolds,

S. E. Gibbons, D. J. White and D. Pillay. Antiretroviral drug con-
centrations in semen of HIV-infected men: Differential penetra-
tion of indinavir, ritonavir and saquinavir. J. Antimicrob. Che-
mother. 48:351-354 (2001).

. S. M. Crowe and S. Sonza. HIV-1 can be recovered from a variety

of cells including peripheral blood monocytes of patients receiv-
ing highly active antiretroviral therapy: A further obstacle to
eradication. J. Leukoc. Biol. 68:345-350 (2000).

R. M. Hoetelmans. Sanctuary sites in HIV-1 infection. Antivir.
Ther. 3:13-17 (1998).

T. Bagrij, S. B. Hladky, S. Stewart, R. J. Scheper, and M. A.
Barrand. Studies of multidrug transport proteins in cells derived
from human lung samples. Int. J. Clin. Pharmacol. Ther. 36:80-81
(1998).

C. M. Waters, T. C. Krejcie, and M. J. Avram. Facilitated uptake
of fentanyl, but not alfentanil, by human pulmonary endothelial
cells. Anesthesiology 93:825-831 (2000).

P. C. Hopewell and J. M. Luce. Pulmonary involvement in the
acquired immunodeficiency syndrome. Chest 87:104-112 (1985).
J. R. Clarke, A. J. Gates, R. J. Coker, J. A. Douglass, J. D.
Williamson, and D. M. Mitchell. HIV-1 proviral DNA copy num-
ber in peripheral blood leucocytes and bronchoalveolar lavage
cells of AIDS patients. Clin. Exp. Immunol. 96:182-186 (1994).
R. M. Rose, A. Krivine, P. Pinkston, J. M. Gillis, A. Huang, and
S. M. Hammer. Frequent identification of HIV-1 DNA in bron-
choalveolar lavage cells obtained from individuals with the ac-
quired immunodeficiency syndrome. Am. Rev. Respir. Dis. 143:
850-854 (1991).

M. Demeule, M. Labelle, A. Regina, F. Berthelet, and R. Beli-
veau. Isolation of endothelial cells from brain, lung, and kidney:
Expression of the multidrug resistance P-glycoprotein isoforms.
Biochem. Biophys. Res. Commun. 281:827-834 (2001).

T. Shimada, H. Yamazaki, M. Mimura, Y. Inui, and F. P.
Guengerich. Interindividual variations in human liver cyto-
chrome P-450 enzymes involved in the oxidation of drugs, car-
cinogens and toxic chemicals: Studies with liver microsomes of 30
Japanese and 30 Caucasians. J. Pharmacol. Exp Ther 270:414-423
(1994).

J. C. Kolars, P. Schmiedlin-Ren, J. D. Schuetz, C. Fang, and P. B.
Watkins. Identification of rifampin-inducible P450I111A4
(CYP3A4) in human small bowel enterocytes. J. Clin. Invest.
90:1871-1878 (1992).

19

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

1703

G. D. Kanmogne, R. C. Kennedy, and P. Grammas. Analysis of
human lung endothelial cells for susceptibility to HIV type 1
infection, coreceptor expression, and cytotoxicity of gp120 pro-
tein. AIDS Res. Hum. Retroviruses. 17:45-53 (2001).

H. L. Winton, H. Wan, M. B. Cannell, D. C. Gruenert, P.J.
Thompson, D. R. Garrod, G. A. Stewart and C. Robinson. Cell
lines of pulmonary and non-pulmonary origin as tools to study
the effects of house dust mite proteinases on the regulation of
epithelial permeability. Clin. Exp. Allergy. 28:1273-1285 (1998).
K. O. Hamilton, M. A. Yazdanian, and K. L. Audus. Modulation
of P-glycoprotein activity in Calu-3 cells using steroids and beta-
ligands. Int. J. Pharm. 228:171-179 (2001).

K. O. Hamilton, E. Topp, I. Makagiansar, T. Siahaan, M. Yazda-
nian, and K. L. Audus. Multidrug resistance-associated protein-1
functional activity in Calu-3 cells. J. Pharmacol. Exp. Ther. 298:
1199-1205 (2001).

K. O. Hamilton, G. Backstrom, M. A. Yazdanian, and K. L.
Audus. P-glycoprotein efflux pump expression and activity in
Calu-3 cells. J. Pharm. Sci. 90:647-658 (2001).

K. A. Foster, M. L. Avery, M. Yazdanian, and K. L. Audus.
Characterization of the Calu-3 cell line as a tool to screen pul-
monary drug delivery. Int. J. Pharm. 208:1-11 (2000).

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 lalpha,25-dihydroxy-
vitamin D3. Mol. Pharmacol. 51:741-754 (1997).

I. Pezron, R. Mitra, D. Pal, and A. K. Mitra. Insulin aggregation
and asymmetric transport across human bronchial epithelial cell
monolayers (Calu-3). J. Pharm. Sci. 91:1135-1146 (2002).

C. D. Tran, P. Timmins, B. R. Conway, and W. J. Irwin. Inves-
tigation of the coordinated functional activities of cytochrome
P450 3A4 and P-glycoprotein in limiting the absorption of xeno-
biotics in Caco-2 cells. J. Pharm. Sci. 91:117-128 (2002).

J. W. Polli, S. A. Wring, J. E. Humphreys, L. Huang, J. B. Mor-
gan, L. O. Webster and C. S. Serabjit-Singh. Rational use of in
vitro P-glycoprotein assays in drug discovery. J. Pharmacol. Exp.
Ther. 299:620-628 (2001).

K. Kawazu, K. Yamada, M. Nakamura, and A. Ota. Character-
ization of cyclosporin A transport in cultured rabbit corneal ep-
ithelial cells: P-glycoprotein transport activity and binding to cy-
clophilin. Invest. Ophthalmol. Vis. Sci. 40:1738-1744 (1999).

D. K. Yu. The contribution of P-glycoprotein to pharmacokinetic
drug-drug interactions. J. Clin. Pharmacol. 39:1203-1211 (1999).



