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Abstract

Background: Inhalation of aerosolized drugs is a promising route for noninvasive targeted drug delivery to the
lung. Nanocarrier systems such as liposomes have been explored for inhalation therapy opening new avenues,
including stabilization of nonsoluble drugs (e.g., Ciclosporin A [CsA]) and controlled release.

Methods: The biokinetic behavior of the immunosuppressive drug CsA encapsulated in liposomes (L-CsA) at
the lung epithelial barrier was studied in vitro. Human lung epithelial cells (alveolar A549 and bronchial
16HBE140- epithelial cells) were exposed to aerosolized L-CsA at the air-liquid interface (ALI) using a dose-
controlled air-liquid interface cell exposure (ALICE) system and the temporal profile of the L-CsA dose in the
apical, basal, and cell compartment was monitored up to 24 hours.

Results: Aerosolization of different volumes of L-CsA solution with the ALICE resulted in dose-controlled,
spatially uniform, and reproducible L-CsA delivery. Cell viability at 24 hours postexposure was not impaired and
immunofluorescence staining revealed the typical epithelial cell morphology in control as well as in L-CsA-exposed
cells. The (pro-)inflammatory interleukin-8 levels were not elevated under any condition. The biokinetic analysis
revealed that both cell types formed a tight, but imperfect, barrier for L-CsA resulting in initially high transbarrier L-
CsA transport rates, which ceased after about 4 hours. Although substantial transbarrier L-CsA transport was
observed for both cell types, respectively, a 150-fold higher L-CsA concentration was established in the apical and
cell compared to the basal compartment. Most importantly, for pulmonary drug targeting, a high cellular L-CsA dose
level (20%—25% of the delivered dose) was obtained rapidly (<1 hour) and maintained for at least 24 hours.
Conclusions: The ALICE system combined with lung epithelial cells cultured at the ALI offers a reliable and
relevant in vitro platform technology to study the effects of inhalable substances such as L-CsA under bio-
mimetic conditions.
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Introduction or chemical inactivation." Currently, multifunctionalized

nanodrug carriers (henceforth nanocarriers) are being studied

ENCAPSULATION OF DRUGS into liposomes has been used
since the 1960s for the delivery of insoluble active sub-
stances, enhancement of tissue absorbance or protection
against inadvertent enzymatic degradation, and immunological

intensively for combined therapeutic and diagnostic purposes
(theranostics) with controlled release properties and cell-
specific (e.g., cancer tissue) targeting.” Liposomes are artifi-
cially prepared biocompatible vesicles made of a phospholipid
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bilayer. Liposomes are the most clinically successful type of
nanocarriers with more than 80 liposomal drug formulations
on the market or in clinical trials"’ addressing indications
ranging from cancer (>50% prevalence) over infectious
diseases (e.g., fungal infection and hepatitis A) to vascular
disease.

Currently, the lung is also considered a promising route for
biomedical applications using the inhalation pathway to de-
liver such nanocarriers.® A few aerosolized liposomal for-
mulations have been introduced for indications such as pain
relief, cystic fibrosis, solid tumor, and bronchiolitis obliterans
after lung transplantation. A 2009 call by the U.S. Food and
Drug Administration (FDA) for the use of physiologically
realistic preclinical drug testing methods® may have been, in
part, due to the lack of easy-to-use, standardized in vitro test
systems meeting these requirements for inhalable drugs.

One clinically relevant inhalable drug encapsulated into a
nanocarrier (liposome) is ciclosporin A (CsA), which is an
immunosuppressive drug widely used to reduce rejection of
transplanted lungs.>® The number of lung transplantations,
which provide a therapeutic alternative for end-stage lun_%
diseases, has increased significantly during recent years.”
The only possibility to reduce the rate of acute and chronic
rejection is to apply immunosuppressive drugs such as cal-
cineurin inhibitors, antiproliferative agents, as well as cor-
ticosteroids.® The agents are usually given orally or by
intravenous injections.

However, patients receiving these medications frequently
suffer from adverse side effects. Hence, there is an urgent
need to develop inhalation therapies for targeted drug delivery
allowing for higher dosing at the site of disease (lung) and
fewer systemic side effects than with conventional applica-
tions. Initial results with inhaled CsA or amphotericin-B are
promising and Phase II clinical trials are ongoing. However,
further research is needed to find an optimal drug preparation
and aerosol delivery [for a review see Corcoran™]. The pos-
sible indication of aerosolized liposomal CsA (L-CsA) treat-
ment is chronic lung allograft dysfunction or chronic rejection
after lung transplantation, and target compartments would be
the terminal and respiratory bronchioles as well as the pe-
riphery of the lung allograft, which all can be affected.!'”

For an animal model of lung transplantation, it has been
shown that aerosolized pulmonary application of CsA for-
mulated in propylene glycol did not induce any adverse
effects even after 9 months of treatment. The drug was
rapidly adsorbed and only low amounts remained in the lung
tissue and blood after 24 hours.'” A biokinetic study in
lung transplant patients also using aerosolized CsA sus-
pended in propylene glycol revealed a substantial delivery
of CsA to the lungs. The translocation of CsA into the blood
was high in the first hour, but then significantly dropped,
falling below levels usually observed for oral applica-
tions."'? A clinical study using aerosolized CsA in propyl-
ene glycol after lung transplantation did not lead to the
desired improvement and raised questions regarding dosing
and the suitability of the formulation."

Due to the low solubility and permeability of CsA, the
encapsulation of drugs in nanometer-sized liposomes is
counted among the most advanced methods for targeted drug
delivery [for reviews see Klyashchitsky and Owen""® and Liu
et al.">]. The aerosolized delivery of L-CsA in animals
showed effective and selective adsorption into the lungs.'®
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In addition to animal experiments, aerosolized L-CsA has
already been applied in lung transplant patients, where it
was well tolerated and selectively deposited in the lung.®®
However, association/internalization of L-CsA with/into the
cells, release of the CsA in lung cells, and its molecular
mechanisms are poorly understood, in part, due to a lack of
suitable in vitro platform technologies.

Typically, preclinical testing of inhalable (liposomal)
drugs is performed under submerged cell culture conditions,
where the liposomal drug (or any other nanocarrier-based
drug) is pipetted into the cell culture medium, which com-
pletely covers the pulmonary cell culture model.'” This does
not resemble the physiological situation of inhaled drugs
in the lung, where the drug is deposited on the epithelial
cells that form the air-liquid tissue barrier of the lung.!'®
Upon deposition of the micron-sized aerosol droplets (or
dry powder particles) containing nanosized L-CsA onto the
thin layer of Protective lining fluid [<70nm thick in the al-
veolar region'”], the initially high L-CsA concentration in
the lining fluid will result in steep concentration gradients,
which are rapidly depleted with the onset of transbarrier
transport of L-CsA.

Consequently, the observed specific drug release profile for
inhaled drugs is characterized by a steep initial ‘‘burst” and a
subsequent slow absorption phase. Moreover, it is well
known that submerged culturing of pulmonary cells does not
allow realistic cell polarization, cell differentiation, and mu-
cus/surfactant lining of the epithelial cells."® Finally, for
nanocarriers suspended in cell culture media, it is difficult to
determine the dose delivered to the cells,(lg’m) while in air—
liquid interface (ALI) settings, the aerosol is directly depos-
ited on the cell allowing for accurate control of the cell-
delivered dose.®" Thus, the development of biomimetic
in vitro systems allowing aerosolized, dose-controlled deliv-
ery of nanocarrier-based drugs to pulmonary barrier models
cultured at the ALI is essential for efficient and reliable ef-
ficacy testing of inhalable nanocarrier-based drugs.'®

In this work, a recently introduced air-liquid interface cell
exposure (ALICE) system was used®® to establish controlled
and reproducible nebulization of reconstituted L-CsA over
lung epithelial cell cultures at the ALI, mimicking a realistic
inhalation of L-CsA. Two different epithelial cell lines were
compared: (1) A549 cells originating from human lung car-
cinoma,(23 ) which belong to the best characterized and most
widely used in vitro models mimicking alveolar epithelial
type 1I cells,*® and (2) immortalized 16HBE140- cells, an
SV-40 large T antigen transformed bronchial epithelial cell
line, representing healthy human airway epithelial cells®>*®
[for a review, see Rothen-Rutishauser et al.?”]. The cells
were cultured at the ALI, a more physiological setting than the
conventional submerged culture conditions, allowing direct
exposure of the cells to aerosolized drugs and mimicking the
in vivo conditions during inhalation therapy.

As described above, this not only avoids unrealistic inter-
actions of L-CsA with cell culture medium but also allows
determination of the exact dose that has been deposited on the
cell wall (cell-delivered dose). The epithelial cell morphol-
ogy, viability, barrier tightness, and (pro-)inflammatory re-
sponses were measured upon L-CsA exposure and the
biokinetic behavior of the L-CsA formulations at the epi-
thelial barrier was determined after various time points up to
24 hours after exposure.
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Material and Methods
Cell cultures

A549 epithelial cells. A549 cells (source: American Type
Culture Collection) were cultivated in Roswell Park Mem-
orial Institute (RPMI) 1640 medium (with 25 mM HEPES,
without L-glutamine; Gibco, Life Technologies Europe B.V.,
Zug, Switzerland), supplemented with 1% penicillin G/
streptomycin sulfate (P/S; 10,000 units/mL or 10,000 ug/mL,
Gibco), 1% L-glutamine (L-Glut; Life Technologies Europe
B.V.), and 10% fetal bovine serum (FBS Gold; PAA La-
boratories, Chemie Brunschwig AG, Basel, Switzerland),
subsequently referred to as the “RPMI complete medium.”

For exposure experiments, cells were seeded in BD Fal-
con cell culture inserts (high pore density polyethylene
terephthalate (PET) membranes with a growth area of
4.2 cm? and pores with 3.0 um diameter; Becton Dickinson
AG, Allschwil, Switzerland) placed in BD Falcon six-well
tissue culture plates (Becton Dickinson AG) at a density of
0.5x10° cells/mL per insert with a total volume of the
suspension of 2mL. Cells were grown to confluence for
7 days under submerged conditions (2mL RPMI complete
medium in the upper and 3mL in the lower transwell
chamber) and then transferred from submerged to ALI
conditions. The cell culture medium from the upper (apical)
transwell chamber was removed and the cell culture medium
in the lower (basal) transwell chamber was replaced by
1.2 mL of fresh medium. After an additional 24 hours in the
incubator at the ALI, the cultures were used for exposure
experiments.

16HBE140- epithelial cells. The human bronchial epi-
thelial cell line 16HBE140- (a generous gift from Dr. D.
Gruenert, Cardiovascular Research Institute, University of
California, San Francisco, CA) was used as previously de-
scribed.®® Briefly, 16HBE140- cells were maintained in
Minimum Essential Medium (MEM) 1 X, with Earle’s Salts,
25mM and HEPES, without L-glutamine (Gibco BRL Life
Technologies Invitrogen AG, Basel, Switzerland); supple-
mented with 1% L-glutamine (LabForce AG, Nunningen,
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FIG. 1.
mostly unilamellar vesicles (liposomes) with a size range of 40—100 nm. (B) HPLC-
MS/MS analytics of CsA show that there is a strong linear correlation (R2=O.999)
between the invested (nebulized) and cell-deposited L-CsA dose obtained with the
ALICE system. Hence, the cell-delivered L-CsA dose can be controlled by varying
the nebulized L-CsA dose. ALICE, air-liquid interface cell exposure; Cryo-TEM,
Cryo Transmission Electron Microscopy; L-CsA, liposomal ciclosporin A.
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Switzerland), 1% penicillin/streptomycin (Gibco BRL), and
10% fetal calf serum (PAA Laboratories, Lucerna-Chem
AG, Lucerne, Switzerland).

The inserts were treated with fibronectin coating solution
containing 0.1 mg/mL bovine serum albumin (BSA; Sigma,
Fluka Chemie GmbH, Buchs, Switzerland), 0.03 mg/mL
Vitrogen 100 (Bovine Collagen Type I, FXP-019; Cohesion
Technologies), and 0.01 mg/mL Human Fibronectin (40008;
BD Laboratories) in LHC Basal Medium (Biosource Int’/
Biofluids, 118-500; Lucerna Chemie AG) for either 3 hours
at 37°C or overnight at room temperature. The culture
conditions for I6HBE14o0- cells were the same as described
above for A549 cells.

Preparation and reconstitution of L-CsA

To prepare liposomal CsA, a buffered aqueous suspension
of CsA and soy phospholipids was high-pressure homoge-
nized followed by sterile filtration (0.2 um) of the resulting
colloidal formulation. To preserve the liposomal structure,
the formulation was lyophilized in small aliquots using a
sugar as lyoprotectant.

The lyophilized L-CsA was reconstituted by addition of
1.2mL of a 0.25% NaCl solution using a syringe. After 5
minutes of slow swirling, a final concentration of 4 mg/mL
(0.4% CsA) was reached. The reconstituted L-CSA sus-
pension (stock suspension) was used on the same day.

Photon correlation spectroscopy measurements result in a
typical size (measured as the z-average) of 40—-100nm for
the liposomal formulation. The size range is also backed by
Cryo Transmission Electron Microscopy (Cryo-TEM)
showing mostly unilamellar vesicles (Fig. 1).

ALICE system and L-CsA exposure

Nebulization of L-CsA and dose-controlled aerosol depo-
sition onto the cells was Eerformed using the ALICE as de-
scribed by Lenz et al.*® Briefly, the ALICE consists of
a nebulizer (investigational eFlow vibrating membrane neb-
ulizer; PARI Pharma GmbH, Munich, Germany), an incu-
bation chamber, an exposure chamber (which is connected to

y = 1.5804x
RZ=0.999 _*

-
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Morphology and dosimetry of the L-CsA. (A) Cryo-TEM images show
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a flow system providing humidity and temperature conditions
suitable for exposure of up to 14 transwell inserts for cell
cultivation), as well as a quartz crystal microbalance (QCM
200/25, 5 MHz; Stanford Research Systems, GMP SA, Re-
nens, Switzerland) for real-time determination of the depos-
ited material.

The QCM was not used in this study, since it is not able to
distinguish between the mass of CsA (active agent) and li-
posome material (passive carrier). For exposures with vari-
able doses, different amounts of the stock suspension (0.1,
0.25, or 0.5 mL) were nebulized within less than a minute and
transported as aerosol into the exposure chamber (flow rate:
5 L/min), where it gently deposits onto cells cultured at ALI
over 20 minutes. The chosen flow rate is optimal for the
aerosol cloud to be sufficiently mixed and diverted to all sides
of the exposure chamber, thus resulting in spatially uniform
droplet deposition onto the cells cultured in transwell inserts.

As mentioned above, cells were cultured for 7 days under
submerged culture conditions and then acclimatized to
ALI conditions 24 hours before aerosol exposure. Two
hours before the experiment, the medium was removed and
1.2 mL of fresh medium was added to the lower chamber.
Control cultures (sham) were exposed to 0.25% NaCl so-
lution (0.5 mL volume) and experimental cultures to 0.1,
0.25, or 0.5 mL of the reconstituted L-CsA suspension (i.e.,
0.4, 1, and 2 mg L-CsA, respectively). The cells were then
further analyzed after a 24-hour postincubation period in
the incubator.

Determination of L-CsA biokinetics

After exposure and postincubation, an aliquot of the
medium (basal compartment) was collected; the cells (apical
compartment) were washed thrice with 0.5mL of an iso-
tonic 0.9% NaCl solution to determine the CSA concen-
tration that had adhered to the apical side of the cells.
Afterward, the membranes of the inserts (carrying the cells)
were cut out and placed in Eppendorf tubes, covered with
1.5mL of sterile water, frozen in liquid nitrogen, and then
thawed in a 37°C water bath; the procedure was repeated
thrice to achieve complete lysis of the cells. The Eppendorf
tubes were stored at —20°C until analysis. The complete
medium from the well in the basal compartment was col-
lected and stored at —20°C.

Samples were measured after appropriate sample prepa-
ration (dilution and centrifugation) by HPLC-MS/MS. The
mass transfer measured was 1220-1203 Da. The method
was calibrated in a concentration range from 0.025 to
2.00 pg/mL.

Lactate dehydrogenase assay

To determine cytotoxicity, supernatant was sampled and
stored at 4°C for the lactate dehydrogenase (LDH) assay. To
obtain a 100% reference value (positive control) represent-
ing the maximum amount of LDH that could have been
released by the cells, Triton X-100 detergent (0.2% in me-
dium) was used for cell lysis. The supernatant of cells ex-
posed to only 0.25% NaCl was used as negative control. The
LDH assay was performed with the Cytotoxicity Detection
Kit (Roche Applied Science) according to the supplier’s
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manual. Samples were diluted 1:10. LDH was quantified
photometrically by measuring at 490 nm, with 630nm as
reference wavelength. Each sample was assessed in tripli-
cate. The values were normalized to the positive control at
respective postexposure times.

Dextran blue assay

Blue dextran 2000 (GE Healthcare) was used to assess the
membrane integrity and tight junction formation [as de-
scribed by Horvath et al.?”] of the cells exposed to L-CsA
and 0.25% NaCl. The cell culture medium was removed and
the cells were washed once with 1Xphosphate-buffered
saline (PBS; Gibco, Invitrogen). Then, 0.5 mL of supple-
mented phenol red-free medium was added to the upper
(apical), and 1 mL to the lower (basal), chamber. To the
upper chamber, 0.5 mL of 1% blue dextran 2000 in PBS was
added and the cells were incubated for 2 hours at 37°C and
under 5% CO,. The content of the lower chamber was
collected and the optical densities (proportional to dextran
blue concentration) were determined photometrically
(600 nm). Supplemented phenol red-free medium was used
as a blank for photometric analysis. As a reference value,
insert-only controls (with no cells) were used.

Laser scanning microscopy

After the postincubation period, the cells were fixed for
15 minutes in 3% paraformaldehyde (PFA) in PBS and
treated with 0.1 M glycine in PBS for another 15 minutes,
while stored at 4°C. To permeabilize the cell membrane,
cells were treated with 0.2% Triton X-100 in PBS for 15
minutes. Phalloidin rhodamine (R-415; Molecular Probes,
Life Technologies Europe B.V.) was used to stain the F-
actin cytoskeleton at a 1:50 dilution, while the nucleus was
stained with DAPI ([1 ug/mL] in PBS) (Sigma-Aldrich),
respectively. The dyes were then incubated for 60 minutes
at room temperature. For optical/microscopic analysis,
samples were embedded in Glycergel (DAKO Schweiz AG,
Baar, Switzerland). Visualization of the samples was
achieved by using an inverted laser scanning confocal mi-
croscope (LSM 710, Axio Observer.Z1; Carl Zeiss). Image
processing was performed using the restoration software
IMARIS (Bitplane AG, Zurich, Switzerland).

Interleukin-8 quantification

Protein release of the (pro-)inflammatory mediator
interleukin-8 (IL-8) was quantified by a commercially
available DuoSet ELISA Development Kit (R&D Systems)
according to the manufacturer’s protocol. Tumor necrosis
factor alpha (TNF-o) was used as a positive control at a
concentration of 15 ng/mL.

Statistics

To investigate the significance (p<0.05) of the blue
dextran, LDH, and cytokine measurements, the GraphPad
Prism software for Windows (Version 6; GraphPad Prism,
Inc., La Jolla, CA) was used. With one-way analysis of
variance (ANOVA), pairwise multiple comparison proce-
dure (Student-Newman-Keuls) was tested. Unless stated
otherwise, results are presented as mean (n=3)=*standard
error of the mean (SEM).
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Results
Determination of the delivered L-CsA dose

A six-well plate with 3 mL completed cell culture me-
dium in each well (surface area of 9.6cm? per well) was
placed into the ALICE chamber and different volumes of
reconstituted L-CsA suspension, that is, 0.25, 0.5, and 1 mL
(corresponding to a total mass of 1, 2, and 4mg CsA, re-
spectively), were filled in the nebulizer and nebulized. A
control exposure with 1mL 0.25% NaCl was performed
(blank value for CsA analysis). The L-CsA concentration in
3mL of cell culture media in each well was measured by
HPLC-MS/MS and converted into the well-deposited L-CsA
dose per surface area of the well (ug/cm?). This revealed a
linear relationship (R*=0.999) between the nebulized mass
of L-CsA and the well-/cell-deposited dose (Fig. 1). The
mean CsA concentration per well was determined to be 4.8
(standard deviation [SD] 0.1), 10.5 (SD 0.2), and 20.1 (SD
0.8) ug/mL, which is equal to a dose of 1.5, 3.3, and 6.3 ug/
cm?, respectively (Table 1). No L-CsA was detected in the
wells where only NaCl had been nebulized.

For comparison with previous performance characteriza-
tion of the ALICE system (with different substances), it is
instructive to calculate the fraction of L-CsA deposited at
the bottom plate of the ALICE chamber (where the wells/
inserts are located), henceforth referred to as deposition
factor. Considering that the bottom plate has an area of
400 cm2,(22) the total L-CsA dose reaching the bottom of the
exposure chamber was 0.6, 1.3, and 2.5 mg for nebulized
L-CsA masses of 1, 2, and 4 mg, respectively. Comparing
these doses with the nebulized amount of L-CsA yielded a
deposition factor of 0.600, 0.656, and 0.628, which is con-
stant within experimental uncertainty, that is, 0.628 +0.028
(SD) % of the invested dose is deposited at the bottom of the
exposure chamber (Table 1).

Response of A549 cells to L-CsA

A549 cells were grown on membrane inserts in two
chamber systems and grown to confluence under suspension.
After 7 days, the cells were kept at the ALI for 1 day and then
exposed either to NaCl or L-CsA. The cells were further
analyzed after a 24-hour postincubation period in the incu-
bator. Control cultures were always exposed to 0.25% NaCl
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(substrate of L-CsA susl)ension) and experimental cultures to
0.63, 1.5 and 3.3 pug/cm?, that is, 0.1, 0.25, and 0.5 mL of the
reconstituted L-CsA suspension was nebulized, respectively.
For the entire dose range, no cell response, that is, cytotox-
icity, disruption of epithelial barrier tightness, or induction of
a (pro-)inflammatory response (Fig. 2A-C), was observed,
nor were changes in the cell morphology (cytoskeleton and
the cell nuclei) (Fig. 2D).

The same experiments were performed with the bronchial
cell line 16HBE140- and similar results were found for all
endpoints measured (data not shown).

Biokinetic behavior of L-CsA over 24 hours

Since the highest L-CsA dose for response testing (3.3 ug/
cm?; in this study: 10-16 ug per insert) did not induce any
adverse effects, we have decided to continue with this dose
for the biokinetic studies. At 0, 0.5, 2, 4, and 24 hours after
aerosol exposure in the ALICE (nebulization of 0.5 mL of
the L-CsA stock suspension) of A549 or 16HBE14o0- cells
cultured at ALI, the CsA concentration was determined for
three different compartments (see also scheme in Fig. 3): (1)
the air-exposed (apical) cell side was washed with 0.5 mL
isotonic 0.9% NaCl solution to measure the L-CsA that is
attached to the apical cell surface, (2) the insert with the
attached cells to determine the intracellular L-CsA content,
and (3) the medium in the lower (basal) compartment to
determine the translocated L-CsA.

Independent of cell type, the biokinetic analysis revealed
a relatively high and constant intracellular L-CsA dose over
the entire 24-hour period and substantial apical-to-basal
translocation of L-CsA with a burst-like profile (Fig. 3). The
burst-like transbarrier L-CsA transport rate was initially
high (steep slope in apical and basal dose profile) at 0.22%
and 0.36% per min/cm? [or ca. 50 ng/(min-cmz)] for A549
and 16HBE14o- cells, respectively (Table 2), followed by a
sharp decline (ca. 40-fold reduced rates for the 2—4 hour
time interval) and ceased almost completely after 4 hours.
Consistent with the observed rates, there was a signifi-
cantly higher cumulative transport across 16HBE140- cells
(65.2% £3.0% of the delivered dose at 24 hours) compared
to A549 cells (38.9% +1.3% at 24 hours).

On the other hand, the L-CsA dose residing in the cell
compartment (i.e., L-CsA is either inside the cells or tightly

TABLE 1. RELATIONSHIP BETWEEN NEBULIZED (INVESTED) AND CORRESPONDING CELL-DEPOSITED
LiposoMAL CICLOSPORIN A DOSE

L-CsA concentration

L-CsA dose per L-CsA mass on bottom

Amount of nebulized in wells surface area® of ALICE chamber® Deposition

(invested) L-CsA (ug/mL) ( ,ug/cmz) (mg) factor®

One milligram 4.8 (SD 0.1) 1.5 0.60 0.600
(in 0.25 mL stock suspension)

Two milligrams (in 0.5 mL) 10.5 (SD 0.2) 33 1.3 0.656

Four milligrams (in 1 mL) 20.1 (SD 0.8) 6.3 2.5 0.628

“L-CsA dose per surface area=L-CsA concentration X 3 mL (amount of medium per well)/9.6 cm? (area of well).

®L-CsA mass on bottom of ALICE chamber=L-CsA dose per surface areax400 cm? (bottom area of ALICE chamber).

“Deposition factor=L-CsA mass on bottom of ALICE chamber/invested L-CsA mass (L-CsA mass filled into nebulizer). The
deposition factor represents the fraction of the invested dose, which is deposited at the bottom of the ALICE chamber. Mean *

SD=0.626+0.028.

ALICE, air-liquid interface cell exposure; L-CsA, liposomal ciclosporin A; SD, standard deviation.
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FIG. 2. Determination of viability (cytotoxicity), barrier integrity, proinflammatory response, as well
as morphology of A549 cells 24 hours after exposure to L-CsA. For all cases, 0.5 mL of nebulized 0.9%
NaCl served as negative control. (A) L-CsA did not induce any cytotoxic response as indicated by the
low LDH values. Results are normalized to the positive control (cells lysed with Triton-X 100; n=3).
(B) As shown by relative light absorbance (at 600nm) in the (basal) cell culture medium, L-CsA
exposure did not affect the apical-to-basal translocation of dextran blue (positive controls: cell cultures
treated with EDTA or inserts only), that is, the tightness of the cell barrier remained unaffected by L-
CsA. (C) Low levels of IL-8 in the medium reveals that L-CsA did not induce a (pro-)inflammatory
response. (Positive control: cells were treated with TNF-a; n=3). (D) The cells were fixed and stained
for F-Actin (green) and cell nuclei (white), and analyzed by laser scanning microscopy. The upper
pictures represent xy-sections, the lower xz-sections. Cells formed confluent monolayers and no dif-
ferences in cell morphology were observed between L-CsA- and NaCl- treated cells. IL-8, interleukin-
8; LDH, lactate dehydrogenase; TNF-a, tumor necrosis factor alpha. *Indicates statistical significance

compared to negative control (p <0.05).

attached to the cells) was constant with 18.7%+0.7%
(A549) and 26.1%%2.3% (16HBE160-) of the cell-
delivered L-CsA dose for almost the entire investigated time
period (between 0.5 and 24 hours) independent of cell type.
Expressed in absolute dose, the relative difference between
intracellular L-CsA dose is even lower (2.8 and 3.4 ug for A549
and 16HBEo-, respectively). This is an essential finding for
pulmonary drug targeting, since it suggests that rapid (<1 hour)
and constant dosing of CsA in the lung tissue for up to at least
24 hours is possible with aerosolized L-CsA.

It is important to note that the initial apical dose at 0 hour
is significantly lower than 100% (52% and 56% for A549
and 16HBE140- cells, respectively), because there is already
substantial L-CsA translocation during the 20 minutes of
aerosol exposure time in the ALICE system. This is con-
sistent with previously performed aerosol deposition mea-
surements in the ALICE,(22) which show that aerosolized L-
CsA starts to be deposited on the cells within the first minute
of exposure. Thus, the first time point presented in this study
(0 hour) reflects the situation ca. 20 minutes after the first
contact between L-CsA and cells (Fig. 3).

Asymptotic biodistribution of L-CsA

As the translocation of L-CsA has virtually ceased after
4 hours, we consider the L-CsA biodistribution at 24 hours
as the asymptotic biodistribution. The measured asymptotic
L-CsA doses in each of the compartments were a few mi-
crograms (between 2.2 and 8.5 ug) for both cell types
(A549 and 16HBE140-) (Table 3). If the cells would not
fulfill their barrier function, one would expect that the
L-CsA concentrations would be similar in each of the
compartments. For conversion of measured L-CsA mass
into concentration, the volume for each of the compartments
has to be known. While this is trivial for the basal com-
partment (1.2 mL medium), certain assumptions have to be
made for the apical and cell compartments. The apical
volume can be estimated as the aerosol volume deposited
onto the cells, which is 3.3 uLL as readily derived from the
surface area of the insert (4.2cm?), the nebulized liquid
volume (0.5mL), as well as the deposition factor (0.626)
and the area (bottom plate, 400 cm?) of the ALICE system
(see Table 1, footnote 1).
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FIG. 3. Similar biokinetic behavior of L-CsA in A549 and 16HBE14o0- cells. (A) Schematic indicating the
compartment-specific color coding for the other panels. (B) The biokinetic measurements show a constant
fractional CsA dose in the epithelial tissue for both A549 and 16HBE14o0- cells starting from 0.5 hours after
the exposure, which is conducive for targeted drug delivery by inhalation therapy. Moreover, an initially
high, but rapidly decreasing translocation rate of L-CsA (slope of curves) from the apical to the basal
compartment was observed with a higher asymptotic basal dose at 24 hours for 16HBE140- (65%) com-
pared to A549 cells (39%). (C) Same data as given in (B), but presented in terms of absolute L-CsA dose
(mass) per insert (n=3). Such burst-like transport kinetics are typical for inhalation therapy.

It is noteworthy that the 3.3 ulL of aerosol deposited per
insert (4.2 cm?) corresponds to an 8 um thick liquid layer on
the cells. For a confluent cell layer, the volume of the cell
compartment is the product of the cell-covered area (4.2 cm?
per insert) and the thickness of the cell layer. Assuming an
average cell thickness of 10 um [estimated from Fig. 2D;
consistent with Lenz et al.°? and Bachler et al. 3], the
volume of the cell compartment is 4.2 uL.. With these con-
siderations, it is evident that the concentrations in the apical
and cell compartments are of the same order of magnitude
(560-1280 ug/mL), while a 100- to 200-fold (approximately

150-fold) lower L-CsA concentration (4.3-7.1 ug/mL) is
found in the basal compartment (Table 3).

Taking into account the uncertainties in thickness of the
cell layer and apical volume (cell-secreted liquid and/or
(partial) resorption of aerosol liquid by the cells), we consider
concentration differences of a factor of <2 (as observed in this
study) to still be within experimental uncertainties. Thus,
there is no significant difference between the L-CsA con-
centrations in the apical and cell compartment and there are
no significant differences between A549 and 16HBEl40-
cells. Thus, apically delivered L-CsA is readily available to

TABLE 2. COMPARTMENT-SPECIFIC, INITIAL L1POSOMAL CICLOSPORIN A DOSE RATE

Initial relative L-CsA dose rate [ %/(min-cmz) ] Initial absolute L-CsA dose rate [ng/(min~cm2)]

Compartment A549 16HBE14o0- A549 16HBE140-
Apical —-0.57 (SD 0.11) —0.52 (SD 0.06) —66.6 (SD 0.3) —74.5 (SD 10.0)
Cell 0.35 (SD 0.04) 0.17 (SD 0.05) 29.2 (SD 3.1) 24.1 (SD 4.5)
Basal 0.22 (SD 0.08) 0.36 (SD 0.03) 47.3 (SD 5.7) 52.6 (SD 1.6)

The initial rate at which L-CsA is transported into (positive sign) or out of (negative sign) a given compartment. Relative and absolute
values are calculated based on the first dose measurement (0 hour) assuming that 100% of the insert-delivered dose was deposited onto the
cells (apical) almost immediately after the nebulizer was started (i.e., 20 minutes before 0 hour). Both cell types display identical (within
experimental uncertainty) absolute L-CsA transport rates, suggesting that L-CsA is transported passively across the cell barrier.
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TABLE 3. COMPARTMENT-SPECIFIC, ASYMPTOTIC DOSE AND CONCENTRATION OF LIPOSOMAL CICLOSPORIN A

L-CsA dose (ug)* L-CsA concentration (ug/mlL)

Compartment A549 16HBE140- Liquid volume (uL) A549 16HBE140-
Apical 4.2 2.2 3.3° 1280 680
Cell 3.8 2.4 4.2° 910 560
Basal 5.1 8.5 1200¢ 4.3 7.1

The asymptotic L-CsA concentration was calculated from the ratio of the asymptotic (24 hours) L-CsA dose and the (liquid) volume of
each compartment.

“The volume of L-CsA suspension deposited in each insert is 3.3 uL.=4. 2/400><0 626 x 500 uL., where we used the following values
nebulized volume (500 uL, 4 mg L-CsA/mL), surface area of the insert (4. 2cm? ), surface area of the ALICE system (400cm ) and
deposition fraction (0.626; see Table 1). Limitation: The apical volume may be different due to cell-secreted liquid and/or resorption of
aerosol-deposited liquid by the cell layer.

'Volume of cell compartment (4.2 uL) is estimated from the cell-covered surface area of the insert (4.2 cm %) and the (estimated) thickness
of the cell layer (ca. 10 um) as estimated from Figure 2D.

“Volume of basal medium was 1.2 mL.

antibiotic treatment of pseudomonas in cystic fibrosis pa-

the epithelial cells, while both cell types represent a relatively
or chemotherapy in lung cancer patients.”

tight barrier for L-CsA toward systemic translocation as tients,*>~®

evidenced by the more than 150-fold lower L-CsA concen-
tration in the basal compartment (medium).

Compatrison of different CsA formulations

As an additional application of the ALICE method, we
assessed the effect of different L-CsA production processes
on the biokinetics of L-CsA. For this alternate formulation,
L-CsA liposomes were processed by 10-fold extrusion
through a 100 nm membrane (instead of high-pressure ho-
mogenization), which resulted in liposomes that were larger
(Z-average ~93nm) and had a more narrow size distribu-
tion (polydispersity index ~0.1) compared to the liposomes
derived from high-pressure homogenization. The formula-
tion was used directly as liquid formulation without the
lyophilization step for preservation.

For this comparative study, A549 cells were used and a
volume of 0.5mL was nebulized (3.3 ,ug/crnz). Sample
collection was performed as described above. The biokinetic
behavior of the extruded L-CsA batch (formulation 2 in
Fig. 4) showed a similar pattern to that of the first pressure-
homogenized L-CsA formulation (Fig. 4) with a rapidly
saturated and constant intracellular CsA concentration of
about 25% (23.7%*x3.1% and 28.9% +1.5% for formula-
tions 2 and 1, respectively) of the cell-delivered dose. After
longer incubation times, that is, 4 and 24 hours, there is a
slightly (but significantly) higher translocation across the
epithelial barrier for the extrusion formulation (52.9% +
2.7% compared to 39.0% = 1.3%).

Discussion

The use of the inhalation pathway for medical treatments
has a long history—asthma was already being treated by
inhalation in the 19th century. Later, in the 20th and 21st
centuries, research into inhalation treatments and the de-
velopment of inhalation devices exploded and there is now a
wide range of device types and numerous medical applica-
tions on the market [for a review see Patton and Byronm)].
Currently, pulmonary drug targeting by aerosol inhalation is
the preferred delivery route for the treatment of various lun §
diseases such as asthma treatment with corticosteroids, >

With the development of engineered nanocarriers for drug
delivery, medical imaging, and diagnostic purposes, the
inhalation pathway is becoming increasingly important. Due
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FIG. 4. Comparison of the biokinetics of two different for-
mulations of L-CsA for A549 cells. The data of formulation 1
are already presented in Figure 3. (A) There is no statistically
significant difference in the relative dose found in the cells for
any given time point. (B) This is also the case for the pharma-
cokinetic profile in the basal medium with exception of a slight,
but statistically significant dose enhancement for formulation 2
at4 and 24 hours after the exposure. As the tissue dose profile is
the therapeutically most relevant parameter, this indicates
bioequivalence of the two formulations.
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to their small size [especially smaller than 20 nm in diam-
eter;(38)] and the large surface area of the lung (140 mz),
nanocarriers reach the lung parenchyma®® and rapidly cross
the pulmonary air-blood barrier reaching secondary target
organs through the systemic circulation without the problem
of the first-pass effect.®” This is exemplified by liposomes,
which are artificial vesicles consisting of a phospholipid
bilayer that have been Promoted for many years as future
drug delivery vehicles."’ The contributions of numerous
researchers over five decades have led to significant ad-
vances in the field, and liposomes are the first nanocarriers
that have found success in the marketplace.“”

L-CsA suspensions containing liposomes with a diameter
of 50 nm have been used for clinical inhalation studies with
a customized electronic nebulizer (eFlow; PARI Pharma
GmbH, Starnberg, Germany), which produces droplets of
appropriate size for peripheral lung deposition. With two
inhalations per day, a therapeutically effective dose was
reached in the peripheral lungs.*" Inhaled L-CsA may be a
promising new approach to optimize immunosuppression
and thus improve long-term lung transplantation outcomes
not only in animal experiments*? but also in patients with
lung transplants.®

Although many clinical trials are underway, a funda-
mental understanding of how L-CsA aerosols interact with
Iung cells is still unavailable. This may, in part, be due to the
fact that in vitro biokinetic studies with liposomes (and other
nanocarriers) have almost exclusively been _Eerformed with
standard submerged cell culture systems“* ™ using Fick’s
law to calculate the apparent permeability coefficient (Pypp).
For in vivo conditions during inhalation therapy, a small
volume of highly concentrated drug is applied directly to the
epithelial barrier resulting in large, rapidly changing con-
centration gradients due to the fast depletion of liposomes in
the donor compartment. Since Fick’s law cannot be applied
under these conditions,"” the typical initial burst of lipo-
some transport directly after aerosol application cannot be
adequately captured with submerged cell culture systems.

Moreover, the absence of a lung lining fluid is another
severe deficiency of submerged cell cultures, since it has
been shown that the protein corona formed upon interac-
tion with the lung lining fluid, the first bodily fluid en-
countered by lung-deposited particles, may affect the
biokinetics of lung-deposited particles.*® Finally, direct
aerosol deposition onto ALI cell cultures allows accurate
determination of the cell-delivered dose either by placing a
filter substrate for aerosol collection at the site of the cells or
by using a real-time dosimetry device such as a QCM.?%**"
However, for submerged exposures, the cell-delivered dose
may be obscured by ‘““floating” of the nanocarriers due to
buoyancy effects depending on the effective density of these
carriers.**4%

To the best of our knowledge, the study presented here is
the first in vitro study on reporting the translocation bioki-
netics of aerosolized nanocarriers delivered to air-liquid
pulmonary cells. While there have been numerous studies
with soluble drugs [e.g., Lenz et al.®*”], only Schreier et al.
deposited aerosolized nanocarriers (liposomes) directly onto
human lung cells (2-CFSMEQ), to investigate the potential of
complementary DNA (cDNA)-loaded liposomes for gene
transfection.®” Their aerosol-cell exposure system was lim-
ited as it was not adapted to the transwell insert cell culture
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technology, it required handling of each of the different
aerosol impactor (delivery) stages separately, and the cell-
delivered cDNA dose for each of the impactor stage de-
pended on the aerosol size distribution. The ALICE system
used in our work was designed for ease of use, while also
providing dose-controlled, rapid, and efficient delivery of
aerosolized liquids to air-liquid cell cultures, allowing us to
closely mimic drug delivery through the inhalation route.*®

We have demonstrated in earlier studies that the ALICE is
an efficient nebulization system for spherical nanoparticles
such as zinc,*® gold,®V or silver,®® and the system is also
applicable for the aerosolized delivery of fiber-shaped cellu-
lose nanocrystals” as well as carbon nanotubes.®® Re-
cently, a refined version of the ALICE system, the ALICE-
CLOUD system (commercially available as VITROCELL-
CLOUD:; Vitrocell Systems, Waldkirch, Germany), has suc-
cessfully been used to investigate the efficacy of a molecular
drug formulation (Bortezomib) on A549 cells,*” but it has
not yet been used for therapeutically active nanocarriers.

In this work the ALICE is used for dose-controlled aero-
solized delivery of L-CsA to two widely accepted in vitro
models of the human e})ithelial tissue barrier, that is, A549
and 16HBE140- cells,*” cultured under ALI conditions. The
A549 cells represent alveolar epithelial type II cells®” and
the 16HBEI140- cells represent human airway (bronchial)
epithelial cells®~2® [for a review see Rothen-Rutishauser
et al.m)]. However, many studies indicate that the A549
might not be a good representative for human alveolar epi-
thelium [for a review, see de Souza et al.(54)]. In this study,
both cell lines were grown under well-defined and controlled
culture conditions, revealing a confluent and dense monolayer
as shown by the Dextran Blue translocation assay as well as
by the LSM images of the spatial cell morphology.

Moreover, the initial L-CsA dose rates across the epi-
thelial barrier (Table 2) and the asymptotic, compartment-
specific L-CsA concentrations (Table 3) are similar for both
cell types. Previously, we also reported an apparent per-
meability coefficient (P,,p,) of the paracellular marker 14¢-
mannitol in A549 cells similar to that of Madine-Darby
canine kidney (MDCK) cells, which reflects a tight epithe-
lial barrier.®> In addition, A549 cells grown at ALI release
surfactant and develop an even denser monolayer compared
to cells in suspension.®® Thus, in summary, the reported
data justify the use of both cell types to study the biokinetic
distribution of apically delivered drugs.

By measuring the L-CsA dose in six-well plates after
nebulization of various volumes of the 4 mg/mL CsA stock
suspension, a reproducible and linear deposition of L-CsA
was observed resulting in 1.5, 3.3, and 6.6 ,ug/cm2 for 1, 2,
and 4mg of nebulized L-CsA, respectively. These results
indicate a deposition factor of 0.626+0.028 (SD), that is,
62.6% of the invested amount of L-CsA is deposited on the
bottom plate of the ALICE system, which is in excellent
agreement with the deposition factor of 0.566+0.067 (SD)
reported by Lenz et al. for various types of nanoparticles and
molecular substances.?

For the biokinetic studies, the L-CsA dose of 3.3 ug/cm2
was chosen, since it is low enough to avoid cytotoxic effects
and high enough for accurate analytical detection of L-CsA
in all three compartments. For comparison, in a recent
preclinical toxicological study with molecular ciclosporin
(not a liposomal formulation), up to 281 mg/day was applied
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by nose-only inhalation in beagle dogs (24 mg/kg/day for up
to 11.7kg dogs).""" This corresponds to a surface-specific
dose of 562 ng/cm* assuming a lung surface area of 50 m*
for beagle dogs,®” which is of the same order of magnitude
as, although about sixfold lower, the dose applied in our
in vitro study. In a recent clinical study, inhalation of neb-
ulized molecular ciclosporin in human lung transplant pa-
tients has resulted in an average pulmonary dose of 31.8 m%
(SD 16.3mg),""® which corresponds to about 22.7 ng/cm
assuming a lung surface area of 140 m*“® and hence a ca.
100-fold lower dose than our in vitro dose.

In contrast to the previous studies,(“’lz) which used mo-
lecular ciclosporin, the clinical inhalation study by Behr et al.
delivered about 10-fold lower peripheral (alveolar) lung dose
of 1.8-3.4mg L-CsA (liposomal ciclosporin) to lung trans-
plant patients with a single- or double-sided lung transplant.‘>
In this study, the clinically applied peripheral doses are ca.
1000-fold lower (1.6-4.4ng/cm?) than the doses applied in
our in vitro setup. However, the situation is different for the
proximal (bronchial) region. The proximally delivered dose
of 1.8-3.1 mg L-CsA corresponds to a tissue-specific dose of
0.18-0.56 ,ug/cmz (bronchial surface area: lmz), which can
locally be even 10-fold higher (1.8-5.6 ug/cm?) due to hot-
spot regions at bronchial bifurcations.® Hence, the selected
in vitro dose of L-CsA 1is within the clinically relevant dose
range of the proximal region, but about 1000-fold higher than
the peripheral lung dose.

We note that these dose ranges correspond to an aerosol-
induced liquid layer on the epithelial cells, which is ca. 8 um
and 8 nm thick in the bronchial (hotspot) and alveolar re-
gion, respectively (Smg/mL L-CsA suspension was ap-
plied), compared to 8 um of liquid layer thickness for our
ALI in vitro conditions. Despite the significant differences
between in vitro and clinical dosing, we have shown that the
applied in vitro doses were highly reproducible using the
ALICE system and did not produce impaired barrier integrity
or toxicological effects, which is consistent with the absence
of pulmonary side effects in clinical studies, although at much
lower doses in the peripheral lung region.” Therefore, we
conclude that the dose used in this in vitro study is acceptable
for the investigation of biokinetics of L-CsA.

Our in vitro data show that the biokinetic behavior of L-
CsA is very similar for the bronchial and alveolar pulmonary
epithelial cell lines applied in this study. There is rapid
transport of L-CsA into the cell compartment, reaching
constant dose (relative) levels of 18.7% £0.7% (A549) and
26.1%+2.3% (16HBE160-) within 0.5 hours after exposure.
This is a crucial finding for pulmonary drug delivery, since it
suggests that aerosolized L-CsA can rapidly attain (<1 hour)
and maintain high and constant L-CsA doses (20%-25% of
the delivered dose) for at least 24 hours in the lung tissue.
This is a favorable dose profile for most clinical applications.

It is also noteworthy that the apical dose is already below
60% at 0 hour, implying that substantial transport had al-
ready occurred during the 20 minutes of aerosol exposure
time in the ALICE system. This is consistent with the rapid
aerosol-cell delivery rate reported for the ALICE by Lenz
et al. indicting that 95% of the total dose is delivered within
the first 5 minutes of exposure.*” Expressed in absolute
doses, the difference between intracellular L-CsA dose is
even lower for A549 and 16HBEo- cells (2.8 and 3.4 ug,
respectively), suggesting the existence of a rapidly attained

SCHMID ET AL.

(within 20-50 minutes after aerosol-cell contact) and, for at
least 24 hours, maintained intracellular (and apical) L-CsA
level of about 1000 ug/mL independent of cell type (Fig. 3
and Table 3). The fact that this level is about 150-fold higher
than the L-CsA concentration in the basal medium (Table 3)
indicates that both the alveolar (A549) and the bronchial
epithelial cell model (16HBE140-) represent a tight barrier
for L-CsA allowing for high tissue retention of L-CsA for at
least 24 hours. This is in agreement with other in vitro
studies reporting high tissue retention of L-CsA also for
Calu-3 lung cells.**

Moreover, rapid cellular uptake of liposomes was also
reported in vitro for various cell types such as lung cells,
monocytes, and colon cells (Caco-2).“%°" The interaction
of liposomes with cell membranes depends on the lipid
composition and size, as well as on the cell type, and can
include the exchange of lipids or proteins with cell mem-
branes, adsorption or binding of liposomes to cells, inter-
nalization of liposomes by endocytic pathways, and fusion
of bound liposome bilayer with the cell membrane.®® For
L-CsA, the exact route of transport or uptake mechanism is,
however, unknown. Interestingly, in many of these studies,
the cellular uptake ceased within 1 hour, which is also
consistent with our results.®”

However, for liposomes in the size range of 50-100 nm,
as were used in this study, asymptotic cellular dose levels
were observed only after extended time periods of 24 hours
or more.®” This is likely an artifact of the nonphysiological
exposure conditions (submerged cell culture), especially the
large medium layer covering the cells. Small particles with
densities near 1g/cm?® (as is the case for liposomes) expe-
rience mitigated cell contact under submerged conditions as
Brownian diffusion and buoyancy keep smaller liposomes
afloat longer in the thick medium layer (typically at least
5 mm thick) and hence away from the cells than larger ones,
which experience faster gravimetric settling.“®

Assessment of transbarrier transport is particularly im-
portant as a measure of inadvertent extrapulmonary expo-
sure and potential adverse side effects. As mentioned above,
our ALI in vitro study has shown that both alveolar (A549)
and bronchial cells (16HBE14o0-) represent a tight, but not
impermeable barrier for L-CsA (ca. 150-fold higher L-CsA
concentration in cells compared to basal medium). As ex-
pected for aerosolized drug delivery to ALI cell cultures,
there is an initially very high, but rapidly decreasing con-
centration at the epithelial barrier, which results in an ini-
tial burst of L-CsA transbarrier transport followed by a
rapidly decreasing transport rate (ca. 40-fold reduced within
4 hours) ceasing almost completely after about 4 hours
(slopes in Fig. 4). This burst-like behavior is similar to
clinical L-CsA pharmacokinetic data after inhaled applica-
tion of L-CsA in lung transplant patients.”’

It is difficult to compare absolute values of in vitro and
in vivo pharmacokinetic data, since the former is driven by
absorption (transepithelial barrier transport) only, while the
latter depends on absorption into and clearance from the
blood by liver and kidney, the main filtration organs."'®

Behr et al. reported rapidly declining L-CsA blood levels
between 2 and 24 hours after L-CsA inhalation. This implies
that the maximal L-CsA concentration in the blood (c¢pax)
has occurred significantly before 2 hours and the L-CsA
absorption kinetic rate is rapidly decreasing within the first
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few hours after L-CsA inhalation, reaching transport rates
close to zero at about 24 hours. Interestingly, in a pharma-
cokinetic study in a dog model, c,.x Was reached 15 minutes
after aerosolized L-CsA application, providing further sup-
port for the burst-like absorption profile of L-CsA.'® As
mentioned above, this pharmacokinetic profile is very sim-
ilar to that observed under ALI in vitro conditions.

In contrast, the kinetics observed for submerged cell ex-
posure conditions are completely different. Trammer et al.
performed pharmacokinetic studies with CsA laden-
liposomes (L-CsA), which were in the same size range as
ours (ca. 50 nm).(43 ) They incubated Calu-3 cells (human
airway epithelial cell line) with 133 ug/mL L-CsA sus-
pended in 0.5 mL medium (i.e., 66 ug L-CsA on the apical
side of 12-well transwell insert) and observed a transport
rate of 8.4 ng/(cmz-min) or 0.013%/(cm2‘min), which was
not only constant for more than 24 hours (no burst-like
transport profile) but was also 15- to 30-fold lower than the
initial transport rate of 0.22%—0.36%/(min-cm?) measured
under ALI conditions in this study.

Similar, but less pronounced differences in transport rate
are expected for soluble drugs. This lack of a burst-like
pharmacokinetic profile under submerged cell culture con-
ditions is at least partially due to the large volume (column
height) of the apical donor compartment compared to sub-
merged culture conditions the cells are typically covered
with, about 0.5mL medium per cm® of cell-covered
area.***” This corresponds to a 5Smm (=5000 um) thick
liquid column, which implies that initial transport of L-CsA
across the cell barrier will not substantially reduce the L-
CsA concentration in the donor compartment resulting in an
initially constant transport rate. In contrast, under ALI
conditions as described in this study, the cells are covered
with ca. 8 um of L-CsA suspension, which results in a
rapidly decreasing concentration in the apical donor com-
partment and thus burst-like systemic pharmacokinetics.

As mentioned above, under clinical conditions, the L-CsA
dose per tissue area (and hence the layer thickness, as similar
L-CsA concentrations were nebulized) in the bronchial and
alveolar region was approximately identical to and 1000-fold
lower compared to ALI in vitro conditions, respectively.
Hence, at least in the alveolar region, which is most relevant
for the systemic absorption kinetics, the currently available
ALICE conditions are not an ideal match with clinical con-
ditions, although much more realistic than submerged cell
culture conditions as evidenced by the burst-like pharmaco-
kinetic profile of L-CsA observed only under ALI conditions.

Consequently, the method for aerosolized drug delivery
to ALI-cultured cells presented in this study can con-
ceivably contribute to answering the U.S. FDA’s afore-
mentioned call for the characterization of the performance
of inhalation products under physiological conditions.®
As an example of how this request could be addressed, we
investigated the biokinetics of two different L-CsA for-
mulations. It is evident from Figure 4 that the liposomes
produced by high-pressure homogenization (formulation
1; presented in Figs. 2 and 3) and extrusion (formulation
2) show similar biokinetic behavior.

High levels of tissue retention of L-CsA (in this study:
25% of cell-delivered dose) are rapidly attained (<1 hour)
and retained at a constant level for at least 24 hours. After
incubation times longer than 4 hours, there is a somewhat
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lower, but still substantial enrichment of L-CsA in the cell
compartment over the medium of 75 compared to 100 for
formulation 1 (based on 52.9%=*2.7% compared to
39.0% % 1.3% of asymptotic dose in the medium). Both
values are within the range required to guarantee a high
local dose in the target tissue (lung) and a low dose in the
blood stream, which maximizes efficacy, while minimizing
systemic side effects. Thus, the biokinetic behavior, and
hence the bioavailable dose, can be considered equivalent
for both formulations.

Conclusions

The combination of lung epithelial cells cultured at the
ALI and aerosolized drug delivery with the ALICE system
offers an excellent tool to study the effects of inhalable
substances under the physiological conditions experienced
during inhalation therapy. This method allows detailed in-
vestigation of the biokinetic and toxicodynamic events
at the air-blood barrier that are difficult and time-consuming
to study in vivo. This method is particularly useful for
nanocarrier-based drug formulations, since direct applica-
tion of the nanocarriers to the cells provides control over the
cell-delivered dose and avoids biases due to interactions
between medium and nanocarriers as potentially encoun-
tered in submerged cell assays.

As an example of nanocarrier-based drug formulations,
we have shown that the aerosolization of different volumes
of the L-CsA stock suspension using the ALICE system
leads to a highly reproducible and dose-controlled deposi-
tion of L-CsA onto ALI cells, which can be varied linearly
by increasing the nebulized volume of L-CsA suspension
from 0.5 to 1.0mL. The concentrations applied in this study
did not induce any toxicologically adverse effects and al-
lowed the study of the biokinetic behavior of L-CsA at the
lung epithelial tissue barrier in vitro. The alveolar (A549)
and bronchial (16HBEo-) epithelial cells used in this study
represent a tight barrier for L-CsA as evidenced by high (ca.
150-fold) enrichment of CsA in the apical/cell compartment
(target tissue) compared to that in the basal compartment.

Moreover, the asymptotic cellular dose level was reached
rapidly (<1 hour) and remained constant for up to 24 hours
independent of cell type, which is conducive for targeted
pulmonary drug delivery by inhalation therapy. The observed
pharmacokinetic profile with an initial burst-like transbarrier
transport of L-CsA is a hallmark of inhalation drug delivery.
Our ALI in vitro results are in general agreement with this
clinically observed pharmacokinetics profile, while—
according to literature—the observed biokinetic behavior of
L-CsA is very different for submerged cell culture conditions
(initially constant followed by slowly decreasing transport
rate). The flat pharmacokinetic profile under submerged
conditions is at least, in part, due to the large liquid volume in
the donor compartment (ca. 0.5 mL/cmZ).

In contrast, aerosolized drug delivery with the ALICE
results in a ca. 8 um thin liquid layer, which is about 1000-
fold lower than typical media heights under submerged cell
culture conditions, and it resembles the clinical conditions
in the bronchial regime. Hence, we argue that for in vitro
biokinetic studies of inhaled drug formulations, aerosolized
drug delivery to ALI cells is crucial, but the currently ap-
plied in vitro aerosol liquid layer and tissue-specific dose are
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often considerably higher, although nontoxic, compared to
clinical conditions in the alveolar region.

No substantial differences in biokinetics or toxico-
dynamics were observed for two L-CsA preparations with
similar physicochemical characteristics, confirming the
bioequivalence of these two formulations prepared accord-
ing to two different generation protocols. To the best of our
knowledge, the study presented here is the first in vitro
translocation biokinetic study for aerosolized drug-loaded
nanocarriers delivered to pulmonary cells cultured under
physiological ALI conditions.
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