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SUMMARY

Drug transporters have only recently moved into the centre of attention of pulmonary
drug delivery research, and of the more than 400 identified transporter proteins, only
little information is available. In a first step, protein expression levels of several
members of the ABC- and SLC-super family were determined in human lung epithelial
cells and human alveolar epithelial primary cells. Protein abundance was found to be
more or less equivalent for organic cation/carnitine (OCT/N, SLC2241-5) and
multidrug and toxin extrusion (MATE1, SLC47A1) transporters in human alveolar
(primary culture and A549), bronchiolar (H441), bronchial (16HBE140-, Calu-3)
epithelial cells, except for OCT2 (not detected in bronchial cells), OCTN2 (higher
expression levels in the bronchial cells). The expression pattern of OATPs revealed
high protein levels of OATP2A1, OATP3A1 and OATP4A1 in alveolar (primary cell
culture and A549) cells, whereas low levels of transport proteins were detected in
16HBE140- and Calu-3 cells. Intestinal Caco-2 epithelial cells were used as
comparison. P-glycoprotein (ABCBI/MDR-1) protein expression was confirmed in
A549 and H441 cells. Our investigations continued by functionally characterising in
particular OCT/Ns in human respiratory cell culture models by using a fluorescently-
labelled cationic compound 4-(4 (dimethylamino)styryl)-N-methylpyridinium iodide
(ASP") as well as radiolabelled substrates, e.g., the model cation ['*C]-TEA and the
OCTN probe [3H]-acetylcamitine in cell uptake studies. We showed that A549 cells
exhibited the highest uptake activity of organic cations in comparison to the other cell
types. In A549 cells we found evidence that the uptake of organic cations was mediated
mainly by OCT1 and OCT?2 at the alveolar epithelium. An OCT-driven uptake of
organic cations has been shown at the bronchial and bronchiolar epithelium at lower

levels with a speculative involvement of OCT]1. In the case of acetylcarnitine uptake,
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OCTN2 was thought to play a major role in this translocation in alveolar and bronchial
epithelial cells. There is an immense need for reliable, physiologically relevant in vitro
models of the respiratory epithelium, therefore, H441 cells were characterised as an in
vitro model for biopharmaceutical studies of the distal lung. We confirmed the
expression of a number of key drug transporters and P-gp function with parallels to
A549 and human alveolar epithelial primary cells. We concluded that H441 cells are a
good candidate as an in vitro model for transport studies of distal lung epithelial barrier.
We undertook further investigations to study the susceptibility of organic cation
pathways to the presence of f3;-adrenergic drugs and to explore the uptake and transport
of [*H]-salbutamol across the lung epithelium. We provided evidence that all three f,-
receptor agonists competitively inhibit uptake of ['*C]-TEA, but not of [*H]-
acetylcarnitine at the alveolar epithelium. Moreover, we demonstrated in hOCT-over-
expressing HEK-293 cells that ,-agonists exhibited selective inhibition effects on
hOCT1-mediated uptake. The uptake of salbutamol, however, was not mediated by the
five cloned organic cation transporters. Besides organic cation translocation, we studied
the suitability of bile acid analogues to study functional activity in Caco-2 and A549
epithelial cells. Interestingly, we found evidence for an active uptake process which
was clearly dependent on chemical features such as diastereoselectivity. Lastly, we
investigated the effect of latex nanoparticles to interact with drug transporter
functionality in A549 epithelial cells. It was the first study comparing pharmacological
P-glycoprotein inhibitors with nanoparticulates. We observed an attenuation of Rh123
release, and hence P-glycoprotein function by nanoparticles, which might further
increase the interest in nanoparticulate drug delivery systems. Collectively, the results
of this work uncover novel functional expression patterns of ABC and SLC drug

transporters in different respiratory in vitro models.
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“A fool ... is a man who never tried an experiment in his life."

Erasmus Darwin (1711-1802, English physician, grandfather of C. Darwin)
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CHAPTER 1

INTRODUCTION

Parts of this chapter have been published in:
Salomon JJ, Ehrhardt C (2012) Organic cation transporters in the blood-air barrier:

Expression and implications for pulmonary drug delivery. Ther Deliv 3(6):735-47



1.1 THE LUNG

The lung is a highly complex organ, whose furcated structure ensures efficient
oxygenation of the blood and simultaneous removal of carbon dioxide from the body.
The human pulmonary system can be divided into two regions: the conducting (or
proximal) airways, including bronchi and bronchioles, and the respiratory (or distal)
region with terminal bronchioles, alveoli and the alveolar capillary network (Weibel,
1997). The tree-like structure of the lung enormously increases the surface area,
permitting a fast diffusive gas exchange. The airways bifurcate about 16—17 times
before the alveoli are encountered (Patton et al., 2007). The alveolar-capillary barrier of
the lower lung is formed by a layer of pulmonary epithelial cells (140 m?) in contact
with the airspace, a thin basement membrane and sheets of microvascular endothelial
cells (130 m?) in contact with the blood (Weibel, 1997). The proximal part, on the other
hand, mainly serves as a filter, heater and humidifier of incoming air. In order to fulfil
the specific roles of the different lung regions, the respiratory epithelium is composed of
several distinct cell types. Generally, the epithelial surface cells become flatter, the
deeper they are located within the lung. Columnar ciliated epithelial cells form up to
50% of the airway epithelium which are important for the transport of mucus to the
throat. Furthermore, the large (bronchial) and small (bronchiolar) airways are composed
of basal cells, brush cells, Clara cells, goblet cells and pulmonary neuroendocrine cells.
Under physiological conditions, two epithelial cell types are present in the alveolar
region: the squamous type I (thickness of 0.1-0.2 um) cells which cover approximately
96% of the surface area and the cuboidal type II cells covering the remaining surface
area. Alveolar type II (ATII) cells are responsible for the biosynthesis and secretion of

surface active materials and immunoglobulins. Furthermore, they are considered to be



the progenitor cells of the alveolar epithelium due to their ability to differentiate into
alveolar type I-like cells (in vitro). Excellent reviews have been published on lung
anatomy and respiratory cell physiology by Knight e al., Mason et al. and Crystal et al.
(Knight et al., 2003; Mason et al., 1998; Crystal et al., 2008).

The epithelial surface of the lung is covered by a lining fluid and surfactant layer and in
addition, mucus in the upper parts, trapping inhaled particulate matter and preventing
alveolar collapse (Liao et al., 2003; Patton et al, 2004). This fluid is assumed to have a
thickness of only 5-10 um, progressively decreasing with the airway level (Patton et al.,
2004; Wiedmann et al., 2000). Given the fact that numerous epithelial cell types exist
throughout the different regions of the lung, a divergence in tight junctional architecture
of both bronchial and alveolar epithelial cells can be found (Godfrey et al., 1993). Tight
junctional complexes determine the cell polarity by dividing the cell membrane into

apical and basolateral domains.



1.2 PULMONARY DRUG DELIVERY

Pulmonary drug delivery has been extensively reviewed by Smyth and Hickey (Smyth
and Hickey (Ed): Controlled Pulmonary Drug Delivery, 2011) and Tronde et al.
(Tronde et al., 2008). Pulmonary drug therapy may be used in the treatment of local
conditions of the lung such as asthma, chronic obstructive pulmonary disease (COPD)
or cystic fibrosis. The lung, however, can also be used as a portal to deliver drugs to the
systemic circulation. The latter is particularly attractive due to the high surface area
available for absorption, avoidance of the liver first pass metabolism and a rapid onset
of action (Patton et al., 2010; Forbes and Ehrhardt, 2005; Ehrhardt and Kim (Ed): Drug
absorption studies. In situ, in vitro and in silico models. 2008). Inhaled medicines have
been used for the treatment of respiratory diseases for decades, either as liquid or dry
powder formulations. Intriguingly, the therapeutic targets have not changed
significantly, e.g., COPD and asthma are mainly treated using bronchodilators (,-
agonists and anticholinergics) and inhaled corticosteroids. While advanced inhaler
devices and novel formulations have been employed to improve and control pulmonary
deposition (Tayab et al., 2005) the fate of inhaled therapeutics is still poorly understood
(Patton and Byron, 2007; von Wichert and Seifart, 2005). In this regard, it is
particularly important to improve our knowledge base on molecular processes involved
in the disposition of inhaled drugs (Gumbleton et al., 2001).

Figure 1 summarises different clearance pathways following oral inhalation. After the
deposition of the aerosol particle, there are two main competing mechanisms
determining its fate: dissolution followed by absorption of the drug or removal of the
particle (Tayab et al., 2005). The removal mechanisms include mucociliary clearance in

the upper airways and phagocytosis by macrophages in the alveolar region. The role of



airway clearance in pulmonary drug disposition was recently reviewed by Edsbiacker et

al. (Edsbécker et al., 2008).
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Figure 1. Schematic illustration of the fate of an inhaled drug (modified from Tronde et al.,
2008).

Efficient drug deposition and distribution are the main challenges of inhalation therapy.
The inhaled drug, in most cases, will have to cross the lung epithelium in order to reach
its site of action. If a local effect is desired, absorption of these substances into the
systemic circulation is unwanted and will worsen adverse reactions (Tronde et al., 2008;
Schanker et al., 1986; Pilcer et al., 2010). Systemic delivery of drugs via the inhalation
route, on the other hand, is governed by pulmonary absorption and metabolism (Patton
and Byron, 2007).

The pharmacokinetic characterisation of pulmonary administered drugs comprises a

variety of in silico, in vitro, ex vivo and in vivo techniques. In silico methods include



computational models to estimate and predict drug absorption based on drug
physicochemical properties such as octanol/water partitioning coefficient. The cell
phenotype heterogeneity of the lung complicates the study of drug absorption ex vivo or
in vivo. Hence, numerous airway epithelial cell models have been established to study
absorption processes in vitro. They offer a number of advantages, e.g., low costs,
precise dosing, defined local drug concentration and surface area of exposure and the
ability to reduce the variability in cultures. More importantly, cell culture methods are
widely accepted as they offer a higher and quicker throughput possibility compared to
in vivo animal tests (Forbes and Ehrhardt, 2005).

On the other hand, isolated perfused lung models allow lung-specific investigations on
the permeability of barriers and interaction between different cell types ex vivo (Tronde
et al., 2008). The perfusate and lavage fluids can be easily sampled and drugs can be
directly administered to the airway lumen or the circulation. /n vivo animal studies are
accompanied by ethical issues and immense costs. Moreover, animal derived
pharmacokinetic data has to be analysed with caution as the lung anatomy and

physiology in humans show significant differences.



1.3 CELL-CULTURE MODELS OF THE PULMONARY MUCOSA

As outlined above, the respiratory epithelium is composed of a variety of different cell
phenotypes, thus choosing the appropriate model to study drug transport in vitro is quite
challenging. A number of different bronchial and alveolar epithelial cell cultures have
been characterised regarding their suitability to serve as models for drug absorption and
disposition (Ehrhardt et al., 2006; Elbert et al., 1999; Fiegel et al., 2003; Florea et al.,
2001; Foster et al., 1998; Grainger et al., 2006; Hamilton et al., 2000; Lin et al., 2007;
Zhu et al., 2010). The most commonly used human epithelial cell lines include
16HBE140- and Calu-3 (bronchial) and A549 (alveolar) cells (Forbes et al., 2003;
Ehrhardt et al., 2002; Bosquillon 2010) which were also the main cell culture models in
the current work (Figure 2).

16HBE140- is a human bronchial epithelial cell line generated by transformation of
normal bronchial epithelial cells obtained from a one-year-old male heart-lung patient.
Transformation was accomplished with SV40 large T antigen using the replication
defective pSVori plasmid (Cozens et al., 1994). 16HBE14o0- cells are non-serous, non-
ciliated and smaller in size than, for example Calu-3 cells. These cells form confluent,
polarised cell layers with functional tight junctional complexes exhibiting transepithelial
electrical resistance (TEER) values of approximately 700 Q-cm’ (Ehrhardt et al., 2002).
The Calu-3 epithelial cell line is derived from lung adenocarcinoma (Fogh and Trempe,
1975) and is known to exhibit serous cell properties. This cell line also forms tight
monolayers (Shen et al., 1994) and TEER values of 1000 Q-cm’ can be reached when
grown under liquid-covered conditions (LCC), whereas ~ 300-600 Q-cm’ are peak
values in the case of air-interfaced conditions (AIC) (Grainger et al., 2006). It is the fact

that A549 cells do not form electrically tight monolayers, due to their inability to



develop functional tight junctional complexes (Foster et al., 1998). Nevertheless, they
are probably the most frequently used alveolar epithelial cell model. A549 cells are
derived from human pulmonary adenocarcinoma exhibiting morphologic phenotypes of
human pulmonary alveolar type II cells in situ (Lieber et al., 1976).

A similar deficiency as for A549 cells has been reported for the immortalised bronchial
epithelial cell line, BEAS-2B (Eaton et al., 1996; Nakamura et al., 2010). Although
functional tight junctions are of paramount importance for trans-monolayer absorption
studies, cells without this feature might, nevertheless, be suitable for uptake or
metabolic studies. A cell line that thus far has received little attention in
biopharmaceutical research is H441. H441 cells were originally isolated from the
pericardial fluid of a patient with papillary adenocarcinoma of the lung. They possess
characteristics of both alveolar as well as of bronchiolar epithelial phenotype and can
grow to confluent monolayers under the right culture conditions (Vuong et al., 2002;
Hermanns et al., 2004).

In addition to continuously growing cell lines, primary cultures of human bronchial and
alveolar epithelial cells have been reported. Whilst it is generally accepted that primary
cultures most closely resemble the situation in situ, their use is linked to a number of
limitations, e.g., restricted availability of human donor tissue, relatively high costs and a
short life-time (Forbes and Ehrhardt, 2005; Kim et al., 2001). In the case of human
alveolar epithelial primary cell culture of isolated alveolar type II cells, monolayers with
TEER values >1000 Q-cm?* were generated (Elbert et al., 1999).

A number of review articles discuss respiratory cell-based in vifro models (Buckley et
al., 2011; Ehrhardt et al., 2005; Forbes and Ehrhardt, 2005; Forbes, 2000; Sakagami,

2006; Shen and Lee, 2002; Sporty et al., 2008).



Utilised in vitro models

Calu-3 (human cancer cell line)
16HBE140- (immortalised cell line)

a Bronchial epithelium
(pseudostratified ciliated columnar) a

b

rH441 (human cancer cell line) ]

b Bronchiolar epithelium c
(simple cuboidal)

hAEpC (human cells in primary culture)

OB A549 (human cancer cell line)
18 " 2l
c Alveolar epithelium

(simple squamous)

Figure 2. The lung epithelium with major cell types and major respiratory epithelial models
pertaining to each area. Leff panel: a The bronchial epithelium with ciliated cells, interspersed
with goblet cells and basal cells. b The bronchiolar epithelium with ciliated cells and Clara
cells. ¢ The alveolar epithelium comprised of the thin alveolar type I cell (I) and the cuboidal
type II cell (I1). Right panel: a Calu-3 and 16HBE140- are both bronchial epithelial cell lines. b
H441 cells are described to have characteristics of ATII and bronchiolar (Clara) epithelial cells.
¢ A549 cells are derived from pulmonary adenocarcinoma with alveolar type II characteristics.
Human alveolar epithelial primary cells (hAEpC) represent most closely the characteristics of
the alveolar epithelium in situ. All shown respiratory epithelial cell models have been used in

expression and functional activity studies (modified from Forbes, 2000; Wetsel et al., 2011).



1.4 DRUG TRANSPORT ACROSS THE LUNG EPITHELIAL BARRIER

Once arrived at the lung surface, the physicochemical properties of an inhaled drug
molecule govern its absorption. A freely water soluble drug can dissolve in the
epithelial lining fluid and be absorbed quickly, whereas for more hydrophobic
substances dissolution might become a rate limiting factor (Olsson et al., 2011).
Absorption across the lung epithelial barrier is considered to represent the limiting step
for inhaled drugs to reach their pharmacological target sites (Olsson et al., 2011).
Generally, the absorption of small lipophilic substrates is believed to occur mainly by
passive diffusion through the cell membrane; whilst small hydrophilic compounds are
absorbed by diffusion through tight junctional pores or by specific carriers such as

transporter proteins (see Figure 3) (Patton and Byrne, 2007; Tronde et al., 2008).

Airway epithelium

Basement membrane

Blood

Figure 3. Simplified schematic epithelial drug transport mechanisms between the airway lumen
and the blood side (processes of interest in this thesis). The lung epithelium plays a major role
in drug absorption processes. Nevertheless, the basement membrane and the endothelial layer
(not shown) are also contributing to pulmonary drug metabolism, clearance and absorption and
followed by systemic absorption. 1 Simple paracellular diffusion 2 Simple transcellular

diffusion 3 Carrier-mediated transport 4 Efflux process.

Evidence of carrier-mediated transport across the pulmonary epithelial barrier is,

however, relatively limited (Gumbleton et al., 2011; Bosquillon, 2010; Patton et al.,

10



2004). In one study, disodium cromoglycate was observed to be absorbed from the rat
lungs in part by a carrier-type transport process and in part by diffusion (Hemberger and
Schenker, 1979). Moreover, transepithelial transport of dipeptides across rat alveolar
epithelial cell monolayers and rabbit tracheal epithelial cells was reported in 1993

(Morimoto et al., 1993) and 1998 (Yamashita et al., 1998), respectively.

To date, more than 400 membrane transporters belonging to two major super families,
ATP-binding cassette (ABC) transporters and solute carriers (SLC) have been
identified. ABC transporters are generally known as efflux transporters, while SLC
transporters mediate uptake of substrates, although most are capable of bidirectional
transport. ABC transporters are a family of transmembrane proteins that are mostly
responsible for pumping a wide variety of substrates from the intracellular to the
extracellular compartment in an energy-dependent manner. There are 49 4 BC-related
functional genes in the human genome, e.g., the genes encoding the P-glycoprotein
(ABCB) family, such as multidrug resistance protein 1 (MDR1) and the bile salt export
pump (BSEP) and the multidrug resistance—associated (MRP, 4ABCC) protein family
(van der Deen et al., 2005, Ho and Kim, 2005). The uptake of drugs into cells is mainly
accomplished by SLC transporters. Within the 51 subgroups there are members of the
organic anion transporting polypeptide (OATP, SLCO) family, organic cation
transporter (OCT, SLC22A4) family, organic cation/carnitine transporter (OCTN,

SLC224) family and multidrug and toxin extrusion (MATE, SLC474) family.

The importance of genetic and molecular identification of drug transporters and their

substrates has been increasingly recognised. The functional characterisation of drug

transporters provides important information that allows improvement of drug delivery
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and drug design. Although transporters have been characterised and localised in several
tissues, most attention was paid to intestine, liver, kidneys and blood-brain-barrier,
focussing on the interaction of drugs and their metabolites with transporters present in

the epithelium and endothelium, respectively (Figure 4) (International Consortium,

a Intestinal epithelia b Hepatocytes 1) oaTpiBl OATP2BI
OCTI | OAT7 | OATPIB3
Blood Intestine
OATP
ocn PEPTI MRP3
OST
ASBT MRP4 -os?;;
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~OSTh i
MRP2
MRP3 BCRP
P-gp
¢ Kidney proximal tubules d Blood-brain barrier
Urine Brain Basolateral
OAT4 :
OATPAC URATI
ocn PEPTI, PEPT2

MRP2, MRP4
MATE], MATE2-K

OATI

OAT2 Apical/luminal
P-gp

OAT3
OCTNI, OCTN2 OATP281

Nature Reviews | Drug Discovery

Figure 4. ABC and SLC-transporters in membranes of intestinal epithelia, hepatocytes, kidney
proximal tubules and brain capillary endothelial cells are shown. The expression of transporters
in several compartments is a key role for drug disposition (International Transporter

Consortium, 2010).

The following chapters will focus on the functional expression of drug transporter
protein at the air-blood barrier with emphasis on investigations on organic cation/

carnitine transporters (SLC2241-5).
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1.4.1 P-GLYCOPROTEIN

P-glycoprotein/MDR1 (P-gp) is a 170 kDa membrane glycoprotein, encoded by the
ABCBI gene. It plays an important role as an efflux pump in drug disposition,
particularly in cancer chemotherapy (Baguley, 2010). P-gp is also expressed in many
tissues under physiological conditions, indicating its major role in cellular transport of a
variety of endogenous substrates and therapeutic agents (Baguley, 2010). Presently,
over 100 compounds have been identified to be P-gp substrates, of which the majority
are basic lipophilic amines freely permeating the plasma membrane (van der Deen et al.,
2005). The lung is thought to accumulate lipophilic amines and the similarity in
substrate specificity of the efflux pump strongly suggests that P-gp mediated eftlux
plays an important role in pulmonary accumulation (Bosquillon, 2010). Functionally
expressed P-gp within the alveolar epithelium may limit transport of therapeutic
molecules and hence, the systemic absorption of inhaled products. It may also be able to
extrude inhaled xenobiotics from the alveolar epithelium back into the alveolar airspace
away from the systemic circulation, to increase the residence time of drugs if a local
effect is desired (Campbell et al., 2003).

The presence of P-gp/MDRI1 has been reported in the conducting airways of the lung
(Lechapt-Zalcman et al., 1997) and in the alveolar epithelium (Campbell et al., 2003) in
situ. P-gp has also been detected in human respiratory epithelial cells in vitro, in
bronchial epithelial Calu-3 and 16HBE140- cells (Hamilton et al., 2001; Florea et al.,
2001, Ehrhardt et al., 2003). Moreover, this efflux transporter is functionally expressed
in freshly isolated human alveolar epithelial cells in primary culture (hAEpC) and in the

continuously grown A549 cell line (Endter et al., 2007; Salomon and Ehrhardt, 2009).
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1.4.2 TRANSPORTERS FOR ORGANIC ANIONS (OATPs)

OATPs are encoded by genes of the SLCO super family. OATPs are expressed in
multiple organs such as the blood-brain-barrier, choroid plexus, intestine, testis, spleen,
placenta, lung, kidney, heart and liver (Hagenbuch et al., 2004). The tissue distribution
and expression of OATPs has been recently reviewed (Roth et al., 2012). OATPs can be
divided into six families (OATP1-6) based on their amino acid homology. To date, only
a few members, e.g., OATP1A2, OATP1B1, OATP1B3 and OATP2B1 are well
characterised and have shown to play an important role in drug disposition (Shitara et
al., 2006). OATP1A2 and OATP2B1 are widely distributed in the body, at high levels
in the brain, liver, kidney and testis (Kullak-Ublick et al., 2001). OATP1B1 and
OATP1B3 are predominantly expressed in the liver and at lower levels in the brain and
testis (Hagenbuch and Meier, 2004). They are able to translocate a variety of
endogenous and exogenous compounds. The endogenous compounds include bile acids,
thyroid hormones 3,5,3'-triiodo-L-thyronine (T3), thyroxin (T4), prostanoids (PGE,,
PGE, and LTE4) and conjugated steroids (estradiol-17B-glucuronide and estrone-3-
sulphate). OATP-mediated transport is thought to be ATP- and sodium-independent,
and several studies suggest electro neutrality (Roth et al., 2012). OATP2B1, OATP2A1,
OATP3A1, OATP4A1l and OATP4C1 mRNA expression in the lung was reported by
Bleasby et al. and Tamai et al. (Bleasby et al., 2006; Tamai et al., 2000). Whilst initial
data is emerging (Seki et al., 2009), information on the functional activity and substrate
specificity of OATPs in the lung is lacking. Isomeri<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>