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7.1 INTRODUCTION

High-throughput screening of pharmaceutical lead compounds can reduce the time,
resources, and cost of identifying the most promising drug candidates at an early stage
of the drug development process. Provided that a cell culture model can adequately
predict permeability, biotranstormation, or toxicity in a cost-effective manner, the use
of such models can reduce the number of animal experiments that might have been
required to narrow down a list of new compounds having the most preclinical promise.
The elucidation of specific molecular mechanisms taking place at the cellular level
represents another advantage of cell culture models [1].

This chapter will provide an overview of cell culture models that may be used
to predict drug transport across relevant biological barriers. General considerations
regarding the utility of such a model are discussed, followed by a brief description
of physiological cell barrier properties and cell culture models that have been
utilized or proposed to understand mechanisms of drug transport in the intestinal
epithelium, the blood-brain barrier (BBB), nasal and pulmonary epithelium,
ocular epithelial and endothelial barriers, the placenta, and renal epithelium.
Examples of new developments regarding three-dimensional (3D) models are
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also presented. Nevertheless, this i1s not a comprehensive overview of all possible
cell culture models applicable to drug transport. Readers are referred to other

sources for information on cell culture models of the skin and liver, for example
see Refs. 2-6.

7.2 GENERAL CONSIDERATIONS

Cell culture models generally fall into one of two categories: primary cells and
immortalized cell lines. Primary cultures are isolated from human or animal tissues,
and cells of interest can be disaggregated by enzymatic or mechanical techniques
(see Fig. 7.1) [7-9]. Cells capable of proliferation can be removed and redistributed
onto new cell growth surfaces as a subculture. Additional subculturing (passaging) of
cells can give rise to a cell line. Most primary cell cultures are not stable after a
certain number of passages, and some will not proliferate at all. Senescence of the
cell line can be caused by shortening of telomeres on the chromosomes. Upon
reaching a critical telomere length, the cells will not continue to divide. Accordingly,
transfection of the telomerase gene hTRT may be one means to produce an immor-
talized cell line [9]. Although immortalized cell lines can be generated by chemical
or viral methods, some (often malignant) cells are spontaneously continuous [10].
Although immortalized cell lines are generally easier to work with, primary cells
have certain advantages. In comparison to immortalized cell lines derived from
malignant cells, primary cultured cells may be more representative of normal cell
behavior in vivo. A major disadvantage of primary cell culture is the need for repeated
isolation procedures due to the fact that most primary cells cannot be continuously
subcultured to a substantial cell passage number. Differences 1n isolation conditions
or heterogeneous tissue sources can lead to large variability in results obtained using
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FIGURE 7.1 General methods for establishing primary explant tissue cultures or primary
cell culture models isolated from human or animal tissues.
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FIGURE 7.2 Inserts with semipermeable membranes can be used to study directional drug
transport across cell monolayers. Samples can be taken from both the apical and basolateral
sides of the cells.

primary cells. Although immortalized cell lines are more convenient to maintain, the
abnormal nature of cell lines derived from malignant sources may limit the extrapo-
lation of some data to normal cell populations. For example, certain immortalized
cell lines may not express all relevant transporters [11]. Although the homogeneous
nature of an immortalized cell line may lead to a smaller degree of variability in one’s
experimental results, it is important to note that from a pharmacogenetic standpoint,
an immortalized cell line represents n=1 individual and, therefore, cannot reflect the
genetic variability of a population as well as might be achieved by isolating multiple
sets of primary cells [12].

A number of criteria should be taken into account when selecting an appropriate
model. For example, in addition to the aforementioned general advantages and disad-
vantages of primary versus immortalized cell lines, one should consider the passage
number of the cell line and any associated limits on cell line stability, the suitability of
the cell model to reflect in vivo barrier properties, reproducibility, the ease with which
transport studies can be conducted, and the expression of relevant transporter proteins
[1, 13]. A number of experimental set-ups permitting the feasibility of drug perme-
ability studies across a cell monolayer have been described previously [1, 14, 15]. One
example is the Transwell® insert, depicted in Figure 7.2. A comprehensive discussion
of considerations for the selection of an appropriate experimental transport system—
namely, cell type, matrix, filter support, medium or buffer composition, stirring, solute
properties, and assay conditions—is provided by Ho et al. [16].

7.3 INTESTINAL EPITHELIUM

7.3.1 The Intestinal Epithelial Barrier

Assessing the absorption and bioavailability of orally administered drugs is an
important step in drug development. By using cell culture models to understand the
oral bioavailability of drugs, costs are significantly reduced and, as a result, drugs



134 CELL CULTURE MODELS FOR DRUG TRANSPORT STUDIES

Passive Paracellular
diffusion transport

> = A |
Active ‘O A

transport Efflux Endocytosis Metabolism

FIGURE 7.3 General mechanisms of drug transport across a cellular barrier. It should be
noted that active, facilitative, and efflux transporter proteins may be present in both apical and
basolateral membranes. Metabolizing enzymes within cells may in effect limit the transport of
drugs by means of biotransformation to metabolites with altered or no pharmacological activity.

can be screened at an earlier stage of development. The reason that a cell culture
model 1s a valid way to assess drug permeability 1s because the intestinal epithelium
1s the limiting barrier for the permeation and absorption of drugs [17].

The intestinal mucosa comprises a monolayer of many different cell types. These
cells include enterocytes, goblet cells, lymphocytes, M cells, and crypt cells; each
cell type has a unique function. Of these cells, enterocytes are the most numerous and
form the basis of most cell culture models [18]. Enterocytes are coated with micro-
villi on the apical surface, which allows for greater surface area and, thus, a higher
ability to interact with the luminal contents of the bowel.

The determinants of absorption of drugs through the intestinal epithelium are the
permeability of the drug, solubility, and stability. The apparent permeability (P))
quantifies the rate at which molecules can cross the epithelium [19]. (Readers are
referred to previous examples in the literature that demonstrate the calculation of
permeability from drug transport experiments [12, 15].) There are many mechanisms
by which drugs can permeate through the intestinal epithelium (see Fig. 7.3). The
paracellular pathway involves passage through tight junctions that exist between
cells, namely, occludins and claudins [20]. Molecules can also cross transcellularly
by passive diffusion through the lipid membrane. This pathway of absorption is
characteristic of lipophilic molecules [21]. The transcellular pathway includes active
and facilitated transport, both of which use specific proteins in the cell membranes to
allow passage of molecules into and through the cell. A number of influx and efflux
transporters (e.g., P-glycoprotein) exist in the membrane that also regulate the
passage of certain substrates.

7.3.2 Intestinal Epithelial Cell Culture Models

To date, a number of in vitro models of the intestinal epithelium have been investi-
gated, all of which may possess different characteristics and, thus, have different
potential applications in the study of drug transport. A number of reviews have been
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published comparing the usefulness of these models in ranking the order of drug
permeability as well as correlations to the in vivo situation.

Primary cell culture techniques for the intestinal epithelium have been developed.
However, these models typically cannot form monolayers and are not polarized.
Immortalized cell lines have the advantage of forming monolayers and expressing a
phenotype similar to the mature intestinal epithelium. The most widely used model
1s the Caco-2 cell line. This cell line originated from adenocarcinoma of the colon,
but it resembles the small intestine in terms of transporter expression. Once this cell
line reaches confluence in culture, it spontaneously changes the phenotype to mature
epithelium [17]. The expression of transporters in this model 1s actually less than
found in vivo [19]. Because of these factors, its usefulness is limited to studying the
transport of drugs that display high passive transport across the epithelium [20]. The
intercellular pore size of Caco-2 cells 1s 4.5A., which is smaller than the normal
intestinal pore size of 8~13 A [22]. Depending on the mechanism of transport, it can
be usetul for specific transport studies [19]. Many transporters present in the intestinal
epithelium are expressed by Caco-2 cells, including MDR1 (P-glycoprotein) and
ABCG?2 (breast cancer-resistant protein, BCRP). Several metabolic enzymes are also
expressed, including CYPIA. CYP3A4 can also be induced in this cell line by
administration of vitamin D3 [22]. A disadvantage of this cell line, however, 1s that it
1s heterogeneous. It also lacks many characteristics of the in vivo intestinal epithe-

lium. To that end, other models involving the Caco-2 system have been developed.
For instance, there exists a subclone called TC7, which 1s useful in that it expresses
many brush border enzymes [17].

Other cell lines that can mimic the intestinal epithelium are the Madin-Darby
canine kidney epithelial cell line (MDCK) and the 2/4/A1 cell line. MDCK cells are
derived from the renal epithelium of dogs and are useful for studying membrane per-
meability. It 1s similar to Caco-2 1n its predictive power of the behavior of drugs
in vivo. The 2/4/A1 cell line, however, 1s derived from the rat small intestine. It has a
better predictive capability than the Caco-2 cell line, even though it lacks several
transporters. It 1s useful for soluble compounds and demonstrates passive diffusion
characteristics similar to intestinal epithelium in vivo [19].

Coculture models, which demonstrate more features of the heterogeneous cell
population of the intestinal epithelium, can provide more insight into drug behavior in
the intestine. Examples of this include the Caco-2/HT29 model, which produces mucus,
and the Caco-2/Raji-B coculture model, which 1s meant to mimic follicle-associated
epithelium. A triple culture of Caco-2/HT29/Raji-B cells has also been developed [17].

74 THE BLOOD-BRAIN BARRIER

7.4.1 The Blood-Brain Endothelial Barrier

The blood-brain barrier (BBB) is composed of the brain microvascular endothelial
cells (BMECS) and 1s a part of the neurovascular unit. Perivascular cells (pericytes
and astrocytes) contribute to the basement membrane, surrounding the capillaries
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and containing structural proteins, collagens, and specialized proteins [23-25]. This
barrier functions as an interface between the brain parenchyma and the systemic
circulation. The BBB is largely impermeable to the transfer of most compounds; for
example, clinical trials have shown that 98% of drugs intended to treat cancers in the
central nervous system had inadequate BBB permeability [26-28].

Several features of the brain endothelium contribute to its functional barrier and
limit the permeability of many drugs. These include tight interendothelial junctions,
which limits paracellular permeability; few pinocytic vesicles and a low level of
endocytosis and transcytosis; an enzymatic barrier, which includes acetylcholines-
terase, alkaline phosphatase, y-glutamyl transpeptidase, monoamine oxidases, and
drug metabolizing enzymes; and efflux transporters [29]. The tight junctions are
characterized with high transendothelial electrical resistance values in the range of
1500-2000Q cm?, and selective transporter proteins within the BBB include efflux
proteins such as P-glycoprotein (ABCB1, MDR1), BCRP (ABCG2), multidrug
resistance associated proteins (MRPs, ABCC1-6), and organic anion transporters

(OATS), but carrier-mediated solute carriers and endocytosis mechanisms are also
present [26, 27, 29-31].

7.4.2 BBB Cell Culture Models

Since there 1s a large market for central nervous system drugs to treat or prevent a

number of disorders (e.g., epilepsy, multiple sclerosis, Alzheimer’s disease, inflammation,
edema, hypoxia, ischemia, glaucoma, Parkinson’s disease, depression, and HIV), several
BBB models—ranging from in silico to in vivo—have been developed to predict the
pharmacodynamic and pharmacokinetic behavior of many different classes of drugs
[25, 26, 32—-37]. Primary cell culture models of the BBB are based on the 1solation of
BMECs from various species. Bovine BMECs (BBMECs) and porcine BMECs
(PBMECSs) are most commonly used [38]. Primary cells can also be cocultured with
astroglial cells, neurons, pericytes, and/or astrocytes in order to approximate in vivo con-
ditions more closely [39—42]. Additional modifications to mimic in vivo conditions
include the use of a plate viscometer or a cone-plate apparatus to build a dynamic model,
and materials such as collagen, hydrogels, extracellular matrix proteins, or polypropylene
can be used to create a three-dimensional (3D) scaffold or a hollow organ-like structure
to improve in vitro modeling of the BBB. Contact coculture and 3D dynamic models
closely mimic the in vivo BBB, and high transendothelial electrical resistance values
have been obtained with such models (up to 1650Qcm?) [25, 29, 31, 40, 41, 43].
Several immortalized cell line models of the BBB have been developed, including
cell lines of human origin (HMEC-1, hCMEC/D3, and TY08), rat origin (RBE4,
GP8, GPNT, and TR-BBB), and murine origin (bEnd.3-5 and TM-BBB) [25, 29, 31,
40, 42, 44, 45]. Readers are referred to recently published examples of culturing
protocols for the hCMEC/D3 and bEnd.5 cell lines [23]. As was the case for primary
cell culture models, the addition of astrocytes, pericytes, neurons, and glial cells can
improve barrier function (increases in transendothelial electrical resistance values,
expression of transporters, induction of relevant enzymes, and decreases in passive
and paracellular permeability) [29-31, 39-41, 45, 46]. For example, coculture of
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hCMEC/D3 cells with astrocytes resulted 1n significant increases in transendothelial
electrical resistance values. However, exposing the cells to flow-based shear stress
resulted in the most substantial increases in transendothelial electrical resistance,
with values exceeding 1000 QQcm? [31]. The development of human pluripotent stem
cell-derived BMECs has been described recently, which may be useful in future drug
screening applications [40].

7.5 NASAL AND PULMONARY EPITHELIUM

7.5.1 The Respiratory Airway Epithelial Barrier

The pulmonary system 1s the site of gas exchange between the blood and air. It can
be categorized into the upper respiratory tract (including the nasal cavity, pharynx,
and larynx) and the lower respiratory tract (including the trachea, primary bronchi,
bronchioles, and the alveolar region) [47]. The airway diameter decreases progres-
sively along its length until it ends with the alveolar sacs, the distal, functional
respiratory units where gas exchange occurs. Healthy human lungs contain between
300 and 500 million alveoli [48].

The entire respiratory system 1s lined by a continuous layer of epithelial cells

(see Fig. 7.4). This epithelial layer plays a number of vital roles: (1) it forms a
physical protective barrier, (i1) it facilitates mucociliary clearance, (ii1) it secretes
protective substances including antimicrobial agents, (1v) it helps regenerate and
repair other pulmonary components, and (v) it plays a role in inflammatory and
immune responses [47, 50]. The epithelial cell type changes along the respiratory
system to accommodate specific functions, which are morphologically and functionally
unique to each region.

The epithelium of the upper respiratory tract 1s composed of stratified squamous
cells, and the nasal cavity 1s composed of transitional nonciliated epithelial cells.
This region has traditionally been considered of low interest for drug delivery because
of the small surface area and low vascularity. Within the nasal cavity, however, is the
olfactory epithelium, located on the upper part of the nasal cavity, which represents
approximately 8% of the total nasal surface area [51]. It 1s composed of pseudostrati-
fied ciliated cells, supporting cells, basal cells, Bowman’s glands, and olfactory
sensory neurons. These olfactory neurons are unique in that they are directly in
contact with the nasal cavity environment, and their axons are in contact with the
olfactory bulb in the brain. Therefore, the delivery of drugs to the brain 1s possible by
means of intranasal administration [52].

The respiratory epithelium of the pharynx and the larynx consists of ciliated and
nonciliated columnar cells, goblet cells, and basal cells. Most of the luminal surfaces
of the nasal mucosa are covered with mucus, produced by goblet cells within the sur-
face of the epithelium. This mucus plays an important role in filtering particles from
the inhaled air. It also contains several isoforms of cytochrome P-450 enzymes,
which are responsible for metabolizing many drugs. The mucus is constantly cleared
toward the nasopharynx by the beating cilia (mucociliary clearance), and then cleared
through the digestive tract via the esophagus [53].



138 CELL CULTURE MODELS FOR DRUG TRANSPORT STUDIES

Nasal olfactory region

uor3ar Arojeadsar pesenN

S
&,
-
Ld
auoz 3unonpuo))
SNYIUOIQ EAYIRI ],

4
sn[oIyouoIg

18

auoz L1ojendsay
SNJOAA]Y

17

FIGURE 7.4 Cell types lining the respiratory system. Key: (1) ciliated columnar cells,
(2) non-ciliated columnar cells, (3) basal cells, (4) goblet cells, (5) mucus, (6) basement
membrane, (7) blood vessels, (8) lamina propria, (9) fibro-cartilaginous layer, (10) bone,
(11) gland, (12) smooth muscle cells, (13) cartilage, (14) ciliated cuboidal cells, (15) Clara
cells, (16) type I alveolar cells, (17) type II alveolar cells, (18) surfactant, (19) olfactory bulb,
(20) cribriform plate, (21) receptor cell, (22) receptor cell cilia, (23) Bowman’s gland,
(24) supporting cell. Adapted from Klein et al. [49], pp. 1516-1534. (See insert for color

representation of the figure.)

The epithelium in the lower respiratory tract consists of columnar and
pseudostratified cells, secretory goblet cells, basal cells, and ciliated cells for
mucociliary clearance. In the bronchioles, the epithelium consists of cuboidal cells
with short cilia and secretory Clara cells. The distal respiratory tract consists
mainly of the alveolar epithelium that 1s composed of type I and type II alveolar
cells. Type II alveolar cells produce surfactant and serve as progenitors for type |
alveolar cells [50, 51, 53].

7.5.2 The Nasal Epithelial Barrier and Cell Culture Models

Intranasal drug delivery i1s noninvasive, results in rapid onset of action, and avoids
first-pass metabolism [54]. Several in vivo animal models have been evaluated for
intranasal delivery; however, these models have failed to correlate well with results
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in humans. Therefore, human nasal in vitro models have been established as a substitute
for such animal models [55].

Primary culture of human nasal epithelial cells provides a promising tool for
studying drug transport, metabolism, toxicology, and electrophysiology. These
cultures form confluent monolayers in 68 days, with differentiated goblet and
ciliated cells. The primary human nasal cell can be obtained by several methods.
Nevertheless, these methods are limited by intensive labor, limited passage number,
heterogeneity, risk of pathogenic contamination, and donor variability. Several
factors affect primary nasal epithelial cell culture. For example, prolonged cul-
turing can lead to loss of cilia and supplementary extracellular matrix can affect
cell differentiation [56-62].

Some of the limitations of primary culture may be overcome by the use of cell
lines. The most common cell line of human origin 1s RPMI 2650, derived from
human nasal anaplastic squamous cell carcinoma of the nasal septum [56, 57].
Nonhuman nasal cell lines include bovine turbinate cells and NAS 2BL (derived
from rat nasal squamous carcinoma). Although RPMI 2650 cells may be useful for
metabolism studies, they do not form monolayers spontaneously, and they lack
goblet and ciliated cells, which makes them unsuitable for drug permeation studies.
Nevertheless, it has been reported that the use of RPMI 2650 cells under air-liquid
interface culture conditions can promote the formation of a monolayer with sufficient
transepithelial electrical resistance (TEER) to perform drug permeation studies
[63, 64]. A 3D reconstructed nasal mucosa was recently developed, which also shows
promise for drug transport studies [65, 66]. Although Calu-3 cells are not of nasal
origin, but are derived from human lung adenocarcinoma, these cells have also been
investigated as a screening tool for nasal drug delivery. At an air-liquid interface,
Calu-3 cells form a polarized monolayer with suitable TEER values and a uniform
mucus layer [61, 64, 67-70]. Additional studies are needed to correlate in vitro and
in vivo results to promote the use of such in vitro models in high throughput drug
candidate screening.

7.5.3 The Airway Epithelial Barrier and Cell Culture Models

A variety of epithelial cell line models have been developed to specifically study
basic cellular pathways, toxicology, and drug transport within the airways. A number
of protocols have been developed for culturing primary human airway cells in vitro
[49, 71, 72]. Primary human cells can be cultured from normal or disease-derived
cells. In fact, comparing cultures derived from normal versus diseased cells provides
a methodology for probing the underlying pathways that contribute to disease.
Primary bronchial epithelial cell monolayers derived from asthmatic donors have
been shown to retain their phenotype even after several passages [73]. To better
replicate the in vivo airway epithelium, complex in vitro models have been established,
which include coculture techniques and 3D mucus-secreting spheroids of primary
bronchial epithelial cells [74-76]. Precultured cell systems are commercially
available, such as EpiAirway™ and MucilAir™. The EpiAirway model 1s prefilled
with primary cells of human tracheal or bronchial epithelium, and the MucilAir
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model contains primary cells of the human respiratory tract. In both models, the cells
are well differentiated, form beating cilia, secrete mucus, and form tight junctions. In
addition, they have a long life span and are suitable for uptake and transport studies
[17, 48, 49].

Three immortalized cell lines most widely used for investigations of the airway
epithelium include Calu-3, 1l6HBE140-, and BEAS-2B cells [77]. The Calu-3 adeno-
carcinoma cell line generates a confluent monolayer with tight junctions and mucus
production. Transport studies can be performed after 6-8 days in submerged culture
and after 10—14 days in air—interface culture. Il6HBE140- 1s an immortalized epithe-
lial cell line derived from healthy human bronchial epithelium. The cells form tight
junctions, retain differentiated epithelia with apical microvilli, and have no mucus
secretion. The 16HBE140- cell line has been used to study oxidative stress and
inflammation, and transport studies can be performed after 6-9 days in submerged
culture or after 6—7 days using air—interface culture. Both Calu-3 and 16HBE140- cells
express P-glycoprotein. Like I6HBE140- cells, BEAS-2B cells are viral transformed
human bronchial epithelial cells. However, BEAS-2B cells do not form tight junctions
[49, 78-80].

7.5.4 The Alveolar Epithelial Barrier and Cell Culture Models

There are two types of alveolar epithelial cells: type I and type II. Type I alveolar
epithelial cells are squamous cells which form the air-blood barrier. These cells
cover 95% of the alveolar surface. Type II alveolar epithelial cells are cuboidal,
produce surfactant and proinflammatory mediators, and are the progenitors of type I
alveolar cells. A population of alveolar macrophages is also found 1in the interstitial
spaces; these macrophages clear pathogens and debris deposited in the air spaces
[47, 48, 81, 82].

Primary human alveolar epithelial cells (hAEpC) are derived from type II alveolar
cells 1solated from human lung biopsies. After 8—9 days in culture, tight junctions are
formed and most of the cells are flattened, displaying a type I alveolar cell-like phe-
notype. To more closely resemble the air—blood barrier, cocultures of hAEpC cells
with macrophages, dendritic cells, and/or primary human pulmonary microvascular
endothelial cells are possible [83—88]. An innovative alveolar “lung-on-a-chip”
model has been described, which provides structural, functional, and mechanical
properties of the human alveolar—capillary interface (see Fig. 7.5). The alveolar cells
are separated from the endothelial cells by a flexible membrane coated with fibro-
nectin. Nutrients are supplied through microfluidic flow of medium and immune
cells, and the flexible membrane allows for the cyclical stretching of alveolar tissue
during respiration [87, 88].

The A549 alveolar epithelial cell line derived from a human adenocarcinoma
exhibits properties consistent with type II alveolar cells, such as the presence of
lamellar bodies and surfactant proteins [89]. However, A549 cells do not differentiate
to a type I alveolar cell-like phenotype, and they do not form tight junctions, which
limits the use of this cell line for transport studies [90]. NCI-H441 cells are of human
distal lung epithelial origin and are more suitable for transport studies. NCI-H441
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Side chambers

FIGURE 7.5 [In vitro model of the alveolar—capillary barrier. Cells representing the airway
epithelium and pulmonary endothelium are grown on opposite sides of a flexible membrane.
Vacuum is applied to the side chambers to mimic physiological breathing, causing mechanical
stretching of the flexible membrane. Huh et al. [87], pp. 1662—1668. Reprinted with permis-
sion of the AAAS.

cells are derived from human lung papillary adenocarcinoma and in some aspects are
representative of the bronchiolar pulmonary epithelium and type II alveolar epithe-
lial cells. In culture, this cell line forms confluent monolayers with tight junctions,
with peak TEER values around 1000 Qcm®. Drug transporter activity and expression
1s similar to that seen in primary alveolar epithelial cells, including the presence of
P-glycoprotein and a number of organic cation transporters [89].

7.6 THE OCULAR EPITHELIAL AND ENDOTHELIAL BARRIERS

7.6.1 The Corneal and Retinal Barriers

The cornea and the conjunctiva are the two major components of the anterior barrier
of the eye. The cornea is a clear, avascular layer of epithelial cells that 1s only 520 um
thick. This layer includes superficial cells, wing cells, basal cells, Bowman’s layer,
stroma, Descemet’s membrane, and endothelium. The tight junctions of the corneal
epithelium prevent the paracellular passage of hydrophilic molecules, but passive
diffusion is possible for lipophilic compounds. The pores in the intercellular spaces
are negatively charged at physiological pH due to the carboxylic groups on the tight
junction proteins. The conjunctival layer comprises mucus-producing epithelial
cells. It acts as a protective surface that maintains the tear film by production of
mucus glycoproteins. The conjunctiva is more permeable to hydrophilic compounds
and macromolecules than the cornea. Nevertheless, drug delivery across the conjunc-
tiva 1s considered nonproductive absorption because most of the drug is lost to the
blood rather than reaching a site of action within the aqueous humor [91-94].
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The blood-retinal barrier (BRB) consists of outer and inner layers. The retinal
pigment epithelial cells form the outer layer, and the retinal vascular endothelial cells
form the inner layer. The BRB resembles the BBB in that it limits the transport of
molecules between the neural retina and the systemic circulation. Pericytes are
important in regulating the permeability of the BRB, and the absence of pericytes can
cause vascular leakage. The inner BRB is essential for intact vision and is involved
in the transport of nutrients to the retina and the excretion of waste products. Occludin,
claudin, and junctional adhesion molecules maintain tight junctions between the ret-
inal vascular endothelial cells. The polarized retinal pigment epithelium separates the
neural retina from the choroid and also has tight junctions [95-98].

7.6.2 Cell Culture Models of Ocular Epithelium and Endothelium

Primary cell culture models of the corneal epithelium derived from rabbits have been
described for use in permeability studies [95]. Primary human corneal epithelial cells
(HCEpiC) have been utilized to characterize the expression of monocarboxylate and
efflux transporters [99, 100]. Immortalized cell models of the human corneal
epithelium that have been utilized for studying transport include HCE cells, tet
HPV16-E6/E7 transduced HCE cells, and HCLE cells [95, 101]. Primary models of
the conjunctival epithelium include cells isolated from rabbits, which have shown
TEER values similar to that of excised rabbit conjunctiva [95]. An immortalized

human conjunctival epithelial cell line (HCJE) has been used to investigate drug
transporter expression [101].

Primary cell culture models of the retinal pigment epithelium include cells 1solated
from both human and animal sources, but to avoid the challenges associated with
interspecies data extrapolation, the use of human primary cells is preferred. The
human immortalized ARPE-19 cell line has been used extensively to characterize
drug transport across the retinal pigment epithelium [95]. A primary bovine cell
model of the retinal capillary endothelium can be difficult to grow as a tight mono-
layer. Human primary retinal endothelial cells (hREC) can also be i1solated and have
been utilized in permeability studies to assess monolayer integrity [102]. An immor-
talized cell line of the retinal capillary endothelium (TR-1BRB) was derived from a
transgenic rat, but the cells do not form a tight barrier [95]. A telomerase-immortalized
cell line (HREC-hTERT) has been derived from human primary cells and may serve
as an appropriate model of the human BRB [103].

7.7 THE PLACENTAL BARRIER

7.7.1 The Syncytiotrophoblast Barrier

The placenta 1s the interface between the mother and the fetus during pregnancy. It
serves many functions, such as gas and nutrient exchange, waste elimination, and the
metabolism of some drugs. For instance, the oxygen diffusing capacity of the placenta
influences gas exchange between the fetal and maternal circulations. The human
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syncytiotrophoblast cell layer is replenished by precursor cytotrophoblast cells and
has the dual functionality of a transport barrier and a hormone producer [104, 105].
It 1s the rate-limiting barrier for exchange between the fetal and the maternal circula-
tions, and it 1s responsible for the regulation of the transport of toxins, xenobiotics,
waste products, and nutrients [ 106]. The mechanism of transport across the placenta
varies depending on the size of the molecule. In general, many molecules having
molecular weights less than 1000 Da can freely cross the placental barrier by passive
diffusion. Other transplacental transport processes exist, namely, facilitated diffusion
(not requiring metabolic energy) and active transport (requiring metabolic energy)
[107]. Syncytiotrophoblast cells are polarized, with basolateral (facing the fetus) and
apical (facing the mother) plasma membranes. The polarity of the syncytiotropho-
blast layer has an important role in regulating the movement of nutrients and waste
products between the maternal and fetal circulations [105, 106]. Transporters in the
maternal side include P-glycoprotein (MDR1), BCRP, MRP2, OCTN2, SERT, and
NET, while transporters expressed on the fetal side include MRP1, MRP3, MRPS5,
OATP-B, OAT4, OCT3, and MDR3 [108].

7.7.2 Trophoblast Cell Culture Models

In vitro models to elucidate drug transport and uptake in placental trophoblast cells
include isolated tissue explants, primary cells, and immortalized cell lines. The use

of placental tissue explants, membrane vesicles, and primary cytotrophoblast cells
can provide information regarding placental drug uptake, but these systems do not
form confluent monolayers sufficient to carry out transport studies [14, 109].
Immortalized trophoblast cell culture models include JEG-3 cells, JAr cells, and
BeWo cells. JEG-3 and JAr cells secrete placental hormones can syncytialize in
culture and can be used for drug uptake studies. However, they are generally consid-
ered unsuitable for polarized transport experiments [110]. It should be noted that two
clones of the BeWo cell line (b24 and b30) form confluent monolayers amenable to
drug transport studies, but the original BeWo cell line available through the American
Type Culture Collection does not have this same monolayer-forming ability [12, 14].
BeWo b30 cells have been utilized in a number of drug transport and metabolism
studies [111, 112]. In fact, recent comparisons have demonstrated very good correla-
tion between in vitro permeability data from BeWo b30 cell transport experiments
and measurements of drug transfer across ex vivo dually perfused human placental

lobules [12, 113].

7.8 THE RENAL EPITHELIUM

7.8.1 The Renal Epithelial Barrier

The kidneys are highly perfused; blood flow to the kidneys 1s approximately 25% of
total cardiac output. Each kidney contains more than 1 million nephrons. Within a
single nephron, blood undergoes glomerular filtration. Most substances having a
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molecular weight below 5000 Da pass through the glomerulus, whereas most proteins
remain in the capillaries. The plasma ultrafiltrate moves from the glomerulus into the
proximal tubule, Henle’s loop, the distal tubule, and finally as urine into the collecting
duct. Tubular secretion and reabsorption processes take place along this pathway to
maintain fluid and electrolyte balance and concentrate the urine. A number of
nutrients and ions are reabsorbed from the filtrate into the blood. Osmotic pressure
promotes the reabsorption of water from the filtrate back into the renal capillaries.
The renal tubules are lined with epithelial cells, which contain a number of transporter
proteins that participate in tubular secretion mechanisms. The apical (brush border)
membrane faces the urine, and basolateral infoldings of the epithelium interact with
the renal capillaries. Certain drugs (ionized compounds in particular) may be actively
secreted against a concentration gradient out of the blood and into the filtrate, whereas
other drugs (e.g., unionized lipophilic compounds) may diffuse across the tubular
epithelium and be reabsorbed into the blood. [114, 115].

7.8.2 Renal Epithelial Cell Culture Models

A number of cell culture models have been described for studying tubular secretion
and reabsorption. This paragraph will introduce primary cell models, and the follow-
ing paragraph will discuss some of the advantages and limitations of certain cell line
models. Terryn et al. have isolated primary proximal tubule cells from mice [116].

Markadieu et al. have described a unique method to isolate primary cultured distal
tubule cells from mice expressing enhanced green fluorescent protein under the
parvalbumin promoter. Parvalbumin 1s expressed in the distal convoluted tubule.
Fluorescent parvalbumin—containing tubules were separated and a cellular monolayer
with tight junctions was established [117]. Primary proximal tubular cells from
porcine kidney were confirmed to express several important transporters, although
some transporters that were expressed in freshly isolated cells were down-regulated
in culture [118]. Taub has reported the use of hormonally defined serum-free media
to promote the differentiation of primary rabbit kidney tubule epithelial cells without
fibroblast overgrowth. The resulting cells had a polarized morphology and tight
junctions [119]. A similar approach was applied to the isolation of primary human
proximal tubule cells by a Percoll gradient, followed by culture in hormonally defined
serum-free media, which allowed the formation of a tight monolayer for up to three
passages [120]. Another technique for separating primary human proximal tubule
cells involves the use of antibodies to CD10 and CD13 as markers of proximal tubule
epithelial cells in conjunction with fluorescence activating cell sorting (FACS) [121].
Primary cultured human proximal tubule cells express a number of transporters rele-
vant to drug disposition, and they can be cultured on Millicell® filter inserts or on
Transwell inserts [122]. Jang et al. cultured primary human proximal tubule cells on
a microfluidic device whereon the monolayer is exposed to fluid shear stress. This
resulted in enhanced cell polarization and formation of cilia compared to the growth
of cells on Transwell inserts [123].

Cell lines as models for renal tubular epithelial cells include: MDCK cells

(canine); OK cells (opossum); LLC-PK (porcine); PKSV-PCT, PKSV-PR, and
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mpkCCD , (murine); and HKC, HK-2, Caki-1, and RPTEC/TERTT cells (human).
MDCK cells represent the distal renal epithelium and express P-glycoprotein,
monocarboxylic acid, organic cation, and peptide transporters, as well as alkaline
phosphatase, glutathione S-transferase, and sulfotransferase. When grown on
semipermeable inserts, MDCK cells are polarized and form tight junctions. MDCK
cells have been used as a model of intestinal drug absorption because, similar to
Caco-2 cells, MDCK permeability values correlate with drug absorption, and MDCK
cells grow faster than Caco-2 cells [124]. OK opossum kidney cells have been shown
to reflect the in vivo paracellular permeability properties of rat proximal tubules
[125]. In LLC-PK, proximal tubule cells, apical SGLT and basolateral GLUT are
highly expressed, and the cells have a moderate expression of OCTs and OAT's [126].
Chassin et al. have described the derivation of the proximal tubule cell lines
PKSV-PCT and PKSV-PR from transgenic mice, as well as the mpkCCD _, collect-
ing duct cell line [127]. HKC-8 cells express the Na*-HCO, cotransporter (NBC-1)
with transport activity similar to that of intact proximal tubules [128]. HK-2 cells
express SLC16A1 (MCT) and SLCO4C1 (OATP4C1), MDRI1, and MRPs, but they
do not express the SLC22 transporters OAT1, OAT3, and OCT?2, nor do they express
ABCG2 (BCRP) [129]. The TEER of Caki-1 cells was stable between passage
numbers 8 and 71 and was representative of a leaky epithelium. Although they retain

activity of certain transport proteins and metabolizing enzymes, in comparison to
native kidney cells, Caki-1 cells have high expression of MRP3, MRP4, and MRP6,

and low levels of MDRI1 [129, 130]. RPTEC/TERT1 cells display intact vectorial
transport and hormonal response similar to primary cells, but this cell line 1s genomi-
cally stable for up to 90 population doublings [131].

7.9 3D IN VITRO MODELS

Because two-dimensional cell monolayers cannot fully represent the 3D nature and
extracellular matrices of tissues in vivo, the development of 3D in vitro models can
provide a cellular microenvironment that preserves cell—cell interactions and tissue
architecture. 3D cellular models can provide environmental cues affecting cell sig-
naling, differentiation, and morphology [132—-134]. A number of cellular 3D models
have been developed, including models of liver, breast, cardiac, muscle, bone, cor-
neal tissue, and tumors. 3D tumor models include multicellular spheroids, hollow
fibers, and multicellular layers. Spheroids, for example, mimic the heterogeneity of
tumor cells, having a hypoxic, necrotic region in the core [133].

3D tissue constructs can be developed by top-down or bottom-up approaches. In a
top-down approach, cells are seeded 1n a biodegradable scaffold, but it can be difficult
to control cell alignment or cell—cell interactions by this method. Four types of bottom-
up approaches include cellular layer-by-layer, extracellular matrix-assisted cellular
layer-by-layer, cell accumulation, and inkjet printing of cells and polymers. One
cellular layer-by-layer approach utilizes temperature-sensitive polymeric culture dishes
to harvest a layer of cells without using proteolytic enzymes. Cell sheets can then be
stacked to create the 3D model. In the extracellular matrix-assisted layer-by-layer
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technique, a film of fibronectin and gelatin 1s placed on cell monolayers, onto which a
second cell seeding can be performed. This process can be repeated to generate the
desired 3D cellular structure. The cell accumulation method involves coating single
cells with fibronectin and gelatin, which promotes cell-cell adhesion [134]. In one
example of a 3D model, Astashkina et al. used a hyaluronic acid hydrogel to encapsu-
late an intact proximal tubule, that is, not just the epithelial cells. These 3D organoid

proximal tubule cultures were more sensitive to toxic insult than 2D LLC-PK or
HEK?293 cells [132, 135].

7.10 CONCLUSIONS

The application of cell culture models for predicting drug transport has facilitated an
accelerated pace of understanding the biochemical processes affecting the perme-
ability of molecules across cellular barriers. Besides serving as a tool for screening
passive permeability and studying uptake and efflux mechanisms, many of these
same cell lines also play a number of roles in various pharmacological and toxicolog-
ical assays. It is interesting to review the previous edition of this chapter, which
contained expressions of hope for future developments, including a more convenient
model of the BBB and 3D cellular models. As we appreciate and welcome these
advances, which have been realized during the past decade, we look forward to future
refinements and opportunities to improve our understanding of drug transport and
improve our clinical approaches to drug delivery.
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