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Chapter 11

In Vitro Alveolar Epithelial Models
Toward the Prediction of Toxicity

and Translocation of Nanoparticles:

A Complementary Method for Mechanism
Analyses in Humans

Kikuo Komori, Kokoro Iwasawa, Rie Ogasawara, Akira Suwabe,
and Yasuyuki Sakai

Abstract Nanoparticles are promising materials in research and industrial fields
because of their unique characteristics, their safety and toxicity are still being inves-
tigated. Although the safety and toxicity of nanomaterials are predicted by animal
experiments, obtained results may be inconsistent with human outcomes due to the
species difference. Recently, there has been an increasing interest in in vitro lung
models, which allow control of experimental parameters and quantitative analyses,
for the prediction of lung injuries and translocation into secondary organs of
nanoparticles. In this section, we focus on developing in vitro alveolar models con-
sisting of not only human-derived cell lines but also primary rat cells as comple-
mentary methods for intratracheal instillation in rats. We also coculture with
macrophages to approach physiologically relevant alveolar environment. In addi-
tion, cytotoxicity and permeability tests of nanoparticles are presented to evaluate
the in vitro alveolar coculture modles developed here. To further improve the physi-
ological relevance of in vitro alveolar models, we discuss future issues.
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11.1 Introduction

Suspended particulate matters, which are one of the major sources of the air pol-
lution, have been recognized to cause health injuries, such as direct damage to
alveoli and secondary diseases of other organs through their pulmonary absorp-
tion. In the meantime, the development and application of nanomaterials, which
possess novel properties and functions, have recently attracted great attention in
the variety of fields, while their safety and toxicity to human bodies have also
been evaluated considerably [1]. For instance, in the field of medicine, nano-
sized drug carriers [2, 3] for pulmonary administration have been developed and
investigated to enhance their permeability into the bodies, compared to the route
of drug administration through the small intestine. The safety/toxicity and drug
effects of substances including nanomaterials and nanocarriers are basically pre-
dicted by their intratracheal instillation into rodents, such as rats. However, the
obtained results don’t often reflect human outcomes properly due to the species
difference. In addition, detailed kinetic analyses are complicated due to the inher-
ent complexity of the living system. Hence, alveolar epithelial cell-based in vitro
model systems are required as complementary and alternative methods in animal
experiments.

Alveoli, in which gas exchange takes place, are located at the most distal part
of the respiratory tract and surrounded by a network of blood capillaries. The
alveolar epithelial cell layer consists of alveolar type I and II cells. The type I
cells, which are about 0.05-0.20 pm thick flat cells, provide approximately 95%
of the alveolar wall and involved in the process of gas exchange between alveoli
and blood. Meanwhile, the cuboidal type II cells are known as the progenitor of
type I cells and occupy a small fraction of the alveolar wall. The type II cells
also secrete pulmonary surfactants, which play a significant role in physiological
homeostasis in the alveoli, such as the decrease in their surface tension of an air—
liquid interface and prevention of alveolar collapse and pulmonary edema. Besides
the alveolar type I and II cells, alveolar macrophages as one of the immune cells
are seen in the alveolar lumen and also involved in physiological homeostasis,
such as clearance of foreign substances including pathogens and repairing tissues
after inflammation. In order to assess alveolar injury and transport into the human
body against foreign substances including nanoparticles and nanofibers in vitro,
at least coculture models consisting of alveolar epithelial cells and macrophages
are needed.

Previously, cell lines have frequently been used for developing in vitro alveolar
coculture models [4-6]. However, biologically relevant functions observed in the
cell lines are decreased or lost partially. Therefore, primary cells are one of the
potential cell sources to achieve in vitro alveolar coculture models, which mimic the
in vivo situation. In the present section, we summarized procedures for developing
in vitro alveolar epithelial models toward the prediction of pulmonary toxicity and
permeability of nanoparticles using not only cell lines but also primary cells. It is
known that a colloidal suspension of nanoparticles is frequently administered into
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lungs in rodents for evaluating their lung injury and translocation to extrapulmonary
organs in inhalation toxicity studies. Based on this, we therefore used primary cells
isolated from rats to develop in vitro alveolar coculture models for the complemen-
tary method in animal experiments.

11.2 Nanoparticles

Today a numerous amount of nanomaterials, which possess novel physical, ther-
mal, optical, and biological features, have been manufactured. Those features may
depend on the chemical composition, crystal structure, size, and shape of nanomate-
rials. Nanoparticles as one subset of nanomaterials are contained in a variety of con-
sumer products, such as drugs, dietary supplements, cosmetics, sunscreen, toiletry
products, food packaging, clothing, sporting equipment, electronics, and batteries.
To give an example, a lot of sunscreen include titanium dioxide (TiO,) or zinc oxide
(ZnO) nanoparticles to block ultraviolet rays. The permeated amount of TiO, and
ZnO nanoparticles into normal skin is extremely low in general. However, TiO,
nanoparticles are known to cause DNA and chromosomal damages and inflamma-
tion in mice fed TiO, nanoparticles for 5 days [7]. In addition, TiO,, ZnO, and silica
(S10,) nanoparticles have been reported to be toxic to human neural and lung cells
in in vitro studies [8—11]. Therefore, SiO, and TiO, nanoparticles are helpful as a
positive control for cell viability measurements (Table 11.1). Additionally, silica
nanoparticles labeled with FITC or rhodamine (FITC-SiO,NPs and Rho-SiO,NPs)
are useful for permeability measurements.

Cytotoxicity and pulmonary translocation of nanoparticles have been known to
strongly depend on their surface characteristics, particle size, and chemical com-
position [1]. Among them, the size of nanoparticles is one of the key parameters.
Nanoparticles often form aggregates in self-assembled manner with proteins in
fetal bovine serum (FBS) and human serum via electrostatic and hydrophilic/hydro-
phobic interactions [12]. Not surprisingly, SiO, and TiO, nanoparticles used here
formed their aggregates in a Dulbecco’s modified Eagle medium (DMEM) contain-
ing 10% FBS. However, SiO, and TiO, nanoparticles maintained their size without
any aggregation in DMEM containing no FBS even after 24 h (Fig. 11.1). The
culture medium without FBS might therefore be employed in cytotoxicity tests and
translocation studies.

Tgble 11.1 Particles used in Nanoparticles Product name | Diameter (nm)
this work TiO, P25 21
TiO, MP100 1000
Sio, MinU Silica 1600
FITC-labeled SiO, Sicastar GreenF | 30
Rhodamine-labeled SiO, | Sicaster RedF 10, 30, 100
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Fig. 11.1 Size distribution by intensity of dynamic light scattering for 0.2 mg mL FITC-labeled
SiO, nanoparticles (30 nm in diameter) immediately dispersed in DMEM without FBS and 24 h
later
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Fig. 11.2 Schematic illustration of the transwell insert culture system

11.3 Properties of In Vitro Alveolar Epithelial Models

To develop in vitro lung models, transwell inserts consisting of a semipermeable
membrane are commonly utilized. The semipermeable membrane allows to sepa-
rate across to apical and basolateral compartments (Fig. 11.2). As one of indexes of
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the alveolar functions, the integrity of the blood—air barrier for alveolar epithelial
cell layers cultured on the semipermeable membrane is determined from transepi-
thelial electrical resistance (TEER), which is accepted as measuring their tight junc-
tion integrity and paracellular permeability. Here, we described the preparation and
property of in vitro alveolar epithelial models using human alveolar epithelial cell
lines and primary alveolar epithelial cells isolated from rats.

11.3.1 Human Alveolar Epithelial Cell Lines

Normal human alveolar epithelial cells are the optimal cell source for the in vitro
lung model. Although primary human alveolar epithelial cells consisting of type
I and II cells are commercially available, their extremely low proliferation rate
causes the difficulty in obtaining a large amount of their cells in vitro inexpen-
sively. The commercially available primary human alveolar epithelial cells are
therefore unreasonable in the safety/toxicity testing and high-throughput screen-
ing. In the case of cell lines, a type I cell line has not yet been established in the
present. In contrast, a human alveolar epithelial type II cell line A549 are already
established [13] and serves as a potential model in the alveolar region [14],
although its differentiation ability into the type I cell is lost. In order to mimic the
situation in the human alveoli, we have used A549 cells and developed an in vitro
human alveolar epithelial model cocultured with the human monocytic cell line
THP-1, which is known to differentiate into a macrophage-like cell after stimula-
tion of chemicals, such as phorbol 12-myristate 13-acetate (PMA) [15, 16].

A549 and THP-1 cells are basically cultured in DMEM and Roswell Park Memorial
Institute medium (RPMI) 1640 containing 10% FBS and 1% antibiotics—antimycotic
mixed solution (AA), respectively, in a 5% CO, incubator at 37 °C. A549 cells were
seeded onto the semipermeable membrane at a cell density of 1.0 x 10° cells cm™
and inoculated for at least 5 days to be formed monolayer. However, A549 cells are
basically unable to form the strong blood—air barrier due to the type II-derived cells.
Obviously, the TEER value was over one order of magnitude smaller than those of a
cell layer consisting of Calu-3 or 16HBE140-cells (~2000 Q cm?), which are known
to possess high barrier properties because of airway and bronchial-derived epithelial
cell lines, respectively [17] (Fig. 11.3). The macrophage-like cells (1.0 x 10* cells
cm~2), which are differentiated from THP-1 cells, were also added onto the apical side
of the A549 monoculture system and further cultured for 24 h. However, the consider-
able improvement of the TEER value was not also obtained.

To improve the barrier properties, A549 cells were cocultured with human
umbilical vein endothelial cells HUVECs, which were adhered on the lower surface
of the transwell insert (A5S49/HUVEC system). Unfortunately, we didn’t observe a
nonlinear increase in the TEER value associated with the effect of coculture with
HUVECs (Fig. 11.3). However, interestingly, the cuboidal shape of A549 cells
was maintained and a rough A549 cell layer was formed on the semipermeable
membrane at the monoculture system without HUVECs, whereas a flat and smooth
layer of A549 cells was formed at the A5S49/HUVEC system (Fig. 11.4a, b). This
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Fig. 11.3 Time course changes in the TEER values for A549, HUVEC, and A549/HUVEC culture
systems
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Fig. 11.4 Cross-section views of (a) A549, (b) A549/HUVEC, and (c) differentiated primary rat
type I cell layers stained with hematoxylin and eosin
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might indicate that extracellular matrixes secreted and accumulated from HUVECs
contribute to increased stability of A549 cells.

11.3.2 Primary Rat Alveolar Epithelial Cells

Primary alveolar epithelial cells isolated from animals are also considered as a cell
source for in vitro lung models. As described above, animal experiments have been
performed in the safety and toxicity testing to chemicals including nanomaterials.
Therefore, developing in vitro models of animal organs is significant as with those
of human organs to verify correlation between in vitro results and in vivo outcomes
obtained in animal testing.

An isolation method for alveolar epithelial type I cells from animals, such as
rats, has been proposed previously, but the method has been much complicated.
In contrast, high purified primary alveolar epithelial type II cells are easily col-
lected on the basis of metrizamide density centrifugation [18]. Since the type II
cells are also known to differentiate into type I cells [19], the isolation method for
alveolar epithelial type II cells has been accepted. The isolation method for alveo-
lar macrophages has also been reported. Briefly, the lung was washed with saline
five times and then the bronchoalveolar lavage fluid (BALF) was recovered. After
centrifugation, alveolar macrophages are collected from the recovered BALF. Note
that in our investigation, the amount of alveolar epithelial type II cells and alveolar
macrophages isolated from one rat was about 0.8—1.4 x 107 and 1.0-1.7 x 10° cells
rat™!, respectively. The isolated alveolar epithelial cells and alveolar macrophages
were cultured in DMEM and RPMI 1640 containing 10% FBS and 1% antibiotics—
antimycotic mixed solution (AA), respectively, in a 5% CO, incubator at 37 °C for
24 h after cell seeding. After 24 h or later, the amount of FBS in both DMEM and
RPMI 1640-based culture medium was changed from 10% to 2% for cell culturing.

First, we show differentiation behavior of isolated type II cells. As shown in
Fig. 11.5, cuboidal shape of the isolated type II cells was gradually changed to thin

100 pm

Fig. 11.5 Differentiation primary rat alveolar epithelial type II cells into the type I cells
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Fig. 11.6 Time course 700
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flat cells from 48 h after cell seeding. After 5 days of culture, a complete monolayer
was obtained (Fig. 11.4c). The thickness of the obtained cell layer was ~3.0 pm
and about a one-third or smaller of that of the A549 cell layer (~10 pm). During
the formation of the monolayer, the TEER values significantly increased from day
4 and then leveled off after day 7 (Fig. 11.6). Subsequently, the TEER value was
maintained at more than 300 Q cm? for at least 5 days. This value was one order of
magnitude larger than that for the A549 and A549/HUVEC systems due to the dif-
ferentiation from type II cells into type I cells. The final cell density of differentiated
type I cells was estimated to be 3.0-4.0 x 10* cells cm™2.

Next, we describe the preparation of in vitro primary rat alveolar epithelial coculture
models with primary rat alveolar macrophages (macrophage/type I system). The iso-
lated primary rat alveolar macrophages were seeded onto the differentiated type I cell
monolayer on day 6 and further cultured for 24 h. The final cell density of the primary
rat alveolar macrophages was estimated to be 4.8 x 10° cells cm=2. The obtained value
was nearly equal to that in alveoli in vivo (3.0-6.0 x 10* cells cm~2) [20].

11.4 Toxicity Tests of Nanoparticles

The cell viability is known to be influenced by SiO, and TiO, nanoparticles, as
described above. Figure 11.7a—d shows the cell viability of A549 and primary rat
alveolar epithelial type I cells after 24, 48, and 72 h of exposure to P25, MP100,
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Fig. 11.7 Dependences of viability
on the amount of P25, MP100, and
silica nanoparticles for A549 (a, ¢)
and primary rat alveolar epithelial
type I cells (b, d) at the low-density
(a, b) and high-density (c, d) culture
systems, THP-1 derived macrophage-
like cells (e), and primary rat alveolar
macrophages (f)
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and MinU Silica (MUS). Here, low- and high-density culture systems were used. In
the low-density culture system, the cell density was ~70% confluent. This value has
generally been accepted in the cytotoxicity tests. In the high-density culture system,
A549 and primary rat type I cells formed the complete monolayer. As the amount
of the three nanoparticles increased, the cell viability at the low-density system for
A549 cells clearly decreased (Fig. 11.7a), whereas that for primary rat type I cells
slightly decreased (Fig. 11.7b). On the other hand, the cell viability for both A549 and
primary rat type I cells at the high-density systems were not changed, as the amount
of P25 and MP100 increased (Fig. 11.7¢, d). Even after exposure to MUS, which is
silica nanoparticles and known to strongly cause damage to cells, the cell viability
for the both cells only slightly decreased. Notice that the cell viability for primary
rat type I cells to silica nanoparticles at the low-density system was nearly equal to
that at the high-density system, but that for A549 cells at the low-density system was
much lower than that at the high-density system. From uptake of nanoparticles for
the both cells by means of time course microscopic observation, apparently, primary
rat type I cells firmly adhered on the culture dish and took up nanoparticles attached
to only their cell surfaces through the endocytosis pathway. However, surprisingly,
A549 cells not only took up nanoparticles attached onto their cell surfaces through
the endocytosis pathway but also actively migrated and phagocytosed nanoparticles
attached on the substrate surface, even though A549 cells are epithelial type II cell
lines. The cytotoxicity of nanomaterials might be overestimated, when A549 cells at
the low cell density are used for the toxicity tests. However, the low-density system
for A549 cells would be useful as a high-sensitive detecting method of nanoparticles
despite the lack of their physiologically relevant behaviors.

Similarly, Fig. 11.7e, f shows the cell viability of macrophage-like cells differ-
entiated from THP-1 cells and isolated primary rat alveolar macrophages to the
nanoparticles. As the amount of P25 and MUS increased, the cell viability of the rat
macrophage significantly decreased, compared to that of the macrophage-like cells,
probably due to the differences in functionality between primary cells and cell lines.
As shown in Fig. 11.8, the rat macrophages were spherical shape and obviously dif-
ferent shapes from the macrophage-like cells. In addition, primary cells are widely
believed to possess more biologically relevant functions than cell lines. A phago-
cytic capacity of the rat macrophages is likely higher than that of the macrophage-
like cells. Indeed, the rat macrophages actively migrated and phagocytosed TiO,
nanoparticles in comparison with the macrophage-like cells (Fig. 11.8). Thus, mac-
rophages would be the essential element for predicting not only cytotoxicity tests
but also translocation studies to nanoparticles properly.

11.5 Permeability Tests of Nanoparticles

Inhaled nanoparticles, the size of which is 10-100 nm in diameter, tend to be depos-
ited in the alveoli region. Here, FITC-SiO,NPs and Rho-SiO,NPs 30 nm in diameter
were used in the translocation study for THP-1/A549/HUVEC and macrophage/
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Rat macrophages THP-1-derived

Fig. 11.8 Micrographs of primary rat alveolar macrophages (a, ¢) and THP-1 derived macrophage-
like cells (b, d) with (¢, d) and without (a, b) TiO, nanoparticles

type I systems, respectively. If cells are damaged by nanoparticles and detached
from the insert surface, translocation ratio would not be determined appropriately.
Based on the cell viability tests, the appropriate amount of nanoparticles, which is
no influence to the cell viability, was determined to be about <0.02 mg mL~! for
FITC-SiO,NPs and <0.2 mg mL~! for Rho-SiO,NPs. This difference might depend
on the cell type and properties of fluorescent dyes on the surface of SiO,NPs. The
both nanoparticles used here were also still dispersed in DMEM without FBS even
after 24 h. DMEM containing FITC-SiO,NPs or Rho-SiO,NPs was added into
the apical side of THP-1/A549/HUVEC and macrophage/type I systems, respec-
tively, and further incubated for 24 h. The amount of nanoparticles translocated
from the apical to the basolateral side was apparently suppressed in comparison
with the AS49/HVEC and type I culture systems without macrophages (Fig. 11.9).
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Fig. 11.9 Quantification of (a) FITC- and (b) rhodamine-labeled SiO, nanoparticle distribution in
percentage at the apical, basolateral, and cell compartments at (a) A5S49/HUVEC and THP-1/
A549/HUVEC culture systems and (b) rat type I and rat macrophage/type I culture systems

Nanoparticles were also accumulated in the cell layers and/or adsorbed at the sur-
face of the semipermeable membrane. The increase in the amount of nanoparticles
at the cell/membrane compartment is based on the fact that macrophages including
differentiated macrophage-like cells phagocytosed the nanoparticles.

Compared with the THP-1/A549/HUVEC system, the macrophage/type I sys-
tem may provide a physiologically relevant response of alveoli in vivo because of
consisting of primary cells. The dependence of nanoparticle size on translocation
characteristics was further examined at the macrophage/type I system. DMEM
containing Rho-SiO,NPs 10, 30, or 100 nm in diameters was added into the apical
side of the macrophage/type I system and further incubated for 24 h. Transport
of the nanoparticles 10 and 30 nm in diameter from the apical to basolateral side
was clearly suppressed in comparison with the case of only type I cell culture
system without the rat macrophages (~2.6%, Fig. 11.10). In contrast, the pen-
etration of nanoparticles 100 nm in diameter was apparently disrupted by even
only type I cell layer without macrophages. The alveolar epithelial tight junction
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Fig. 11.10 Rate of rhodamine-labeled SiO, nanoparticle distribution in percentage at the apical,
basolateral, and cell compartments at rat type I and rat macrophage/type I culture systems. The size
of rhodamine-labeled SiO, nanoparticles used here was 10, 30, 100 nm in diameter (a—c,
respectively)

might prevent the paracellular pathway of nanoparticles 100 nm in diameter or
larger due to its narrow gap. In any case, the obtained value is still larger than that
reported in animal experiments (<1.0%). This is likely due to the quite different
environment between in vitro and in vivo. In addition, the present in vitro alveolar
epithelial model is still far from completely mimicking the in vivo alveolar tissue.
The improvement of in vitro alveolar epithelial models is absolutely necessary, as
described later.
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11.6 Future Remarks

In this work, we have been developing physiologically relevant in vitro alveolar epithe-
lial models for cytotoxicity tests and translocation studies of nanoparticles. However,
the present in vitro alveolar epithelial models are still quite different from the in vivo
situation, as mentioned above. In order to overcome such problem, the in vitro alveolar
epithelial models further have to fulfill the following at least four conditions, such as
(1) applying an air-liquid interface culture (ALIC) method, (2) using human induced
pluripotent stem cell (hiPSC)-derived type I and II cells, (3) reconstitution of the alveo-
lar epithelial cell layer consisting of type I and type II cells, and (4) applying mechani-
cal strain to semipermeable membranes. The details are as follows.

11.6.1 Applying the ALIC Method

The ALIC system has been widely used in the field of respiratory research [21-23].
The ALIC method enables cells to directly contact with air and gases at their api-
cal side, while a culture medium is supplied to the cells from the basolateral side
through the semipermeable membrane. The ALIC method has also been known to
improve barrier function of in vitro pulmonary models, such as alveolar and bron-
chial epithelial cells [24]. Note that preliminary investigation of dispersibility and
stability of nanoparticles in the atmosphere is imperative, when the ALIC technique
is used for the prediction of transport from the apical to basolateral side and cyto-
toxicity of nanoparticles.

11.6.2 Using hiPC-Derived Type I and II Cells

Primary human cells would provide the best prospects for obtaining more mean-
ingful information to human bodies in the cell-based assays and high-throughput
screening. However, the use of the primary human cells has generally been limited
due to the donor shortage, limited source materials, heterogeneity in cell type, and
donor variability. To overcome this problem, hiPSCs are promising cell sources for
the in vitro assays. However, it is required that a large amount of target cells dif-
ferentiated from standardized hiPSCs is produced at low cost.

11.6.3 Reconstitution of the Alveolar Epithelial Cell Layer
Consisting of Type I and Type II Cells

In our previous investigation, it was not easy to obtain the alveolar epithelial cell
layer consisting of type I and II cells, the surface area ratio of which was 95:5,
respectively, just by seeding and culturing primary rat alveolar epithelial type II
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cells on the semipermeable membrane. The type II cells are known to usually reside
at the corners of alveoli [25]. In addition, the differentiation from type II cells to type
I cells is suppressed by culturing at the air-exposed apical surface [26]. Therefore,
the surface morphology control and the ALIC method would be critical factors in
controlling the surface area ratio of type I and II cells for the alveolar epithelial cell
layer.

11.6.4 Applying Mechanical Strain to Semipermeable
Membranes

The lungs expand and contract during normal breathing, so that alveolar epithelial
cells are exposed to cyclic stretching. Mechanically applying the cyclic stretching to
the alveolar epithelial cells in vitro is expected to improve their stability and physi-
ological functions. In fact, Ingber and his coworkers have developed a lung on-a-
chip with two parallel microchannels separated by a stretchable and semipermeable
membrane, at the top and lower surfaces of which A549 and endothelial cells were
cultured, respectively. They successfully reproduced the in vivo situation of the lung
microenvironment by cyclic stretching of the membrane in addition to flowing air
and culture medium at the apical and basolateral sides, respectively [27]. During
cyclic stretching of the membrane, ideally, the alveolar epithelial cell layer should
be covered with pulmonary surfactant secreted from type II cells.

11.7 Conclusion

We described the preparation and properties of in vitro alveolar epithelial models
consisting of the human alveolar epithelial cell line A549 or primary rat alveolar
epithelial cells. Coculture with macrophages improved the physiological perfor-
mance of the in vitro alveolar epithelial models in cytotoxicity tests and translo-
cation studies of nanoparticles. The present system would play a complementary
role in the animal experiments, since the colloidal suspension of nanoparticles is
frequently used to evaluate lung injury and translocation to extrapulmonary organs
in rodents after its intratracheal instillation. However, the in vitro alveolar epithelial
models developed here are not enough to achieve optimal in vivo performance yet.
To improve the performance, the in vitro lung model consisting of human alveolar
epithelial type I and II cells would be required for culturing under the ALIC with
cyclic stretching condition. The improved in vitro alveolar epithelial models would
be applied to accurately and kinetically understand and predict the potential toxic
and alveolar permeability effects of various nanoparticles.
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