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Primary human alveolar type 2 (AT2) cells were immortalized by
transduction with the catalytic subunit of telomerase and simian
virus 40 large-tumor antigen. Characterization by immunochemi-
cal and morphologic methods demonstrated an AT1-like cell
phenotype. Unlike primary AT2 cells, immortalized cells no longer
expressed alkaline phosphatase, pro-surfactant protein C, and
thyroid transcription factor-1, but expressed increased caveolin-1
and receptor for advanced glycation end products (RAGE). Live cell
imaging using scanning ion conductance microscopy showed that
the cuboidal primary AT2 cells were approximately 15 pm and
enriched with surface microvilli, while the immortal AT1 cells were
attenuated more than 40 pm, resembling these cells in situ. Trans-
mission electron microscopy highlighted the attenuated morphol-
ogy and showed endosomal vesicles in some immortal AT1 cells
(but not primary AT2 cells) as found in situ. Particulate air pollution
exacerbates cardiopulmonary disease. Interaction of ultrafine,
nano-sized particles with the alveolar epithelium and/or trans-
location into the cardiovasculature may be a contributory factor.
We hypothesized differential uptake of nanoparticles by AT1 and
AT2 cells, depending on particle size and surface charge. Uptake of
50-nm and 1-pm fluorescent latex particles was investigated using
confocal microscopy and scanning surface confocal microscopy of
live cells. Fewer than 10% of primary AT2 cells internalized
particles. In contrast, 75% immortal AT1 cells internalized nega-
tively charged particles, while less than 55% of these cells in-
ternalized positively charged particles; charge, rather than size,
mattered. The process was rapid: one-third of the total cell-
associated negatively charged 50-nm particle fluorescence mea-
sured at 24 hours was internalized during the first hour. AT1 cells
could be important in translocation of particles from the lung into
the circulation.
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The alveolar epithelium consists of alveolar epithelial type I
(AT1) and type II (AT2) cells. AT2 cells are secretory cells,
synthesizing and releasing pulmonary surfactant, to maintain
reduced surface tension, as well as producing antiproteases,
antioxidants, surfactant proteins, defensins, cytokines/chemo-
kines, and other molecules that are important in lung defense
and maintaining pulmonary homeostasis. AT2 cells also main-
tain alveolar integrity by proliferation and differentiation
into AT1 cells, which are, debatably, terminally differentiated
(1). Although the cuboidal AT?2 cells contribute approximately
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CLINICAL RELEVANCE

Immortal, human epithelial alveolar type (AT) 1 cells (not
primary human AT2 cells) avidly internalized nanopar-
ticles. These cells account for 95% of the alveolar surface
area, and such interactions may contribute to the effects of
ultrafine air pollution particles.

60% of the total alveolar epithelial cells, the squamous AT1
cells cover over 95% of the alveolar surface, spreading to
only 0.2 pwm thick, providing a large surface area for gas
exchange (2). Other functions of AT1 cells are less well known,
although recent studies illustrate a role in protein transport
and translocation via transcytosis (3). Understanding AT1
cell function has been hampered by the difficulty of isolating
these cells to investigate in vitro. Many studies depend upon
AT2 cell differentiation into AT1 cells in vitro over several
days. However, these terminally differentiated cells cannot
be passaged, and primary AT2 cells need to be isolated
regularly.

Recently, AT1 cells have been isolated from rodent lung and
have been shown to express the epithelial sodium channel, ENaC,
and Na* and K* ATPase activity and are therefore well equipped
to regulate fluid homeostasis (4, 5). Rat AT1 cells were shown to
take up 2.5 times more Na™* per pg of protein, compared with AT2
cells isolated from the same animals (5). This and other studies
suggest that AT1 cells are as important as AT2 cells in lung fluid
homoeostasis. Clearly it is necessary to further characterize AT1
cells to understand their role in pulmonary alveolar health and
disease.

We have established methods to routinely isolate primary
human AT2 cells from human lung tissue after lung resection
(6). Previously, one author (M.J.O.) immortalized primary
normal adult human mammary fibroblasts after transduction
with the catalytic subunit of telomerase (h"TERT) and a tem-
perature-sensitive mutant of simian virus 40 large-tumor anti-
gen (U19tsAS58 LT) (7). One aim of the current study was to
immortalize human AT2 cells to provide a regular source of
human alveolar epithelial cells. Subsequent characterization of
these immortalized human AT2 cells revealed that they
expressed an AT1 cell-like phenotype.

The respiratory region is a significant target of inhaled
particles with aerodynamic diameters below 10 pm (8). Peaks
in particulate air pollution are associated with increased morbid-
ity and mortality from cardiorespiratory disease (9, 10); in vivo
studies suggest that there may be translocation of nano-sized
particles into the circulation possibly due to epithelial uptake (11,
12). Thus, our second aim was to determine whether human
alveolar epithelial cells internalize cell surface-modified fine and
nano-sized particles.



592 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 39 2008

MATERIALS AND METHODS

Isolation and Culture of Primary AT2 Cells

Primary human AT2 cells were isolated from normal regions of lung
tissue after lobectomy for carcinoma, as described previously (6).
Ethical approval was obtained from the Brompton, Harefield, and
NHLI Ethics Committee, and patients gave informed consent. The
primary AT2 cells were cultured on collagen type-1-coated plates in
DCCM-1 (Biological Industries, Kibutz, Israel) containing 10% new-
born calf serum (NCS), 100 U/ml penicillin, 100 wg/ml streptomycin,
and 2 mM glutamine.

Immortalization of Primary AT2 Cells

Purified primary AT2 cells were immortalized as described by us
previously (7). Thus, midconfluent, proliferating primary AT2 cell
cultures were retrovirally transduced with hTERT and U19tsAS8 LT.
Cells that were successfully transduced were cultured in the same
medium as the primary AT2 cells, supplemented with 0.5 mg/ml G418
(Sigma, Poole, UK).

Transmission Electron Microscopy

Immortal and primary cells were grown on clear polyester Transwell
membranes (0.4 pm pores; Corning Life Sciences, Schipol RDK, The
Netherlands). Confluent cells were fixed with 2.5% glutaraldehyde in
cacodylate buffer and post-fixed in 1% osmium tetroxide, followed by
dehydration through a graded series of ethanol concentrations. The
membranes were embedded in Araldite before 1-um and 100-nm
sections were cut (ultracut E microtome; Reichert-Jung, Depew, New
York). The 1-pm sections were stained with 1% toluidine blue and
viewed using a light microscope (Zeiss Axiovert 200; Zeiss, Welwyn
Garden City, UK). The 100-nm sections were post-stained with lead
citrate and uranyl acetate before viewing by transmission electron
microscopy (TEM) (Hitachi H-7000 electron microscope; Hitachi,
Wokingham, UK).

Alkaline Phosphatase Staining

Staining was performed at 37°C as described previously (6).

Immunocytochemistry

Immunostaining of pro—surfactant protein-C (pSPC) (0.5 wg/ml rabbit
polyclonal antibody; Chemicon, Chandlers Ford, UK) was performed
on cells that were washed and fixed in 4% paraformaldehyde before
antigen retrieval (15 min at 90°C in target retrieval solution; Dako,
Ely, UK). Otherwise, cell monolayers were washed and fixed with
methanol before treatment with serum-free protein block (Dako)
and were probed with antibodies to thyroid transcription factor
(TTF)-1 (2 pg/ml, mouse monoclonal; Oncogene, Merck, Nottingham,
UK), pan-cytokeratin (10 wg/ml, rabbit polyclonal; Zymed, Invitrogen,
Paisley, UK), or an isotype specific control at the same concentration.
Immunoreactivity was detected using an indirect streptavidin-biotin
method (LSAB kit; Dako) and horseradish peroxidase (HRP). Bound
antibody was detected as a brown stain. Photographs were taken using
a Sony cyber-shot digital camera (Sony, Basingstoke, UK).

Immunoblotting and Immunofluorescence

Confluent immortal and primary cells were lysed in sample buffer
(250 mM Tris, pH 6.8; 10% glycerol; 4% SDS; 2% 2-mercaptoethanol;
0.01% bromophenol blue) and boiled for 10 minutes. Samples were
centrifuged before analysis of equal volumes of supernatant. Proteins
were resolved using a NuPAGE 10% Bis-Tris gel (Invitrogen, Paisley,
UK) with MES running buffer and transferred to a nitrocellulose
membrane. The membrane was blocked (5% skimmed milk powder in
Tris NaCl; 0.1% Tween-20) for 1 hour at room temperature before
being probed with an Ab to caveolin-1 (1:2,000, rabbit polyclonal; BD
Transduction Laboratories, BD Biosciences, Oxford, UK), or RAGE
(1:500, mouse monoclonal; Chemicon), overnight at 4°C. Proteins
were detected by incubation with HRP-conjugated anti-rabbit IgG
(Dako) and visualized using enhanced chemiluminescence. For immu-
nofluorescence, confluent immortal cells were fixed in methanol for
20 minutes, washed, then blocked in 2% BSA. Cells were incubated
with the same Caveolin-1 Ab as above (10 pg/ml) for 2 hours and then

incubated with a secondary Ab conjugated to Texas Red (Santa Cruz
Biotech, Inc., Santa Cruz, CA). For nuclear staining, cells were
incubated with DAPI (Sigma).

Scanning lon Conductance Microscopy and Scanning Surface
Confocal Microscopy

Scanning surface confocal microscopy (SSCM) combines scanning
confocal microscopy with scanning ion conductance microscopy
(SICM) (13). SICM is a scanning probe microscopy technique that
uses a glass nanopipette as a sensitive probe that detects ion current
and uses the current as an interaction signal to control the vertical (z-
axis) position of the cell relative to the pipette tip (14). In SSCM the
cell is moved up and down in the z direction while it is scanned in the x
and y directions, so its surface is always the same distance from the
nanopipette (typically, 25-75 nm). A laser beam passed up a high
numerical aperture objective is focused just at the tip of the nano-
pipette, and a pinhole is positioned at the image plane so that the
confocal volume is just below the pipette (15). Thus, a fluorescence
image of the cell surface is obtained in a single scan, as well as
a simultaneously captured image of the cell topography. The cells were
examined over a period of 4 hours.

Exposure of Cells to Fluorescent Microspheres

Polystyrene latex microspheres (Sigma) were either positively charged
(amine modified) or negatively charged (carboxylate modified). The
microspheres were either 50 nm or 1 wm and were labeled with green
fluorescent dye. Cells (studied between passages 20 and 60) were grown
to confluence (48 h after passage) on coverslips in 24-well tissue culture
plates (Costar, Corning Inc.) and then serum starved for 24 hours. The
beads were vortexed for 1 minute before diluting in media to generate
a 0.006% solution (wt/vol) and sonicated for 1 minute using a sonicating
probe (Soniprep 150 MSE; MSE, London, UK), just before addition to
the cells, to reduce aggregation. After 18 hours the cell supernatant was
removed and the cells washed with PBS to remove any excess beads
before fixing with 2% paraformaldehyde. Cells were stained with 1%
Evans blue (cell protein, red) and 1 pg/ml DAPI (DNA, blue) and
visualized by confocal laser scanning microscopy (Leica TCS-SP; Leica,
Milton Keynes, UK).

The number of cells that had internalized beads in five random
fields per well was recorded as a percentage of the total number of cells
in the field of view. Confocal images were taken of 6 to 12 sections
through the cells, depending on cell depth, to establish that the
particles were present within the cell cytoplasm and not simply
attached to the outside of the cell membrane. It was not possible to
determine the number of particles per cell, as the confocal resolution
only detects particles that are clustered together, not individual
particles.

Time Course of Internalization of Fluorescent Microspheres

Further studies were performed to assess the rate at which 50-nm
particles were internalized by primary AT2 and immortal cells. Conflu-
ent, serum-starved (24 h) cells were exposed to fluorescently labeled
negatively and positively charged polystyrene beads (50 nm) over
24 hours. Beads were vortexed for 1 minute and sonicated for a further
minute to produce a uniform suspension, and were diluted to a final
concentration of 0.006% wt/vol in medium. The suspension was then
added to the cells and particle uptake assessed at 5,10, 15, and 30 minutes,
and at 1, 2, 3, and 24 hours. At each time point the media were removed
and the cells washed to remove any particles that had not been in-
ternalized. To further reduce the background signal, extracellular
fluorescence was quenched using trypan blue. To investigate passive
diffusion of particles into cells, parallel studies were performed at 4°C to
subdue cell metabolism and inhibit active cellular uptake of particles.
Internalized particles were then visualized under a fluorescence micro-
scope, and images were captured from five randomly selected fields of
vision. Using SimplePCI software (Digital Pixel, Brighton, UK) it was
possible to semi-quantify the levels of particle uptake. Using the
captured images, the increase in internalized particles was assessed by
measuring the total fluorescence for each field of vision. This was
normalized to the unit mass of the original particle exposure. Thus,
fluorescence increased in proportion to particle internalization.
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” Figure 1. Transmission electron microscopy (TEM)
of immortal cells and alveolar type (AT)2 cells
grown on Transwell membranes. The immortal
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Low-power sections of each cell type show the cuboidal shape
of the primary AT2 cells (Figure 1B) and the flattened, thin
morphology of the immortal cells (Figure 1A), which resembles
that of AT1 cells. Primary AT2 cells contain lamellar bodies and
have surface microvilli (Figure 1D), not seen on the immortalized
cells. At higher magnification, some immortal cells are shown to
contain endosomal vesicles within the cytoplasm and at the cell
membrane (Figure 1C). There were no caveolae in the primary
AT2 cells (Figure 1D). Toluidine blue staining of TEM sections
illustrates how two immortalized cells (Figure 1E) cover the same
length of membrane (165 wm) as 10 or more primary AT2 cells
(Figure 1F). Thus, each primary AT2 cell covers approximately
15 pm, whereas each immortal cell covers approximately 80 pm
in diameter (since TEM cross-sections were rarely less than
80 wm). Live cell imaging using SICM confirmed that the immortal
AT1-like cells were flattened, circular cells greater than 40 wm in
diameter (Figure 2C), whereas the primary AT2 cells were 15 pm
(Figure 2A) and also contained numerous surface microvilli
(Figures 2B and 2D), resembling their morphology in vivo.

Primary AT2 Cell Markers

TTF-1 is a marker for AT2 cells, whereas AT1 cells are negative
(16). Strong nuclear staining for TTF-1 was seen in the primary
AT?2 cells (Figure 3B), whereas the immortal cells were negative
(Figure 3A). Surfactant protein-C maintains reduced surface
tension in the alveolus and is unique to AT2 cells (17, 18). Primary
AT?2 cells were positive (Figure 3D), whereas the immortal cells
were negative (Figure 3C) for pSPC. Alkaline phosphatase is

0.66 pm 1.50 pm
0.00 pm 32.0 x 32.0 ym 0.00 pm

cells (A) have a thin, flattened appearance, whereas
the AT2 cells (B) are cuboidal; the scale bar relates
to A and B. High-magpnification TEM shows vesicles
at the surface of the immortal cells (C, arrows),
which are absent from the AT2 cells (D). Toluidine
blue staining of TEM sections; 10 or 11 AT2 cells (F)
occupy the same distance (165 wm) as 2 immor-
talized cells (£). Membrane = 10 um deep.

amarker of the AT2 cell phenotype in the lung (19). The primary
AT2 cells exhibit strong pink positive staining (Figure 3F),
whereas the immortal cells were negative (Figure 3E), demon-
strating loss of the AT2 cell alkaline phosphatase phenotype, as
occurs in situ.

Immortal AT1 Cell Markers

Caveolin-1 (Figure 4A) and RAGE (Figure 4C) were detected by
immunoblotting of cell lysates from immortal cells but not
primary AT?2 cells. Immunofluorescent staining of immortal cells
for caveolin-1 (Figure 4B) showed this protein as aggregates in
the cytoplasm, corresponding with the presence of vesicles in
these cells and, together with RAGE, is a marker of AT1 cells
(20), suggesting that the immortal cells have an AT1-like cell
phenotype. Cytokeratins are the main structural proteins in
epithelial cells; the immortal cells displayed pan-cytokeratin
staining (Figure 4D), confirming their epithelial phenotype and
lack of contamination by capillary endothelial cells.

Particle Internalization

All four types of latex bead were taken up by the immortalized
and primary AT2 cells (Figure 5), albeit at very different levels.
At the concentrations described in this study there was no
toxicity, although we previously observed cell death when high
concentrations of amine-modified 50-nm particles were used.
Images show a section through the middle of the cells and
a composite of all the sections through the cell. The section
through the middle of the cell demonstrates that the particles are
internalized and not just present on the surface of the cell or
between cells. Composite images are particularly important to be
able to appreciate the significant uptake of 50-nm negatively

Figure 2. Scanning ion conductance
microscopy (SICM) and scanning sur-
face confocal microscopy (SSCM)
images of AT2 and immortal cells. (A)
SICM image of AT2 cell (~ 15 pm
diameter) enriched with microvilli,
shown at high power in B. (C) SICM of
immortal cells illustrating cellular atten-
uation, forming flat circular cells that
are greater than the 32- and 40-um
x-axis of the image, and showing scat-
tered, irregular microvilli, shown at
high power in D. (F) SSCM of immortal
cells exposed to fluorescent 50-nm
latex particles for 30 minutes; particles
are located above areas with microvillar
activity, compared with SICM image of
the same cell in E. The z-axis scale bar
is located on the right of A, C, E, and F.

2.33 pm
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Figure 3. Thyroid transcription factor (TTF)-1 and pro-surfactant pro-
tein-C (pSPC) immunostaining of immortal (A, C) and AT2 epithelial
cells (B, D). Cells were incubated with an antibody to TTF-1 (A, B) or
pSPC (C, D). AT2 cells were positive for TTF-1 (B, nuclear stain) and
for pSPC (D), whereas immortal cells were negative for both TTF-1 (A)
and pSPC (C). AT2 cells showed strong pink positive alkaline phospha-
tase staining (F), whereas the immortal cells were negative (E).

charged particles by the immortal cells (Figure 5). In these
confocal studies the numbers of cells containing particles was
quantified, as this method cannot accurately estimate the total
mass or numbers of nanoparticles due to the low resolution. Thus,
less than 8% of the primary AT2 cells internalized the particles
(Figure 6). In contrast, at least 44% of the immortal cells
internalized the particles (P < 0.001). Significantly more of the
immortal cells internalized negatively charged particles (75%)
compared with the positively charged particles (< 55%; P <
0.05). One-micrometer particles were found to be perinuclear in
the immortal cells, in contrast to primary AT2 cells, where these
particles were distributed throughout, regardless of charge. Re-
garding location of the nanoparticles, negatively charged par-
ticles were usually in the perinuclear region, whereas positively
charged particles were less dense and not obviously in the
perinuclear zone. SSCM of live cells showed that internalization
of 50-nm particles by immortalized cells occurred over central
regions of the cells (Figure 2F) that had become enriched with
microvilli on exposure to the particles (Figure 2E). This process
could be observed in real time and was rapid, with about 40%
disappearing within 30 minutes. Thus further studies were
performed, over time, on the immortal cells using semiquantitive,
light microscopy, which took account of the total signal rather
than individual cell uptake.

Quantification of negative, 50-nm particle uptake by immor-
talized cells using light microscopy showed a rapid increase in
cellular fluorescence over the first 15 minutes (Figure 6C). The
rate at which particles were internalized slowed over the sub-
sequent 3.75 hours but still increased significantly (P < 0.0021).
Similarly, there was a significant increase in uptake of positively
charged 50-nm beads over the same time course (P < 0.0013).
Over the following 21 hours the number of internalized particles
continued to increase, at a reduced rate, reaching approximately
2.5-fold and 1.64-fold that at 4 hours for negatively and positively
charged particles, respectively (P < 0.001; data not shown). The
rate of uptake of negatively charged particles was significantly
higher than that for positively charged particles (Figure 6C; 5 and

A Caveolin-1 B Caveolin-1
o

H Immortal AT2

C RAGE

Immortal AT2

Figure 4. Immunoblotting for caveolin-1 and RAGE and immunostain-
ing for caveolin-1 and pan-cytokeratin. (A) Caveolin-1. Immortal cell
lysates were positive, while AT2 cells were negative, for caveolin-1.
HUVEC lysate was used as a positive control. (B) Confocal microscopy
of immortal cells immunostained for caveolin-1. Caveolin-1 visualized
as red aggregates in the cytoplasm; nucleus is blue. (C) RAGE. Immortal
cell lysates were positive, while AT2 cells were negative, for RAGE. (D)
Pan-cytokeratin immunoreactivity. Immortal cell monolayers were
positive for pan-cytokeratin antibody (1), confirming an epithelial
phenotype. Isotype control (2).

10 min, P < 0.0002; 15, 30, and 60 min, P < 0.0001; 120 and
180 min, P < 0.002; 240 min, P < 0.0006), being approximately
44- and 1.8-fold that of the positively charged particles at
30 minutes and at 4 hours, respectively. When the study was
performed at 4°C, by 4 hours, intracellular fluorescence reached
71% and 57 %, respectively, of the negative and positive particle
uptake observed at 37°C, suggesting a significant degree of
passive uptake. It was not possible to measure particle uptake
by primary AT2 cells, which was very low, and the fluorescence
was undetectable using light microscopy.

DISCUSSION

We have immortalized primary human AT2 cells by retroviral
transduction with hTERT and U19tsAS58. Unlike primary AT2
cells, immortal cells were negative for alkaline phosphatase,
suggesting that immortalization had driven the AT2 cells toward
an AT1 cell phenotype. Further characterization by TEM showed
that the AT2 cells were typically cuboidal, containing lamellar
bodies, with apical microvilli, as described by us previously,
resembling AT?2 cells in vivo (6,21-23). In contrast, the immortal
cells did not contain lamellar bodies and displayed a flattened
morphology. Very low power examination of toluidine blue—
stained cells showed that each immortalized cell extended for up
to 80 wm in diameter, while the the cuboidal AT2 cells were only
about 15 pm. Thus, the immortalized cells resembled AT1 cells
in vivo, where they spread thinly (0.2-0.3 wm deep) over the
alveolus in close contact with the underlying endothelium to
allow gas exchange, while covering a large area (24). Compli-
mentary SCIM imaging of live human primary AT2 cells con-
firmed the cuboidal morphology and surface microvilli observed
using SEM of AT?2 cells in situ (22, 23). In contrast, SICM of live
immortal cells revealed a flattened, circular morphology of
greater than 40 wm diameter, resembling SEM of AT1 cells
in situ (22,23). We suggest that immortalization of primary human
AT?2 cells has driven the cells toward an AT1-like cell phenotype.

Pulmonary AT1 cells contain numerous small vesicles in the
plasma membrane, including caveolae and clathrin-coated pits,
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Figure 5. Immortal and AT2 cells were
exposed to positively and negatively
charged 1-um and 50-nm fluorescent
latex beads for 18 hours, fixed, stained,
and viewed by confocal microscopy. The
top half of each image (above the dotted
line) is a composite of all the sections to
(7) illustrate the presence of high num-
bers of 50-nm particles, particularly in
the immortal cells exposed to negatively
charged particles; and (2) show absence
of particles between cells. The bottom
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half of each image (below the dotted line)
shows a focal plane through the middle
of the cells, demonstrating internaliza-
tion of beads. The figures for AT2 cells
are shown at a higher magnification to
focus in on the relatively low number of
cells containing particles as well as to
highlight the presence of the nanopar-
ticles. This difference in magnification is
denoted by the length of the white bar in
the top left panel for each cell type, which
denotes 20 pm.

—_—

which pinch off from the plasma membrane to form vesicles,
transporting their contents into/through the cytoplasm. Bio-
chemically, caveolae are defined by their major structural protein,
caveolin-1 (25, 26). In this study, the presence of vesicles in some
cells and positive immunoblotting for caveolin-1 in immortalized
cells supports the presence of caveoli, a characteristic of AT1, but
not AT2, cells (27-29). Positive pancytokeratin excluded con-
tamination by endothelial cells, which also contain vesicles and
caveoli. Furthermore, immortalized cells, but not primary AT2
cells, were positive for RAGE, which has been described to be
unique to AT1 lung cells (20). Little is known about the function
of RAGE; however, overexpression of RAGE in HEK293 cells
shows that RAGE promotes the adherence and spreading of
epithelial cells onto collagen (30), suggesting a similar role in AT1
cells. Nuclear TTF-1 was not expressed by immortalized cells; it
regulates transcription of surfactant proteins A, B, and C (31-34),
and AT2, but not AT1, cells express TTF-1 in situ (16). TTF-1 is
also required for lung morphogenesis; overexpression results in
AT?2 cell hyperplasia and is suggested to inhibit differentiation
of AT2 cells to the AT1 phenotype and alveolarization (35).
Although it is possible to isolate primary rodent AT1 cells, to our
knowledge, there are no methods to isolate human AT1 cells (24).
An alternative is to use primary AT2 cells that have lost their
phenotype in vitro to resemble AT1 cells (28, 36). Recently, AT1-
like cells have been obtained from transdifferentiating human
fetal primary AT2 cells (37). However, the authors did not
present evidence that these cells could be passaged as can the
immortal cells herein. We suggest that the immortalized, AT1-
like cells described in the present study offer another alternative

model to investigate the role of human AT]I cells in pulmonary
homeostasis. In the present study, we have used the cells up to
passage 60 with no loss of behavioral phenotype. These cells,
along with other models, could prove to be a useful, in vitro tool to
further investigate the role of human AT1 cells, of which
currently relatively little is known.

The pulmonary epithelium is one of the first sites of delivery of
inhaled organic and inorganic particles. Evidence suggests that
increased cardiovascular morbidity and mortality during epi-
sodes of air pollution is due to the fine and ultrafine particulate
components, which readily access the respiratory units, where
they may set up local inflammation and responses that favor blood
clotting. Alternatively, several in vivo studies suggest that there is
translocation of nano-sized particles into the vasculature, where
they may react within the circulation, or reach other compart-
ments of the body (38, 39). We hypothesized that the epithelial
cells would be involved and used the immortal, AT1-like cells and
primary AT2 cells to investigate this idea in vitro.

A striking discovery was that immortal, AT1-like cells avidly
internalized all types of polystyrene particles, although, using
confocal microscopy, significantly more cells were found to
internalize negatively charged particles; additional semiquanti-
tative light microscopy studies of 50-nm particles confirmed
preferential internalization of particles, particularly negatively
charged, by the immortal, AT1-like cells. In contrast only a small
percentage of primary AT?2 cells internalized particles. SSCM of
live cells at high magnification also showed that only immortal,
AT1-like cells internalized 50-nm particles, which initially de-
posited at the cell margins and then relocated to central regions
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that became enriched with microvilli before particle internaliza-
tion, suggesting an active process involving microvilli. This is
interesting, since fetal AT2-derived AT1 cells also exhibited
microvilli (37). Our study suggests that AT1 cells may exhibit
microvilli when activated. There was no evidence in this pre-
liminary study that monolayer integrity was compromised, or that
particles passed between cells; monolayer behavior is the subject
of ongoing investigations. These in vitro studies suggest that the
ATT1 cells could be crucial in translocation of inhaled fine and
nano-sized particles across the lung and that the AT2 cells only
have a relatively small role to play in this process.

We were surprised by the marked difference in particle
uptake by these two cell types. Furthermore, cells either took
up particles or did not, depending on surface charge or cell type,
suggesting that cell-specific processes are involved. There are
many putative mechanisms of cellular uptake and/or transloca-
tion of nanoparticles across the alveolar gas-blood barrier.
Numerous studies in vivo and in vitro highlight the multi-
factorial issues that influence particle—cell interactions (40).
These include the physicochemical properties of the particles,
the type of target cell, and the acellular milieu in which the
particles are bathed (e.g., lung secretions, blood). For example,
after inhalation, 22-nm titanium dioxide particles were discov-
ered within epithelial and endothelial cells, in fibroblasts as well
as between collagen fibrils and in the connective tissue, and it
was suggested that transfer was by passive diffusion; this was sup-
ported using an in vitro model (38). The current study also
indicates that passive uptake is one important mechanism in AT1
cells, particularly for negatively charged particles. In contrast,
others have shown that inhaled gold nanoparticles (5-8nm) were
mostly located in vesicles in the cytoplasm of macrophages and
AT1 cells, pointing to endosomal uptake (41). In addition to
interaction with, and uptake by, target cells, translocation of
particles across the alveolar gas—blood barrier depends on size,
surface charge, and opsonization (recently reviewed in Refs. 40
and 42), and is as yet unpredictable. This study also indicates that

surface charge, cell phenotype, and specific cell mechanisms are
important, as passive mechanisms only accounted for 50 to 70%
of the total particle uptake by AT1-like cells. Furthermore, the
very low levels of particle uptake by AT2 cells indicate significant
cellular differences that facilitate passive uptake by AT1, but not
AT?2, cells.

Other pathways might involve vesicular transport. Albumin
uptake by rat lung AT1 and AT2 cells has been ascribed to
clathrin-mediated endocytosis and is higher in AT2 cells (43).
Caveolin-mediated mechanisms were also studied, but they were
found to be irrelevant (43). In the current study, although we
could visualize caveolin-1-stained bodies in immortal, AT1-like
cells using confocal microscopy, these bodies never co-localized
with the latex particles (data not shown), suggesting that different
mechanisms exist (e.g., clathrin-mediated endocytosis or non—
caveolin-, non—clathrin-mediated uptake). Alternatively, if par-
ticles were internalized via caveol, it is possible that the particles
were transferred into the cytosol or into another organelles, such
as the endoplasmic reticulum. The mechanisms of uptake of
inhaled, organic, and inorganic nanoparticulate material will not
necessarily equate with the mechanisms involved in protein (e.g.,
albumin) transport and are likely to be complex. We are currently
investigating these possibilities further.

We were surprised that the 50-nm and 1-pm particles were
internalized by equal numbers of immortal, AT1-like cells. These
were monocultures and thus the cells were not “protected” by
alveolar macrophage phagocytosis and clearance of the particles.
In this respect, inhaled, larger particles can be recovered from the
lung by bronchoalveolar lavage more readily than nano-sized
particles (44). The micrometer-sized particles are mostly associ-
ated with macrophages leading to the view that macrophages
readily internalize and remove particles in the micrometer size
range, they may not always recognize and clear nanoparticles
unless they form larger structures by aggregation or agglomera-
tion. Nanoparticles may bypass macrophages, impact on, and
interact with, the epithelial cells, enhancing the likelihood of
epithelial cell uptake (45). Inhaled nanoparticles cannot be
completely recovered by bronchoalveolar lavage, being present
in the lung tissue; this supports the concept that they are trans-
located through epithelial cells and/or relocated to other com-
partments. In this study of epithelial monolayers, in the absence
of macrophages, internalization of 1-pm latex particles by
epithelial cells may reflect in vitro opportunity rather than
a normal function that exists in vivo. However, recent studies
using triple co-cultures of epithelial cells (A549), dendritic cells,
and macrophages to replicate the airway barrier to study the
passage of 1-um particles discovered particles within all cell types
and furthermore appeared to be actively transferred between
different dendritic cells and macrophages (46, 47). It would be
interesting to discover how particle uptake by the cells described
in the present study may be influenced by the presence of such
immune effector cells. These are the subject of other ongoing
investigations.
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