
Abstract Human alveolar type II cells were isolated
from lung tissue and cultured for several days. The mor-
phology of cells was investigated at different time points
postseeding and the synthesis of alveolar cell-type spe-
cific proteins was analyzed using different methods. The
rationale of the study was to characterize a primary cell
culture of human alveolar cells for the development of
an in vitro model studying pulmonary drug delivery. In
vitro test systems based on human cells are attracting in-
creasing interest as important alternatives to animal-
derived models because possible interspecies differences
in alveolar cell biology and transport mechanisms cannot
be excluded. In our study, both morphological character-
ization and marker protein synthesis of human alveolar
cells in culture indicate the differentiation of isolated al-
veolar type II cells into epithelial monolayers consisting
of alveolar type I-like and alveolar type II-like cells,
which corresponds to the composition of the alveolar

epithelium of the donor tissue. By using flow cytometry,
immunofluorescence, immunoblotting and reverse tran-
scriptase polymerase chain reaction (RT-PCR), we 
observed a shift in the synthesis of important marker
proteins. Early cultures were characterized by low cave-
olin-1 and high Sp-C levels. In comparison, the protein
biosynthesis of alveolar cells switched with time of cul-
ture to high caveolin-1 and low Sp-C levels. Based on
the similarity between human alveolar epithelium and
the development of our primary alveolar cell culture, we
suggest that the culture may serve as a suitable model to
study epithelial transport or cell biological processes in
human alveolar cells.
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Introduction

Lung alveolar epithelium in vivo is composed of two
specialized epithelial cell types, the squamous alveolar
epithelial type I (ATI) cell, which constitutes approxi-
mately 93% of the alveolar epithelial surface area, and
the surfactant-producing cuboidal alveolar epithelial type
II (ATII) cell (Crapo et al. 1982). Current evidence 
supports the hypothesis that ATII cells serve as the sole
progenitor for the ATI cells in vivo (reviewed in Uhal
1997; Fehrenbach 2001). Accordingly, isolated ATII
cells in culture lose their characteristic phenotype and
acquire over a 5- to 10-day period morphological 
and biochemical markers characteristic of ATI cells.
Morphological changes during differentiation include the
generation of monolayers with high transepithelial elec-
trical resistance (>1,000 Ω cm2) and a loss of microvilli,
an increase in the cell surface area and the development
of thin cytoplasmic attenuations extending away from a
protruding nucleus (Cheek et al. 1989). Biochemical
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changes include an increased reactivity to ATI-specific
membrane components such as the apical plasma mem-
brane component RTI(40) and VIII B2 (Dobbs et al.
1988; Danto et al. 1992; Vanderbilt and Dobbs 1998).

The isolation of ATII cells predominantly from rat
and rabbit lung tissue, and their culture over time leading
to a primary culture of ATI-like cells, is now an estab-
lished technique for different purposes. For instance, 
primary ATI-like monolayer cultures have gained accep-
tance as an in vitro experimental model for the examina-
tion of the rate and mechanism of alveolar solute or drug
transport (for review, see Mathias et al. 1996) and have
also been widely exploited to study the mechanisms of
alveolar epithelial cell differentiation (Danto et al. 1995;
Dobbs et al. 1997; Campbell et al. 1999). However, the
parallels between in vitro and in vivo ATII cell differen-
tiation into ATI cells remain to be fully defined, and
hence the term ATI-like cell is used to represent the in
vitro derived phenotype.

Although the isolation of primary human alveolar
cells has been described before (Cunningham et al. 1997;
Alcorn et al. 1997; Rosseau et al. 2000), human primary
cells are not commonly used or appropriately character-
ized as an in vitro model for the “blood-air barrier.” 
Research using human alveolar cells is mostly done on
cell lines, such as the continuous human lung adenocar-
cinoma cell line A549 (Giard et al. 1973). The A549 cell
line possesses ATII cell phenotype and has been widely
used as a system to study the regulation of pulmonary
surfactant synthesis. However, cultured A549 cells do
not undergo transition to form a phenotype similar to
that of an ATI cell. Furthermore, although the A549 cell
has received some attention as a monolayer culture for
the study of solute transport, its cell architecture and bar-
rier properties are quite distinct from that of an ATI cell
monolayer (Godfrey 1997). Thus, an in vitro cell model
of the human alveolar epithelium possessing the relevant
qualities of the alveolar epithelium in situ is definitely
needed. This requirement is underscored by data which
indicate cell biological differences between the alveolar
epithelium of humans and animals, e.g., the interspecies
differences in the spatial expression of aquaporins
(Kreda et al. 2001).

We have previously described the isolation of human
alveolar type II epithelial cells (HAEpC) and their 
primary culture, which results in confluent monolayers
capable of generating tight junctional complexes and
high transepithelial electrical resistance (TEER). In addi-
tion, these monolayers revealed a preferential binding 
of lectins, which possess a high affinity for ATI cells 
(Elbert et al. 1999). In the present study we have extend-
ed our characterization of the primary cultures of human
alveolar epithelial cells in order to follow the morpho-
logical cell change from an ATII phenotype to an ATI-
like cell phenotype over time of culture. Moreover, we
have examined the formation of characteristic plasma
membrane structures termed caveolae and the synthesis
of their major structural protein, caveolin-1, in these
cells. The caveolae membrane system is of interest be-

cause of its potentially important role in macromolecule
transport across the “blood-air barrier” of the lung 
(reviewed in Gumbleton et al. 2000), including both the
clearance of endogenous protein from the airspace and
the absorption of inhaled therapeutic proteins. Further-
more, caveolin-1 may carry out a role in the regulation
of alveolar epithelial cell proliferation and differentiation
(Campbell et al. 1999). The synthesis of caveolin-1 and
the formation of caveolae are currently under discussion
as a characteristic feature of an ATI-like cell phenotype
in the alveolar epithelium in vivo and in vitro (Kasper et
al. 1998; Newman et al. 1999; Campbell et al. 1999). In
comparison surfactant proteins are restricted to the ATII
phenotype; especially surfactant protein C (SP-C) is
known to be synthesized with a high specificity by ATII
(Phelps and Floros 1991; Kalina et al. 1992; Beers et al.
1994).

In this study morphological characterization by elec-
tron microscopy showed the transition of a cell popula-
tion mainly consisting of ATII cells towards an epithelial
monolayer composed of ATI and ATII cells during
8–10 days postseeding. The ATI-like cells revealed a
typical flattened cell shape and characteristic invagina-
tions of the plasma membrane resembling caveolae,
which could be supported by immunogold electron mi-
croscopy using antibodies against caveolin-1, the main
structural protein of caveolae. In parallel to the morpho-
logical findings, suggesting a differentiation process, an
increased production of the structural protein caveolin-1
with time of culture was observed by reverse transcrip-
tase polymerase chain reaction (RT-PCR), Western-blot
and flow cytometry, whereas synthesis of alveolar type II
marker Sp-C was restricted to the earlier stages of the
culture.

Materials and methods

Cell culture

Primary type II alveolar cells (ATII) were isolated from human
non-tumor lung tissue, which was obtained from patients undergo-
ing lung resection. The use of human material for isolation of 
primary cells was reviewed and approved by the respective local
Ethics Committees (State Medical Board of Registration, Saar-
land; Cardiff University Medical Ethics Committee). Isolation was
performed according to a protocol previously described by Elbert
et al. (1999), but with a slight modification of the enzymatic 
digestion. Briefly, the chopped tissue was digested using a combi-
nation of 150 mg trypsin type I (T-8003, Sigma, Deisenhofen,
Germany) and 0.641 mg elastase (LS022795, CellSystems, 
St. Katharinen, Germany) in 30 ml balanced salt solution B
(BSSB) for 40 min at 37°C. The ATII cell population was purified
by a combination of differential cell attachment, Percoll density
gradient centrifugation and magnetic cell sorting (magnetic beads
M-450, Dynal, Hamburg, Germany) as previously described 
(Elbert et al. 1999). The isolated ATII cells were seeded at a cell
density of 300,000 cells/cm2 on collagen/fibronectin-coated poly-
ester filter inserts (Transwell Clear, 6.5 mm diameter, 3470, 
Corning Costar, Bodenheim, Germany) using small airway growth
medium (SAGM) (CC-3118, Cell Systems, St. Katharinen, 
Germany) containing penicillin (100 units/ml) and streptomycin
(100 µg/ml) and with the addition of low serum (1% fetal calf se-
rum, FCS) in order to suppress fibroblasts. Formation of function-
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al tight junctional complexes and generation of confluent mono-
layers was routinely determined by measuring TEER using an
electronic voltmeter (EVOM, WPI, Berlin, Germany). After
reaching confluence the alveolar monolayers of HAEpC typically
revealed TEER values of 1,000–2,000 Ω cm2 on day 6–8 post-
seeding. The formation of tight junctions was also routinely moni-
tored by immunolabeling for zonula occludens protein-1 (Zo-1).
Cell isolation and culture were performed in two laboratories (De-
partment of Biopharmaceutics and Pharmaceutical Technology,
Saarland University, Saarbrücken, Germany; Pharmaceutical Cell
Biology Welsh School of Pharmacy, Cardiff University, Wales,
UK) using the same methods. The average yield of ATII cells was
2.3×106 cells/g tissue (n=15). The ATII cell purity determined by
staining for alkaline phosphatase was in the range of 81±1%.

A549 cells were obtained from BioWhittaker Europe 
(Verviers, Belgium). Passage numbers 86–89 were used cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% FCS in a humidified atmosphere containing 5% CO2.

Electron microscopy

Fixation

Cells on filter inserts were washed with phosphate-buffered saline
(PBS) and fixed with a mixture of 1–4% formaldehyde and 1%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) at room tem-
perature and stored overnight at 4°C. All formaldehyde solutions
were prepared from freshly depolymerized paraformaldehyde. For
immunogold electron microscopy cells were washed with PBS and
fixed with 4% formaldehyde in acetate buffer (pH 5.6) for 5 min
followed by 4% formaldehyde in carbonate buffer (pH 10.8) for
30 min (Berod et al. 1981). After a change to phosphate buffer, the
cells were prepared for scanning and transmission electron mi-
croscopy using the following protocols. In all preparations cells
were left on their original filter substrate.

Scanning electron microscopy of cell surfaces

For scanning electron microscopy cells were dehydrated on their
supporting filters through an ethanol gradient (50%, 70%, 80%,
90%, 96%, 99%, 99%, 100%; each for 15 min at room tempera-
ture). The drying of samples was prepared by infiltration with
mixtures of 1, 1, 1, 3, 3, 3-hexamethyldisilazane (HMDS, Roth,
Germany) and ethanol (1:3, 1:1, 3:1, each for 15 min) followed by
pure HMDS (twice, each for 15 min). HMDS was removed from
the sample by desiccation with a vacuum pump. Dried filters were
mounted on aluminium stubs and sputter coated with gold or plati-
num. Preparations by critical-point drying yielded a similar struc-
tural preservation.

Samples were observed using an ESEM XL 30 (FEI, The
Netherlands) equipped with a field emission gun at 20–30 kV un-
der high vacuum conditions. For analysis of the filter area covered
by cells, digital images were taken randomly at a magnification of
×600. The free filter surface was manually selected and calculated
relative to the entire image area using NIH image software 
(version 1.62, developed at the US National Institutes of Health;
customized by Steve Barrett, Surface Science Research Centre,
University of Liverpool, UK).

Electron microscopy of cross sections

Cells were washed in 0.1 M phosphate buffer and postfixed with
2% osmium tetroxide in 0.1 M phosphate buffer. After washing in
phosphate buffer, cells were dehydrated in a series of ethanol
(50%, 70%, 80%, 90%, 96%, 100%, 100%; each for 15 min at
room temperature). Infiltration with epoxy resin was done using
propylene oxide (twice, each for 5 min; once for 15 min) and a 1:1
mixture of propylene oxide and EMbed 812 (EMS, Fort Washing-
ton, USA; resin mixture according to Luft 1961) overnight at

room temperature. After a further infiltration step in EMbed for
3–4 h at room temperature, filters were embedded in fresh EMbed
and polymerized at 60°C for at least 2 days. Ultrathin sections
(60–80 nm thick) were counterstained with uranyl acetate and lead
citrate and inspected with an EM10C (Zeiss, Germany).

Low-power images were taken from the block face of embed-
ded filters after sectioning using the scanning electron microscope
and imaging of back scattered electrons at 10–15 kV. Blocks were
stained with uranyl acetate for a better contrast. This imaging pro-
cedure was selected because sections usually show mechanical
distortions and artifacts due to the different hardness of embed-
ding medium, cells and filter material.

The general morphology of HAEpC cultured under the de-
scribed conditions was the same in both laboratories in this study.

Immunogold electron microscopy

Cells were washed with 0.1 M phosphate buffer and dehydrated
by progressive lowering of temperature (PLT) using the following
ethanol series and temperatures: 30%, 0°C; 50%, –20°C; 70%,
90%, 100%, 100%, –35°C for 1 h each. The incubations were
done by using tight-closing vials (2 ml, Twist Top; Sorenson Bio-
science), which were placed into different refrigerators and freez-
ers for cooling. At the temperature of –35°C vials were fitted into
an aluminium block for a better temperature control.

Infiltration with the acrylate resin Lowicryl K4 M was done at
a temperature of –35°C by using mixtures of ethanol and resin
(1:1, 1 h; 1:2, 1 h) followed by pure resin (twice; overnight and
2 h). Filter inserts with cells were embedded in fresh resin deliv-
ered in reaction vials (0.5 ml, Eppendorf) and polymerized by UV
light in a freeze-substitution apparatus (FSU010, Bal-tec) for
1 day at –35°C before the temperature was raised to 0°C (dwell
time = 1 day) and room temperature (dwell time = 1 day).

Ultrathin sections were collected on Formvar-filmed copper
slot or single hole grids. For immunolabeling, sections were
placed on droplets (30 µl) of the following solutions: glycine
(50 mM in PBS); blocking solution; anti-caveolin-1 antibody (see
below); blocking solution; goat anti-rabbit antibody, coupled to
10 nm colloidal gold (British Biocell, Cardiff, UK); blocking solu-
tion; PBS; 2.5% glutaraldehyde in 0.1 M phosphate buffer; PBS;
and aqua dest. The blocking solution consisted of cold water fish
gelatine (0.5%; Sigma), bovine serum albumin (BSA) (0.5%; Aur-
ion) and Tween 20 (0.01%; Sigma) in PBS. Incubation of sections
with the anti-caveolin-1 antibody was done overnight at 4°C in a
wet chamber. Finally, dried sections were stained with a mixture
of uranyl acetate and methylcellulose (Roth et al. 1990).

For control rabbit non-immune sera were used. Significant la-
beling of caveolae was never observed with these sera, indicating
that the decoration of caveolae by caveolin-1 antibodies was spe-
cific.

Antibodies

Caveolin-1 synthesis was examined using the rabbit polyclonal
antibody (C-13630, Transduction, Lexington, UK), which recog-
nizes both the α and β isoforms of caveolin-1. Surfactant protein-
C (Sp-C) was examined using the rabbit polyclonal anti proSp-C
antibody (AB3428, Chemicon, Hofheim, Germany) recognizing
the Sp-C proprotein as well as processing intermediates. For the
isotypic control an IgG rabbit serum (X0903, Dako, Hamburg,
Germany) was used, which was diluted to the protein content of
the primary antibodies. Occludin was investigated by mouse
monoclonal antibody (O79120, Transduction, Lexington, UK).
For detection of intracellular adhesion molecule-1 (ICAM-1), 
a mouse monoclonal antibody anti human CD54 (CBL 450, 
Cymbus Biotechnology Ltd., Chandlers Ford, UK) was used. For
isotypic controls a mouse IgG antibody (M5284, Sigma, Germa-
ny) was diluted to the protein content of the primary antibodies.
For Western blotting a secondary horseradish peroxidase (HRP)
conjugated swine anti-rabbit antibody (Dako, Cambridge, UK)
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was used. For fluorescence labeling cells were incubated with an
anti-rabbit F(ab)2FITC conjugate (F1262, Sigma, Deisenhofen,
Germany) or an anti-mouse FITC conjugate (F0479, Dako, Hamburg,
Germany).

Immunofluorescence confocal microscopy

For immunofluorescence microscopy cells were fixed on Trans-
well filter inserts with 2% paraformaldehyde and permeabilized by
0.1% Triton-X. Cells were incubated with primary antibodies at
room temperature for 40 min in the dark at a dilution of 1:40 in
PBS/1% BSA. After the first incubation step the cells were labeled
with the corresponding FITC-labeled anti-rabbit or anti-mouse an-
tibody (1:100 in PBS, 1% BSA) for 40 min in the dark. Counter-
staining of cell nuclei was undertaken using propidium iodide
(0.2 µg/ml). For actin staining fixed and permeabilized cells were
incubated with TRITC-phalloidin (P-1951, Sigma, Deisenhofen,
Germany) using a concentration of 5 µg/ml in PBS, 1% BSA. 
Finally cells were mounted in FluorSave (Calbiochem, Darmstadt,
Germany) and analyzed using a confocal laser scanning micro-
scope (Biorad MRC 1024, Munich, Germany).

Reverse transcriptase-polymerase chain reaction

The sources for RT-PCR materials were as follows: agarose LE
analytical grade and RNasin ribonuclease inhibitor (Promega,
Southampton, UK); Ultraspec RNA extraction solution and Ultra-
spec DEPC-treated water (Biogenesis, Dorset, UK); Moloney mu-
rine leukemia virus reverse transcriptase (MMLV-rt) and dNTPs
(Life Technologies-Gibco, Paisley, UK); random hexanucleotide
(pdN6) primers (AmPharm, Little Chalfont, UK); and Biotaq
polymerase (Bioline, UK). Oligonucleotide primers were synthe-
sized within the University of Wales, College of Medicine, on a
Beckman DNA synthesizer with high-performance liquid chroma-
tography (HPLC) high-purity isolation.

One microgram RNA was extracted (Ultraspec RNA extrac-
tion) from the alveolar epithelial cultures grown on tissue culture-
treated plastic Corning Costar and reverse transcribed using
200 units of MMLV-rt and 10 pmol of random pdN6 primers in a
solution containing TRIS and MgCl2 (1.5 mM). The cDNA repre-
senting 60 ng of RNA was subjected to PCR for human caveolin-1
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for 30
cycles in a final volume of 50 µl using 1 unit of Biotaq DNA poly-
merase and 10 pmol/µl of each primer.

Human caveolin-1 (GenBank accession number Z18951) prim-
ers comprised forward 5’-TCA ACC GCG ACC CTA AAC ACC-
3’and reverse 5’-TGA AAT AGC TCA GAA GAG ACA T-3’ se-
quences generating a 562-bp product. PCR was undertaken with
an MgCl2 concentration of 1.5 mM, a primer concentration of
10 pmol/µl and a thermocycler program of: (1) 95°C for 2 min, (2)
60°C for 1 min, (3) 72°C for 1 min, (4) 95°C for 2 min, (5) 60°C
for 1 min, and (6) 72°C for 1 min (steps 4–6 were repeated 26
times) before a final round of 95°C for 1 min, and 60°C for 5 min.

Human GAPDH (GenBank accession number M33197) prim-
ers comprised forward 5’-ACC ACA GTC CAT GCC ATC AC-3’
and reverse 5’-TCC ACC ACC CTG TTG CTG TA-3’ sequences
generating a 452-bp product (Hurlstone et al. 1999). PCR was un-
dertaken with an MgCl2 concentration of 1.5 mM, a primer con-
centration of 10 pmol/µl and a thermocycler program of: (1) 95°C
for 2 min, (2) 58°C for 30 s, (3) 72°C for 30 s, (4) 94°C for 1 min,
(5) 58°C for 30 s, and (6) 72°C for 30 s (steps 4, 5, and 6 were re-
peated 28 times) before a final round of 95°C for 1 min, and 58°C
for 5 min.

A quantity of 15 µl of the PCR products was electrophoresed
in a 2% agarose gel and stained with a solution of ethidium bro-
mide (0.5 µg/ml). Negative controls consisted of omitting the re-
verse transcription reaction or the cDNA product (data not
shown).

Western blot for caveolin-1

Western blot for caveolin-1 in tissues and in cultured cell was 
performed as previously described (Newman et al. 1999; Campbell
et al. 1999).

Flow cytometry

Freshly isolated human alveolar type II cells were directly washed
in PBS after the isolation procedure and prepared for flow cytom-
etry. Cells cultured to day 2, 4 and 8 postseeding were trypsinized
followed by washing with PBS and prepared for flow cytometry as
described below. Cells were fixed and permeabilized using Fix
and Perm Kit (GAS-004, Caltag, Hamburg, Germany). Sp-C anti-
body and caveolin-1 antibody were diluted 1:40 in the perm-
eabilization buffer (buffer B) according to the recommendations.
For the isotypic control rabbit IgG normal serum was used. The
secondary FITC antibody (F1262) was diluted 1:100 in PBS. After
washing, cells were analyzed by flow cytometry using Calibur flu-
orescence-activated cell sorting (FACS) (BD, Heidelberg, Germa-
ny), and CellQuest software. 5000 cells were counted in triplicate
for each time point of the primary cultures. Independent isolations
from tissue of three patients were subjected to flow cytometry. To
exclude any autofluorescence from the cells, instrument settings
were adjusted in untreated cells.

To quantify the increase in caveolin-1 and to prove the repro-
ducibility in different isolations, caveolin-1-positive cells were
gated as indicated on the dot plot of day 8 cells (Fig. 7A) and the
mean FL-1 in the gated population was compared on days 0, 2, 4,
and 8 in three isolations. A similar analysis was performed for Sp-C.

Results

Morphology of donor lung tissue

Respiratory parts of human lung tissue were used for
preparation of primary cultures. The fine structure of tis-
sue samples revealed the typical architecture of the alve-
olar epithelium formed by ATII and ATI cells. The ATII
cell is cuboidal in shape and its circumference is limited
to a zone near the nucleus. The cytoplasm is character-
ized by multilamellar bodies which are membrane-bound
structures containing densely stacked membranes of sur-
factant lipids (Fig. 1A, B).

ATI cells form flat extensions from a small layer of
cytoplasm in the nuclear region. The extensions are a
few hundred nanometers in thickness and cover the ma-
jority of the inner alveolar epithelial surface. Their apical
and basal membranes are invaginated by caveolae
(Fig. 1C, D).

Morphology of HAEpC during culture

Isolated ATII cells seeded upon filter membranes, and
cultured under the described conditions, formed a con-
fluent monolayer of cells within 10 days of seeding.
Cells aggregated, and differentiated during culture into a
flattened epithelium consisting of two distinct cell
morphologies. The morphology of the cells was analyzed
by scanning and transmission electron microscopy
(Figs. 2, 3, 4). 
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After 2 days of culture, many ATII cells have formed
monolayer aggregates which were still separated from
each other (Fig. 2A). At this time, more than 40% (n=14)
of the filter surface was covered by cells. Cells displayed
a morphology consistent with cell flattening and spread-
ing but with a clearly elevated nucleus and a circumfer-
ence profile that was variable in shape (compare also
Fig. 3A, B). The apical surface of the cells was covered
by short microvilli, which were most dense in the nucle-
ar region and almost absent in the flattened peripheral re-
gion of the cells. Numerous filopodia extended from free
lateral cell borders and contacted the surface of the filter
or neighboring cells. Closer contacts between cells were
characterized by a weakly undulated contact zone
formed by the adjacent membranes. The contact zone
was on both cells decorated by row(s) of microvilli
(compare Fig. 2F).

The intracellular morphology of the cells at day 2 of
the culture was relatively uniform. The cytoplasm re-
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Fig. 1A–D Transmission electron microscopy of donor lung tis-
sue used for primary cell culture of human alveolar epithelial
cells. The alveolar epithelium is formed by two cell types, alveolar
epithelium type I (ATI) and II (ATII) cells. A, B Section through a
cuboidal ATII cell which is elevated above the epithelium. The cy-
toplasm is characterized by multilamellar bodies (lb), membrane-
bound structures which reveal densely stacked membrane lamel-
lae. Note that preservation of these structures is not ideal since fix-
ation must be done by immersion several hours after excision of
the material. C, D ATI cells are flat cells with a thin lamella of cy-
toplasm around the nucleus. The cells possess flat extensions
which cover most of the inner alveolar surface. The apical and
basal plasma membranes of these extensions reveal many omega-
shaped invaginations, termed caveolae (arrows). In some cases
caveolae of both membranes approach very closely and are only
separated by a few nanometers of cytoplasm from each other (a al-
veolar space, c capillary, ct connective tissue). Scale bars 1 µm
(A, C), 0.5 µm (B), 0.2 µm (D)



vealed no particular concentration of organelles with one
exception. Most cells possessed a significant number of
membrane-bound organelles of about 0.4–1.2 µm in 
diameter (maximum sectioning profile; n=46). These or-
ganelles appeared empty in a few cases, but mostly re-
vealed membranous structures within their lumina
(Figs. 3A, B, 4B). In some cells these structures were

densely packed membrane lamellae as in ATII cells of
the donor tissue (Fig. 4B). Often membrane lamellae
seemed to be condensed or reduced and accompanied by
vesicular structures (Fig. 4C).

Between islands of cells and single cells of a more or
less flattened morphology, a population of smaller round
cells of variable diameter and surface structure was ob-
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Fig. 2A–H Scanning electron
microscopy of cultured human
alveolar epithelial cells (HAE-
pC) after different times of cul-
ture. A, B On day 2 of culture
HAEpC have formed clusters.
Cell shape is polymorphic and
the cellular surface is charac-
terized by short microvilli.
Gaps between cells are spanned
by several thin filopodia. C, D
After 4 days of culture gaps be-
tween cells are almost closed.
Cells reveal a flat morphology
with distinct contact zones be-
tween them. E, F On day 8, the
cells have formed an almost
closed monolayer. The cells re-
semble flat disks of different
shapes with slightly elevated
nuclei. In many cells surface
microvilli are concentrated in
the region of the nuclei and are
much rarer in the flatter periph-
ery. The contact zone between
cells is flanked by one or few
rows of microvilli on each cell
(arrows). G, H From day 8 on
some cells show surface re-
gions where the membrane is
perforated by numerous small
concentric holes of a uniform
size (c). H shows the surface of
another cell of the same mono-
layer which is completely de-
void of concentric holes. The
distribution of membrane holes
correlates with that of omega-
shaped or flask-like sectioning
profiles in ultrathin sections of
these monolayers which are in-
dicative of caveolae (cf. text
and Fig. 4D). Scale bars 50 µm
(A, C), 10 µm (B, D), 5 µm (F),
0.5 µm (G, H)
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Fig. 3A–E Cross sections through cultured human alveolar epi-
thelial cells (HAEpC) after different times of culture. Plastic-em-
bedded cells were sectioned and the remaining block face was vi-
sualized by scanning electron microscopy. A, B Single cells with a
more or less round sectioning profile and spreading on the filter
substrate after 2 days of culture. The cytoplasm reveals electron-
dense inclusions which are multilamellar bodies (cf. Fig. 4B). C
After 4 days of culture cells form a continuous monolayer cover-
ing the filter surface. Many cells are characterized by vacuole-like

structures (arrows) which are filled with vesicles or membrane la-
mellae (cf. Fig. 4C). D, E On day 8 of culture, cells with a flat
sectioning profile and flat extensions (“flat cells”) cover most of
the filter surface. D In many of the “flat cells” vacuole-like struc-
tures (arrow) are present as in cells after 4 days of culture. E Oc-
casionally cells with a rounder sectioning profile (“round cells”)
can be found within the monolayer. These cells contain typical
multilamellar bodies. Scale bar 10 µm
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served. These cells showed no significant spreading on
the substrate, and some of them also laid on the surface
of the flattened cells (Fig. 2D). Ultrathin sections 
revealed a morphology indicative of leukocytes (not
shown). Their number seemed to decrease with time of
culture. On day 10 of culture none of these cells could be
observed.

On day 4 of the culture, gaps between the cells were
almost closed. At least 98% (n=15) of the filter surface
was covered by cells (Fig. 2C, D). The cell morphology
was similar to that of the cells on day 2 with free edges
bearing multiple filopodia. Typical apical contact zones,
which comprised apical tight junctions sometimes fol-
lowed by adherent junctions, were much more prominent
than on day 2 because cells formed larger contact areas
(Fig. 4A). The number of characteristic membrane-
bound organelles containing membrane lamellae in their
lumina (see above) was lower than in cells on day 2. In
most of the cells membrane lamellae seemed to be re-
duced in size or condensed and were frequently associat-
ed with vesicles, which gave the organelles a vacuole-
like appearance (Figs. 3C, 4C).

After 8 and 10 days of the culture the cells formed a
flat, almost closed monolayer on the filter surface (filter
area covered by cells ≥98%, n=16) (Figs. 2B, C, 3D, E).
The average thickness of the epithelium was less com-
pared to that of the epithelium on days 2 and 4 (cf.
Fig. 3A–E). The remaining gaps between cells were
spanned by numerous filopodia of the surrounding cells.
The overall density of microvilli was reduced in compar-
ison to cells on day 2 and 4 of culture and seemed to cor-
relate with the thickness of the monolayer. The thinner
the monolayer, the lower the density of microvilli. In
most cells the flattened peripheral attenuations lacked
microvilli. Cell shape remained variable across the
monolayer with two distinct classes of cells distin-
guished based on their cross-section profile and intracel-
lular ultrastructure: (1) cells with a rounder profile
(“round cells”) and numerous membrane-bound struc-
tures containing lamellar membranes (Fig. 3E); and (2)

cells with a flattened and extended profile lacking lamel-
lar structures; only membrane-bound structures with
condensed membranes were visible in some of these
cells. The majority of the filter surface was covered by
these “flat cells” (Fig. 3D, E).

In some of the “flat cells” numerous membrane in-
vaginations occurred in restricted regions of the apical
plasma membrane. In the scanning electron microscope,
they appear as concentric holes of a defined size (mean
maximum diameter=45 nm, SD=13, n=135; Fig. 2G, H).
Their distribution correlates with the occurrence of ome-
ga-shaped or flask-like membrane invaginations in sec-
tions which are typical sectioning profiles of caveolae
(Fig. 4D). Immunostaining showed that these structures
can be specifically labeled by antibodies against caveo-
lin-1, the major structural protein of caveolae (Fig. 4E,
F). The total number of caveolae increased from day 8 to
10. Single caveolae were occasionally present in apical
membranes of all cells including “round cells.”

Immunofluorescence microscopy

Immunofluorescence studies using a polyclonal anti-
caveolin-1 antibody revealed the presence of caveolin-1
in most of the cells after 3 days in culture (Fig. 5A, day
3). Caveolin-1 labeling was seen as fluorescent dots in
the cytoplasm. The number of these dots and their size
increased with time of the culture (day 9, Fig. 5B). Im-
munofluorescence studies on A549 cells gave a more
diffuse pattern with a fluorescence signal that was weak
compared with that in HAEpC at later stages of the cul-
ture (Fig. 5E). Moreover, no changes in labeling pattern
or intensity of the fluorescence for caveolin-1 were ob-
served during the entire culture.

HAEpC and A549 were also tested for Sp-C in immu-
nofluorescence studies. Sp-C labeling was found in near-
ly all HAEpC on day 4 (Fig. 5C) with intense staining in
the perinuclear region or faint reticular staining through-
out the cytoplasm indicating a labeling of the Golgi/ER
compartment. In the later stages (day 8), most of cells
were nearly negative for Sp-C or revealed single dots in
the cytoplasm. Only a few cells on day 8 still showed
Sp-C labeling in the area of the Golgi/ER in a pattern
similar to that of earlier stages (Fig. 5D). In A549, im-
munofluorescence for Sp-C resulted in strong staining
(Fig. 5F) comparable to the early stages of HAEpC. In-
tense labeling for Sp-C in these cells was found around
the nucleus and in the cytoplasm, where it showed a 
reticular pattern suggesting a localization of Sp-C in 
association with the Golgi/ER complex. No change in
Sp-C levels or distribution in relation to time of culture
of A549 cells was observed, indicating a steady produc-
tion of Sp-C. Immunofluorescence for the intracellular
adhesion molecule ICAM-1 (Fig. 5G) in HAEpC demon-
strated an increase in ICAM-1 levels with time of cul-
ture. ICAM-1 was situated in small dots, which were 
either distributed all over the cell or only present the cell
periphery.
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Fig. 4A–F Transmission electron microscopy of cultured human
alveolar epithelial cells (HAEpC) in cross section. A Two cells of
a monolayer after 4 days of culture which show an apical to baso-
lateral polarity and typical epithelial cell contacts, i.e., tight junc-
tions (arrows). The inset shows a magnification of the cell con-
tacts. B Multilamellar bodies (mlb) of a cell on day 2 of culture
(cf. Fig. 3A, B). The morphology of the multilamellar bodies is
comparable to that of multilamellar bodies in ATII cells of the
lung (cf. Fig. 2A, B). C Multilamellar bodies (mlb) and vacuole-
like (v) structures in a cell on day 4 of culture. The vacuole-like
structures contain small vesicles and few membrane lamellae. D
Flask-like invaginations of the plasma membrane in a “flat cell”
which are indicative of caveolae (day 8 of culture). Note that ve-
sicular structures in deeper layers of the cortical cytoplasm (ar-
rowheads) seem to be connected to the invaginations of the plas-
ma membrane. E, F Immunogold labeling of flask-like membrane
invaginations with anti-caveolin-1 (aCav1). The gold particles are
concentrated around the sectioning profile of the invaginated plas-
ma membrane (mt mitochondrion, mv microvilli, rer rough endo-
plasmic reticulum). Scale bars 1 µm (A, B), 0.5 µm (C), 0.1 µm
(D–F, inset)
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The formation of tight junctions in HAEpC was previ-
ously proven by the synthesis of the tight junctional pro-
tein zo-1 forming a regular belt around the single cells
(Elbert et al. 1999). Immunofluorescence using monoclo-

nal antibodies for occludin (Fig. 5H) and staining of actin
filaments by phalloidin-TRITC (not shown) resulted in a
very similar labeling. These results indicate the formation
of epithelial cell-cell contacts between the cultured cells.
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Fig. 5A–H Immunofluores-
cence of caveolin-1 and Sp-C
in HAEpC and A549 cells. Im-
munoreactivity is displayed in
green while nuclei appear red.
A HAEpC on day 3 postseed-
ing stained with anti-caveolin-1
antibody reveal weak caveolin-
1 levels in HAEpC in nearly all
cells. Immunolabeling for ca-
veolin-1 appears in little dots in
the cytoplasm. B In later stages
of the cell culture (day 9) cave-
olin-1 labeling is situated in
dots forming larger aggregates
in the cytoplasm and the fluo-
rescence for caveolin-1 is in-
creased. E In comparison,
A549 cells only display weak
fluorescence for caveolin-1 and
only a few dots were found in
the cytoplasm. No change in
caveolin-1 signal during culture
time is observed in A549. 
C Immunofluorescence in
HAEpC for Sp-C on day 4
postseeding reveals intense
staining in nearly all cells. The
labeling for Sp-C is particularly
intense in the perinuclear re-
gion, and extends into the 
peripheral cytoplasm, where it
is reticular with intermingled
dots. D On day 8 most of the
cells are almost negative for
Sp-C or reveal only single dots
in the cytoplasm. Some cells
still reveal an immunofluores-
cence pattern comparable to the
early stages. F In A549 cells
Sp-C labeling is intense and 
localized in the perinuclear re-
gion, from where it sends retic-
ular strands throughout the cy-
toplasm similar to the labeling
of HAEpC in early stages. Fur-
ther, A549 show no changes in
intensity or concerning the 
localization of Sp-C during cul-
ture time. G Immunostaining
for ICAM-1 in HAEpC on day
9. ICAM-1 was present in all of
the cells but expressed to vari-
ous extents in single cells. 
H HAEpC stained for occludin
on day 9 using a mouse mono-
clonal antibody. Labeling for
occludin demonstrated the for-
mation of continuous circum-
ferential intercellular contacts,
which are typical of tight junc-
tions. Scale bars A–H 50 µm



RT-PCR and Western blotting for caveolin-1

The caveolin-1 signal in HAEpC over time of culture
was quantified by RT-PCR and Western blotting. Caveo-
lin-1 expression tested at the mRNA level by RT-PCR
revealed a product of 562 bp, which was consistent with
expected size. GAPDH was used as internal standard.
For quantification of the caveolin-1 product, densitome-
try analysis was performed. The ratio between caveolin-
1 and GAPDH was estimated over time of culture. The
freshly isolated cells showed a notable expression of ca-
veolin-1 mRNA, which increased from day 3 up to day 8
(Fig. 6A). The same pattern could be found by Western
blot analysis (Fig. 6B). Caveolin-1 (22 kDa) was detect-
ed in freshly isolated cells and a clear increase in caveo-
lin-1 synthesis from day 3 to day 8 was observed. The
positive control, lysate of human lung, revealed a band
of the same size.

Flow cytometry

In comparison to other quantitative methods such as 
RT-PCR and Western blotting, flow cytometry offers the
possibility of evaluating the synthesis of marker proteins
at the level of a single cell level. This allows discrimina-
tion of cell subpopulations according to cell size, granu-
larity and marker proteins. For HAEpC, flow cytometry
was done with freshly isolated cells and cells cultured
for 2, 4 and 8 days after isolation. In the freshly isolated
cells, a weak signal for caveolin-1 was observed
(Fig. 7A). The mean of the fluorescence channel FL-1 in
the gated population of freshly isolated cells on day 0
was in the range of 50 units. However, in addition to the
gated population, other cell populations on the basis of a
reduced morphological size (low forward scatter, FSC)
and lack of caveolin-1 were detected. On day 2, the ca-
veolin-1 synthesis within the gated HAEpC population
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Fig. 6A, B Analysis of caveo-
lin-1 in HAEpC during culture
by RT-PCR and immunoblot-
ting. A shows RT-PCR for ca-
veolin-1 (from left to right) in
freshly isolated cells (lane 1),
and in cells cultured for 3 days
(lane 2), 5 days (lane 3) and
8 days (lane 4). GAPDH was
used as internal standard. The
bands for caveolin-1 are locat-
ed on the gel at a position con-
sistent with the expected size of
562 bp. Quantification was per-
formed by densitometry analy-
sis upon the above image by
determining optical density.
The time course reveals rela-
tively high expression rates for
caveolin-1 in freshly isolated
cells followed by a reduced ca-
veolin-1 expression on day 3.
With time of culture a steady
increase in caveolin-1 is no-
ticed. B Western blotting for
caveolin-1 in cells after differ-
ent times of culture. Human
lung lysate was used as control.
A double band of 22 kDa is de-
tected. For quantification the
optical density per unit area
was determined as shown by
bar chart. The time course re-
veals the presence of caveolin-
1 in freshly isolated cells. On
day 3 the caveolin-1 signal is
reduced followed by an in-
crease on day 8



was increased significantly and the cells formed a homo-
geneous caveolin-1-positive population. On day 4 and
day 8 caveolin-1 levels within the gated cells had in-
creased further. In addition, the entire population was
more homogeneous with over 90% of the cultured cells
represented within the gated population and showed high

levels of caveolin-1. Other subpopulations of lower size
and insignificant caveolin-1 signals disappeared, indicat-
ing that they may constitute erythrocytes, leukocytes or
other irrelevant cells. On day 10 no further increase in
caveolin-1-specific fluorescence was detectable (not
shown). In addition to the increase in caveolin-1 synthe-
sis, an increase in cell size was also detected consistent
with flattening and cell spreading. Means of FL-1 were
determined from three cell isolates (Fig. 7A).

As a control, FACS analysis was performed with
A549 cells. These cells formed homogeneous cell popu-
lations and showed high levels of Sp-C and low levels of
caveolin-1, which corresponds to an ATII cell pattern.
The intensity of the FL-1 signal for caveolin-1 or respec-
tively Sp-C was not influenced by culture time in this
cell line (data not shown).

Sp-C, an ATII cell marker, was screened in HAEpC
by flow cytometry over time of culture. A representative
time course for Sp-C FACS analysis is depicted in
Fig. 7B. In freshly isolated cells only a faint FL-1 signal
for Sp-C was present. On day 2, the signal for Sp-C in-
creased and reached a maximum for the analyzed time
course of the culture. On day 4 Sp-C levels decreased
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Fig. 7A, B Flow cytometry of caveolin-1 and Sp-C synthesis in
HAEpC over time of culture. A Time course of caveolin-1 immu-
noreactivity depicted as dot blot (left). Freshly isolated cells reveal
a low signal for caveolin-1. Besides HAEpC also other cell popu-
lations with lower cell size are detected. With time of culture, ca-
veolin-1 signal increases (days 2, 4). On day 8 HAEpC (gated re-
gion is indicated by a box) form a homogeneous highly caveolin-
1-positive population. In addition the increase in the forward scat-
ter signal suggests an increase in cell size with time of culture.
Means for caveolin-1 signal in comparison to the isotypic control
determined in three isolates are depicted as a bar chart on the
right. B Time course for Sp-C (gray line) depicted in histograms
(left) compared to the isotypic control (black line). In freshly iso-
lated cells no Sp-C is detected. On day 2 the signal for Sp-C in-
creases and reaches a maximum. On day 4 HAEC show a decrease
in Sp-C expression. On day 8 no signal for Sp-C is detected. The
mean of Fl-1 for Sp-C was determined in comparison to isotypic
control in three isolates and depicted as a bar chart on the right



slightly and disappeared on day 8. The means of Sp-C
were determined in three isolates (Fig. 7B).

Discussion

The morphological investigation of HAEpC at different
time points postseeding showed that cells form an epi-
thelial monolayer with typical cell contacts and an apical
to basal polarity. The formation of an epithelial barrier is
indicated by high TEER values and immunolocalization
of cell contact proteins zo-1, and occludin together with
cortical actin (compare also Elbert et al. 1999), which
are critical components in the formation of tight junc-
tions (Fanning et al. 1998). In addition to the develop-
ment of an overall epithelial morphology, cells differen-
tiate into two types. On day 2 postseeding the culture is
mainly characterized by cells of variable shape but with
a clearly elevated nucleus. These cells possess numerous
organelles containing membrane lamellae which reveal a
close similarity to the typical multilamellar bodies stor-
ing surfactant components in cuboidal ATII cells present
in the donor tissue. On days 8 and 10 of culture two cell
types could be distinguished within the epithelial mono-
layer: (1) “round cells” retaining a rounder cell shape
and (2) “flat cells” covering the majority of the filter sur-
face. Both cell types revealed a morphological similarity
with the two alveolar cell types forming the epithelium
in the lung and therefore can be termed ATII- and 
ATI-like cells respectively. In particular, the ATII-like
cell revealed a similar morphology to the predominant
cell type on day 2 of culture, which most likely repre-
sents the isolated ATII cells (see above). ATI-like cells
are flat and cover most of the filter surface, similar to
ATI cells in the alveolar epithelium. In addition, ATI-like
cells developed plasma membrane invaginations which
possessed typical features of caveolae, i.e., an omega-
shaped or flask-like sectioning profile and a cross-reac-
tion with antibodies against caveolin-1. Both aspects, the
flat morphology and the occurrence of caveolae, are fea-
tures of ATI cells of the alveolar epithelium. However,
ATI-like cells are still considerably thicker than ATI
cells and the number of caveolae is also comparatively
low in ATI-like cells. Moreover, in ATI-like cells vacu-
ole-like structures were often observed which are remi-
niscent of residual or incomplete multilamellar bodies of
the ATII cells. The morphology of the ATI-like cells
could represent a snapshot of the hypothesized differen-
tiation process from the ATII-cell type towards the ATI
cell type (Uhal 1997; Fehrenbach 2001), where the ATI-
like cells show characteristics of both ATII and ATI cell
types, i.e., a flat morphology with increasing number of
caveolae (ATI cell) and residual multilamellar bodies
(ATII cell). This notion is supported by the morphologi-
cal observations of cells on day 4 of culture, which show
a flatter morphology than cells on day 2 and an overall
reduced number of intact multilamellar bodies. On day 4
of culture the filter area is already entirely covered by
cells which might mark the end of the growth phase and

the beginning of the differentiation process into different
cell types.

The morphological differentiation of the HAEpC is
accompanied by a change in the synthesis of marker pro-
teins for the two cell types of the alveolar epithelium.
Caveolin-1 has been proposed as a marker that is selec-
tively increased in the ATI cell (Campbell et al. 1999;
Newman et al. 1999). The results from RT-PCR suggest
an increase in caveolin-1-specific mRNA during the cul-
ture. This was also seen at the protein level for caveolin-
1 in Western blotting. In parallel, an increase in caveo-
lin-1 was also observed by immunofluorescence studies
and flow cytometry over the time course of the culture.
Significant differences in caveolin-1 levels were only
found within freshly isolated cells investigated by differ-
ent methods. In freshly isolated cells a relatively high
signal for caveolin-1 was observed by RT-PCR and
Western blotting, whereas in flow cytometry the signal
for caveolin-1 was weak. This discrepancy might be due
to contaminating subpopulations of cells, such as endo-
thelial cells (rarely seen by electron microscopy) or 
fibroblasts, within the freshly isolated ATII cells, which
were selectively excluded by FACS settings but included
within RT-PCR and Western blot analysis. However, all
results show an increase in caveolin-1 over time of culti-
vation, which is, according to the flow cytometry data,
concentrated in a growing population of cells. This result
is in good correlation with the morphology of the culti-
vated cells which achieve ATI-like properties over time
like caveolae and an increase in surface area covered by
an individual cell. An increase in the forward scatter
(FSC) signal in FACS analysis indeed showed that high-
ly caveolin-1-positive cells also increase in cell size on
days 4 and 8 of the culture.

Caveolae may play a fundamental role in macromole-
cule absorption from the lung alveolar air space and in
regulation or maintenance in the alveolar type I pheno-
type. Recent data from caveolin-1 knockout mice (Drab
et al. 2001; Razani et al. 2001) and more recently from
caveolin-2 knockout mice (Razani et al. 2002) support
the role of caveolin-1 serving as a key structural protein
for caveolae formation. The knockout mice studies re-
vealed that loss of caveolin-1 led to exercise intolerance
and severe morphological changes in the alveolar barrier
including hyperproliferation, thickening of the alveolar
septa and ATII hyperplasia. The recent publication by
Razani et al. (2002) shows that loss of caveolin-2 ap-
pears to be responsible for the pulmonary defects detect-
ed in the knockout mice.

The synthesis of the ATII cell marker Sp-C was re-
stricted to the earlier stages of HAEpC cultures (days 2
and 4) as shown by flow cytometry. In the later cultures
(day 8) the Sp-C signal was reduced, which can be corre-
lated with the morphological observation of a reduced
number of cells with intact multilamellar bodies. Al-
though we expected high rates of Sp-C as ATII marker in
freshly isolated cells, Sp-C signal in freshly isolated cells
was low, which might be due to the loss of the soluble
Sp-C during isolation and the mechanical stress by the
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long isolation process. Indeed, Wirtz and Dobbs (1990)
previously reported surfactant release after mechanical
stretching of ATII cells, which can be explained by the in
vivo function of surfactant to lower the surface tension.
Low levels of Sp-C in freshly isolated cells might also
result from a downregulation of surfactant production
during the isolation and its new initiation in the early
stages of the culture. Confocal microscopy revealed a
change in the localization of Sp-C from the Golgi/ER
around the nucleus to distal subcellular compartments
where the proprotein is processed into the mature Sp-C
peptide of 3.7 kDa as previously reported by Beers and
Lomax (1995) and Vorbroker et al. (1995). In addition to
the change in the localization of Sp-C, similar time 
patterns for Sp-C expression were described by Borok et
al. (1998) at the mRNA level with Sp-C expression also
restricted to days 4 and 6 in primary cultures of rat cells.
Nevertheless, downregulation of the Sp-C production on
days 4 and 8 can be explained by the beginning of differ-
entiation of ATII cells into ATI-like cells, which is indi-
cated by the morphology and caveolin-1 expression as
described above. The differentiation from ATII to ATI-
like cells is also supported by the increase in ICAM-1
with time of culture as revealed by immunofluorescence
microscopy. The transmembrane adhesion molecule
ICAM-1 is constitutively expressed on the apical surface
of ATI cells in vivo and in culture the shift from a domi-
nant ATII phenotype to a dominant ATI phenotype corre-
lates with an increase in ICAM-1 expression (Christensen
et al. 1993; Rosseau et al. 2000).

In summary, our study demonstrated a differentiation
process of the HAEpC with ongoing culture. The late
cultures (days 8 and 10) of HAEpC develop morphologi-
cal and molecular features which are of basic importance
for the alveolar epithelium in vivo. A good correlation
between the morphological findings in the donor tissue,
resembling the in vivo situation, and the differentiated
HAEpC was shown. These results suggest that HAEpC
might be suitable as an in vitro model to investigate cell
biological processes and transport mechanisms with
pharmaceutical implications in human alveolar cells. A
key element relevant for pharmaceutical studies are
caveolae, which are supposed to be involved in molecu-
lar transport across the epithelium. In this context, the
human alveolar epithelial cell culture model described
here may allow elucidation of caveolae-mediated trans-
port in the lung, which might be used as a new approach
in drug delivery via the pulmonary route.
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