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In this study, we report a serum-free culture system for primary
neonatal pulmonary cells that can support the growth of octamerbinding transcription factor 4ⴙ (Oct-4ⴙ) epithelial colonies with a
surrounding mesenchymal stroma. In addition to Oct-4, these cells
also express other stem cell markers such as stage-specific embryonic antigen 1 (SSEA-1), stem cell antigen 1 (Sca-1), and Clara cell
secretion protein (CCSP) but not c-Kit, CD34, and p63, indicating
that they represent a subpopulation of Clara cells that have been
implicated as lung stem兾progenitor cells in lung injury models.
These colony cells can be kept for weeks in primary cultures and
undergo terminal differentiation to alveolar type-2- and type-1like pneumocytes sequentially when removed from the stroma. In
addition, we have demonstrated the presence of Oct-4ⴙ long-term
BrdU label-retaining cells at the bronchoalveolar junction of neonatal lung, providing a link between the Oct-4ⴙ cells in vivo and in
vitro and strengthening their identity as putative neonatal lung
stem兾progenitor cells. Lastly, these Oct-4ⴙ epithelial colony cells,
which also express angiotensin-converting enzyme 2, are the
target cells for severe acute respiratory syndrome coronavirus
infection in primary cultures and support active virus replication
leading to their own destruction. These observations imply the
possible involvement of lung stem兾progenitor cells, in addition to
pneumocytes, in severe acute respiratory syndrome coronavirus
infection, accounting for the continued deterioration of lung tissues and apparent loss of capacity for lung repair.
differentiation 兩 expression of Oct-4 兩 lung stem兾progenitor cells 兩
slow-cycling cells

S

tem cells exist in most adult organs, the umbilical cord, and
bone marrow and have displayed a surprising ability for selfrenewal and a multilineage differentiation capacity for the repair of
damaged cells and tissues. Given a growing interest in the characterization of stem cells of lung tissues for regenerative therapy,
attempts have been made to identify and enrich lung stem cells. The
lung is an extremely complex, conditionally renewing organ composed of at least 40 differentiated cell types兾lineages and can be
divided into proximal cartilaginous airways (trachea and bronchi),
distal bronchioles (bronchioles, terminal bronchioles, and respiratory bronchioles), and gas-exchanging airspace (alveoli). The lung
is lined with functionally and structurally distinct epithelium that
probably contains different and unique types of adult epithelial
stem兾progenitor cells. Because the epithelial surface is constantly
open to potential injury, stem兾progenitor cells serve as a primary
protective lining armed with rapid response mechanisms for epithelial repair (1). The candidate stem兾progenitor cells, which can
repair the injured lungs and contribute to local needs in times of
tissue damage, are the basal cells for mucosal gland development
and renewal of the branched epithelium of the trachea (2, 3), the
Clara cells of the bronchiole (4), and the type-2 pneumocytes of the
alveolus (5). Lung injury models with naphthalene have suggested
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that there are cytochrome P450 negative (CyP450⫺)-variant Clara
cells residing within neuroepithelial bodies or the bronchoalveolar
duct junction that are spared from the toxicity of naphthalene and
are responsible for the subsequent bronchiolar regeneration (6–8).
In addition, the nonhematopoietic side population cells isolated
from the lung airway have been shown to have the same molecular
phenotype as the CyP450⫺-variant Clara cells (9, 10). Recently,
pulmonary stem cells residing in the bronchoalveolar junction of
adult lungs have been identified and characterized as CD34⫹
Sca-1⫹ CD45⫺ PE-CAM⫺ cells expressing both cytoplasmic Clara
cell secretion protein (CCSP) and prosurfactant protein-C proteins,
which are markers for Clara cells and type-2 pneumocytes, respectively (11). However, the developmental relationship among the
above reported pulmonary stem and progenitor cells remains to be
defined.
In 2003, a new atypical pneumonia, severe acute respiratory
syndrome (SARS), spread across several countries with a high
mortality rate resulting from acute lung failure (12). The SARS
pathogen was then subsequently identified as a new variant coronavirus (SARS-CoV) based on its cytopathic effect on VeroE6 cells
(13–15). A number of animal models have been used to study the
pathogenesis of SARS-CoV infection. Although the monkey model
mimics to certain degree the clinical course of SARS (16), the
mouse model provides the first genetic evidence for angiotensinconverting enzyme 2 (ACE-2) as a crucial SARS-CoV receptor in
vivo (17). Although type-1 pneumocytes, and to a lesser extent
type-2 pneumocytes, have been shown to be the target cells of
SARS-CoV infection in monkey studies (16, 18), the identity of
mouse bronchiolar epithelial cells infected by SARS-CoV remains
unclear (19, 20). To investigate the cellular tropism of SARS-CoV
in the mouse lung, we set up primary cultures for the enzymereleased cells from lung tissues and attempted to establish pulmonary epithelial cell lines that may enable us to develop a more
effective cell-based screening system for chemical inhibitors of virus
entry and replication. In this article, we describe a serum-free
culture system that can support the growth of octamer-binding
transcription factor 4⫹ (Oct-4⫹) epithelial colonies with a surrounding stroma from neonatal lung tissues. In addition, we show that
these Oct-4⫹ stage-specific embryonic antigen 1⫹ (SSEA-1⫹) stem
cell antigen 1⫹ (Sca-1⫹) cytokeratin-7⫹ ACE-2⫹ lung stem兾
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progenitor cells, but not the surrounding stroma, are susceptible to
SARS-CoV infection. These observations suggest a potential role
for lung stem兾progenitor cells, in addition to the type-1 pneumocytes, in the continued deterioration of lung tissues and apparent
loss of the capacity for lung repair after SARS-CoV infection.
Primary Pulmonary Cell Cultures for SARS-CoV Infection. During our
initial attempts to cultivate primary pulmonary cells for studies of
SARS-CoV infection, serum-free monolayer cultures were prepared from nucleated pulmonary cells isolated from adult or
neonatal mice, and the confluent cultures were then exposed to
SARS-CoV at 1, 2, and 10 multiplicities of infection (moi). It was
noted that infection occured only in the neonatal pulmonary cell
culture in which a few tiny clusters with ⬍30 cells stained positive
for SARS-CoV nucleocapsid protein (data not shown). Because the
incidence of the target cells was very low, we optimized the culture
conditions by varying initial seeding cell density and the concentration of EGF in the culture so that epithelium-like colonies and
clusters varying from a few tens to hundreds of cells appeared in the
cultures after 10–14 days of incubation (see Fig. 6, which is
published as supporting information on the PNAS web site). There
were ⬇106 ⫾ 5 epithelium-like colonies with a surrounding stroma
per culture when 3 ⫻ 105 nucleated neonatal lung cells were plated.
The optimized primary pulmonary cultures were then exposed to
SARS-CoV at 0.5 moi, and the kinetics of SARS-CoV infection was
monitored. As shown in Fig. 1A, at 8 h postinfection ⬇30% of cells
within the pulmonary colonies displayed strong immunofluorescence for SARS-CoV nucleocapsid protein. The percentage of
positive cells rose to ⬇60% at 16 h, and by 24 h nearly every cell in
the epithelial colonies was positive for SARS-CoV infection. Subsequently, the pulmonary colony cells exhibited cytopathic changes
and detached by 48 h (data not shown). In contrast, none of the cells
surrounding the epithelial colonies became infected at any time
point examined (Fig. 1 A) or on exposure to the SARS-CoV at a 20
times higher moi (data not shown). The susceptibility of epithelial
colony cells, but not the surrounding stroma cells, to SARS-CoV
infection was in line with the specific expression of ACE-2 on the
former cell type (see Fig. 7, which is published as supporting
information on the PNAS web site).
To determine whether SARS-CoV replicated and produced
infectious virus particles in the epithelial colony cells, we first
used electron microscopy to examine the ultrastructure of the
infected colony cells. At 16 h after infection, the cytoplasm of
infected cells contained numerous vacuoles around the perinuclear region. At a higher magnification, these vacuoles were seen
to be filled with virus particles (Fig. 1B), and mature virus
particles were observed at the cell surface. Some of these
extracellular virus particles were seen to associate with coated
pits (Fig. 1C). We next collected the culture medium at indicated
time points after infection to monitor the kinetics of virus
replication. Fig. 1D shows that when the cultures were infected
at a dose of 0.5 moi, the virus titers were 5 ⫾ 1, 30 ⫾ 8, 210 ⫾
75, and 104 ⫾ 36 ⫻ 104 plaque-forming units兾ml at 8, 16, 24, and
48 h postinfection, respectively. All these findings support the
notion that the epithelial colony cells support active SARS-CoV
replication with the virus titer peaked at 24 h postinfection.
Characterization of the Epithelial Colony Cells. To characterize the

type of cells grown in our serum-free medium cultures, we first
performed immunocytochemistry by using a panel of epithelial and
mesenchymal cell-specific antibodies. Immunostaining showed that
the colony cells expressed cytokeratin-7 (Fig. 2A) but not cytokeratin-5兾8, -18, and -19 (data not shown), whereas the cells surrounding the epithelial colonies stained positive for ␣-smooth muscle
actin, suggesting that the surrounding stroma cells are mesenchymal
in nature (Fig. 2B).
We further examined the nature of the epithelial colony cells by
Ling et al.

Fig. 1. Identification of the pulmonary epithelial colony cells as the primary
target for SARS-CoV infection. (A) Confluent primary pulmonary cultures were
infected with SARS-CoV, and at 8, 16, and 24 h postinfection cultures were
processed for immunostaining. Phase-contrast photographs of the pulmonary
epithelial cells are shown in I. Immunostaining of infected cells within the colony
are shown (red) by using antibodies directed against the nucleocapsid protein of
SARS-CoV (II) and counterstained with DAPI (III). (B and C) Electron micrographs
of infected cells at 16 h postinfection are shown. At this stage, the cytoplasm of
infected cells was filled with swollen Golgi vesicles (arrows in B), which are shown
to be full of mature SARS-CoV particles, and the mitochondria (arrowhead in B)
are clearly illustrated. At a higher magnification, the virus vesicle was seen in the
cell (arrowheads in C), and SARS-CoV particles with typical knob-like spikes were
also observed outside the cell and attached to the plasma membrane via coated
pits (arrow in C). (D) Kinetics of SARS-CoV replication in primary culture of
pulmonary cells after virus infection at 0.5 moi.

using a panel of pulmonary cell-type-specific monoclonal antibodies. Immunostaining showed that the epithelial colony cells expressed CCSP (Fig. 2C) and peroxiredoxin 2 and 6 (Fig. 2 D and
E) and displayed relatively high CyP450 activities (Fig. 2F). However, they lacked alkaline phosphatase activity and were negative
for c-Kit, CD34, p63, surfactant protein C, and aquaporin 5
expression (data not shown).
Stem Cell Marker Expression in the Pulmonary Epithelial Colony Cells.

Because the epithelial colony cells lack markers for alveolar type-1
and type-2 pneumocytes but express CCSP and display detectable
CyP450 activities, we next examined the expression of stem cell
markers for embryonic and adult tissue stem cells. Immunostaining
showed that the epithelial colony cells expressed Oct-4, SSEA-1,
and Sca-1, whereas the surrounding cells did not (Fig. 3 A–C). On
close microscopic examination, Oct-4 expression was detected in
the nuclei, whereas SSEA-1 and Sca-1 were mainly found in the cell
surface and cytoplasm of the pulmonary colony cells (Fig. 3 A–C
Inset). The presence of Oct-4 and Sca-1 mRNA was confirmed by
RT-PCR analysis performed on the colony cells plucked from the
cultures (Fig. 3D). The amplified products for Sca-1 and Oct-4 were
consistent with the expected size of 160 and 1,121 bp, respectively.
Because Oct-4 expression is relatively rare in adult cells and tissues,
we next performed quantitative RT-PCR to evaluate the level of
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Fig. 2. Characteristics of pulmonary epithelial colony cells. (A) Primary cell
cultures were examined by using specific antibodies directed against cytokeratin-7 (CK-7). (B) To investigate the markers expressed in the surrounding cells,
anti-␣-smooth muscle actin (ASMA) was applied. (C) The cells were also
examined for CCSP. Two other antibodies against peroxiredoxin 6 (Prx-6) (D)
and peroxiredoxin 2 (Prx-2) (E), respectively, were applied. Both phasecontrast photographs and the respective immunostaining merged with DAPI
are shown. The CyP450 enzyme activities were examined and are shown in F.

Oct-4 expression in the colony cells (see Fig. 8, which is published
as supporting information on the PNAS web site). Fig. 3E shows
that the Oct-4 expression level in the epithelial colony cells was
quite high, approaching 51%, 52%, and 88% of mouse ES cell lines
46c, R1, and J1, respectively.
Because the epithelial colony cells express both Oct-4 and
ACE-2, we next investigated whether we could directly demonstrate the infection of SARS-CoV on Oct-4-expressing cells. As
shown in Fig. 9, which is published as supporting information on
the PNAS web site, 20–30% of the Oct-4⫹ cells showed cytoplasmic immunostaining for SARS-CoV nucleocapsid protein at
8 h after infection.
Differentiation Potential of the Epithelial Colony Cells. To address the
self-renewal and differentiation potential of these pulmonary colony cells, individual colonies were plucked from the primary
cultures and transferred to culture dishes either precoated with
collagen I or preseeded with irradiated primary pulmonary cultured
cells. The transferred colonies were then monitored for the expression of Oct-4, surfactant protein C, and aquaporin 5 protein. In the
presence of preirradiated cultured pulmonary cells, the transferred
colonies did not attach well and appeared as spherical aggregates
in which Oct-4 expression was maintained in the majority of the
colony cells up to day 5 (Fig. 4A); by day 11 the colony cells
displayed diminished Oct-4 expression (Fig. 4B). No surfactant
protein C or aquaporin 5 protein could be detected in the transferred colonies during the 11-day culture period. In contrast, the
individually plucked colonies transferred into collagen I-coated
plates attached well, and the cells continued to grow, migrated out,
and appeared as thinly spread flattened cell clusters. Oct-4 expression decreased rapidly within 2 days, and by day 5 the expression of
surfactant protein C was detected in the cytoplasm, especially in the
perinuclear region of these flattened cells (Fig. 4C). These features
are consistent with the type-2 pneumocytes. By day 9, the colony
continued to expand and to spread thinly such that the average
diameter of individual colony cells was ⬇5-fold greater than that of
the parental primary epithelial colony cells. Expression of surfac9532 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0510232103

Fig. 3. Stem cell characteristics of the pulmonary epithelial colony cells. Primary
cultures were examined for expression of Oct-4 (A), SSEA-1 (B), and Sca-1 (C).
Insets are magnifications of the white square dotted areas in respective photographs, showing the pattern of these cells expressing specific markers. Cells were
also stained with DAPI and merged with their respective fluorescent images. (D)
RT-PCR analysis for the cells of individually plucked pulmonary colonies. For Sca-1,
the following cells were prepared and analyzed: lane 1, the A549 cell line
(negative control); lane 2, the cells plucked from pulmonary epithelial colonies;
and lane 3, BW5147 cells (positive control). For Oct-4, lane 1 was the TM4 cell line
(negative control); lane 2 was the cells picked from pulmonary epithelial colonies;
and lane 3 was the mouse R1 embryonic line (positive control). GAPDH was used
as internal standard for both reactions. (E) Quantitative RT-PCR analysis of Oct-4
expression in pulmonary colony cells with respect to J1, 46c, and R1 embryonic
stem cells; in contrast, mouse embryonic fibroblasts (MEF) were used as negative
control. The results represent the average of three independent experiments
with standard deviations. A graphic presentation of quantitative RT-PCR is given
in Fig. 8.

tant protein C decreased, whereas expression of aquaporin 5
protein, a marker for type-1 pneumocytes, became pronounced
(Fig. 4D). These observations suggest that Oct-4⫹ SSEA-1⫹ Sca-1⫹
pulmonary epithelial colony cells have the potential to differentiate
to type-2 and -1 pneumocytes in a sequential fashion. In addressing
whether these in vitro differentiated type-2 and -1 pneumocytes are
susceptible to SARS-CoV infection, individual epithelial colonies
were plucked and transferred to culture dishes precoated with
collagen I. The cultures were then exposed to SARS-CoV at moi
of 0.5 and 10 on days 5 and 9 after colony transfer. We found no
evidence of SARS-CoV infection or virus replication on these
differentiated type-2 and -1 pneumocytes by either immunostaining
or virus titering (data not shown).
BrdU Label-Retaining Cells (LRC) in the Neonatal Lung Expressed Oct-4.

To address whether the Oct-4⫹ epithelial colony cells growing in
our serum-free medium cultures arise de novo or from the Oct-4⫹
Ling et al.

cells present in the neonatal lungs, we performed a pilot immunohistochemistry study and observed the presence of a small number
of Oct-4-expressing cells at the bronchoalveolar junction of the
neonatal lung (data not shown). To further ascertain whether these
small number of Oct-4-expressing cells in neonatal lung can be the
‘‘putative’’ lung stem cells, we carried out BrdU pulse–chase
experiments as described in Materials and Methods to label the
long-term LRC. Immediately after five daily injections of BrdU, a
large number of cells, including some alveolar cells (Fig. 5A Left),
demonstrated nuclear staining for BrdU. The number of BrdUpositive cells in the lungs declined significantly with time such that
by 4 weeks only a few cells still retained BrdU labeling (arrows in
Fig. 5A Right). These LRC were found almost exclusively in the
epithelial layer of terminal bronchioles adjacent to alveolar sacs, as
revealed by staining with monoclonal antibodies against pancytokeratin (AE1兾3), general markers for epithelial cells (Fig. 5B).
We then performed immunohistochemical staining for Oct-4 and
determined the number of Oct-4⫹ cells and BrdU LRC. The
analysis revealed that there were 21 ⫾ 8 dual Oct-4⫹ BrdUretaining cells in each randomly selected lung section that contained bronchoalveolar junctions (Fig. 5D). Single Oct-4⫹ cells or
BrdU LRC were not encountered. As estimated by histological grid
analysis, there are ⬇1.25 ⫻ 106 nucleated cells per slide, suggesting
the presence of a small population (⬇0.0016 ⫾ 0.0006%) of
slow-cycling, Oct-4-expressing stem cells in the neonatal lungs.
Discussion
In this article, we report on a serum-free culture system that can
support the growth of pulmonary Oct-4⫹ epithelial colonies in vitro.
Culture of lung epithelial cells such as Clara cells and type-2 and -1
pneumocytes from different species had been reported in refs.
21–23. However, the expression of stem cell markers in these
cultured lung cells has not been addressed. Our success in growing
Oct-4⫹ SSEA-1⫹ Sca-1⫹ cytokeratin-7⫹ pulmonary epithelial
stem兾progenitor cells can be attributed to the use of collagen I as
the attachment substrate, as well as the use of serum-free selection
Ling et al.

Fig. 5. Immunohistochemical analysis of BrdU retention and Oct-4 expression in lung tissues. (A) Lung tissue sections of neonatal mouse were stained
for BrdU immediately after a 5-day BrdU-labeling scheme (day 0) and a 4-week
chase period (4 w chase). Cells with BrdU retention stained brown in the nuclei.
(B) A successive tissue section of the 4-week chase period BrdU-retention
experiment was stained with antibodies directed against cytokeratins. (C) The
tissue section for the 4-week chase period experiment was stained for Oct-4
expression. (D) Immunofluorescence double-staining of the tissue section for
the 4-week chase period experiment indicated that Oct-4 expression (Lower;
red) was colocalized with BrdU retention (Upper; green). Double-stained cells
are indicated by asterisks in the merged image.

media, which minimizes the potential inconsistency problems associated with FCS.
Oct-4, a member of the POU family of transcription factors, is
now universally accepted as a robust marker of pluripotency for
both mouse and human embryonic stem cells (24). Expression of
Oct-4 is rarely seen in normal somatic tissues but can be detected
in some human tumors (25–27). A recent study has shown that a few
Oct-4⫹ cells can be found scattered in the basal layer of the
epidermis; however, the identity of these cells has not been determined (28). In contrast, a growing list of cells have been shown to
express Oct-4, including cells growing in cultures from mouse bone
marrow CD34⫹ hematopoietic progenitors (29) and human umbilical cord blood (30), cultured epithelial cells lacking connexins
and gap junctional intercellular communication (28), and mesenchymal stem cells (31, 32). In the current study, we have demonstrated that the neonatal lung-derived Oct-4⫹ epithelial colony cells
also coexpress other stem cell markers such as SSEA-1 and Sca-1
but not c-Kit, CD34, and p63. In addition, by using real-time
quantitative RT-PCR analysis, we have also demonstrated that the
level of Oct-4 expression in these epithelial colony cells can be as
high as 51–88% in three different mouse ES cell lines (see Fig. 3E).
These Oct-4⫹ SSEA-1⫹ Sac-1⫹ colony cells also expressed markers
such as cytokeratin-7, CCSP, and peroxiredoxin 2 and 6 and
displayed relatively high CyP450 activities, most of which are known
to be associated with Clara cells. It appears that these Oct-4⫹ colony
cells represent a subpopulation of Clara cells, which have long been
implicated in lung repair and regeneration after injury (6–8).
Lastly, we have demonstrated that the LRC in neonatal lung
coincide with Oct-4⫹ cells, thus providing a link between the Oct-4⫹
cells in vivo and in vitro that helps to argue against the notion that
the Oct-4 expression in these cultured epithelial cells is due to
induction after serum starvation, as had been reported for human
mesenchymal stem cells (32). Importantly, these Oct-4⫹ cells were
shown in colony transfer experiments to have the potential to
differentiate into type-1- and -2-like pneumocytes sequentially. Our
study thus demonstrated the expression of Oct-4 in adult stem cells.
Recently, the bronchoalveolar stem cells in adult lung have been
identified and characterized as CD34⫹ Sca-1⫹ CD45⫺ PE-CAM⫺
cells expressing both cytoplasmic CCSP and surfactant protein C,
PNAS 兩 June 20, 2006 兩 vol. 103 兩 no. 25 兩 9533
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Fig. 4. Differentiation potential of pulmonary epithelial colonies. The expression of alveolar cell markers, surfactant protein C (SPC; a type-2 pneumocyte marker), and aquaporin 5 (Aqp-5; a type-1 pneumocyte marker), were
examined in the cells after clone transfer at day 5 and day 9 or 11, respectively.
In primary cell culture, cells (Oct-4⫹) in the pulmonary epithelial colonies were
picked and subcultured onto irradiated 5-day-old primary lung cell cultures or
collagen I-coated plates with conditioned media. (A) The picked colony cells
were subcultured onto irradiated 5-day-old primary culture cells, and the
spherical colonies were observed on day 5. The colonies stained Oct-4 positive.
(B) The spherical colonies maintain Oct-4 expression but with a lower expression level on day 11. (C) The picked cells were subcultured onto collagen
I-coated plates, and on day 5 the cells were positive for surfactant protein C
protein. (D) On day 9, the phase-contrast photograph of the cells indicated
that the morphology of individual cells changed; cells were flattened and
stained positive with aquaporin 5 protein.

which are markers for Clara cells and type-2 pneumocytes, respectively (11).
A comparison of the reported adult bronchoalveolar stem cells
and cultured Oct-4⫹ lung epithelial colony cells in our study reveals
that they share common markers such as Sca-1 and CCSP but not
others. For example, the reported adult bronchoalveolar lung stem
cells express CD34 and surfactant protein C, whereas the Oct-4⫹
colony cells do not. The developmental relationship between the
adult lung bronchoalveolar stem cells and neonatal lung Oct-4⫹
LRC remains to be elucidated. Although the Oct-4⫹ epithelial
colony cells can be maintained for weeks, we have not been able to
demonstrate extensive self-renewal of these cells in vitro except
during the initial phase of culture. Our data further suggest that the
mesenchymal stroma is important for the growth and maintenance
of Oct-4⫹ pulmonary epithelial colony cells in the primary cultures.
A better understanding and manipulation of the supportive mechanisms provided by the stroma may help us to address the selfrenewal potential of these cells in vitro and their functional attributes in vivo.
SARS-CoV was the causative agent of the recent outbreak of
SARS-induced atypical pneumonia (13, 14). The basis for continuous deterioration of lung function and the apparent loss of
capacity for lung repair after viral load declines is not well understood (33). Clinical studies and in vivo studies with macaque
monkeys revealed that the target cells of SARS-CoV infection are
primarily type-1 pneumocytes, damage to which is closely associated with the subsequent diffuse alveolar damage (18). Our observations that the pulmonary Oct-4⫹ colony cells are susceptibility to
SARS-CoV infection and allow virus replication leading to their
own demise implies a potential role of the pulmonary stem兾
progenitor cells in the apparent loss of capacity for lung repair after
SARS-CoV infection and later phases of lung failure. Currently,
data to support the notion that Oct-4⫹ bronchoalveolar lung stem
cells are the prime target cells for SARS-CoV infection in vivo are
still lacking. However, the description of a highly restricted and
patchy localization of SARS-CoV RNA in the epithelial lining of a
subset of bronchi and terminal bronchioles of the day-3 infected
mice (20) in part supports our in vitro observation.
In conclusion, we have demonstrated the presence of Oct-4expressing LRC specifically located at the bronchoalveolar junction
of 4-week-old mice. In addition, we have successfully developed a
serum-free primary culture system for the growth of Oct-4⫹
SSEA-1⫹ Sca-1⫹ cytokeratin-7⫹ lung stem兾progenitor cells, which
are capable of differentiation into type-2 and -1 pneumocytes and
are susceptible to SARS-CoV infection.
Materials and Methods
Pulmonary Primary Cell Culture. Neonatal ICR mice were killed, and

their lungs were removed and cut into small pieces. After washing
in Hank’s buffer containing penicillin (100 units兾ml) and streptomycin (100 g兾ml), the tissues were treated with 0.1% protease
type-XIV (Sigma) in Joklik’s MEM (Sigma) at 4°C overnight.
Afterward, tissues were transferred to 10% FCS兾Joklik’s MEM,
pipetted several times to release pulmonary cells, and then filtered
through a 100-m nylon cell strainer. The released cells were
washed and resuspended in MCDB-201 medium containing insulin–transferrin–selenium supplements only (GIBCO). One neonatal mouse could yield ⬇1.0–1.5 ⫻ 106 nucleated cells in this enzyme
digestion procedure, which represents ⬇5% to 8% of the total
number of cells in lung tissues. These cells were cultivated at a
density of 3 ⫻ 105 cells per milliliter in culture dishes coated with
collagen I (10 g兾cm2; BD Bioscience). After 1 day of incubation,
the primary cultures were washed with MCDB-201 medium to
remove unattached cells, and fresh medium with insulin–
transferrin–selenium supplement and epidermal growth factors (1
ng兾ml; Invitrogen) was then added.
9534 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0510232103

Virus Infection and Analysis. All experiments for SARS-CoV infec-

tion were carried out at a P4 facility in the Institute of Preventive
Medicine (Taipei, Taiwan). Confluent primary cultures of pulmonary cells were incubated with SARS-CoV (strain Tw7) (34) at
various moi (0.5, 1, 2, and 10) for 1 h at room temperature. Cells
were washed once with PBS and incubated in MCDB-201 medium
containing supplements. At 8, 16, 24, and 48 h postinfection, the
supernatants of the cultures were collected for viral titration and the
cells were washed with PBS and fixed in ethanol兾acetone (1:1) for
immunofluorescence analysis. The SARS-CoV was detected by
using a mouse monoclonal antibody (1:2,000) generated against the
recombinant SARS-CoV nucleocapsid protein for this study. The
epitope of this monoclonal antibody was localized to the N-terminal
region of the nucleocapsid (M.D.K., unpublished data).
Virus titers were determined by plaque-forming assay with
modifications using VeroE6 cells. Briefly, serial dilutions of the
harvested supernatant were added into confluent culture of
VeroE6 cells. After incubation for 30 min at 37°C, the unabsorbed
virus was washed off and the culture was overlaid with 1% agar in
DMEM and 2% FBS. After plaques were formed, the agar overlay
was removed, the cells were stained with crystal violet solution
(10%) for 10 min, and the plaques were counted.
Electron Microscopy. Transmission electron microscopy was per-

formed as described, with modification (35). The pulmonary epithelial cells were cultivated on collagen I-coated ACLAR–
Fluoropolymer films (Structure Probe). The cells were infected
with SARS-CoV at 0.5 moi as described. At 16 h postinfection, cells
were fixed with 2% glutaraldehyde兾4% paraformaldehyde兾PBS for
2 h, followed by 1% osmium tetroxide for 1 h, and then embedded
in Spurr’s resin. Ultrathin sections (60 nm) of the embedded cells
were prepared, stained with 2% uranyl acetate and 1% lead citrate,
and analyzed with an H-7000 electron microscope (Hitachi, Tokyo).
Immunocytochemistry. Cells in primary cultures were fixed in methanol兾acetone (1:1) for 3 min at room temperature. For analysis of
Sca-1 expression, cells were fixed in 4% paraformaldehyde兾PBS for
10 min, permeabilized with 0.1% Triton X-100 in PBS for 5 min,
and then blocked with 3% BSA兾PBS for 30 min. Cells were
incubated at 4°C with primary antibodies against the following
antigens: peroxiredoxin 2 [a kind gift from J. H. Chen (National
Defense Medical Center)]; peroxiredoxin 6 (ab16824; Abcam);
CD34 (clone RAM34; BD Biosciences); aquaporin 5 (AB3069),
cytokeratin-5兾8 (MAB3228), cytokeratin-7 (MAB3226), and cytokeratin-18 (MAB3234), p63 (MAB4135), pan-cytokeratin (clone
AE1兾3), surfactant protein C (AB3786), and SSEA-1 (MAB4301)
(all from Chemicon); ␣-smooth muscle actin (clone 1A4; DAKO);
cytokeratin 19 (IF15; Oncogene); c-Kit (MAB1356) and Sca-1
(AF1229) (both from R & D Systems); and ACE-2 (sc20998),
CCSP (sc9773) and Oct-4 (sc9081) (all from Santa Cruz Biotechnology). After overnight incubation, cells were washed and incubated for 1 h at room temperature with the following respective
Cy3-labeled secondary antibodies: donkey anti-goat IgG, goat
anti-rabbit IgG, goat anti-mouse IgG, goat anti-mouse IgM (chain-specific), and goat anti-rat IgG (Jackson ImmunoResearch).
Cells were then counterstained with DAPI. Primary cultures were
also analyzed for enzymatic activity of alkaline phosphatase according to standard protocols using an AP detection kit (Chemicon) and CyP450, as described in ref. 36.
RT-PCR and Quantitative RT-PCR. Pulmonary epithelial colony cells

were collected for analysis. Under a microscope, a 26-gauge
needle was used to delineate the boundary of pulmonary epithelial colonies, and the colonies were gently plucked from the
cultures by using a finely drawn Pasteur pipette. Three mouse ES
cell lines, 46c (37), R1, and J1, were used for a positive control
for Oct-4 expression, and the TM4 cell line (mouse testis Sertoli
cells; American Type Culture Collection) and MEF (mouse
Ling et al.

1,500 rad in a 137Cs source (Atomic Energy, Ottawa). In this assay,
conditioned media were applied to both conditions. The conditioned media were harvested from confluent pulmonary primary
cultures and filtered with 0.2-m filters.
BrdU Labeling, Oct-4 Expression, and Immunohistochemical Analysis.

Neonatal ICR mice were injected i.p. with 50 mg兾kg BrdU (Sigma)
in PBS twice a day for 5 days. Mice were maintained without further
BrdU injection and killed on day 0 or after 1, 2, 3, or 4 weeks of
chase for BrdU labeling. Lungs were removed, fixed in 10%
formalin fixative, and embedded in paraffin. Afterward, 5-m
sections of lung tissues were obtained and stained for BrdU as
described in ref. 40. For Oct-4 expression, the general staining
protocol was the same as described in ref. 41, with the following
modifications: antigen retrieval was carried out by heating for 8 min
in sodium citrate buffer (10 mM; pH 6.0), followed by a 15-min
incubation at room temperature. Mouse monoclonal anti-BrdU
(DAKO) and rabbit anti-Oct-4 antibodies (Santa Cruz Biotechnology) were added, respectively. Afterward, immunohistochemical analysis was performed with a peroxidase detection kit (Vector
Laboratories) by using diaminobenzene as substrate according to
the manufacturer’s instructions. Furthermore, anti-pan-cytokeratin
antibodies (AE1兾3 clone; Chemicon) and an alkaline phosphatase
detection kit with Fast-Red as a substrate were used to delineate the
location of bronchoalveolar junctions (42). All sections were counterstained with Mayer’s hematoxylin.
For double staining of immunofluorescence with anti-BrdU and
Oct-4 primary antibodies, the FITC-conjugated goat anti-mouse
and Cy3-conjugated goat anti-rabbit antibodies (Jackson ImmunoResearch) were used, respectively.

were plucked from individual colonies as described above and
transferred to either new culture dishes free of the surrounding
stromal cells, or new culture dishes with the irradiated primary
culture cells as a feeder layer. The primary culture cells used for the
feeder layer were grown to near confluence and preirradiated with
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embryonic fibroblast) were used for a negative control. For
Sca-1, the BW5147 cell line (T lymphocyte cell) was used for a
positive control, and the A549 cell line (type-2 pneumocyte) was
used for a negative control (both from American Type Culture
Collection). Total RNA was prepared with the RNeasy Micro
Kit (Qiagen, Valencia, CA), and reverse transcription was
carried out with random primers by using the SuperScript
first-strand synthesis system (Invitrogen) according to the manufacturer’s instructions. For PCR, the forward and reverse
primers were as follows: (i) 5⬘-ATGGCTGGACACCTGGCTTC-3⬘ and 5⬘-CCAGGTTCTCTTGTCTACCTC-3⬘ for
Oct-4 expression (38), (ii) 5⬘-GGACACTTCTCACACTACAAAG-3⬘ and 5⬘-TAACACAGACTCCATCAGGGTAG-3⬘
for Sca-1 expression (39), and (iii) 5⬘-ACCACAGTCCATGCCATCAC-3⬘ and TCCACCACCCTGT TGCTGTA-3⬘ for
GAPDH as the internal control in both reactions (38). Quantitative RT-PCR was performed by using the ABI Prism 7000
sequence detection system (Applied Biosystems) following the
manufacturer’s instructions. The primer兾probe sets for mouse
Oct-4 (TaqMan gene expression assay no. Mm00658129㛭gH;
Applied Biosystems) and mouse GAPDH (TaqMan gene expression assay no. Mm99999915㛭g1) were used. Quantitative RTPCR was carried out for 45 cycles, and raw data were analyzed
by ABI Prism 7000 SDS software (Applied Biosystems). The cycle
threshold, Ct, of each sample was generated with the default
setting. The Oct-4 expression level of each sample was normalized to the expression level of GAPDH in the same sample by the
following formula: Oct-4兾GAPDH ⫽ 2⫺(Ct of Oct-4 ⫺ Ct of GAPDH).
The Oct-4兾GAPDH ratio of the 46c cell line was set to 1.0, and
the values of all others were recalculated accordingly. The result
represents the average of three independent experiments, with
standard deviations.

