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Development of gene transfer vectors with regulated, lung-specific
expression will be a useful tool for studying lung biology and
developing gene therapies. In this study we constructed a series of
lentiviral vectors with regulatory elements predicted to produce
lung-specific transgene expression: the surfactant protein C pro-
moter (SPC) for alveolar epithelial type II cell (AECII) expression, the
Claracell 10-kDprotein (CC10) forClaracell expression in theairway,
and the Jaagskiete sheep retrovirus ( JSRV) promoter for expression
in both cell types. Transgene expression from the SPC and CC10
vectors was restricted to AECII and Clara cell lines, respectively, while
expression from the JSRVvectorwas observed in multiple respiratory
and nonrespiratory cell types. After intratracheal delivery of lenti-
vector supernatant to mice, transgene expression was observed in
AECII from the SPC lentivector, and in Clara cells from the CC10-
promoted lentivector. Transgene expression was not detected in
nonrespiratory tissues after intravenous delivery of CC10 and SPC
lentiviral vectors to murine recipients. In summary, incorporation of
genomic regulatory elements from the SPC and CC10 genes resulted
in respiratory specific transgene expression in vitro and in vivo. These
vectors will provide a useful tool for the study of lung biology and the
development of gene therapies for lung disorders.
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Gene therapy has been proposed as a treatment for single gene
inherited and acute lung disorders. Two components of success-
ful long-term gene therapy for lung disorders are the efficient
transfer of genes to a self-renewing target cell population and
regulated transgene expression in the desired differentiated cell
populations. Transient gene transfer to the respiratory epithe-
lium has been demonstrated from a variety of viral and nonviral
vectors gene transfer systems in animal studies (1). For example,
recombinant adenoviral gene transfer systems have been eval-
uated for gene transfer to the lung because of their natural
tropism for the respiratory tract. However, adenoviral vectors
do not efficiently infect the respiratory epithelium in large part
because the coxsackievirus and adenovirus receptor (CAR) is
located on the basolateral surface (2). Furthermore, adenoviral
vectors induce potent immune responses to viral genes encoded
on the vectors, contaminating helper virus and/or capsid pro-
teins, which in turn can result in the elimination of transduced
cells. Many groups have modified adenoviral vectors to reduce or

prevent immune responses; however, these vectors generally
have a reduced infection rate (3, 4). Regardless of the adenovirus
configuration, adenoviral vectors do not integrate into the host
genome and are lost from cycling target cells within days or
weeks of transduction, thus limiting their use for long-term gene
therapies and studies.

Vectors based on the nonpathogenic human parvovirus,
adenoassociated virus (AAV), are also being evaluated for gene
delivery in the lung (5). Recombinant AAV vectors can integrate
into cells, but are more often maintained as an episome that is
diluted or lost with cell division (5, 6). Furthermore, their small
insert size makes it difficult to produce recombinant vectors with
large transcriptional units such as an epithelial-specific promoter
expressing the cystic fibrosis transmembrane regulator, which
can be 8 kb or more in length.

Nonviral gene transfer systems using liposomes or naked
DNA have also been used to transfer genes to the respiratory epi-
thelium (7, 8). The advantages of these systems are that trans-
genic cassettes can be transferred without viral sequences, and
that large or multiple genes can be transferred regardless of the
proliferative status and cell surface receptor profile of the target
cell. However, the overall efficiency of gene transfer is low, genes
rarely integrate, and the vectors are lost in multiplying cells, and
thus this approach is not useful to achieve long-term stable gene
therapy.

For long-term gene therapies or biological studies, a vector
that can integrate efficiently into the target cell genome is re-
quired (9). Type ‘‘C’’ retroviruses such as Moloney murine leu-
kemia virus, or lentiviruses such as HIV-1, stably integrate into
the genome of the target cell. Deletion of the coding sequences
for viral gene products renders the gene transfer vectors repli-
cation incompetent and makes 6–8 kb available for the insertion
of desired genes (10). Lentiviral gene transfer vectors can trans-
duce and integrate into nondividing cells; however, they gen-
erally transduce dividing cells more efficiently (11–13).

Lentiviral gene transfer vectors, such as the CCL vector
developed by Zufferey and colleagues contain z 10% of the
wild-type HIV-1 genome (14). Recombinant lentiviral vectors
pseudotyped with the vesicular stomatitis G protein (VSV-G)
can transduce a wide variety of nondividing cells. Several studies
have demonstrated lentiviral gene transfer of HIV-1– or FIV-
based vectors to respiratory epithelium in quiescent, polarized
epithelial cultures in vitro (15, 16) or nasal, airway, bronchial,
and alveolar epithelial cells in vivo (16–20). Transduced cells
can be detected for long periods of time in vivo, suggesting that

CLINICAL RELEVANCE

These vectors will improve the safety of lung gene therapy
applications. They will also be useful to basic scientists, to
direct lung-specific expression of genes and/or track the
progeny of transduced stem cells.

(Received in original form July 28, 2006 and in final form May 21, 2007)

*These authors contributed equally to this work.

This work was supported by grants from the Department of Health and Human

Services (HL072211), the Cystic Fibrosis Foundation, the Webb Foundation, and

The Saban Research Institute at Childrens Hospital Los Angeles.

Correspondence and requests for reprints should be addressed to Carolyn Lutzko,

PhD, Childrens Hospital Los Angeles, 4650 Sunset Blvd. MS #62, Los Angeles, CA

90027. E-mail: clutzko@chla.usc.edu.

Am J Respir Cell Mol Biol Vol 37. pp 414–423, 2007

Originally Published in Press as DOI: 10.1165/rcmb.2006-0276OC on June 15, 2007

Internet address: www.atsjournals.org



these vectors can integrate into either long-lived cells, or respi-
ratory progenitors, which contribute progeny for long periods of
time.

A second requirement for gene therapy is the consistent and
lineage-regulated transgene expression. While constitutive trans-
gene expression may be suitable for gene therapy applications
in deficiencies of housekeeping genes, such as lysosomal storage
disease or other enzyme deficiencies, it will not be acceptable
for other disorders requiring regulation of transgene expression.
This is particularly important after the development of leuke-
mias in X-SCID patients receiving hematopoietic cells retro-
virally transduced with the common g chain cDNA, due to the
disregulation of proto-oncogenes in the genome from the strong
retroviral enhancers from the integrated vector (21).

For lineage-restricted transgene expression from lentiviral
vectors, a self-inactivating vector design in which the viral pro-
moter and enhancer in the U3 region of the 39 long terminal
repeat (LTR) are removed from the vector plasmid can be used.
During integration, the U3 region of the 39LTR is copied to the
59LTR, thereby resulting in the elimination of the 59 viral pro-
moter in the integrated provirus (14, 22). The transgene can be
expressed from an internal lineage-specific or regulated pro-
moter/regulatory elements. Lentiviral vectors have been used
for regulated transgene expression in a variety of lineages such
as B lymphocytes (23), T lymphocytes (24, 25), or erythrocytes
(26, 27); however, they have not been described for respiratory
cell types.

In these studies we describe the development and evaluation
of a series of lentiviral vectors in which an enhanced green fluo-
rescent protein (EGFP) marker transgene is expressed from
promoters and regulatory elements predicted to provide airway
and/or alveolar epithelial specific expression. The cellular pro-
moters evaluated in this study are from the surfactant protein
C (SPC) (28) or the Clara cell 10-kD secretory protein (CC10)
(29) genes to provide alveolar epithelial type II (AECII) or
Clara cell restricted expression, respectively. The promoter from
the Jaagskiete sheep retrovirus (JSRV), which is predicted to
express in both AECII and Clara cells (30), was also evaluated.
The lineage profile of transgene expression from lentivectors
with each of these promoters was evaluated in cell lines in vitro
and in lungs after in vivo delivery of viral supernatant to mice.
This study describes the development of lentivirus vectors with
respiratory epithelial-specific transgene expression, which will
facilitate the development of lung gene therapies and the study
of lung development and biology.

MATERIALS AND METHODS

Vector Construction and Supernatant Production

The lentiviral vector backbone used in this study was the pCCL self-
inactivating vector kindly provided by Dr. Luigi Naldini (CellGenesys,
San Francisco, CA) (14). In this backbone, the viral enhancers and
TATA box in the U3 promoter region of the 39LTR have been deleted.
This results in a crippling of the promoter in the integrated provirus, as
the U3 region of the 39LTR is copied to the 59LTR during integration.

The basic vector backbone, CCL-X-EGFP, contains a multicloning
site (X) upstream of the EGFP reporter gene into which the test
promoters could be inserted. This vector backbone also served as a ‘‘no-
promoter’’ negative control. The human SPC promoter was investigated
for AECII-specific expression (28). The rat CC10 promoter was evalu-
ated for airway specific expression in Clara cells (29). The CC10 and
SPC promoters were from Dr. Jeffrey Whitsett (Cincinnati Children’s
Hospital Medical Center, Cincinnati, OH). For expression in both
AECII and Clara cells we evaluated the promoter from the U3 region
of the JSRV from Dr. Hung Fan (University of California, Irvine, CA)
was evaluated. The lentivector with the constitutive promoter from the

retroviral MND vector LTR (31) promoter/enhancer was provided by
Dr. Donald B. Kohn (Childrens Hospital Los Angeles, Los Angeles,
CA) and used as positive control vectors in these studies.

VSV-G pseudotyped lentiviral supernatants were produced by triple
transfection of the human embryonic kidney 293T cell line as previously
described (23). In brief, 5 3 106 293T cells were seeded in a poly-L-lysine
(Sigma-Aldrich, St. Louis, MO)–treated 10-cm tissue culture dishes
overnight. The following day, the cells were transfected with 10 mg of the
vector plasmid, 10 mg of the 8.9 packaging plasmid (10) (which does not
express HIV-1 accessory proteins), and 2 mg of pMDG-VSV-G plasmid
using a standard calcium phosphate transfection. For larger viral super-
natant preparations, all components of the transfection culture were
scaled up by one log for 500 cm2 tissue culture plates (Costar, Lowell,
MA). Sixteen hours later the medium was removed, and the cells were
washed with PBS and then exposed to 10 mM sodium butyrate (Sigma-
Aldrich) for 8 hours. Supernatant was collected at 72 to 96 hours after
transfection and concentrated by centrifugation at 25,000 rpm for 90
minutes in a Beckman coulter: Optima L-90K Preparative Ultra-
centrifuge in a swing bucket rotor (SW32Ti) (Beckman Coulter,
Fullerton, CA). Since the promoters from all viral vectors would not
express in a single cell type, raw titers were determined after the
addition of serial dilutions of viral supernatant supplemented with
8 mg/ml polybrene (Sigma-Aldrich) to a cell type which expresses each
promoter. The SPC and JSRV vectors were titered on MLE-12
or MLE-15 cells and the CC10 vector on H441. The raw titers were
calculated by:

Raw titer5% cells expressing EGFP3cell number at the time of virus

addition3supernatant dilution

Since the transduction efficiency was not equivalent between all cell
lines, each cell line was also simultaneously transduced with the posi-
tive control CCL-MND-EGFP, to normalize the titer to the efficiency
of gene transfer on 293A cells (Invitrogen, Carlsbad, CA). The nor-
malized titers were used to calculate the concentration of virus, and to
make dilutions for each experiment.

Cell Line Transduction and Flow Cytometry Analysis

For transduction experiments, 1 3 105 cells were plated in each well of
a 6-well tissue culture treated plate. The following day, the medium
was replaced with lentiviral supernatant and supplemented with 8 mg/ml
of polybrene. The vector supernatant medium was replaced the follow-
ing morning with fresh growth medium. The cells were passaged as
needed and the proportion of cells expressing EGFP was determined by
flow cytometry 5 to 7 days later.

For flow cytometry analysis of EGFP transgene expression, cells
were trypsinized, washed in PBS, and resuspended in indicator-free
Hanks’ buffered saline (Invitrogen). The samples were analyzed on a
FACs Calibur using Cellquest software (Becton Dickson, San Jose,
CA).

Animal Husbandry and Tissue Collection

Timed pregnant C57B6J female mice were purchased from Jackson
Laboratories (Bar Harbor, ME), and the 6- to 8-wk-old athymic nudes
were purchased from Harlan Sprague Dawley (Indianapolis, IN). All
mice were maintained at the Childrens Hospital Los Angeles’ Saban
Research Institute’s Central Animal Facility for the duration of study.
All studies were approved by the Institutional Animal Care and Use
Committee at Childrens Hospital Los Angeles.

At the time of killing, mice were anesthetized by intraperitoneal
delivery of sodium pentobarbital (150 mg/kg). The thoracic and ab-
dominal cavities were surgically opened, the renal artery cut, and the
animal was perfused with at least 10 ml of PBS through the right ven-
tricle of the heart. The lungs were inflated with Tissue-Tek OCT com-
pound (Fisher Scientific, Tustin, CA) through a 22-gauge intravenous
catheter inserted into the trachea. Lung, trachea, heart, thymus, kidney,
intestine, liver, spleen, and skeletal muscle were harvested for EGFP
immunofluorescence and proviral DNA analysis. For immunofluores-
cence analysis pieces of tissue were embedded in OCT medium and
stored at 2808C until sectioning and immunofluorescence analysis for
EGFP expression as described below. Aliquots of tissue were also
collected for proviral DNA analysis by snap-freezing in liquid nitrogen
and storage at 2808C until extraction.
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In Vivo Delivery of Lentivirus Supernatant

To evaluate the lineage profile of transgene expression in primary
tissues, mice were injected with lentiviral supernatant either intra-
venously or intratracheally. Intravenous administration was performed
as described (32). In brief, each Day 0 neonatal C57B6J pup received
1 3 108 international units (iu) diluted to 50 ml with sterile preservative-
free saline and 8 mg/ml polybrene delivered via the facial vein. The pups
weighed from 1.3 to 1.8 g at the time of injection, resulting in a vector
dose of 5.5 to 7.7 3 107 iu/g. After the injections, the pups were re-
turned to their nest, nursed, and weaned following standard protocols.

For intratracheal delivery of lentivirus/keratinocyte growth factor
(KGF) mixture, anesthesia was induced with 5% isofluorane and main-
tained with 2.5% isofluorane in 6- to 8-wk-old athymic nude mice
(Harlan, Indianapolis, IN). The neck was extended and cleaned with a
chlorhexidine solution. A small midline incision was made with a sterile
scalpel to expose the trachea. A total volume of 50 ml containing 1 3

108 vector particles (suspended in 0.9% saline with 5 mg/kg recombi-
nant human [rh] KGF) was injected into the trachea using a 0.5-cc
Insulin syringe with 28-Ga needle (Becton-Dickson). Control mice
received intratracheal delivery of 50 ml saline mixed with 5 mg/kg
rhKGF. After injection, the wound was treated with 1 to 2 drops
of bupivicane (as a local anesthetic) and closed with a tissue adhesive.
The mice were given antibiotics (Maxim-200 mg/ml in sterile water) for
1 month and ketoprofen subcutaneously on the day of surgery, and the
day after surgery. The mice were killed at 1 to 6 weeks after injection
for EGFP expression analysis.

Immunofluorescence Staining of Tissue Sections

Frozen lungs were sectioned at 5 mm on a CM1900 cryostat (Leica,
Bannockburn, IL) and placed on a Plus glass slide (Fisher Scientific,
Tustin, CA). Dried sections were fixed with pre-cooled (2208C) 100%
acetone for 10 minutes at room temperature. The sections were stained
to localize AECII and Clara cells within the tissues and evaluate which
lineages were expressing EGFP. Sections were blocked with 5% normal
donkey serum containing 1% bovine serum albumin, 0.1% triton X-100
and 0.05% Tween 20 in PBS for 2 hours at room temperature before
applying primary antibody. Samples to be stained with antibodies
directed against CD45 were blocked with the same buffer, without the
addition of Triton X-100.

To identify EGFP-expressing AECII cells, lung sections were dou-
ble labeled with goat anti-GFP (1:800; Abcam, Cambridge, MA) and
rabbit anti-human pro-SPC antibody, which cross-reacts with mouse
pro-SPC (1:1,000; Chemicon, Temecula, CA) with dilutions made in
serum blocking buffer. Negative controls included sections treated the
same as the labeled samples except for being incubated in blocking
buffer without primary antibodies. The sections were washed in 0.05%
Tween 20 in PBS (PBST), and immunoreactive cells were identified
after a 1-hour incubation at room temperature with donkey anti-
rabbit-IgG CY3 and donkey anti-goat IgG fluorescein isothiocyanate
(FITC) (all secondary antibodies from Jackson ImmunoReseach
Laboratories, West Grove, PA). The sections were washed again with
PBST and the nucleus stained with DAPI (Molecular Probes, Eugene,
OR). After a final wash with one change of PBST, and one wash in
PBS, the sections were coverslipped with Prolong Gold Antifade

Reagents (Molecular Probes), and either analyzed immediately or
stored at 2208C.

To further characterize the lineages of GFP-positive cells in the
alveolar tissue sections were stained with the same technique described
above, but triple-labeled with: goat anti-GFP (1:800), rat anti-mouse
CD45 (1:100; Caltag Laboratories, Carlsbad, CA), and rabbit anti–pro-
SPC (1:1,000). Donkey anti-goat IgG FITC, donkey anti-rat IgG CY3,
and donkey anti-rabbit IgG CY5 were used as secondary antibodies.

For the identification of EGFP-positive Clara cells in the airways,
lung sections were incubated with a goat anti-CC10 antibody for CC10
(1:1,500; Santa Cruz Biotechnology, Santa Cruz, CA) and chicken anti-
GFP (1:2,000; Abcam) overnight at 48C. Immunoreactive cells were
identified after labeling with donkey anti-goat IgG, CY3-conjugated
antibody, and donkey anti-chicken FITC-conjugated antibody for 1
hour at room temperature.

Negative controls were used with every experiment, and included
negative control mice treated with PBS, as well as sections from each
control and experimental animal incubated with buffer without a pri-
mary antibody. All samples were visualized through a fluorescent com-
pound microscope (Leica DMRXA) and images were captured with a
digital camera (Spectra cube), and acquired using EasyFISH software
(Applied Spectral Imaging, Preston, UK).

Analysis for Proviral DNA Sequences

DNA was extracted using the Puregene DNA Isolation kit (Gentra
Systems, Minneapolis, MN) using the manufacturer’s recommended
protocols. Standard PCR analysis for proviral EGFP and b-actin geno-
mic control DNA sequences was performed on transduced cell lines
and tissues from in vivo supernatant treated animals to confirm that
they contained proviral sequences as described (33). The average vector
copy number was determined in available DNA samples by quantitative
real-time polymerase chain reaction (PCR) analysis, by comparison to
serial logarithmic dilutions of genomic DNA from a Jurkat clone
carrying a single copy per cell as described (33).

RESULTS

Construction and Titering of Lentiviral Vectors with

Tissue-Specific Promoters

A series of lentiviral vectors were constructed in which the EGFP
transgene was expressed from either an internal SPC, CC10, or
JSRV promoter. Transgene expression from these vectors was
compared with a positive control vector with the constitutive
promoter from the U3 region of the MND retrovirus LTR (31).
A no promoter control served as a negative control for cell line
experiments. Schematic diagrams of each vector are shown in
Figure 1. The vectors were packaged into recombinant lentiviral
particles with the VSV-G protein as the envelope to transduce a
wide variety of cell types. Since there was not a single cell line
that would express all of the promoters evaluated in this study,
titers were calculated after transduction of each vector into a
cell line known to express it as described above.

Figure 1. Schematic diagrams of integrated proviruses. The

vectors are third generation self-inactivating lentiviral vectors

based on the CCL series of vectors. Arrows represent a
transcriptional promoter.
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Evaluation of EGFP Transgene Expression in Cell Lines

In the first set of experiments, transgene expression was evalu-
ated from each of the test and control vectors in cell lines rep-
resenting a variety of cell types. Aliquots from each cell line
were exposed to an equivalent concentration viral particles from
each test and control vector. Adherent cell lines were transduced
with 3 3 104 iu/ml (multiplicity of infection [MOI]: 0.3) and
suspension cells were transduced with 1 3 104 iu/ml (MOI: 0.1).
These viral concentrations were chosen as experiments by our
laboratory, and others (23) had demonstrated that these con-
ditions minimized the proportion of cells with multiple copies of
the vector, and thereby facilitated expression analysis on cells
carrying a single copy of the provirus. A sample flow cytometry
analysis for AECII cell line (MLE-12) and one nonrespiratory
cell line (293A) is shown in Figure 2. Since not all cell lines have
the same overall transduction efficiency, the data are presented
as the relative proportion of cells expressing EGFP from the test
vector to the constitutive MND control vector for that specific
cell line. For example, a test vector expressing from the same
proportion of cells as the positive control MND promoted vector
in a particular cell line has an expression ratio of 1 (Figure 3).

The highest EGFP expression from CC10 promoter was ob-
served in the Clara cell lines Mtcc1–2 and H441. The level of
expression was higher than the CCL-MND-EGFP–positive con-
trol vector with average EGFP expressions of 1.3 and 1.5 for
Mtcc1–2 and H441 cells, respectively, relative to the expression
from MND vector, which was set at 1 (n 5 4). Transgene
expression was significantly lower in the other, non-Clara cell,
respiratory epithelial cell lines, MLE-12 (0.09; P , 0.01), MLE-
15 (0.2; P , 0.01), and A549 (0.1; P , 0.01) using two-tailed t tests
(Figure 3A). The level of EGFP expression from the CC10
promoter in all nonrespiratory cell lines was also significantly
lower, with a range of 0.001 to 0.14 (all P , 0.001; two-tailed
t test). These data indicate that the transgene expression from the
CCL-CC10-EGFP vector is regulated, and lineage-specific for
Clara cell lines.

As expected the highest percentage of cells expressing EGFP
from the SPC promoter was observed in AECII cell lines, which
express the endogenous SPC gene (Figure 3B; n 5 4). For
example, the relative EGFP expression levels in the SPC-
positive cell lines MLE-12 and MLE-15 were 1.3 and 0.9 relative

to the percentage of cells expressing from the MND promoter
(set at 1.0). The relative percentage of cells expressing EGFP
in non-AECII lines was statistically lower than the expression
in AECII cell lines. Specifically, Clara cell lines had relative
expressions of 0.6 for H441 and 0.03 for Mtcc1–2 respectively,
which were significantly lower than the average expressions of
MLE-12 (P , 0.001; two-tailed t test) and MLE-15 (P , 0.001;
two-tailed t test).

The relative EGFP expression from the CCL-SPC-EGFP
vector in all nonrespiratory epithelial cell lines was less than
0.10 (Figure 3B). Statistical analysis demonstrated that there
was a significant difference between EGFP expression in AECII
cell lines MLE-12 and MLE-15 compared with all nonrespir-
atory cell lines (all P , 0.002, two-tailed t test). Collectively,
these data demonstrate that proviral EGFP expression from
the SPC promoter is highly specific to SPC-positive AECII cell
lines.

In contrast to the expression from the SPC and CC10
lentivectors, moderate to high levels of transgene expression
were observed from the CCL-JSRV-EGFP vector in all respi-
ratory and nonrespiratory cell lines tested, except 293A, which
had very low expression (Figure 3C; n 5 4). The highest level
of expression was observed in Jurkat cells (T-lymphoid) with
EGFP expression ratio of 1.1, with moderate levels of expres-
sion observed in all respiratory epithelial cell lines (range: 0.4–
0.8). Moderate to low levels of expression were detected in cell
lines of muscle, neural, kidney, and hematopoietic origins
(range, 0.03–0.6). There was no significant difference between
the EGFP expression between any of the respiratory epithelial
cell lines and nonrespiratory cell lines (all P values . 0.05; two-
tailed t test), indicating that the CCL-JSRV-EGFP vector did
not produce respiratory epithelial specific transgene expression.

To confirm that a lack of transgene expression from a pro-
moter was not due to a lack of proviral transduction in these
experiments, all samples were evaluated by PCR analysis for
proviral EGFP sequences. The data from a representative PCR
analysis is shown in Figure 4, demonstrating the presence of
proviral EGFP sequences in all transduced cell lines. This con-
firms that a lack of EGFP expression observed in nonrespir-
atory cell lines from the SPC and CC10 promoters was not due

Figure 2. Flow cytometry analysis for EGFP transgene expression in 293A (top panel) and MLE-12 (lower panel) cell lines transduced with the panel

of lentiviral vectors. Cells were transduced once with lentiviral supernatant and evaluated by flow cytometry 5 to 7 days later. The number in region
2 (R2) indicates the percentage of cells positive for EGFP.
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to a lack of gene transfer, but rather due to differences in the
regulation of transgene expression in different cell types.

EGFP Expression in Respiratory Tissues after In Vivo

Administration of CC10-EGFP Vector

To evaluate transgene expression from the CC10 and SPC
lentivectors in primary respiratory epithelium, lentiviral super-
natants were injected directly into the tracheas of recipient
athymic nude mice. Nude mice were used in these studies to
facilitate cleaning the neck region for surgery and visualizing the
trachea for injection. In preliminary studies, mice were admin-
istered lentiviral supernatant intratracheally without KGF treat-
ment; however, no transduction was observed (data not shown).
While lentiviral vectors can transduce nondividing cell types,
higher efficiency of transduction has been demonstrated in sev-
eral cell types, with the induction of cell cycling (11–13). In all
intratracheal delivery experiments presented here the mice were
treated with KGF before, and at the time of, viral administration
to increase Clara cell (34) and AECII (35) cell cycling. This
strategy has been shown to increase cell cycling and retroviral
gene transfer to the lungs in other studies (36, 37). The lungs and
airways of recipient mice were harvested and evaluated at 6
weeks after vector supernatant delivery for EGFP expression by
immunofluorescence analysis.

Tissue sections from recipients of the CCL-CC10-EGFP
lentiviral vector were immunostained with anti-GFP antibodies.
EGFP-immunoreactive cells were detected in the airways of
CCL-CC10-EGFP–treated animals, with a few airway cells posi-
tive for EGFP immunofluorescence per view. EGFP-positive
cells were not detected in negative control mice receiving PBS.
To identify the lineage of EGFP-positive cells in the airways of
experimental mice, tissue sections were labeled with antibodies
directed against CC10 (red-Cy3 conjugate) and EGFP (green-
FITC conjugate) proteins (Figure 5). This analysis demonstrated
that the cells immunostained for EGFP (green) in the airways
were also immunostained with anti-CC10 antibodies (red). Pho-
tomicrographs of representative double immunofluorescence
analysis on airway sections from CCL-CC10-EGFP and PBS
control animals are shown in Figures 5A and 5B, respectively.
The left-hand panels show merged images with EGFP (green),
CC10 (red), and DAPI-stained nuclei (blue). The middle panels
show the DAPI and EGFP (green) channels, and the right panel
shows only the DAPI and CC10 channels.

We next determined the proportion of airway cells that were
positive for EGFP by counting the total number of airway cells
and the EGFP-positive airway cells in tissue sections from two
recipients at 6 weeks after injection. In one recipient (IT1–8),
2.4% (10/422) of the airway cells were positive for EGFP, while
in the second recipient (IT4–11) 3.6% (18/496 cells) of airway
cells were positive for EGFP expression (Table 1).

In recipients of the CCL-CC10-EGFP lentivirus, alveolar cells
staining positively for EGFP were also detected. To identify the
lineages of the alveolar cells expressing EGFP in these recip-
ients, cryosections were triple labeled with antibodies against
EGFP (green-FITC conjugated), CC10 for Clara cells (red-cy3
conjugated), and pro-SPC for AECII (pink-Cy5 conjugated).
Alveolar cells immunostaining for EGFP were also immunor-
eactive for pro-SPC, but negative for CC10 expression, indicating
that the alveolar cells expressing from the CCL-CC10-EGFP
vector were AECII (Figure 5C). This suggests that the proviral
CC10 promoter was active in pro-SPC–positive cells in vivo.
Cells immunoreactive for EGFP were not detected in the
alveolar tissue of PBS-treated control mice (Figure 5D). These

Figure 4. PCR analysis for proviral EGFP (right panel) and internal

control B-actin (left panel) gene sequences on DNA extracted from cells
transduced with the panel of lentiviral vectors. Mock samples were not

exposed to lentiviral supernatant, and no promoter samples were

exposed to a control lentivirus supernatant not containing a promoter
for the EGFP cDNA.

Figure 3. Summary of transgene expression in a panel of cell lines from
the (A) CCL-CC10-EGFP, (B) CCL-SPC-EGFP, and (C) CCL-JSRV-EGFP

vectors. The expression levels are presented as normalized to the

expression from the positive control vector CCL-MND-EGFP 6 the
standard error of the mean. Asterisks indicate statistically significant

different levels of expression between the groups of cells with P values

of , 0.05 (two-Tailed t test) with specific t test statistic values shown in

the text.
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studies demonstrate that lentiviral vectors carrying the CC10
promoter direct transgene expression to both AECII in the
alveolar tissue and Clara cells in the airway tissue in vivo.

EGFP Expression in Respiratory Tissues after In Vivo

Administration of SPC-EGFP Vector

In recipients of intratracheal CCL-SPC-EGFP vector super-
natant, cells immunoreactive for both EGFP and pro-SPC were
observed in the alveolar tissue at all time points evaluated. The
morphology, localization, and pro-SPC punctate staining pat-
tern of these double EGFP and pro-SPC–positive cells were
consistent with AECII. Figure 6 shows a photomicrograph of
alveolar tissue (Figure 6A; 3200), and a high-magnification
image of a double pro-SPC and EGFP-positive cell (Figure 6B;
3640), indicating that AECII cells were able to express EGFP
from the lentiviral SPC promoter. The proportion of EGFP-
positive cells varied between animals, tissue sections, and within
an area of each tissue section, with positive cells tending to
cluster within an area. Figure 6C shows an area with several
EGFP-positive AECII cells clustered (3200), and Figure 6D
shows a high-magnification photomicrograph of the same area

(3640). To quantify the average transduction efficiency, we
determined the proportion of EGFP-positive pro-SPC–positive
alveolar cells in sections from three recipients at 6 weeks after
injection. The proportion of all alveolar cells that were positive
for both EGFP and pro-SPC ranged between 2.3% and 4.6%
(Table 1). However, since the total number of alveolar cells
includes a variety of alveolar cell types that are not expected to
express from the SPC promoter, these percentages likely under-
represent the actual proportion of transduced AECII that are
expressing the EGFP transgene.

At early time points in some animals, EGFP immunoreac-
tivity was also detected in alveolar cells negative for pro-SPC
staining, indicating that they were not AECII. These pro-SPC–
negative EGFP-positive cells were only observed at early time
points (1 and 2 wk) and not observed at the later time point (6
wk). The lineage of these pro-SPC–negative cells was identified
as hematopoietic (CD45-positive) after staining for EGFP, pro-
SPC, and CD45 (data not shown). EGFP-positive hemato-
poietic (CD45-positive) cells were not observed at the 6-week
time point in any recipient. Since macrophages ingest debris, it
is unclear whether the alveolar macrophages were transduced

Figure 5. Immunofluorescence analysis of lungs after

intratracheal delivery of CCL-CC10-EGFP lentiviral super-

natant (A and C) or PBS (B and D) to mice. A and B are
cryosections of airway tissue immunostained for EGFP

(green) and CC10 (red) with DAPI-stained nuclei (blue). C

and D show cryosections of alveolar tissue immunostained

for EGFP (green), pro-SP-C (pink), and DAPI-stained nuclei.
The images are shown with all colors (All Channels)

merged on the left panel, and with each single immunos-

tained color with DAPI to the right of the merged image.
Arrows indicate double positive cells. Original magnifica-

tion of all photomicrographs: 3200.

TABLE 1. SUMMARY OF THE PROPORTION OF CELLS EGFP-POSITIVE IN AIRWAY AND
ALVEOLAR TISSUES AFTER INTRATRACHEAL ADMINISTRATION OF LENTIVIRAL SUPERNATANT

EGFP Analysis of Airway Cells EGFP Analysis of All Alveolar Cells

Animal Vector Cells Counted* Number of GFP1CC101 Cells Counted† Number of GFP1proSPC1 % GFP1 Cells

IT1-8 CC10 422 10 2.4

IT4-11 CC10 496 18 3.6

IT2-2 SPC 638 16 2.5

IT2-5 SPC 966 22 2.3

IT3-2 SPC 3,914 178 4.6

Definition of abbreviations: CC10, Clara cell 10-kD protein; EGFP, enhanced green fluorescent protein; GFP, green fluorescent

protein; SPC, surfactant protein C.

* Exclusively airway cells were counted for this analysis.
† All cells within in the alveolar region were counted for this analysis, and thus includes AECI, AECII, as well as vascular and

hematopoietic cells.
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with lentivirus and expressing EGFP from the SPC promoter, or
were ingesting EGFP present in the viral preparation and/or
produced by transduced AECII cells. Given our in vitro data
demonstrating that the CCL-SPC-EGFP vector does not ex-
press in hematopoietic cell lines (Figure 3), a lack of expres-
sion in primary transduced bone marrow (data not shown), and
the fact that the EGFP was not detected at the 6-week time
point, it is likely that the alveolar macrophages may be ingesting
debris in the viral preparation. However, the current studies
could not exclude the possibility that alveolar macrophages
were expressing the transgene.

Evaluation of EGFP Expression in Nonrespiratory Tissues

In the next sets of experiments, the lineage restriction of the
lentiviral vectors was evaluated after intravenous administra-
tion of lentiviral supernatant through the facial vein of Day 0
neonatal C57B6J mice. Each neonatal recipient mouse was
injected with z 1 3 108 viral particles of CCL-SPC-EGFP or
CCL-CC10-EGFP lentiviral supernatant. Tissues were harvested
from recipient mice at up to 14 months of age and aliquots
stored for DNA extraction and proviral EGFP PCR analysis,
and cryopreservation in OCT compound for immunostaining
and fluorescence microscopy analysis for EGFP. GFP trans-
genic and wild-type C57B6J mice were used as positive and
negative controls for these assays, respectively.

In the seven recipients of the CCL-CC10-EGFP supernatant,
proviral sequences were detected in all livers, and the majority

of spleens, hearts, and kidneys from neonatal recipients (Table 2).
Subsequently, the level of transduction was evaluated by quan-
titative real-time PCR analysis on available samples. The pro-
viral copy number in the tissues ranges from 0.060 to 0.175
copies per cell on average in the liver (the highest). Lower copy
numbers were observed in the heart (range, 0.00025–0.09), spleen
(range, 0.027–0.030), and kidneys (range, 0.00002–0.00006). The
level of gene transfer observed in these studies is in accordance
with the levels of transduction observed in other studies of
lentiviral supernatant injection into neonates (32). All of the
liver, heart, spleen, and kidney tissues that were positive for
proviral sequences in either assay were subject to EGFP immu-
nofluorescence microscopy analysis. Two well-spaced tissue
sections were evaluated for each tissue, and EGFP expression
was not detected in any of the sections analyzed (data not
shown). Given copy numbers of up to 0.175 (corresponding to up
to 17.5% of cells carrying a single proviral genome), these data
support the in vitro cell line data demonstrating that transgene
expression is not observed in several nonrespiratory tissues from
the CCL-CC10-EGFP vector.

In the four intravenous recipients of the CCL-SPC-EGFP
vector, all DNA samples from the spleen and liver, three of the
four heart, and one of four kidney samples were positive for
proviral EGFP sequences (Table 2). Quantitative PCR analysis
was performed on available DNA samples. Average proviral
copy numbers ranged between 0.003 and 0.09 for the heart
(three samples), 0.01 and 0.025 for the spleen (three samples),
and 0.03 for the kidney (one sample). Two tissue sections from
all provirus-positive tissues were evaluated for EGFP expres-
sion. All tissue sections were negative for EGFP expression
by immunofluorescence analysis (data not shown). These data
demonstrated a variation in the level of gene transfer to non-
respiratory tissues using the neonatal intravenous approach.
However, the lack of transgene expression observed in any
nonrespiratory tissue supports the in vitro data, indicating that
the CCL-SPC-EGFP lentivector is not expressed in nonrespir-
atory tissues. Collectively, the in vitro and in vivo data
presented above indicate that these lentivectors produce regu-
lated, respiratory-specific transgene expression.

DISCUSSION

Lineage-regulated transgene expression will be necessary for
effective, long-term gene therapies for disorders affecting the
lung. Most gene therapy clinical trials directed to respiratory

TABLE 2. SUMMARY OF STANDARD PROVIRAL EGFP PCR
ANALYSIS IN TISSUES FROM MICE INJECTED INTRAVENOUSLY
WITH LENTIVIRAL SUPERNATANT

Mouse Vector Kidney Liver Heart Spleen Lung

IV3-1 SPC — 1 1 1 NA

IV3-2 SPC — 1 1 1 NA

IV3-3 SPC — 1 1 1 —

IV3-4 SPC 1 1 — 1 —

IV4-1 CC10 — 1 1 1 —

IV4-2 CC10 — 1 — 1 —

IV4-3 CC10 1 1 1 — 1

IV4-4 CC10 1 1 1 1 1

IV4-5 CC10 — 1 1 1 1

IV4-6 CC10 1 1 1 1 1

IV4-7 CC10 1 1 1 1 1

Control PBS — — — — —

Control PBS — — — — —

Definition of abbreviations: 1, EGFP positive; —, no EGFP detected; CC10, Clara

cell 10-kD protein; NA, sample not available; SPC, surfactant protein C.

Figure 6. Immunofluorescence analysis of lung tissue for EGFP trans-
gene expression after intratracheal delivery of CCL-SPC-EGFP lentiviral

supernatant to mice. Cryosections were immunostained for EGFP (green)

and pro-SPC (red) and nuclei were counterstained with DAPI (blue). In A,

the arrow shows a cell double positive for pro-SPC and EGFP immunos-
taining (3200). B is a higher magnification (3640) of the boxed area from

A. C shows an example of an alveolar region that had a high level of AECII

transduction and EGFP expression (3200). D shows a higher magnifica-

tion of the boxed area in C (3640). All images are shown with all colors
merged on the left panel (All Channels), and with each single immunos-

tained color with DAPI to the right of the merged image.
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epithelium to date have used constitutive promoters such as the
promoter from the cytomegalovirus (CMV) or the promoter in
the retroviral LTR. However, long-term animal studies have
indicated that, over time, transgene expression can be silenced
from viral promoters (38, 39), or can disregulate cellular genes
near the integration site leading to tumorigenesis (21). Thus,
lineage-specific regulation of expression will be beneficial for
many gene therapy applications to avoid vector silencing or
toxicities associated with unregulated transgene expression.
Lineage-specific vectors will also be a useful tools for the study
of lung biology, to track and identify stem cell progeny, monitor
the differentiative potential of stem cells, and/or deliver trans-
genes at specific times or to specific lineages.

In this study we evaluated the lineage expression profile of
lentiviral vectors with a series of respiratory epithelial specific
regulatory elements. In cell line experiments, the SPC-promoted
lentivector produced AECII-specific expression while the CC10-
promoted lentivector had the highest level of expression in
Clara cell lines. In contrast, the JSRV-promoted lentivector
demonstrated a high level of transgene expression in many
different cell types. These results are in contrast to the studies
evaluating the JSRV promoter in plasmid and retroviral con-
structs, where expression is regulated to the AECII and Clara
cell lineages. The reason for these differences in expression
profile from the JSRV promoter among the different gene
transfer vectors is unclear. However, we have also observed a
similar phenomenon with the CD11b promoter, which produced
regulated expression from plasmid vectors, transgenic mice (40,
41), and integrated retro-proviruses (42), but was disregulated
and expressed in most cell types from a lentiprovirus (43, and C.
Lutzko, unpublished data). It is possible that the remaining
elements in the lentiviral backbone can affect the local chro-
matin structure to increase the recruitment of the transcrip-
tional machinery (44). Another possibility is that the remaining
transcription factor binding sites in the minimal LTR can
cooperate with the JSRV promoter to enhance the transgene
expression from integrated lentiproviruses in cell types in which
the wild-type HIV is normally active. In support of this hypoth-
esis, the highest level of expression was observed in Jurkat, a
T-lymphoid cell line in which the wild-type HIV-1 promoter
is active. However, further studies are needed to clarify the
mechanism of the disregulation with the JSRV promoter in the
lentiviral backbone.

Since the gene expression profile of cell lines does not ex-
actly mirror normal primary cells, we also evaluated transgene
expression from the CC10 and SPC lentivectors in respiratory
and nonrespiratory tissues after intratracheal and intravenous
delivery to murine recipients. Although there are several enve-
lopes that provide higher levels of gene transfer to nasal or air-
way epithelium such as the baculovirus GP64 (20, 45) or filoviral
envelopes (16, 17, 46), we chose to use VSV-G–pseudotyped
lentiviral supernatant for the in vivo studies because it would
enable transduction and expression analysis of a wide variety of
cell types, due to its broad cellular tropism. This study would
therefore provide data on the lineage restriction of transgene
expression from our lentivectors. After administration of the
CCL-CC10-EGFP lentivirus in vivo, transgene expression was
exclusively observed in the lung, and not the heart, liver, spleen,
or muscle. Surprisingly, characterization of the cell lineages
expressing the EGFP transgene in the lung demonstrated that
both Clara cells and AECII were EGFP positive. While the
CC10 promoter is commonly used to direct transgene expression
to Clara cells, other transgenic mouse studies have also observed
transgene expression within the alveolus (29), although these
authors were not able to identify the lineages expressing the
transgene due to the low resolution of the methodology available

at the time. Thus, our data indicate that incorporation of the
CC10 promoter into lentiviral vectors results in respiratory-
specific expression, which may be useful for the study of res-
piratory biology, or the regulated delivery of therapeutic genes
to the airways and lungs.

Analysis of the transgene expression profile from the CCL-
SPC-EGFP vector demonstrated that expression was restricted
to AECII, as EGFP was not detected in nonrespiratory cell lines
in vitro, nor the spleen, heart, or liver after intravenous delivery.
While hematopoietic cells positive for EGFP protein were
observed in the alveoli of recipient mice at early time points,
they were undetectable by 6 weeks, and may have been the result
of phagocytosis of EGFP protein in the viral preparation.

While the methods of intravenous and intratracheal in vivo
delivery used in this study do not result in gene transfer to all
tissues, they do provide data on the proviral expression analysis
in a variety of primary tissue types, without the time and expense
of generating transgenic mice. Although the mice used for
intratracheal supernatant delivery studies were immune defi-
cient, it is likely that these results will be similar to immune-
competent mouse strains such as C57B6J, as there are several
studies demonstrating long-term expression after in vivo delivery
of lentivectors containing EGFP (47, 48) or the closely related
EYFP (20).

Lentiviral vectors are easily modified to express genes of
interest and readily produced with high titers suitable for in vivo
administration. While the overall level of gene transfer to the
airways and lungs was low in this study, the level was sufficient
to carefully evaluate the lineages expressing the EGFP trans-
gene. Several recent studies have described efficient delivery of
other lentiviral vectors to the lungs of animals by altering the
viral envelope (16–18), or increasing the viscosity of the super-
natant by resuspending the virus in 1% methylcellulose (49) or
LPC (19) to reduce the rate of clearance by the airways. Cou-
pling the lineage-regulated vectors described here, with efficient
delivery methods for the cell type of interest, will facilitate the
development of safe and efficient gene therapies for respiratory
disease, by producing lineage-regulated transgene expression.
These vectors will also be of interest to respiratory biologists, as
they will enable the regulated delivery of genes to the alveolar
and airway epithelium, which can easily be modified to express
a gene of interest specifically in the airway in Clara cells or the
alveolus in AECII. Further, these vectors can also be used as a
tool to mark and track the progeny of stem cells that have dif-
ferentiated into specific respiratory lineages in vitro or in vivo.
In summary, lentiviral vectors with regulated, alveolar and
airway-specific expression profiles will be useful for the devel-
opment of safe gene therapies, and the study of lung biology.
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