
Abstract. Pulmonary surfactant has been used as a carrier
to deliver a therapeutic virus to dysfunctional lung cells that
reside within an intricate lung structure. To investigate
whether pulmonary surfactant enhances the efficacy of
intratracheal instillation of a therapeutic virus to target
KRAS mutation-bearing lung cancer in vivo, we developed a
recombinant adenovirus that induces cell death only in lung
cancer cells and injected the adenovirus into a mouse model
of KRAS mutation-positive lung cancer intratracheally with
and without surfactant. A therapeutic adenovirus that
induces cell death only in lung cancer cells was constructed
by combining a cancer-specific human telomerase reverse
transcriptase (hTERT) promoter fused to CCAAT/enhancer-
binding protein alpha (CEBPα) with a modified lung-specific
Clara cell-specific 10-kDa protein (CC10) promoter fused to
cytotoxic adenovirus type 5 early region 1A (E1A). CEBPα is
induced only in cancer cells and activates the CC10
promoter, which in turn induces cytotoxic E1A, and causes
cell death only in lung cancer cells in vitro. This adenovirus
was intratracheally administered to the model mice (CCSP-
rtTA/Tet-op-K-Ras4bG12D bitransgenic mice) in the
presence and absence of pulmonary surfactant.
Intratracheally administered therapeutic adenovirus with

pulmonary surfactant spread to airways, as well as to the
alveolar region of the lung, and caused a reduction of lung
tumors developed. The therapeutic adenovirus without
pulmonary surfactant spread only to airways and was ten-
fold less effective in tumor reduction. Here, we demonstrate
that pulmonary surfactant is an efficient tool to
intratracheally deliver a therapeutic virus to treat KRAS
mutation-positive lung cancer in vivo.

Delivery of therapeutic virus into the lung is an attractive
approach for treating lung diseases including lung cancer,
cystic fibrosis, α1-antitrypsin deficiency, and pulmonary
hypertension (1-10). Intratracheal instillation of a therapeutic
virus has also been validated as a safer approach than
systemic injection of the virus (11, 12). One of the
drawbacks of this approach is the lack of means to
effectively deliver the therapeutic virus to target different
kinds of cells that reside within an intricate lung structure.
Pulmonary surfactant has been shown to enhance delivery of
recombinant adenovirus throughout the lung structure in
normal rabbit lungs (13). Pulmonary surfactant is a mixture
of phospholipids, neutral lipids, and pulmonary surfactant
protein which are secreted into the air spaces by alveolar
type II cells and Clara cells of the distal pulmonary
epithelium (14-16). Pulmonary surfactant has biophysical
properties such as rapid surface adsorption, surface spreading
and film formation that are critical for normal lung function.
Exogenous pulmonary surfactant administration is a standard
treatment for premature infants (17-19). Thus, pulmonary
surfactant is a clinically validated safe intratracheal delivery
carrier. However, it is not known whether pulmonary
surfactant is applicable for delivering a therapeutic virus to
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lung cancer cells in vivo. In order to test the efficacy of
pulmonary surfactant for virus delivery, we treated the KRAS
mutation-positive lung cancer mouse model (CCSP-rtTA/Tet-
op-K-Ras4bG12D bitransgenic mice) using a conditionally
replicative adenovirus (CRAd) that selectively eradicates
lung cancer in the presence or absence of the pulmonary
surfactant. This model is a well-established lung cancer
mouse model that conditionally expresses oncogenic mutant
KRAS.G12D in lung epithelium and develops lung
adenomas/adenocarcinomas in 2-3 months (20). KRAS and
epidermal growth factor receptor (EGFR) are the two most
commonly mutated oncogenes in lung cancer. Currently,
there is no effective therapy for treating KRAS mutation-
driven lung cancer. A treatment for this form of cancer is
thus critically needed (21). 

Materials and Methods

Tissues and cell lines. Human pulmonary adenocarcinoma H441 and
H358 cells, human breast cancer MCF7 cells and human cervical
cancer HeLa cells were obtained from the American Type Culture
Collection (Manassas, VA, USA) and grown in RPMI-1640 (H358
cells) with high glucose Dulbecco’s modified Eagle’s medium
(H441 cells and MCF7 cells) supplemented with 10% heat-
inactivated fetal bovine serum (FBS). Human squamous cell lung
carcinoma cells H226Br were obtained from Dr John D. Minna
(University of Texas Southwestern Medical Center) and grown in
RPMI-1640 supplemented with 10% heat inactivated FBS. Normal
human lung fibroblasts (NHLF) obtained from Clonetics (San
Diego, CA,USA) were grown in culture medium supplied by the
manufacturer. All cell lines were cultured in 10% CO2 at 37˚C.
Lysates of human adult lung tissue were obtained from Novus
Biologicals (Littleton, CO, USA).

Plasmids. The luciferase reporter construct pGL.CC10 -2300 was
generated by excising the promoter region of CC10 -2300/+49 from
pCC10-2300 CAT (kindly provided by Dr. Jeffrey A. Whitsett,
Cincinnati Children’s Hospital Medical Center, OH, USA) (22) with
HindⅢ and ligating into the pGL3-Basic luciferase reporter
construct (Promega Madison, WI, USA). pGL.CC10-175(-175 1×)
was generated by subcloning -175/+49 amplified from pGL.CC10 -
2300 using the primers (5’tttBglIIagatct-175gtgagctcagtttcaatggga
aaagaaactgggtt and 5’-tttHindⅢaagctt +49gggctgtctgtagatgtgggctg
atgttgtaatgt). The PCR-generated fragment was digested with BglII
and HindIII, and subcloned directly into the pGL3-Basic. The CC10
region -175/-28 was generated from pGL.CC10 -1050 using the
primers (5’tttNheIgctagc-175 gtgagctcagtttca atgggaaaagaaactgggtt and
5’-aaaBglIIagatct-28tgttcctggcagccca caagaggtaggggcagggat). The
PCR generated fragment was digested with BglII and HindIII, and
subcloned into pGL.CC10-175 (-175 1×), termed pGL.CC10 -175
2×. The plasmid pGL.CC10 -175 3× was constructed in the same
manner. The CC10 region -1050/-28 was generated from pGL.CC10
-1050 using the primers (5’-tttKpnIggtacc-1050 ctcgaagcgcctcttca
ggtcttccccgatgtccag, and 5’-aaaNheIgctagc-28 tgttcctggcagcccac
aagaggtaggggcagggat). The PCR-generated fragment was digested
with Kpn1 and NheI, and subcloned into pGL.CC10 -175 2×),
termed pGL.CC10 -175 2× 1050. The cDNA of CCAAT/enhancer
binding protein α (CEBPα) was generated from pcDNA3.1(–)

CEBPα kindly provided from Dr Lung-Chih Yu (23) using specific
primers (5’tttHindⅢaagcttKOSAKgccaccatggagtcggccgacttctacgaggcgga
and 5’-tttXbaItctagactacgcgcagt tgcccatggccttgaccaaggagc, digested
with HindIII and XbaI, and subcloned into pGL.hTERT (24) after
excising the luciferase gene (pGL.hTERT/CEBPα). Bicistronic
plasmid phTERT/CEBPα • CC10 -175 2× 1050/Luc was constructed
by excising hTERT/CEBPα and SV40 late polyadenylic acid signal
fragment from pGL.hTERT/CEBPα and ligating it into CC10 -175
2× 1050/Luc. All of the recombinant plasmids were sequenced to
ensure insert identity and proper insert orientation.

Transient transfection reporter assays. All transfections were carried
out in six-well plates. Cells were seeded 24 hours prior to
transfection at the following densities: 0.5×106/well for NHLF and
0.3×106/well for all other cells. Transfections were carried out with
Lipofectin (Invitrogen, Carlsbad, CA, USA) in accordance with the
manufacturer’s protocol. Transfected cells were harvested 24 hours
post lipofection. The results of one representative experiment are
presented as fold induction of relative light units normalized to β-
galactosidase activity relative to that observed for the control
vectors. Each experiment was repeated at least three times. Error
bars indicate the standard deviation from the average of the
triplicate samples in one experiment (24).

Construction of the recombinant adenoviral vectors. Bicistronic
shuttle vector pShuttle hTERT/CEBPα • CC10 -175 2× 1050/Luc
(pShuttle TCC/Luc) was constructed by excising hTERT/CEBPα
with SV40 late polyadenylic acid signal fragment and CC10 -175
2× 1050/Luc with SV40 late polyadenylic acid signal fragment from
pGL3. CC10 -175 2× 1050/Luc and ligating it into pShuttle.
pShuttle TCC/E1A was constructed by ligating E1A into pShuttle
TCC/Luc after excising the luciferase gene. Ad-TCC/E1A was
generated by homologous recombination and plaque purified (25).
The viral titer for each vector was determined by measuring
absorbency at 260 nm and plaque assay. The optimal multiplicity of
infection (MOI) was determined by infecting each cell line with
Adenoviral vector expressing green fluorescent protein driven by
cytomegalovirus promoter (Ad-CMV/GFP)(24) and assessing the
expression of GFP by flow cytometric analysis. In in vitro
experiments, all cells were infected with the recombinant adenoviral
vectors at a multiphicity of infection (MOI) of 5000 viral particles
per cell.

Immunoblot analysis. Cells were lysed in ice cold lysis buffer (Cell
Signaling Technology, Beverly, MA, USA). Cell lysates were
clarified by centrifugation (10 min at 15,000 × g at 4˚C) and protein
concentration was determined using the DC protein assay (BioRad,
Hercules, CA, USA). Equal amounts of protein were separated on
an sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) gel. The gel was electrophoretically transferred to a Hybond
PVDF transfer membrane (Amersham, Arlington Heights, IL, USA).
The membrane was incubated with primary and secondary antibodies
according to the SupersignalR West Pico chemiluminescence protocol
(Pierce, Rockford, IL, USA) to detect secondary antibody binding.
Antibody specific for TTF-1 was purchased from DAKO
(Carpinteria, CA, USA). Anti-actin antibody was obtained from
Sigma (St. Louis, MO, USA). Antibody specific for human CEBPα
was obtained from Cell Signaling Technology (Beverly, MA, USA).
Antibody specific for Adenovirus type 5 E1A was obtained from
Pharmingen, (San Diego, CA, USA). Secondary horseradish
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peroxidase-conjugated goat anti-rabbit antibody and anti-mouse
antibody were obtained from Jackson Immunoresearch Laboratories
(West Grove, PA, USA).

Transgenic mice and doxycycline administration. The tetracycline
operator regulated K-Ras4bG12D (Tet-op-K-Ras4bG12D) responder
mice were kindly provided by Dr William Pao (Memorial Sloan-
Kettering Cancer Center, New York, NY, USA). The Clara cell
secretory protein promoter-tet activator (CCSP-rtTA) mice were also
kindly provided by Dr Jeffrey A. Whitsett (Cincinnati Children’s
Hospital Medical Center) (20). Tail DNA was isolated using Qiaprep
Tail DNeasy isolation kit (Qiagen, Valencia, CA, USA) according to
the manufacturer’s protocol. Detection of the rtTA activator transgene
and the K-Ras4bG12D transgene were performed using the following
primers: rtTA: fwd, 5’-AAGGTTTAACAACCCG TAAACTCG-3 and
rev, 5-GTGCATATAACGCGTTCTCTAGTG-3’ (generates a 330-bp
product); K-Ras4bG12D K-Ras fwd 5’-GGGA ATAAGTGTG
ATTTGCCT-3’ and rev 5’ -GCCTGCGACG GCGGCATCTGC-3’
(~300-bp product). Doxycycline (Sigma) was administered via the
drinking water, freshly prepared twice a week, at a concentration of
500 mg/l. 

Pulmonary surfactant adenoviral suspensions and intratracheal
administration. Bovine lung source pulmonary surfactant, Surfacten
(Mitsubishi Tanabe Pharma Corporation, Tokyo, Japan), was used
that is approved for the treatment of respiratory distress syndrome in
preterm infants. This pulmonary surfactant is made from organic
solvent extracts of minced bovine lung and is supplemented with
dipalmitoylphosphatidylcholine, tripalmitine, and palmitic acid and
contains the hydrophobic pulmonary surfactant proteins SP-B and
SP-C but not SP-A (26). Adenoviral vectors were diluted with sterile
PBS or pulmonary surfactant to 1×1010 or 1×1011 viral particles per
mouse and administered intratracheally in a total volume of 80 μl
(27). The final concentration of pulmonary surfactant was adjusted
to 10 mg/ml (13). 

Determination of LacZ gene expression. Ten- to twelve-week-old
mice of the ICR strain (Charles River Japan, Tokyo, Japan) were
intratracheally administered with Ad-CMV/LacZ (1×1010 or 1×1011

viral particles per mouse) in the presence or absence of pulmonary
surfactant (N=8). Seventy-two hours after administration, mice were
anesthetized via intraperitoneal injection of phenobarbital and
sacrificed. For 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside
(X-gal) staining, 5-μm frozen sections were fixed with 4%
paraformaldehyde for 10 min before being stained with X-gal
solution containing 5 mM K4Fe(CN)6, 5 mM K3Fe(CN)6, 2 mM
MgCl2, and 1 mg/ml 5-bromo-4-chloro-3-indolyl-b-D-galactoside at
37˚C for 8 hours. The sections were counterstained with Nuclear
Fast Red (Sigma). For determination of in situ β-galactosidase
expression, lungs were intratracheally instilled with X-gal solution
described above. Lungs were incubated for 8 hours at 37˚C and then
repeatedly washed with PBS and fixed with 2% buffered formalin.
The quantitative expression of β-gal expression was evaluated by
the β-Galactosidase Enzyme Assay System (Promega). The total
protein content of the lung lysates was quantified using DC protein
assay (BioRad) according to the manufacturer’s protocol.

A combination treatment of Ad-TCC/E1A with pulmonary surfactant
in a KRAS-mutated lung cancer mouse model (CCSP-rtTA/Tet-op-
K-Ras4bG12D bitransgenic). Ten weeks after doxycycline
treatment, 1×1011 viral particles of Ad-TCC/E1A, Ad-CMV/Luc or

PBS with or without pulmonary surfactant was injected into CCSP-
rtTA/Tet-op-K-Ras4bG12D bitransgenic mice (N=8) by an outer
sheath of 21-gauge venous catheter (BD Biosciences, San Jose, CA,
USA) using a mouse intubation system (Natsume Seisakusyo,
Tokyo, Japan) during anesthesia with isoflurane. This treatment was
performed three times every other week for CCSP-rtTA/Tet-op-K-
Ras4bG12D bitransgenic mice along with six weeks for doxycycline
administration. The mice were sacrificed 16 weeks after doxycycline
administration. 

Histology and immunohistochemistry (IHC). The lungs were
excised, fixed with 10 ml of 4% paraformaldehyde overnight, then
washed once for 5 min in PBS, placed into 70% ethanol, and
embedded in paraffin (28). Tissue or tumor sectioning and staining
were performed in the Histology Laboratory in the Department of
Gastroenterological Surgery at Okayama University Graduate
School of Medicine and Dentistry. For immunohistochemical
analysis of the E1A protein, tumors were fixed in 20% formalin,
embedded in paraffin, and then cut into 4 μm sections. To retrieve
antigens, the sections were baked, deparaffinized, and heated in
citrate buffer (10 mM citric acid, pH 6.0) in a steamer. After
endogenous peroxidase was inactivated with 1.5% H2O2/methanol
for 10 min, the sections were incubated with mouse anti-E1A
polyclonal antibody (Pharmingen; 1:200 dilution) or rabbit anti-
CEBPα polyclonal antibody (Cell Signaling Technology; 1:200
dilution) for 1 hour and then with biotinylated goat anti-mice or
rabbit IgG antibody for 30 min. The specific binding was visualized
with an avidin-biotin-peroxidase reagent and its substrate
diaminobenzidine tetrachloride (DAKO), and subsequent
counterstaining with Mayer’s Hematoxylin.

Analysis of serum alanine aminotransferase (AST) and aspartate
transaminase (ALT). Blood was drawn from the tail vein of the mice
seven days after the intraperitoneal injection of Ad-CMV/LacZ, Ad-
TCC/E1A (1×1011 viral particles per mouse) or PBS with or without
pulmonary surfactant. The levels of serum AST and ALT were
measured by SRL Inc. (Tokyo, Japan).

Statistical analysis. Statistically significant differences between
means and medians of studied groups were evaluated using
Student’s t-test and the non-parametric Mann-Whitney U-test,
respectively. An analysis of variance (ANOVA) test, where
appropriate, was used to identify statistical significance for multiple
comparisons. Statistical significance was defined as p<0.05.

Results
Development of a lung cancer-specific promoter system. In
order to target lung cancer cells without harming normal
cells, we developed a lung cancer-specific promoter system.
We designed the system by combining two constructs: ⅰ) a
construct of a cancer-specific hTERT (a component of the
telomerase promoter)-driven C/EBPα, a lung transcription
factor (the CCAAT/enhancer binding protein α) with ⅱ) a
construct of a lung specific CC10 promoter-driven E1A, a
therapeutic protein (a cytotoxic adenoviral protein that
confers adenovirus replication only in lung cancer cells). In
theory, the lung transcription factor CEBPα that is induced
by the hTERT promoter only in cancer cells activates the
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lung-specific CC10 promoter through its CEBPα-binding
element only in lung cancer cells. The activated CC10
promoter drives the cytotoxic E1A and induces cell death
only in lung cancer cells but not in other types of cells
including normal cells such as fibroblasts. The lung-specific
CC10 promoter is activated by CEBPα through the 100-bp
region flanking the 5’ end of the CC10 gene (22). CEBPα
driven by the hTERT promoter activates the CC10 promoter
containing the region -175-bp to -28-bp only in lung cancer
H441 and H226Br cells (Figure 1A and 1B). To further
enhance specificity and promoter activity in lung cancer
cells, we made constructs of tandem repeats of the CC10
gene (Figure 1A). We obtained the highest and the most
specific promoter activity in lung cancer H441, H226Br and
H358 cells when the promoter region -175-bp to -28-bp was
double tandemerized (pGL.CC10 -175 2× -1050) (Figure
1B). The promoter activity of pGL.CC10 -175 2× -1050 was
low in MCF7 breast cancer cells, HeLa cervical cancer cells
and NHLF (Figure 1B). Thus, we successfully developed a
lung cancer-specific promoter system, in which CEBPα
driven by the hTERT promoter in cancer cells activates the
modified lung CC10 promoter through its CEBPα-binding
elements and in turn induces a therapeutic gene only in lung
cancer cells. We termed the modified promoter TCC (hTERT
promoter-driven CEBPα and CC10 promoter) (Figure 1C).

Adenovirus TCC/E1A vector targets and kills only lung
cancer in vitro. In order to kill lung cancer cells, we then
fused the TCC promoter to adenoviral E1A cDNA and
constructed a CRAd that selectively infects and lyzes cancer
cells (Ad-TCC/E1A) (Figure 2A). Ad-TCC/E1A reduced the
cell viability of H441 and H226Br lung cancer cells but not
MCF7 breast cancer cells or NHLF lung fibroblasts (Figure
2B), demonstrating the specificity of the TCC construct. E1A
protein was induced in Ad-TCC/E1A-infected H441 and
H226Br lung cancer cells but not in MCF7 breast cancer
cells and NHLF lung fibroblasts (Figure 2C). Ad-TCC/E1A
induced cell death/lysis in H441 and H226Br lung cancer
cells but not in MCF7 breast cancer cells and NHLF lung
fibroblasts. The control vector (Ad-CMV/Luc) did not induce
any cell death in these cells (Figure 2D). These results
confirm that Ad-TCC/E1A induces cell death/lysis
specifically in lung cancer cells.

Pulmonary surfactant enhances adenovirus-mediated gene
expression in mouse lungs. Previously, pulmonary surfactant
was demonstrated to enhance adenovirally mediated gene
transfer and transgene expression in rabbit and rat lungs (13,
29, 30). Here we tested whether pulmonary surfactant would
also facilitate adenovirus-mediated gene expression in mouse
lungs. When adenovirus expressing LacZ under the control
of the CMV promoter (Ad-CMV/LacZ) was intratracheally
administered with pulmonary surfactant into mouse lungs,

high levels of β-gal expression was observed in all lobes in
both mouse lungs. On the other hand, when Ad-CMV/LacZ
was intratracheally injected without pulmonary surfactant, β-
gal expression was not widely observed (Figure 3A). We
further assessed gene transfer using X-gal stained sections
produced from Ad-CMV/LacZ-infected lungs with or
without pulmonary surfactant. As shown in Figure 3B, β-gal
expression was observed in distal airways and alveoli in
lungs from mice infected with Ad-CMV/LacZ in the
presence of pulmonary surfactant. In contrast, β-gal
expression was limited to proximal airways in lungs from
mice infected with Ad-CMV/LacZ in the absence of
pulmonary surfactant. We also analyzed levels of β-gal
expression quantitatively. We harvested Ad-CMV/LacZ-
infected mouse lungs treated with or without pulmonary
surfactant and measured β-gal activity using lung cell
lysates. Significantly higher levels of β-gal activity were
observed in lungs from mice infected with Ad-CMV/LacZ
with pulmonary surfactant. Pulmonary surfactant increased
the efficacy of gene transfer 8.34-fold after infection with
1×1010 viral particles of Ad-CMV/LacZ and 10.2-fold more
after infection with 1×1011 viral particles infection (Figure
3C). These results suggest that pulmonary surfactant
increases adenovirus vector-mediated gene expression and
distribution in normal mouse lungs after intratracheal
administration.

Intratracheal administration of adenovirus TCC/E1A vector
with pulmonary surfactant reduced tumors in a KRAS
mutation bearing lung cancer mouse model. In order to test
our Ad-TCC/E1A in an in vivo model, we intratracheally
administered Ad-TCC/E1A with pulmonary surfactant into a
KRAS mutation bearing mouse model mice in which K-
Ras4b (G12D) is conditionally expressed in lung epithelium
under the control of doxycycline. This mouse model develops
pulmonary adenoma/adenocarcinoma 2-3 months after
doxycycline administration (20). Ten weeks after doxycycline
administration, Ad-TCC/E1A was intratracheally
administered to the mice, with or without pulmonary
surfactant every other week for 6 weeks (total of 3 injections).
Sixteen weeks after doxycycline administration, multiple
solid tumors were observed over all the lungs (Figure 4A, left
panel). Whether used alone or in combination, pulmonary
surfactant and control Ad-CMV/Luc adenovirus did not have
any effect on the tumors. Ad-TCC/E1A without pulmonary
surfactant reduced the number of tumors only slightly (40
tumors reduced to 30 tumors), while Ad-TCC/E1A with
pulmonary surfactant significantly reduced the number of
tumors (40 tumors reduced to 2) (Figure 4A, right panel).

In order to confirm tumor-specific replication of Ad-
TCC/E1A in lung tumors, we intratracheally injected Ad-
TCC/E1A into both non-doxycycline- (no tumor) and
doxycycline (tumor)-treated KRAS mice. As shown in Figure
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4B (left panels), human ectopic CEBPα and E1A were not
expressed in non-doxycycline -treated mice infected with
Ad-TCC/E1A. However, human ectopic CEBPα and E1A
were highly expressed in doxycycline-treated mice infected
with Ad-TCC/E1A (Figure 4B, right panels), indicating that
Ad-TCC/E1A replicates only in lung tumor but not in normal
lung cells.

Minimal toxicity after intratracheal administration of Ad-
TCC/E1A with pulmonary surfactant. In order to confirm the
non-toxicity of Ad-TCC/E1A administration with pulmonary
surfactant, the liver function of the treated mice was
examined by analyzing liver enzyme levels. Seven days after
the last viral administration, blood was collected from the
mice and serum levels of ALT and AST were determined. As
shown in Figure 5, serum levels of ALT and AST were not
altered in the treated mice compared to the control mice.
These results suggest that intratracheal administration of Ad-
TCC/E1A with pulmonary surfactant is a safe approach.

Discussion

For almost 30 years, exogenous pulmonary surfactant has
been clinically used to treat neonatal respiratory distress
syndrome to compensate for the lack of endogenous
surfactant and reduce surface tension in the lungs (17, 18).
Pulmonary surfactant is a clinically validated safe material.
In identifying further clinical utility of pulmonary surfactant,
Jobe et al. found that pulmonary surfactant facilitated
adenovirally mediated luciferase gene transfer and luciferase
gene expression in normal rabbit lungs (13). Intratracheal
instillation of a therapeutic virus to treat lung diseases has
been considered an attractive approach for treatment, but
there has been a limitation to the efficient delivery of the
therapeutic virus throughout the lung. Intrigued by the
finding of Jobe et al. (13), we attempted to treat lung cancer
developed in the KRAS mutation-bearing lung cancer mouse
model using our novel lung cancer-targeted therapeutic
adenovirus in association with pulmonary surfactant in the
present study. Our therapeutic adenovirus with surfactant was
10 times more effective in lung tumor reduction than the
adenovirus without surfactant.

For non-small cell lung cancer treatment, intratumoral
injection of a therapeutic adenovirus carrying tumor
suppressor p53 using bronchoscopy has been clinically
performed (11, 12). A drawback of the trial was that
intratumoral injection of a therapeutic virus using
bronchoscopy was limited to relatively large tumors in
bronchia and was not able to target lung cancer cells that are
not detectable by computed tomography. In the present study,
we were able to target peripherally spreading lung tumors
and cells by combining our therapeutic adenovirus with
pulmonary surfactant. The mechanism by which pulmonary

surfactant functions is derived from its surface-active
properties, helping the therapeutic virus to spread rapidly and
effectively into distal lung tissue (13). Pulmonary surfactant
also facilitates free airflow through narrow tubes, alters
mucus properties and facilitates airway transport (31, 32).
The therapeutic adenovirus without pulmonary surfactant
might be rapidly absorbed in the airway mucosa, which
probably limits its spreading to the distal airways and air
spaces. In contrast, the therapeutic adenovirus with
pulmonary surfactant is rapidly dispersed and deposited in
the alveolar spaces. The pulmonary surfactant also has an
anti-microbial effect that is also potentially beneficial for
obstructive pneumonia caused by lung cancer. At the same
time, pulmonary surfactant does not inactivate the infectivity
of the therapeutic adenovirus (13, 33-35). Thus, pulmonary
surfactant is an ideal carrier to deliver a therapeutic
adenovirus to distally spreading lung tumors.

One concern regarding the use of adenovirus for gene
therapy is that host immunity may remove the adenovirus.
In our present study, intratracheal administration of Ad-
CMV/LacZ with pulmonary surfactant resulted in significant
expression of β-gal in immunocompetent control mice
(Figure 3). Furthermore, repeated treatment with Ad-
TCC/E1A therapeutic adenovirus significantly suppressed
tumor growth in this KRAS mutation-bearing lung cancer
model (Figure 4). These results indicate that intratracheal
administration of the adenoviral vector with pulmonary
surfactant is able to induce target gene expression and
inhibit tumor growth in the lungs of mice with host
immunity. However, lung diseases such as lung cancer often
relapse. In the event that lung cancer relapses and the
adenovirus-mediated gene therapy succumbs to host defense
removal, a lentiviral vector that avoids host defense would
be the next line of treatment (36). It is not known whether
pulmonary surfactant enhances lentivirally mediated gene
transfer and gene expression, and this needs to be
investigated.

Another established approach for delivering a therapeutic
virus to the lung is aerosol delivery. Aerosol delivery is
noninvasive to lungs, and was expected to be an ideal
approach to treat lung diseases including lung cancer (37-
39). However, the distribution of aerosol virus did not favor
transgene expression in the lung parenchyma relative to
intratracheal instillation (35). Considering the pathogenesis
of lung cancer, it is essential that the cancer is completely
eradicated. Intratracheal instillation of a therapeutic virus in
association with pulmonary surfactant is a more effective
approach for delivering a therapeutic virus throughout the
lung in order to treat lung diseases, especially lung cancer,
than in aerosol delivery.

In summary, we used pulmonary surfactant as a carrier to
deliver a therapeutic virus to lung tumors developed in a
KRAS mutation-bearing lung cancer model. The therapeutic
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Figure 1. Development of lung cancer-specific promoter TCC system. A: Schematic representation of CC10 tandem copies reporter constructs. One
or two tandem copies of the CC10 promoter region from -175 to -28 were subcloned into pGL.CC10 containing promoter fragment -175 to +49 (CC10
-175 1×, CC10 -175 2× and CC10 -175 3×). The CC10 promoter region from -1050 to -28 was subcloned into pGL.CC10 -175 2× (pGL.CC10 -175
2× 1050). B: Transient transfection reporter assays in H441 and H358 pulmonary adenocarcinoma cells, H226Br lung squamous cell lung carcinoma
cells, MCF7 breast cancer cells, HeLa cervical cancer cells, and normal human lung fibroblast NHLF with indicated CC10 tandem luciferase reporter
constructs (2 μg) and pCMV.β-gal (2 μg) co-transfected with hTERT promoter only (left panel) or hTERT promoter driven CEBPα. Results are
presented as fold induction of relative light units normalized to β-galactosidase activity relative to that observed for the control constructs. C:
Schematic of lung cancer-specific TCC promoter system (TCC: hTERT promoter driven CEBPα combined with CC10 promoter).



Fukazawa et al: Novel Lung Cancer Therapy Using Pulmonary Surfactant

4931

Figure 2. Induction of lung cancer-specific cell death induced by TCC promoter system combined with adenoviral protein E1A. A: Schematic of Ad-
TCC/E1A. B: Effect on cell viability induced by Ad-TCC/E1A infection in vitro. Cells were plated in 96-well plates at a density of 2×103 cells/well
24 hours prior to infection and treated with Ad-CMV/Luc or Ad-TCC/E1A at an MOI of 5000 vp. Cell viability was evaluated at 0, 1, 2, 3, and 4
days following adenoviral infection by MTS assay (CellTiter 96; Promega) according to the manufacturer’s protocol. Statistically significant
differences are shown as *p<0.05 and **p<0.01. C: Immunoblot analysis of adenoviral E1A protein expression at 0, 24, and 96 hours after infection
of Ad-TCC/E1A in indicated cells. Actin is shown as a control. D: Phase-contrast photomicrographs of H441 pulmonary adenocarcinoma cells,
H226Br squamous cell lung carcinoma cells, MCF7 breast cancer cells, and NHLF infected with Ad-CMV/Luc or Ad-TCC/E1A. Cell morphology
was evaluated 4 days after infection. Photomicrographs were taken at a magnification of ×100.



effect on the mice treated with the therapeutic virus in the
presence of pulmonary surfactant was ten times better in
tumor reduction than those treated in the absence of
pulmonary surfactant. This approach, in which pulmonary
surfactant is used as a delivery carrier for a therapeutic virus,
can be applied to target other lung diseases including other

types of lung cancer, cystic fibrosis, α1-antitrypsin
deficiency and pulmonary hypertension.
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Figure 3. Pulmonary surfactant enhances LacZ gene delivery and expression mediated by Ad-CMV/LacZ. A: Representative mouse lung infected
with Ad-CMV/LacZ using PBS or pulmonary surfactant. B: Photomicrograph of sections (5 μM) of lungs infected with Ad-CMV/LacZ using PBS or
pulmonary surfactant. Representative photomicrographs from one of three experiments were shown. Photomicrographs were taken at magnification
of X 20. C: Quantative β-galactosidase activity in homogenates produced from lungs infected with Ad-CMV/LacZ at an MOI of 1×1010 or 1×1011

viral particles per mouse with or without pulmonary surfactant. Eight mouse lungs were used for each experimental condition. Statistically significant
differences are shown as *p<0.05 and **p<0.01.
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Figure 4. Reduction of lung tumors in KRAS mutation-bearing lung cancer mouse model by Ad-TCC/E1A with pulmonary surfactant. A: Left panel:
H&E stained sections from lungs of mice treated with Ad-CMV/Luc with pulmonary surfactant or Ad-TTC/E1A in the presence or absence of
pulmonary surfactant. Tumor growth was significantly reduced by the combined treatment of Ad-TTC/E1A with pulmonary surfactant compared to
lungs treated using Ad-CMV/Luc with pulmonary surfactant or a single treatment of Ad-TTC/E1A. Photomicrographs were taken at a magnification
of ×20. Right panel: the numbers of left lung tumors with a long axis exceeding 1 mm in lungs from mice after intratracheal administration of
pulmonary surfactant, Ad-CMV/Luc with pulmonary surfactant or Ad-TCC/E1A in the presence or absence of pulmonary surfactant. Statistically
significant differences are shown as *p<0.05 and **p<0.01. B: Induced expression of CEBPα and E1A in lungs from mice after intratracheal
administration of Ad-TCC/E1A with pulmonary surfactant. Left panels: Control lung. Right panels: KRAS mutation-bearing lung cancer.
Photomicrographs were taken at a magnification of ×100.
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