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To study retroviral gene transfer to airway epithelia, we used a transient transfection technique to generate
high titers (~10° infectious units/ml after concentration) of murine leukemia virus (MuLV)-derived vectors
pseudotyped with the vesicular stomatitis virus envelope glycoprotein (VSV-G). Transformed (CFT1) and
primary airway epithelial cells were efficiently transduced by a VSV-G-pseudotyped lacZ vector (HIT-LZ) in
vitro. CFT1 cells and primary cystic fibrosis (CF) airway cell monolayers infected with a vector (HIT-LCFSN)
containing human CF transmembrane conductance regulator (CFTR) in the absence of selection expressed
CFTR, as assessed by Western blot analysis, and exhibited functional correction of CFTR-mediated C1™
secretion. In vitro studies of persistence suggested that pseudotransduction was not a significant problem with
our vector preparations. In a sulfur dioxide (SO,) inhalational injury model, bromodeoxyuridine (BrdU)
incorporation rates were measured and found to exceed 50% in SO,-injured murine tracheal epithelium.
HIT-LZ vector (multiplicity of infection of ~10) instilled into the SO,-injured tracheas of anesthetized mice
transduced 6.1% = 1.3% of superficial airway cells in tracheas of weanling mice (3 to 4 weeks old; » = 10),
compared to 1.4 = 0.9% in mice 5 weeks of age (n = 4) and 0.2% in mice older than 6 weeks (n = 15). No
evidence for gene transfer following delivery of HIT-LZ to tracheas of either weanling or older mice not injured
with SO, was detected. Because only a small fraction of BrdU-labeled airway cells were transduced, we
examined the stability of the vector. No significant loss of vector infectivity over intervals (2 h) paralleling those
of in vivo protocols was detected in in vitro assays using CFT1 cells. In summary, high-titer vectors permitted
complementation of defective CFTR-mediated C1™ transport in CF airway cells in vitro without selection and
demonstrated that the age of the animal appeared to be a major factor affecting in vivo retroviral transduction

efficiency.

Retroviral vectors have been used in several of the currently
approved human gene transfer trials (11). Because the retro-
viral vector genome integrates into the host cell DNA, it offers
a possibility for long-term expression. Amphotropic retroviral
vectors have been shown to complement the cystic fibrosis
(CF) chloride (Cl™) permeability defect in transformed cells in
vitro (7), and prolonged CF transmembrance conductance reg-
ulator (CFTR) expression in cultured cells following retrovi-
rus-mediated gene transfer has been reported (26). However,
the low rate of airway epithelial cell proliferation in adult
mammals, including humans, and the low titers of amphotropic
murine leukemia virus (MuLV)-derived vectors have limited
the utility of retroviral vectors in gene therapy approaches for
CF lung disease (23). Studies demonstrating that the mean
percentage of replicating cells in the airways of CF patients
may be as high as 17% due to chronic inflammation, compared
to 0.2% in airways from nonaffected individuals (19), suggest
that CF airways may be a target for retroviral vectors. A single
study of in utero delivery to fetal sheep airways has suggested
that in an environment of replicating cells, retrovirus-mediated
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gene transfer to airway epithelia in vivo may be feasible (32).
However, neither successful in vivo gene transfer to the airways
of postnatal animals, the current target for cystic fibrosis gene
therapy efforts, nor strategies to modify the host to increase
gene transfer efficiency have been reported.

Significant developments have occurred in the design of
retroviral vectors since the initial complementation studies for
CF. These developments include the pseudotyping of retrovi-
ruses to expand host range and improve titer (3, 22) and the
use of lentiviral vectors to target nondividing cells (25). Gibbon
ape leukemia virus-pseudotyped retroviral vectors have been
found to infect primate airway epithelium in vitro more effi-
ciently than murine amphotropic vectors (2). Unfortunately,
such vectors do not infect murine cells and hence cannot be
tested in murine injury or CF models. MuLV-derived vectors
pseudotyped with the vesicular stomatitis virus envelope gly-
coprotein (VSV-G) have also been developed and can be con-
centrated to high titer by ultracentrifugation without signifi-
cant loss of infectivity (3, 24, 42, 44). This concentration step
allows the preparation of retroviral vectors with much higher
titers that may permit direct in vivo gene transfer applications.

Studies of proliferation in CF airways combined with the
development of high-titer retroviruses provide new impetus for
the application of retroviral vectors to gene therapy ap-
proaches for treatment of CF lung disease. Importantly, ma-
neuvers that induce the host to stimulate airway epithelial cell
proliferation in vivo sufficiently to permit the testing of retro-
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viral vectors in vivo have been described. These maneuvers
include inhalational injury models with ozone and sulfur diox-
ide (SO,), use of growth factors (e.g., keratinocyte growth
factor), and mechanical injury (14, 15, 31, 33, 40). We hypoth-
esized that high-titer VSV-G-pseudotyped vectors would per-
mit successful gene transfer to proliferating airway cells in
animal lung injury model systems. To test our hypothesis, we
first evaluated the efficiency of reporter gene transfer mediated
by VSV-G-pseudotyped MuLV vectors in vitro and the ability
of CFTR ¢cDNA-containing vectors to complement the CFTR-
mediated Cl~ permeability defect in the absence of selection.
Next, we used a controlled in vivo tracheal airway model to
assess the efficiency of reporter gene transfer in younger and
older animals injured with SO, to stimulate airway cell prolif-
eration. Finally, we tested variables that might adversely affect
in vivo efficiency.

MATERIALS AND METHODS

Cell culture. (i) Transformed cells. CFT1 cells, a human CF tracheal cell line
derived from a CF patient homozygous for the AF508 mutation, were cultured on
plastic culture dishes in hormone-supplemented serum-free medium as previ-
ously described (43). 293 human embryonic kidney cells were cultured in Dul-
becco’s modified Eagle’s medium with 4.5 g of glucose per ml (DMEM-H) and
10% fetal bovine serum. NIH 3T3 fibroblasts were cultured in DMEM-H with
10% calf serum.

(ii) Primary cells. Normal (non-CF) nasal and bronchial epithelial cells, iso-
lated from surgical specimens by enzymatic digestion, were plated on plastic
10-cm-diameter dishes at a density of 2 million cells in hormone-supplemented
modified LHC9 medium (12) and passaged once prior to plating on 12-well
plastic dishes at a density of 10° cells/well. Freshly isolated CF cells were plated
on permeable collagen substrates (surface area = 0.071 cm?) at supraconfluent
densities, maintained in serum-free medium (Ham’s F12) supplemented with six
growth factors until culture days 3 to 4, then switched to 50% Swiss 3T3-
conditioned DMEM-H with 2% bovine calf serum diluted in serum-free medium
plus 0.5 mM added Ca**, and grown at the air-liquid interface (18).

Well-differentiated cell cultures of human bronchial or nasal airway cells
similar to those described by Gray et al. (12) were prepared. Freshly isolated cells
were plated on collagen-coated plastic 10-cm-diameter dishes and maintained in
modified LHC9 medium (12). On culture days 5 to 6, cells were harvested by
trypsin digestion and plated at a density of 10° cells/12-mm (0.4-pm-pore-size)
Transwell-Col insert (Costar, Cambridge, Mass.) in a 50:50 mixture of LHC
Basal (Biofluids, Rockville, Md.) and DMEM-H medium supplemented with
growth factors, retinoic acid, and bovine serum albumin as previously described
(21). When cultures attained confluence, medium was gently aspirated from the
apical surface, creating an air-liquid interface. Cells were maintained in culture
for 2 to 3 weeks and used for experiments only after they had developed a
well-differentiated phenotype characterized by the development of greater than
10% cilia upon visualization by phase-contrast microscopy.

Murine nasal epithelial cells were isolated as previously described (5, 13). A
midline skin incision was made from the vertex of the cranium to the tip of the
snout, exposing the nasal bones which were removed by sharp dissection. The
nasal septum and mucosa were then removed by sharp dissection. Murine nasal
epithelial cells were isolated from the septum by digestion in 0.1% protease—
0.01% DNase at 4°C for 4 h. Protease was inactivated by adding fetal bovine
serum to 20%; cells were spun at 500 X g, washed in medium, and then plated
at a density of 2 X 10° cells per well in 12-well dishes coated with type I collagen.
Cells were washed on day 2 and maintained in 50% 3T3-conditioned medium—
Ham’s F12 with six growth factors and 1.3 mM Ca" (5, 13).

Expression plasmids. For these studies, standard MuLV retroviral expression
cassettes were subcloned into high-copy-number plasmids for better yield during
propagation in Escherichia coli (Fig. 1).

The pCI-GPZ gag-pol expression plasmid was derived from pHIT60 (38).
Briefly, a synthetic Sa/I-NotI oligonucleotide linker containing the 3’ 22 bp of the
MuLV pol gene was cloned into the Sall-Notl site of the pCI expression vector
(Promega Corporation, Madison, Wis.). A DNA fragment from pZeoSV (In-
vitrogen, San Diego, Calif.) containing a bacterial EM-7 promoter and a zeocin
resistance gene was placed immediately downstream of the pol sequences. Then
an EcoRI-Hpal fragment from pHIT60 containing the gag-pol sequences was
cloned into the resulting plasmid to yield pCI-GPZ.

The pCI-VSV-G expression plasmid was derived from pSVGLI1 (35). The
VSV-G cDNA was removed from pSVGLI by digestion with BamHI. EcoRI
linkers were added, and then the product was inserted into the EcoRI site of the
pCI expression vector (Promega) to yield pCI-VSV-G.

The cytomegalovirus (CMV)-driven retroviral vectors pHIT-LZ and pHIT-
LCFSN were derived from pHIT110 (38). These plasmids were constructed such
that the entire U3 domain of the 5’ long terminal repeat (LTR) was replaced by
the CMV promoter while maintaining the authentic retroviral RNA start site at
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FIG. 1. Retroviral packaging constructs and retroviral vectors. Plasmids
pHIT-LCFSN and pHIT-LZ contain the CMV enhancer/promoter fused to the
R and U5 domains of the MuLV LTR. The gag-pol expression vector (pCI-GPZ)
was used to express the MuLV Gag and Pol proteins. pCI-VSV-G was used to
express VSV-G. The intron is a chimeric intron containing engineered consensus
splicing sites. The arrows indicate transcription start sites and the direction of
transcription. The plasmid backbones are not shown. Abbreviations: CMV pro,
CMYV immediate-early enhancer/promoter region; CFTR, normal human CFTR
¢DNA; lacZ, E. coli gene coding for B-galactosidase; pA, simian virus 40 early
polyadenylation signal; SV40 pro, the early enhancer/promoter region from
simian virus 40; LTR, the U3, R, and U5 domains of the MuLV LTR region.

the beginning of the R domain (38). The pHIT110 vector was digested with Kpnl
and religated to form a plasmid with the CMV immediate-early promoter region
fused to the R and U5 domains of the Moloney MuLV LTR. A 1.2-kbp Xbal-Nsil
fragment containing the CMV R and U5 sequences was then subcloned into the
multiple cloning region of XbalI-Nsil-digested pPGEM-7Zf(+) (Promega) to form
the retroviral adaptor plasmid pHIT-GEM. To construct the lacZ-containing
pHIT-LZ, the MuLV-derived retroviral plasmid pLNPOZ (1) was first modified
by removal of a 1.8-kbp EcoRI fragment containing the neo gene and poliovirus
internal ribosome entry site sequence to yield pLZ. Then pLZ was digested with
Kpnl, which cleaves at sites in the 5’ and 3’ LTRs, and the lacZ-containing
fragment was cloned into the Kpnl site of pHIT-GEM to yield pHIT-LZ. In a
similar manner, the human CFTR cDNA-containing LCFSN vector (26) was
digested with Kpnl, and the 7.2-kbp CFTR-neo-containing Kpnl fragment was
ligated with Kpnl-digested pHIT-GEM to yield pHIT-LCFSN.

Retroviral vector production. As a first step, we screened and selected for a
clonal subline of 293 cells that met the criteria of (i) high transfectability by the
calcium phosphate coprecipitation method, (ii) good production of retroviruses,
and (iii) high induction of gene expression following treatment of cells with
sodium butyrate. The latter criteria was used because of the observation that
sodium butyrate treatment significantly increased production (20 to >1,000-fold)
of CFTR vectors by using packaging cells derived from NIH 3T3 cells (27). From
more than 100 sublines cloned by limiting dilution, two (293.16 and 293.101)
were significantly better than the others in meeting all of these criteria and thus
were used in subsequent experiments. These cell lines have a stable phenotype
and exhibit the following characteristics: (i) greater than 95% of the cells can be
transfected as shown by 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-
Gal) staining of cultures transfected with retroviral vectors encoding lacZ, and
(ii) titers of retroviral vector stocks obtained following transfection are usually in
the range of 5 X 10° to 6 X 10° infectious units (IU)/ml.

Transient transfection techniques were used to generate high-titer retroviral
stocks as previously described (6, 29, 38). Cells were plated at 2.5 X 10° (293.16)
or 107 (293.101) per 10-cm-diameter tissue culture plate. Twenty-four hours after
plating, the medium was replaced with 6 ml of fresh medium and the cells were
cotransfected with 7.5 ug each of the helper plasmids, pCI-GPZ and pCI-
VSV-G, plus 7.5 pg of either pHIT-LZ or pHIT-LCFSN (Fig. 1), using calcium
phosphate coprecipitation (6). Cells were transfected overnight and the next day
fed with 6 ml of medium containing 10 mM sodium butyrate. Twenty four hours
after addition of sodium butyrate, the virus-containing medium was collected,
filtered through 0.2-pum-pore-size filters, and concentrated by ultracentrifugation
at 25,000 rpm for 2 h at 4°C in an SW28 rotor. The supernatant was decanted,
and the pellet was resuspended in 1 pl of Hanks balanced salt solution with 1 mM
MgCl, and 1 mM CaCl, per ml of unconcentrated vector, for a net 1,000-fold
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concentration. The titer of HIT-LZ virus was determined on CFT1 cells, whereas
the titer of HIT-LCFSN was determined on the basis of G418 selection in NIH
3T3 fibroblasts.

The amphotropic vector LNPOZ was produced from a clonal PA317 producer
cell line (PA.LNPOZ.1) as previously described (27). This bicistronic vector
encodes both a lacZ cDNA and a neo marker gene (1). The titer of this vector
for most experiments was 3.1 X 10° CFU/ml in NIH 3T3 fibroblasts. In an
experiment to directly compare amphotropic vector (LNPOZ) to VSV-G-
pseudotyped vector (HIT-LZ) at a multiplicity of infection (MOI) of 30 in
primary human airway epithelial cells, the titers of both vectors were determined
in CFT1 cells.

Chloride efflux assay. Radioactive chloride efflux assays were performed as
previously described (36, 41). CFT1 cells on six-well culture dishes were loaded
with 5 pCi of 3°Cljwell for 2 h at 37°C in Krebs-bicarbonate-Ringer solution
(KBR) in a 5% CO, incubator. After cells were washed with isotope-free KBR,
isotope-free Cl™-free Ringer solution with 10™* M amiloride was added, and
samples were collected at 1-min intervals. To assess cyclic AMP-mediated C1™
permeability, forskolin (107° M, final concentration) was added to the aliquots
beginning at 2 min. After 10 min, cells were lysed with 1.0% sodium dodecyl
sulfate, and the amounts of labeled Cl~ in the efflux aliquots and the cell layer
were determined by liquid scintillation counting. Efflux curves were plotted as
the percentage of counts remaining in the cells versus time.

Bioelectric characterization of ion transport. Cultured human CF nasal epi-
thelial cells on permeable collagen matrices were mounted in modified Ussing
chambers and interfaced with an electrometer, where transepithelial potential
difference and current were monitored continuously (18). Basal transepithelial
potential difference, resistance, and current were recorded, and the sequential
effects of amiloride (10~* M), luminal Cl~ substitution, forskolin (107> M), and
ionomycin (5 wM) on these parameters in HIT-LCFSN-infected or control
cultures were measured.

Morphological assessment of tight junctional permeability after SO, injury.
The permeability of tight junctions in murine tracheas was assessed 24 h after
SO, inhalation, using electron microscopic techniques to detect lanthanum per-
meation into intercellular spaces (34). SO,-injured and air-exposed mice were
killed by CO, asphyxia. Tracheas were excised and immersed in 2.5% glutaral-
dehyde-0.8% lanthanum hydroxide—0.1 M sodium cacodylate buffer (pH 7.4) for
1 h at 22°C. Tracheas were then washed in rinsing buffer (1.0% lanthanum
hydroxide in sodium cacodylate buffer, pH 7.4) for 16 h at 22°C. Next, tracheas
were transferred to 1.0% lanthanum hydroxide—1.5% osmium tetroxide in 0.1 M
sodium cacodylate buffer (pH 7.4) for 1 h and then rinsed again for 16 h in rinsing
buffer. Following dehydration in a series of graded ethanol solutions, tracheas
were embedded in epoxy resin, and the resin was polymerized by baking at 60°C
for 2 to 3 days. Ultrathin (90-nm) sections were cut, and the specimens were
viewed and photographed under a Zeiss EM900 transmission electron micro-
scope at an accelerating voltage of 50 kV.

BrdU labeling of airway epithelial cells after SO, injury. To assess the poten-
tial proliferative properties of airway epithelial cells, cells were labeled with
5-bromo-2-deoxyuridine (BrdU) in vitro and in vivo. For in vitro studies, adher-
ent airway cells were labeled with 40 uM BrdU for 2 h at 37°C. Cells were fixed
and stained immediately after loading with anti-BrdU and fluorescein-conju-
gated antibodies by using a commercial kit (Boehringer Mannheim). For in vivo
studies, murine airways were stimulated to proliferate by whole-body exposure to
500 ppm of SO, for 3 h. Mice were injected intraperitoneally with BrdU (10 mM
in phosphate-buffered saline) at a dose of 0.0325 ml/g of body weight at 0 h
(immediately after exposure) and at 12, 24, 36, and 48 h after inhalational injury
and sacrificed 2 h after injection. The tracheas were removed, fixed in ethanol,
and embedded in paraffin, and paraffin sections (5 wm) were stained with an
anti-BrdU antibody and fluorescein-conjugated anti-immunoglobulin antibodies
by using the same commercial kit. Sections were counterstained with 4,6-dia-
midino-2-phenylindole dihydrochloride (DAPI; 5 pg/ml) and examined under a
Leica fluorescence microscope. Images were captured with a cooled charge-
coupled device (CCD) camera (C5985; Hamamatsu), and the percentage of cells
staining for BrdU relative to the total number of cells staining with DAPI was
calculated by using image analysis software (Metamorph; Universal Imaging Co.,
West Chester, Pa.).

Western blotting. Western blots of transformed and primary CF cell cultures
were performed as previously described (37). Samples were harvested by direct
application of urea buffer (67.5 mM Tris [pH 6.8], 7 M urea, 160 mM dithio-
threitol, 2% sodium dodecyl sulfate, 0.001% bromophenol blue) to cells on
35-mm-diameter plastic wells (100 pl) or collagen substrates (20 pl) and stored
at —70°C. Equal amounts of protein (50 ng/well) were loaded onto a 4 to 15%
polyacrylamide gel, and electrophoresis was performed at 110 V for 60 min.
Blotting onto polyvinylidene difluoride membranes (0.2-um pore size; Bio-Rad)
and immunodetection with an anti-CFTR C-terminus antibody were performed
as previously described (37).

X-Gal histochemistry. Cultured cells were fixed in 0.5% glutaraldehyde and
stained with X-Gal for 2 h as previously described (8). To quantify the percent-
age of cells transduced, cells were disaggregated, fixed in 0.5% glutaraldehyde,
and stained in suspension. Excised tracheas were stained in X-Gal solution for
6 h and postfixed in 4% paraformaldehyde. Images of intact tracheas were
captured with a cooled CCD camera. The percentage of cells transduced was
calculated by measuring the area of cells transduced relative to the total area
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FIG. 2. Schematic of system for vector delivery to murine tracheas. Trache-
otomies were performed in the surgically exposed tracheas of anesthetized mice
for ventilation (distal) and vector instillation (proximal). Vector was instilled into
the proximal tracheostomy filling the region between the two tracheostomies,
where it remained in contact with the epithelium for a defined period of time.
Typically vector was instilled in two separate aliquots of 10 to 15 pl for 1 h each
(total duration of incubation = 2 h). The respiratory efforts of the mice limited
vector to the region between the two tracheostomies, which was confirmed by
visualization through a dissecting microscope.

occupied by cells dosed with vector, using the Metamorph image analysis system.
Once images had been captured, tracheas were embedded in paraffin, and five
longitudinal sections (8 wm thick) at 50- to 100-wm levels were taken, mounted
on slides, and counterstained with nuclear fast red. Histologic sections were used
to confirm localization of staining to airway cells but were not used to quantify
transduction in sections due to the limitations of sampling error.

Sulfur dioxide exposures. Mice were placed in individual stainless steel cages,
and the cages were placed within a 133-liter stainless steel inhalation chamber
operated under negative pressure. Anhydrous grade sulfur dioxide (99.98%; Air
Products, Allentown, Pa.) was metered by a mass flow controller (FC-260; Tylan
General, Torrance, Calif.), and added into a charcoal-scrubbed, HEPA-filtered
airstream prior to the mixing/metering orifice. Chamber flows were 17 * 1 air
changes/h. The mean temperature was 72 = 3°F, the mean relative humidity was
41 = 10%, and the mean static pressure was —1 * 0.2 inches of H,O for all
exposures. Chamber concentrations were monitored continuously with a long-
path-length dispersive infrared spectrophotometer (Miran 1A; Foxboro Com-
pany, East Bridgewater, Mass.) and calibrated by a closed-loop method. The
mean actual chamber concentrations were within 10% of the desired 500-ppm
concentration for all exposures. The 3-h exposure time started after the chamber
concentrations rose to within 10% of the target (fo). The ty, rise time was 10
min.

Retrovirus infections. (i) In vitro. CFT1 cells and primary human airway
epithelial cells on 12-well plastic dishes were infected with HIT-LZ on culture
day 1 for 2 h at 37°C in the presence of Polybrene (8 pg/ml) and stained in
suspension with X-Gal 48 h postinfection. Murine nasal epithelial cells were
infected on day 3. The efficiency of transduction was assessed by infection at
MOIs of 0, 1, 3, 10, 30, and 100 IU/cell. Well-differentiated cells were infected
with HIT-LZ (MOI of 30) applied to the apical surface for 2 h at 37°C.

(ii) In vivo. Vector was delivered to the tracheas of anesthetized mice as
depicted schematically in Fig. 2 (30). Tracheas of anesthetized mice 24 h after
SO, inhalational injury or, alternatively, 24 h after sham (air) exposure injury
(controls) were surgically exposed, and a distal tracheotomy near the carina for
ventilation (breathing) and a proximal tracheotomy at the first cartilaginous
tracheal ring for cannulation and instillation of vector were performed (Fig. 2).
The region between the two tracheostomies was filled with vector, which re-
mained in contact with the epithelium for a defined time period (typically 2 h)
and was subsequently removed by suction. The instilled vector was limited to the
region between the two tracheostomies by respiration through the distal trache-
ostomy, which was confirmed by visualization through a dissecting microscope.
Mice were instilled intratracheally with aliquots of HIT-LZ, an amphotropic
retrovirus vector, LISN (26), encoding the nonfunctional « subunit of the inter-
leukin-2 receptor (an irrelevant gene), or vehicle (culture medium or saline). All
intratracheal instillations were performed as two sequential 10- to 15-pl aliquots
for ~1 h each (2-h total duration). This time period was chosen as optimal
because time periods longer than this resulted in an unacceptably high mortality.
The animals were sacrificed 72 h postinfection; their tracheas removed and
stained with X-Gal for histochemical analysis. Because of the dead space of the
polyethylene catheter used to deliver the vector to the trachea, we estimate that
~50% of each 10- to 15-pl aliquot was delivered to the trachea. Based on data
from our laboratory, we estimate that 1 X 10° to 5 X 10° cells are present in a
murine trachea, depending on the age and size of the animal. Because we
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FIG. 3. Gene transfer to transformed and primary airway epithelia. CFT1, primary human, and primary murine airway epithelial cells on 12-well plastic dishes were
infected with HIT-LZ and stained with X-Gal 48 h postinfection. (A) Light micrographs of control and HIT-LZ-infected CFT1, primary human, and primary murine
airway epithelial cells. (B) Dose-effect relationships of HIT-LZ at MOIs of 0, 1, 3, 10, 30, and 100 in CFT1, primary murine, and primary human airway epithelial cells.

typically deliver a total of 0.5 X 107 to 1 X 107 IU to the trachea, we estimate that
the in vivo MOI is 10 to 20.

Stability of vector. Amphotropic and VSV-G-pseudotyped vector was placed
at 37°C in the presence of Polybrene (8 pg/ml). Aliquots taken at 0, 0.5, 1, 2, 4,
and 8 h were used to infect CFT1 cells (MOI of ~10). All cultures were stained
with X-Gal 72 h later. The titer of vector incubated at 37°C for 0, 2, 4, 6, and 8 h
was also determined by limiting dilution in CFT1 cells. To assess the effect of
cells on vector stability, virus was applied to undifferentiated transformed cells
(CFT1) grown on plastic for 2 h in the presence of Polybrene (8 pg/ml), then
harvested from the cells, and used to infect naive CFT1 cells for 2 h at 37°C. In
a subsequent experiment, vector containing 8 wg of Polybrene per ml (40 ul)
applied to the apical surface of well-differentiated airway epithelial cells (MOI of
30) was collected and used to infect CFT1 cells.

To assess the effects of freshly isolated mouse serum on retroviral gene trans-
fer efficiency, we harvested blood from the hearts of mice by using an 18-gauge
needle, pelleted the erythrocytes by centrifugation at 300 X g, and collected the
fresh serum. Bronchoalveolar lavage fluid was obtained by cannulation and
instillation of 1-ml aliquots of saline into murine tracheas; cells were removed by
pelleting at 500 X g for 5 min, with subsequent collection of the supernatant
fraction. Increasing volumes of medium, freshly isolated mouse serum, or freshly
isolated mouse lung lavage fluid (up to 30% by volume) were added to HIT-LZ
vector, constituting a total volume of 1 ml of vector plus added medium, serum,
or lavage fluid. CFT1 cells were subsequently infected with this vector solution,
and the percentage of cells transduced was measured by staining the cells in
suspension with X-Gal 48 h after infection.

Statistical analysis. Where possible, data are presented as the mean * stan-
dard error. A one-way analysis of variance with Dunn’s correction for multiple
comparisons was used to determine statistical significance (P < 0.05).

RESULTS

In vitro transduction efficiency of airway epithelia. Effi-
ciency of gene transfer of HIT-LZ to CFT1, primary human,
and primary murine airway epithelial cells is shown in Fig. 3.
Gene transfer to CFT1 cells was highly efficient even at low
MOIs (1 to 3) and maximal at MOIs of 10 to 30. Gene transfer
efficiency of primary cells was much less efficient at lower
MOIs (1 to 10) but was maximal at an MOI of 30. The maximal
transduction efficiency in primary human cells (52.5 + 3.3% at
an MOI of 30; n = 6) was about 50% of that measured in CFT1

cells (95.6 = 1.0%, n = 6), using aliquots of the same vector
preparations. In both cases, the percent cells transduced ex-
ceeded the percent cells in S phase as indexed by BrdU (CFT1,
453 £ 6.7% [n = 5]; primary human, 30.4 = 4.2% [n = 5])
almost twofold. Gene transfer to murine nasal epithelia was
also efficient (31.8 = 5.8% transduced cells) but required a
higher MOI than primary or transformed human cells for max-
imal gene transfer (Fig. 3B). Of note, the efficiency of gene
transfer mediated by HIT-LZ was twofold greater in primary
cells at an MOI of 30 (58.1 = 3.5%, n = 3) than in primary
airway cells infected with amphotropic lacZ vector (LNPOZ)
at the same MOI (23.8 + 1.8%, n = 3). We were unable to
transduce well-differentiated airway epithelial cells with the
HIT-LZ vector as assessed by o-nitrophenyl-B-p-galactopyr-
anoside (ONPG) analysis (sensitivity, 1% LacZ-positive cells
[data not shown]), presumably due to low rates of epithelial
cell proliferation and/or failure of the vector to gain access to
the more proliferative basal cells.

In vitro correction of CF airway epithelia without selection.
CFT1 cells on plastic dishes were infected at 50% confluence
with the VSV-G-pseudotyped vector, HIT-LCFSN (Fig. 1,
MOI of 10). Western blot analysis and efflux assays 72 h later
exhibited CFTR protein (Fig. 4A) and functional CFTR ex-
pression (Fig. 4B) manifested as a greater loss of CI~ from CF
cells transduced with wild-type CFTR than from control cells.
The efficacy of HIT-LCFSN in primary human CF nasal epi-
thelial cells on permeable collagen substrates was also evalu-
ated. Poorly differentiated primary human CF airway cultures
on permeable collagen substrates that had been transduced on
culture day 1 (=80% confluent) were mounted in modified
Ussing chambers on day 6, when the CFTR-mediated CI™
secretory responses were measured. The change in short-cir-
cuit current in response to the cyclic AMP-mediated agonist
forskolin (a measure of CFTR-mediated Cl™~ secretion) (Fig.
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FIG. 4. Functional correction of transformed (CFT1) and primary CF airway
epithelial cells without selection, using a VSV-G-pseudotyped vector (HIT-
LCFSN). (A) Western blot of CF cells infected with HIT-LCFSN. Lanes: 1,
uninfected CFT1 cells; 2, CFT1 cells transduced by HIT-LCFSN; 3, uninfected
primary human airway epithelial cells; 4, primary human airway epithelial cells
transduced with HIT-LCFSN. (B) 3°Cl efflux assay showing greater loss of Cl~
from CFT1 cells infected with HIT-LCFSN than from uninfected cells. (C) C1™
secretory response (Al Forskolin) of HIT-LCFSN-infected primary CF airway
epithelial cells on permeable substrates relative to cells infected with Ad-CFTR.
The data for Ad-CFTR-mediated CI~ secretory responses are taken from ref-
erence 18 and our laboratory database of Ad-CFTR in this culture system.

4C) was 17.4 = 8.4 wA/cm? in HIT-LCFSN-infected cultures
(n = 4), compared to 0.21 = 0.34 pA/cm? in uninfected CF
cultures (n = 5) and 0.32 = 0.21 wA/cm? in cultures infected
with an irrelevant lacZ vector (n = 5). The magnitude of the
Cl™ secretory response detected corresponded to the level of
correction detected at an MOI of 100 in cells infected with
adenovirus (Ad)-expressed CFTR (Ad-CFTR) (Fig. 4C and
reference 18). No correction of sodium transport was detected.

Passive transfer of protein. Two experiments were per-
formed to investigate the role of pseudotransduction or passive
transfer of B-galactosidase (20) in our experiments with HIT-
LZ. First, CFT1 and primary human airway cells were infected
at an MOI of 100 and stained at 0 h (immediately postinfec-
tion) and at 4, 8, 24, and 48 h postinfection (Fig. SA and B). No
significant staining was detectable until 24 h postinfection and
was maximal at 48 h postinfection, consistent with gene trans-
fer requiring de novo protein synthesis and not passive transfer
of protein. Furthermore, the efficiency of transduction per-
sisted for greater than 10 weeks of passage in CFT1 cells and
until the cells senesced (could not be passaged further) in
primary cells at 3 weeks (Fig. 5C). Since passively transferred
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protein should not persist, these data suggest that passive
transfer of protein did not play a significant role in our trans-
duction protocol for airway epithelial cells.

Morphologic assessment of SO, injury. Three 3-week-old
mice were exposed to SO, inhalation at 500 ppm or to air
(sham-exposed controls), and their tracheas were removed
24 h later. Histologic staining of sections from SO,-exposed
proximal tracheas demonstrated significant denuding of the
tracheal epithelium with exposure of the basal cell layer of the
epithelium (Fig. 6A, lower panel), compared to the preserved
well-differentiated columnar epithelium of control (sham-ex-
posed; upper panel) tracheas. Injury was less severe in the
distal tracheas from SO,-exposed mice and was manifested by
loss of cilia (Fig. 6B, right) compared to air-exposed (control)
tracheas, where cilia remained intact (Fig. 6B, left).

The electron-dense tracer lanthanum was used to assess
tight junctional permeability. Lanthanum permeates through
tight junctions into intercellular spaces only when tight junc-
tions have been disrupted (34). Because it binds very poorly to
tissues, it is easily washed away during the fixation process,
resulting in the absence of electron-dense tracer in tissues
where it is unable to traverse the tight junction, i.e., tissues in
which the tight junctional permeability remains intact (34). As
shown in Fig. 6B, lanthanum (black electron-dense material)
permeated into the intercellular junction (marked by arrows)
of tracheas from SO,-exposed but not air-exposed (control)
mice.

BrdU labeling of airway cells after SO, injury. Measure-
ment of airway epithelial cell proliferation is difficult in vivo
and in tissue sections. Techniques that have been reported in
the literature include BrdU, Ki-67, and [*H]thymidine labeling
and use of antibodies to proliferating cell nuclear antigen (9).
We used the BrdU labeling technique, which detects cells in S
phase, as an index of airway cell proliferation after SO, injury
because it is easy to perform and the antibodies to BrdU are
commercially available. BrdU labeling of tracheas of 3- to
12-week-old mice 24 h after SO, exposure demonstrated dif-
fuse staining throughout the trachea that was not evident in
sham-exposed tracheas (Fig. 7A to C). Examination of the time
course of BrdU incorporation demonstrated that labeling was
optimal at 24 h postinjury, with detection of label in 56.5 *
3.8% of the cells (Fig. 7D). The fraction of cells incorporating
BrdU was reduced to 39.1 = 5.8% at 36 h and to 11.2 = 6.3%
by 48 h postexposure (Fig. 7D). Prior to 12 h, there appeared
to be no significant labeling despite significant shedding of the
epithelium.

In vivo retrovirus-mediated gene transfer to airway epithe-
lial cells. SO,-injured murine tracheas were infected with
VSV-G-pseudotyped HIT-LZ in two sequential 15-pl aliquots
for 1 h each (total duration of 2 h). In initial experiments,
instillation of high-titer (~10° IU/ml) HIT-LZ vector into the
SO,-injured tracheas of anesthetized mice (=6 weeks of age)
resulted in expression of lacZ in the occasional airway cell in
the trachea (Fig. 8 and 11). The overall efficiency of gene
transfer throughout the trachea was low (0.2 = 0.04%, n = 15)
and not statistically different from the value for uninfected or
sham-infected tracheas (0.08 * 0.05%, n = 12 [see Fig. 11]). In
contrast, the efficiency of lacZ transduction in SO,-injured
tracheas of weanling mice (3 to 4 weeks old) was 6.1 £ 1.0%
(n = 10 [Fig. 9 and 11), compared to 1.4 = 0.9% in mice 5
weeks of age (n = 4) (Fig. 10 and 11). In the absence of SO,
injury, the tracheas of neither mice 3 to 4 weeks of age (0.09 *
0.06%, n = 5) nor mice older than 6 weeks (0.0 = 0.0%, n =
4) could be transduced with vector (Fig. 11).

Stability of vector. Because we were able to transduce only
a fraction of the replicating (BrdU-positive) cells in vivo, we
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FIG. 5. Time course for transgene expression after retrovirus infection. (A and B) Phase-contrast micrographs of CFT1 (A) and primary airway (B) cells on plastic
infected with HIT-LZ at 0 h (immediately after completion of 2-h infection) and at 8, 24, and 48 h after incubation of vector with cells. (C) Persistence of transgene
expression in CFT1 and primary airway epithelial cells with passage. The asterisk indicates senescence of the primary cells after 3 weeks, when they could not be

passaged further.

investigated factors that might limit the efficiency of in vivo
gene transfer. First, we infected CFT1 cells with aliquots of
VSV-G-pseudotyped and amphotropic lacZ vectors that had
been incubated in the presence of Polybrene at 37°C for up to
8 h prior to infection of cells. As shown in Fig. 12A, both
vectors retained the ability to transduce CFT1 cells over the 8 h
tested. Titers of these vector aliquots performed by limiting
dilution (Table 1) demonstrated only a 20% loss in the first 2 h
of incubation at 37°C for the amphotropic vector (LNPOZ)
and no loss for the VSV-G-pseudotyped vector (HIT-LZ). By
4 h, a 51% loss of LNPOZ titer was measured, compared to
only a 10% loss of titer for the VSV-G-pseudotyped vector
HIT-LZ. A modest rate of deterioration in titer continued for
both vectors over the ensuing 4 h (Table 1). Next, we applied
vector to the surface of CFT1 cells on plastic dishes (a poorly
differentiated phenotype) or well-differentiated cultures of pri-
mary human airway cells. Vector removed from CFT1 cells
after 2 h of incubation with cells (MOI of 10) could infect naive

CFT1 cells as efficiently as vector that had not been incubated
with CFT1 cells previously (Fig. 12B). Removal of vector from
the apical surface of well-differentiated primary human cell
cultures (MOI of 30) after 2 h was not associated with a
significant change in transduction efficiency (Fig. 12C) despite
a threefold reduction in mean titer from 1.0 X 10° to 3.5 X 10®
IU/ml. Freshly isolated mouse serum and mouse bronchoal-
veolar lavage fluid did not inhibit the infectivity of HIT-LZ
(Table 2).

DISCUSSION

A transient transfection technique was used to generate
high-titer MuLV vectors pseudotyped with VSV-G envelope
glycoprotein, allowing concentration to higher titers. A key
methodologic step was the selection of a highly transfectable
293 cell line. This Ad type 5-transformed line permits transac-
tivation of the CMV promoter in the vector and helper plas-

FIG. 6. Morphologic assessment of SO, injury. (A) Histologic sections of proximal air-exposed (control; upper panel) and SO,-exposed (lower panel) murine
tracheas 24 h after inhalation of air or oxidant (stained with hematoxylin and eosin). (B) Lanthanum permeation (black staining) into the intercellular spaces (arrows)
of tracheas from mice exposed to SO, inhalation 24 h prior to sacrifice (right) compared to absence of lanthanum permeation into intercellular spaces of tracheas from
mice sham-exposed to air (control) 24 h prior to sacrifice (left). Arrows depict the intercellular space. Magnification, X3,000.
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FIG. 7. BrdU incorporation after SO,-induced tracheobronchial injury. (A to C) Fluorescent images of air-exposed (A) and SO,-exposed (B and C) tracheas
(magnifications, X25 [A and B] and x50 [C]); (D) mean rates of BrdU incorporation as a function of time after SO, inhalational injury.

mids, enabling high-level expression of viral proteins with high-
titer retrovirus production. The inclusion of sodium butyrate
(27) to enhance expression was also important, as it enabled
the production of high titers of CFTR cDNA-containing vec-
tors. This method of transient retrovirus production is similar
to methods previously reported elsewhere (29, 38) and yielded
similar titers. A disadvantage of this approach is the significant
of amount of effort required to generate the quantities of
high-titer virus that are required for in vivo experiments. Re-
cent progress in the production of stable cell lines expressing
VSV-G under the control of an inducible promoter may soon
alleviate this problem (4, 28, 42).

The VSV-G-pseudotyped MuLV vectors efficiently trans-
duced transformed and primary airway cells. Although the
MOIs required for maximal gene transfer efficiency were sim-
ilar in transformed and primary human airway cells (Fig. 3),

transformed cells were generally more efficiently transduced
than primary cells. Since the rates of BrdU incorporation (see
Materials and Methods), an index of cell proliferation (9),
were not significantly different between the two groups, this
difference in transduction efficiency may reflect differences in
vector binding and entry or differences in the quantitative
transfer of vector to the nucleus in primary versus transformed
cells. Similar mechanisms might also be responsible for the
generally lower transduction efficiency in murine nasal cells,
which required a higher MOI to achieve levels of transduction
slightly more than 50% of that achieved in primary human
nasal epithelial cells.

Of note, an experiment directly comparing the efficiency of
transduction of primary airway cells in vitro by VSV-G-
pseudotyped (HIT-LZ) and amphotropic vectors at the same
MOI demonstrated a twofold-greater rate of transduction me-

%‘» mm»mmsw'«*

'>’-.:~’,4 -

‘- XA - SR = \\‘~n
\“\“ ‘r'i: ' § ol = & .
:‘\:\‘ll'v//,' g ®
.“ ’ y! 4 -
% § Lt ' v >
P N
. n\_\‘.&.\ . % - .“ ¥

“

’,

FIG. 8. In vivo gene transfer to tracheas of mice =6 weeks of age. (A) En face view of an X-Gal-stained control (sham-infected) trachea opened longitudinally. (B
and C) En face views of two X-Gal-stained solution mouse tracheas infected in vivo with concentrated HIT-LZ. (D to F) Representative histologic sections
(counterstained with nuclear fast red; magnification, X50) taken from the control trachea shown in panel A (D) and HIT-LZ-infected tracheas shown in panels B and

C (E and F).
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(B and C) En face views of two X-Gal-stained mouse tracheas infected in vivo with concentrated HIT-LZ. (D to F) Representative histologic sections (counterstained
with nuclear fast red; magnification, X50) taken from the control trachea shown in panel A (D) and HIT-LZ-infected tracheas shown in panels B and C (E and F).

diated by the VSV-G-pseudotyped vector. We were unable to
make this comparison in vivo since in preliminary experiments
using a maximal titer of our amphotropic vector (3 X 10°
IU/ml) and a comparable titer of our VSV-G-pseudotyped
vector, neither vector transduced the airways of young SO,-
injured mice.

A significant result from this study was retrovirus-mediated
correction of transformed and primary CF airways cells with-
out enriching the population of transduced cells by selection.
However, the correction of CF ion transport defects was only
partial, as Cl~ secretion was restored, but no correction of
increased sodium transport was measured. Ad-mediated ex-

pression of wild-type CFTR has been shown to downregulate
excessive sodium transport rates associated with mutant CFTR
(16, 39), but a high MOI (10,000) of Ad-CFTR and transduc-
tion of 100% of the cells within the epithelium was required to
generate this effect (16). The mechanisms by which defects in
ion transport lead to lung disease and premature death in CF
patients are poorly understood. Thus, correction of both de-
fective C1~ secretion and excessive Na™ absorption is desirable
in CF airways since it is not known whether genetic correction
of defective CI™ secretion alone will be sufficient to offer a
clinical benefit to CF patients. Correction of Cl~ transport
rates without correction of Na™ transport rates in this study is

= M.
A )

FIG. 10. In vivo gene transfer to tracheas of mice 5 weeks of age. (A) En face view of an X-Gal-stained control (sham-infected) trachea opened longitudinally. (B
and C) En face views of two X-Gal-stained mouse tracheas infected in vivo with concentrated HIT-LZ. (D to F) Representative histologic sections (counterstained with
nuclear fast red; magnification, X50) taken from the control trachea shown in panel A (D) and HIT-LZ-infected tracheas shown in panels B and C (E and F).
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FIG. 11. Quantification of in vivo gene transfer to murine tracheal epithelia
after SO, injury. Mean rates of in vivo gene transfer efficiency were calculated by
using the Metamorph image analysis system (see Materials and Methods). Data
for each group of mice are presented as mean * standard error. An asterisk
denotes significant difference from value for control (Con) mice.

consistent with transduction of a low fraction (~6%) of CF
cells in our cultures.

While we were able to partially correct CF primary cultures
grown on permeable supports, these cells were infected on
culture day 1, when they were poorly differentiated. We were
unable to transduce primary human cells after 21 days in cul-
ture, when cells had progressed to the well-differentiated state.
This failure to transduce well-differentiated airway epithelial
cells is common to many types of viral and nonviral vectors (10,
13, 21, 31) and may reflect either an inability of vectors to cross
the apical membrane or an inability to access the more trans-
ducible and potentially proliferative basal cells in these prep-
arations in the absence of injury. A recent study has demon-
strated that VSV-G-pseudotyped lentiviral vectors fail to enter
well-differentiated human airway epithelial cells in a xenograft
model (10). Our findings for well-differentiated human airway
cells in the absence of injury are consistent with these data.
Furthermore, the proliferative rates in well-differentiated cells
(21) are lower than rates in cells grown on plastic.

One concern raised by efficient airway gene transfer medi-
ated by VSV-G-pseudotyped vectors was the possibility for
passive transfer of the B-galactosidase protein known as
pseudotransduction (20). Yee and colleagues reported efficient
hepatic gene transfer in vivo in the absence of efforts to stim-
ulate epithelial cell proliferation (44). Liu et al., attempting to
reproduce this phenomenon, reported that X-Gal staining of
hepatocytes infected in vitro with VSV-G-pseudotyped lacZ
vectors was abundant, but expression did not persist, in con-
trast to persistent expression mediated by an amphotropic ret-
roviral (lacZ) vector (20). Based on a series of in vitro exper-
iments, Liu et al. suggested that their observations were
consistent with passive transfer of 3-galactosidase protein me-
diated by particles present in vector preparations. To address
this issue, we performed two series of experiments. First, we
examined expression in CFT1 and primary human airway ep-
ithelial cells infected with HIT-LZ at an MOI of 100 (20- to
100-fold greater than the MOI used by Liu et al.). The absence
of significant detectable expression of the transgene until 24 h
postinfection in this experiment (Fig. SA and B) is suggestive
of de novo protein synthesis, rather than passive transfer of
protein by the retroviral preparations. In the second experi-
ment, we examined the persistence of expression in CFT1 and
primary human airway epithelial cells (Fig. 5C). Because ex-
pression persisted for several passages, it is unlikely that
passive transfer of protein played a significant role in airway
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FIG. 12. Stability of vector. (A) Efficiency of gene transfer to CFT1 cells
mediated by amphotropic (Ampho) and VSV-G-pseudotyped lacZ vectors that
had been incubated at 37°C in the presence of Polybrene (8 pg/ml) for up to 8 h
prior to infection. (B) Efficiency of gene transfer to CFT1 cells with initial
application of vector and subsequent transfer of vector to naive CFT1 cells. In
each case, vector was incubated with cells for 2 h at 37°C. (C) Efficiency of gene
transfer to CFT1 cells following incubation of vector with well-differentiated cells
for 2 h at 37°C in the presence of 8 g of polybrene per ml (Transfer) compared
to infection of cells with vector from the same preparation that had not been
incubated with vector (Naive).

epithelial cells infected with our preparations of VSV-G-
pseudotyped vectors.

Study of in vivo airway gene transfer with MuLV-derived
vectors requires the use of an injury model to stimulate epi-
thelial cell proliferation. We used an SO, inhalational injury
model that yielded maximal rates of BrdU incorporation, an

TABLE 1. Effect of temperature on titer of amphotropic and VSV-
G-pseudotyped MuLV vectors®

% of original titer

Time
(b) LNPOZ HIT-LZ
2 80 104
4 49 90
6 39 76
8 29 57

“ Aliquots of the same lot of amphotropic (LNPOZ) or VSV-G-pseudotyped
(HIT-LZ) lacZ vectors were pooled and placed at 37°C. Aliquots were then
removed after 0, 2, 4, 6, and 8 h at 37°C for determination of titer in CFT1 cells
by limiting dilution. Data are expressed as a percentage of titer measured at time
zero (original titer; n = 2 experiments).
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TABLE 2. Effect of freshly harvested mouse serum and mouse
bronchoalveolar lavage fluid on gene transfer efficiency

Mean % = SE (n = 3) of medium control®

Vol added
(1) Serum BAL fluid
10 90.4 = 16.9 108.5 = 8.3
30 90.4 = 19.8 109.0 £ 6.5
100 106.3 = 4.2
300 95.5 = 28.8 1029 = 6.4

“ The volume of vector plus added medium, mouse serum, or bronchoalveolar
lavage (BAL) fluid was 1 ml. All infections were performed in the presence of
Polybrene (8 pg/ml).

index of epithelial cell proliferation, 24 h postexposure (Fig. 7).
Injury stimulates proliferation of regenerative cells facing the
lumen and in the basal cell compartment and increases access
of vector to proliferating basal cells. The increased access of
vector to proliferating cells appears to occur by two mecha-
nisms. The first is shedding of the surface epithelium (Fig. 6A)
(14, 33), leading to direct exposure of basal cells to the lumen.
Injury, manifested in part by shedding of surface epithelium,
tends to be most severe proximally and occurs with decreasing
severity from the nasal epithelium to more peripheral airways
following SO, exposure (14). The second mechanism by which
vector gains access to proliferative cells after SO, injury is by
increased tight junctional permeability (Fig. 6B). In this study
we used lanthanum, an electron-dense tracer, to assess changes
in permeability occurring in regions of trachea where cilia were
lost 24 h after injury, but where frank sloughing of surface
epithelium did not occur. Lanthanum binds poorly to tissues
and has been shown to permeate into intercellular spaces when
tight junctions are permeabilized or disrupted (34). The per-
meation of lanthanum into the intercellular spaces of SO,-
injured tracheas (Fig. 6B, right) but not sham-exposed (con-
trol) tracheas (Fig. 6B, left) is consistent with increased tight
junctional permeability.

The SO, injury model in combination with a high-titer vec-
tor made it possible to proceed to in vivo studies. Initial studies
in the tracheas of mice 6 weeks of age or older in vivo were
disappointing. However, weanling mice tracheas were signifi-
cantly easier to transduce than the tracheas of older mice.
Perhaps the injury may have been more severe in younger
animals as a result of a greater relative dose of inhaled pollut-
ant based on differences in body size (3- to 4-week-old animals,
8 to 12 g; =6-week-old animals, 16 to 25 g) in this whole-
animal exposure. Alternatively, entry mechanisms for uptake
of vector may be more efficient in younger animals. An in-
depth analysis of these variables will be the subject of future
studies.

Despite the relatively efficient transduction in weanling
mice, the percentage of airway cells transduced was 5- to 10-
fold less than the fraction of cells incorporating BrdU at 24 h
after SO, injury. One factor contributing to this disparity may
have been that the estimated MOI of 10 achieved was insuffi-
cient for in vivo studies since an MOI of >100 was optimal for
in vitro studies in primary murine airway epithelial cells. Be-
cause the in vivo exposure to vector was relatively long (2 h),
we examined the stability of the vector. In an initial experi-
ment, aliquots of vector incubated at 37°C for various periods
of time were used to infect CFT1 cells. The percent cells
transduced remained stable despite incubation at 37°C for up
to 8 h prior to infection of CFT1 cells (Fig. 12A). Titers of
these aliquots of vectors performed by limiting dilution dem-
onstrated no significant loss over the first 2 h at 37°C, consis-
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tent with vector stability at temperatures and intervals relevant
to in vivo vector delivery. However, after longer incubation
periods (4 to 8 h) at 37°C, the limiting dilution titer of ampho-
tropic vector decreased with a half-life of 4 h whereas the titer
of the VSV-G-pseudotyped vector decreased with a half-life of
8 h (Table 1). This degree of loss of titer would have been
easily overcome with the excess of vector (MOI of 5 to 10) used
in the initial experiment. In another experiment, the transduc-
tion efficiency of vectors previously incubated with CFT1 cells
was not different from the transduction efficiency of non-
CFTl-exposed VSV-G-pseudotyped and amphotropic lacZ
vectors (Fig. 12B). This result suggested that poorly differen-
tiated CFT1 cells did not produce significant amounts of sub-
stances that inhibit retroviral transduction. Similarly, applica-
tion of vectors to the apical membrane of well-differentiated
airway epithelial cell cultures for 2 h was not associated with a
significant loss of transduction efficiency when the previously
incubated vector was used to transduce naive CFT1 cells (Fig.
12C). This preservation of transduction efficiency despite a
modest change in titer not only is consistent with the use of
vector in excess but also suggests the absence of significant
quantities of substances inhibiting retroviral transduction on
the apical surfaces of well-differentiated airway cells. Our stud-
ies with murine bronchoalveolar lavage fluid also support the
concept that insignificant levels of retroviral inhibitory sub-
stances are produced by airway cells (Table 2), since no effect
on gene transfer was demonstrated. The lack of an effect of
mouse serum on gene transfer efficiency (Table 2) is consistent
with observations from a previous study of an MuLV vector
produced from human cells (29). Thus, vector instability does
not appear to limit the fraction of proliferating airway cells
transduced by VSV-G-pseudotyped MuLV vectors following
SO, injury. Rather, other factors, e.g., the relative levels of
retroviral receptor expression in basal or other pleuripotential
cells, may be limiting.

Previously, Pitt and coworkers reported successful in utero
retroviral gene transfer to the proximal airways of fetal sheep
following intratracheal injection of an MFG MuLV vector
(32). No indices of epithelial cell proliferation were measured
in that study, and the efficiency of transduction was not quan-
titated. In vivo retroviral gene transfer to the airways of post-
natal animals has not been previously reported in detail. Al-
though injury has previously been reported to enhance Ad-
mediated gene transfer to airway epithelia (13, 31), the use of
oxidant gas injury to enhance retroviral gene transfer to airway
epithelia by stimulating cell proliferation and improving access
of vector to cells with more proliferative potential is novel. Our
study complements the study by Pitt et al. and suggests that
gene transfer using retroviral vectors may also be of value in
postnatal airways, the current target of CF gene therapy ef-
forts. Importantly, the transduction efficiency reported here is
in the range (6 to 10%) predicted to correct the Cl™ transport
defect in CF patients (17). Studies using the tracheas of the cftr
knockout mouse model to assess CFTR function are difficult to
perform, since murine tracheal epithelial Cl™ secretion is dom-
inated by Ca”**-mediated CI~ secretory mechanisms rather
than CFTR. However, studies to assess CFTR function in the
murine nasal epithelium should allow investigations of VSV-
G-pseudotyped retrovirus-mediated correction of the CF phe-
notype in vivo to proceed.

In conclusion, we have shown that airway epithelial cells are
efficiently transduced by VSV-G-pseudotyped MuLV-derived
retroviral vectors. We have also demonstrated that airway ep-
ithelial cells stimulated to proliferate can be transduced at
efficiencies in the range predicted to correct the CF Cl™ per-
meability defect in vitro and potentially in vivo. These studies
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suggest that high-titer MuLV vectors pseudotyped with VSV-G
may be useful for transferring genes to modified, i.e., injured,
airways of postnatal animals. However, further refinements in
improving host modification to increase access of vector to the
proliferative pool of cells in the airway environment of the CF
lung and a better understanding of the barriers to efficient
transduction of all proliferating cells will be required if these
pseudotyped MuLV vectors are to play a significant role in
gene therapy approaches for CF lung disease.
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