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We investigated the use of lentivirus vectors for gene transfer to quiescent alveolar epithelial cells. Primary
rat alveolar epithelial cells (AEC) grown on plastic or as polarized monolayers on tissue culture-treated poly-
carbonate semipermeable supports were transduced with a replication-defective human immunodeficiency
virus-based lentivirus vector pseudotyped with the vesicular stomatitis virus G (VSV-G) protein and encoding
an enhanced green fluorescent protein reporter gene. Transduction efficiency, evaluated by confocal microscopy
and quantified by fluorescence-activated cell sorting, was dependent on the dose of vector, ranging from 4% at
a multiplicity of infection (MOI) of 0.1 to 99% at an MOI of 50 for AEC grown on plastic. At a comparable titer
and MOI, transduction of these cells by a similarly pseudotyped murine leukemia virus vector was �30-fold
less than by the lentivirus vector. Importantly, comparison of lentivirus-mediated gene transfer from the apical
or basolateral surface of confluent AEC monolayers (Rt > 2 k� � cm2; MOI � 10) revealed efficient trans-
duction only when VSV-G-pseudotyped lentivirus was applied apically. Furthermore, treatment with EGTA to
increase access to the basolateral surface did not increase transduction of apically applied virus, indicating
that transduction was primarily via the apical membrane domain. In contrast, differentiated tracheal epithelial
cells were transduced by apically applied lentivirus only in the presence of EGTA and at a much lower overall
efficiency (�15-fold) than was observed for AEC. Efficient transduction of AEC from the apical cell surface
supports the feasibility of using VSV-G-pseudotyped lentivirus vectors for gene transfer to the alveolar
epithelium and suggests that differences exist between upper and lower airways in the polarity of available
receptors for the VSV-G protein.

Gene transfer to the alveolar epithelium is an attractive
therapeutic approach for a number of acute and chronic ac-
quired lung diseases, including pulmonary inflammation, pul-
monary edema, acute lung injury and/or acute respiratory dis-
tress syndrome, and pulmonary fibrosis (1, 5, 15, 43). In
addition, due to its large surface area and proximity to the
vascular endothelium, the alveolar epithelium represents an
attractive target for delivery of therapeutic genes encoding
secreted proteins. However, in contrast to the large number of
studies that have utilized a variety of vectors to achieve gene
transfer to tracheal and bronchial epithelium in the upper
airways, particularly in the context of gene therapy for cystic
fibrosis (54), relatively few studies have examined gene transfer
to the alveolar epithelium of the distal respiratory tract.

Nonviral strategies for delivery of exogenous DNA to the
lung have been limited by low efficiency of transduction (56).
Of the various vectors that have been evaluated for gene ther-
apy thus far, each exhibits characteristic disadvantages, and
none has proven effective in achieving efficient, long-term ex-
pression in the distal respiratory tract. Due to the relative

quiescence of the cells that constitute the alveolar epithelium,
viral vectors must be able to efficiently transduce cells that are
not actively dividing (37, 46). In this regard, adenovirus vectors
have been shown to effectively transduce the alveolar epithe-
lium (15). However, use of these vectors in vivo has been
limited by immune responses, which can be especially prob-
lematic in lung alveoli due to the potential for inducing serious
pulmonary inflammation (55). In any event, use of this nonin-
tegrating vector system would require repeated viral adminis-
tration to achieve long-term gene expression (12). Adeno-as-
sociated virus vectors show episomal expression and eventual
integration after cell division and have been used for gene
delivery to the distal respiratory tract (16, 17). However, their
use has been limited by low packaging capacity and difficulty in
obtaining high-titer preparations (20). Repeated administra-
tion of adeno-associated virus vectors has been limited by
development of neutralizing antibodies (8). Thus, investigation
of alternative vectors for gene delivery to the alveolar epithe-
lium is warranted.

Under normal in vivo conditions, the cells that constitute the
alveolar epithelium undergo very low rates of proliferation (2,
4, 46, 47). The efficiency of standard murine leukemia virus
(MLV)-based retroviruses for gene transfer to the adult alve-
olar epithelium is therefore predictably inefficient (14, 50).
This limitation has been partially overcome by inducing cell
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proliferation with growth factors (52), but overall transduc-
tion efficiency is still quite low. On the other hand, the newer
lentivirus-based vectors have recently been shown to transduce
several nondividing cell types, including neurons, myocytes,
and tracheal epithelial cells, with long-term persistence of
transgene expression (21, 23, 34, 40). Pseudotyping of the lenti-
virus with different fusion proteins has expanded the range
of host cells that can be transduced by these vectors and
allowed the virus to be easily concentrated to high titers, es-
pecially when pseudotyped with the vesicular stomatitis virus G
(VSV-G) protein (38). VSV-G-pseudotyped lentivirus vectors
would therefore appear to be ideally suited for gene transfer to
the relatively quiescent cells of the alveolar epithelium.

To date, studies of lentivirus-based gene transfer in the lung
have focused on transduction of the tracheal or bronchial ep-
ithelium of the proximal airways, but the efficiency of gene
transfer has been much lower than that described in other cell
types. In polarized, well-differentiated airway epithelia, only
minimal transduction by VSV-G-pseudotyped vectors intro-
duced from the apical surface (the only directly accessible
surface in vivo) has been observed (21). The use of lentivirus
vectors for transduction of alveolar epithelial cells (AEC) in
the distal respiratory tract has not been evaluated to date. In
particular, the issue of whether the polarized cells that consti-
tute the alveolar epithelium present a similar barrier to apical
transduction by lentivirus has not been explored.

Over a period of 3 to 4 days, isolated rat type II alveolar
(AT2) cells maintained in primary culture gradually lose the
characteristic hallmarks of type II cells, such as lamellar bodies
and production of surfactant-associated proteins, and change
morphologically to resemble alveolar type I (AT1) cells, be-
coming more flattened with expansive cytoplasmic processes
(6). Concurrently, they begin to express a number of pheno-
typic markers specific for alveolar type I cells in situ, suggesting
that AT2 cells in culture are undergoing transdifferentiation
toward a type I cell-like phenotype (9, 10). AT2-to-AT1 cell
transdifferentiation occurs in the absence of appreciable cell
division (27). When grown on semipermeable supports, the
cells form polarized high-resistance monolayers and exhibit
active sodium transport that occurs in a vectorial fashion, sim-
ilar to that observed in the alveolar epithelium in vivo (7).
Previous studies have demonstrated minimal DNA synthesis in
AEC cultivated in vitro at high density (�2 � 105 cells/cm2) in
the absence of exogenous growth factors, with a nuclear label-
ing index consistently on the order of 1 to 3% (26, 27, 28, 46,
48). AEC in primary culture therefore constitute a well-char-
acterized in vitro model with which to evaluate characteristics
of the polarized and relatively quiescent alveolar epithelium.

In the present report, we have compared the ability of
VSV-G-pseudotyped lentivirus and MLV retrovirus vectors
to transduce AEC in primary culture. Furthermore, the rela-
tive efficiency of transduction of confluent AEC and primary
differentiated tracheal epithelial cells after exposure to lenti-
virus vectors from either the apical or basolateral cell surface
was examined.

MATERIALS AND METHODS

Rat AEC isolation and culture. AT2 cells were isolated from the lungs of adult
male Sprague-Dawley rats by disaggregation with elastase (2.0 to 2.5 U/ml)
(Worthington Biochemical, Freehold, N.J.), followed by panning on immuno-

globulin G-coated bacteriologic plates (3, 11). Enriched AT2 cells were resus-
pended in defined medium (MDSF) consisting of Dulbecco’s modified Eagle
medium and Ham’s F-12 nutrient mixture in a 1:1 ratio (DME-F12; Sigma-
Aldrich Chemical, St. Louis, Mo.), supplemented with 1.25 mg of bovine serum
albumin (Collaborative Research, Bedford, Mass.)/ml, 10 mM HEPES, 0.1 mM
nonessential amino acids, 2.0 mM glutamine, 100 U of sodium penicillin G/ml,
100 �g of streptomycin/ml, and 10% newborn bovine serum (Omega Scientific,
Tarzana, Calif.). Cells were seeded onto plastic, chamber slides or tissue culture-
treated polycarbonate (Nuclepore) filter cups (0.4-�m pore size; 1.1 cm2; Trans-
well; Corning-Costar, Cambridge, Mass.) at a density of 1.0 � 106 cells/cm2 and
grown to confluence. Media were changed on the second day after plating and
every other day thereafter. Cultures were maintained in a humidified 5% CO2

incubator at 37°C. AT2 cell purity (�90%) was assessed by staining freshly
isolated cells for lamellar bodies with tannic acid (29). Cell viability (�90%) was
measured by trypan blue dye exclusion.

RTEC isolation and culture. Rat tracheal epithelial cells (RTEC) were iso-
lated from adult male Sprague-Dawley rats by incubation of tracheas overnight
at 4°C in 0.15% pronase (Roche Molecular Biochemicals, Indianapolis, Ind.).
Tracheas were agitated to release cells that were then disaggregated in DNase I
(0.5 mg/ml, 5 min on ice). Cells were adhered (2 h) to remove fibroblasts;
nonadherent cells were counted, and viability (�90%) was determined by trypan
blue dye exclusion. RTEC were resuspended in defined medium consisting of
DME-F12 supplemented with L-glutamine (6.5 mM), NaHCO3 (25 mM), insulin
(10 �g/ml), hydrocortisone (0.1 �g/ml), transferrin (5 �g/ml), phosphoethanol-
amine (50 �M), ethanolamine (80 �M), cholera toxin (0.1 �g/ml), bovine pitu-
itary extract (0.03 mg/ml), epidermal growth factor (10 ng/ml; Becton Dickinson
Labware, Bedford, Mass.), HEPES (30 mM), bovine serum albumin (0.5 mg/ml),
retinoic acid (0.05 �M), penicillin (50 U/ml), streptomycin (50 �g/ml), and
amphotericin B (0.25 �g/ml) as described by others (22, 35). Cells were seeded
(5 � 105 cells/cm2) onto filter cups (0.4-�m pore size; 0.33 cm2; Transwell Clear;
Corning-Costar) coated with rat tail collagen (50 �g/ml; Becton Dickinson Lab-
ware) and maintained in a humidified 5% CO2 incubator at 37°C. Nuserum
(10%; Becton Dickinson Labware) was added during the first 2 days. Cells were
maintained with medium in the apical and basolateral chambers until transmem-
brane resistance was �300 � � cm2. Medium was then removed from the apical
chamber (typically at days 2 to 4), and cells were maintained at air-liquid inter-
face (ALI) by daily supplying fresh medium to the basolateral chamber only.
Differentiated, multilayered epithelial cell populations were assessed by histol-
ogy of paraffin-embedded sections of RTEC cultures.

Measurement of bioelectric properties. The transepithelial resistance (Rt) and
the spontaneous potential difference (SPD) of AEC and RTEC grown on filters
were measured by using a rapid screening device (Millicell-ERS; Millipore,
Bedford, Mass.) as previously described (24). Short-circuit current (ISC) was
calculated from the relationship ISC � SPD/Rt. Cell culture media and all other
chemicals were purchased from Sigma-Aldrich Chemical unless otherwise noted
and were of the highest commercial purity available.

Assessment of alveolar epithelial cell proliferation. On day 4, AEC grown on
plastic in MDSF plus 10% newborn bovine serum were labeled with bromode-
oxyuridine (BrdU; 10 �M), a thymidine analog that is incorporated into newly
synthesized DNA, for 6 h. Cells were washed twice with phosphate-buffered
saline (PBS), released by incubation for 10 min with 5 �M EDTA, and washed
again with PBS. Cells were fixed, permeabilized, refixed, and treated with DNase
by using the BrdU Flow Kit protocol (BD Pharmingen, San Diego, Calif.).
Samples were stained with a fluorescein isothiocyanate-conjugated anti-BrdU
antibody and analyzed by fluorescence-activated cell sorting (FACS).

Vector production and virus preparation. Recombinant lentivirus vector and
packaging constructs (generously provided by L. Naldini, University of Turin,
Turin, Italy) were produced as previously described (34), by using the constructs
shown in Fig. 1. The vector construct, pRRLhCMVGFPsin, consists of a human
immunodeficiency virus (HIV)-based self-inactivating (SIN) replication-defec-
tive lentivirus transfer vector expressing an enhanced green fluorescent protein
(EGFP) reporter gene driven by the cytomegalovirus (CMV) immediate-early
promoter (57). Human 293T cells (80 to 90% confluence) were cotransfected by
calcium phosphate precipitation with 12 �g of pRRLhCMVGFPsin, 10 �g of
pCMV�R8.91 for viral packaging, and 8 �g of pMD.G for VSV-G pseudotyping
(58). Virus was isolated and for some experiments was concentrated through
a centrifugal concentrator (Macrosep; Pall Gelman Laboratory, Ann Arbor,
Mich.) with a 300-kDa molecular mass cutoff and stored at 	80°C. Titers of
vector stocks were determined on HeLa cells by FACS with a Becton-Dickinson
FACScan equipped with a 488-nm argon laser and were in the range of 106 to 108

transducing units (TU)/ml. MLV-based vectors were generated by using a similar
protocol (44) and similarly pseudotyped with VSV-G.
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Viral transduction of AEC. AEC grown on plastic or chamber slides were
transduced with lentivirus (multiplicity of infection [MOI] of 0.1 to 50) on day 4
to ascertain a dose-response relationship. Medium was aspirated, and cells were
incubated with virus for 1 h in the presence of Polybrene (8 �g/ml). Cells were
trypsinized 72 h after transduction, washed, and resuspended in PBS. The effi-
ciency of cell transduction was analyzed by FACS. To confirm that GFP expres-
sion was not the result of pseudotransduction, control experiments were per-
formed in the presence of zidovudine (AZT; 200 �M) to inhibit viral reverse
transcriptase. The efficiency of transduction of AEC by VSV-G-pseudotyped
lentivirus or MLV-based retrovirus of comparable titers were compared and
analyzed in a similar fashion. Live gating of viable cells was performed by using
forward-scatter and side-scatter parameters, and the percentage of cells exhib-
iting EGFP fluorescence was quantified on fluorescence channel 1 (FL1).

To assess the polarity of lentivirus entry into AEC, confluent polarized AEC
monolayers (Rt � 2 k� � cm2) grown on tissue culture-treated polycarbonate
filters were incubated on day 4 with concentrated lentivirus applied either to the
apical or the basolateral surface for 1 h at 37°C. Rt was measured 30 min before
and 30 min and 3 days after infection. For infection from the apical side, medium
was aspirated and cells were incubated with 100 �l of virus. For basolateral
infection, medium was aspirated and the filter was inverted before the addition
of 40 �l of concentrated virus. In some experiments, EGTA was first added at a
final concentration of 4.5 mM to disrupt tight junctions, followed by the addition
of virus to the apical side as described above. Cells on filters at 72 h postinfection
were rinsed with PBS, trypsinized, washed, and resuspended in PBS. To ensure
cell recovery, filters were also flushed once with PBS. Transduction efficiency
after infection from either apical or basolateral surface was assessed by FACS
analysis as described above.

Southern analysis of transduced AEC. Genomic DNA was harvested from
AEC 72 h posttransduction by proteinase K digestion and phenol-chloroform
extraction. A 10-�g portion was digested overnight with NotI, which yields a
2.2-kb internal fragment that encompasses EGFP, and then separated by agarose
gel electrophoresis. After alkali denaturation, gels were transferred to Pall Bio-
dyne B nylon membranes (Pall Biosupport Division, Port Washington, N.Y.) in
20� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate) buffer. A 1.1-kb
DNA probe specific for EGFP was labeled by using a random primer DNA
biotinylation kit (Kirkegaard & Perry Laboratories, Inc., Gaithersburg, Md.) and
hybridized to the membranes in formamide hybridization buffer. Membranes
were washed at high stringency, followed by incubation with alkaline phospha-
tase-streptavidin conjugate. After the washing, signal was detected by incubation
with CDP-Star chemiluminescent substrate (Tropix, Inc., Bedford, Mass.) and
exposure to X-ray film.

Viral transduction of RTEC. Cells grown on membranes maintained at ALI
for 2 to 4 weeks were transduced by incubation with lentivirus (MOI � 5) applied
to the apical surface for 2 h at 37°C. Infection was carried out as described above.
To disrupt tight junctions, cells were pretreated in some experiments with EGTA
in hypotonic solution (6 mM in 10 mM HEPES [pH 7.4]) as previously described
(53). Transduction efficiency after infection from the apical surface was assayed
by FACS analysis.

Confocal microscopy. AEC grown on chamber slides (Lab-Tek II; Nalge Nunc,
Rochester, N.Y.) were infected with lentivirus on day 4. At 72 h after transduc-

tion, cells were rinsed, fixed in 2% paraformaldehyde, and mounted (ProLong
Antifade Kit; Molecular Probes, Eugene, Oreg.). Cells were viewed with a PCM
2000 confocal microscopy system (Nikon USA, Melville, N.Y.).

Statistical analysis. Data are presented as mean 
 the standard error of the
mean. Significance (P � 0.05) of differences between two experimental condi-
tions was assessed by use of unpaired Student t tests.

RESULTS

Lentivirus vectors achieve efficient transduction of AEC. A
SIN lentivirus transfer vector encoding the EGFP marker gene
was packaged by a standard three-plasmid cotransfection pro-
cedure (33) to produce vectors pseudotyped with the VSV-G
protein (Fig. 1). The titers of unconcentrated vector superna-
tants generated by this procedure are typically on the order of
5 � 106 TU/ml when titers were determined on 293T or HeLa
cells (data not shown). After concentration, titers on the order
of 108 TU/ml were achieved. These vectors were used to trans-
duce rat AEC in primary culture on day 4 postisolation, after
the AT2 cells grown on tissue culture-treated plastic surfaces
had progressed toward an AT1 cell-like phenotype. Consistent
with previous reports that AEC in culture are largely quies-
cent, FACS analysis demonstrated that only 1.0% 
 0.1% of
cells were labeled with BrdU. Nevertheless, confocal micros-
copy of AEC grown on chamber slides demonstrates strong
expression of EGFP at 3 days posttransduction in a majority of
cells (Fig. 2A). Representative FACS analysis at 3 days post-
transduction shows a shifted population of cells exhibiting
higher fluorescence intensity specifically in the EGFP wave-
length (FL1 channel), with 99% GFP-positive cells, further
demonstrating that AEC are efficiently transduced by this
vector (Fig. 2B). Changing the plating density of AEC did
not affect the percentage of GFP-positive cells after incubation
with the same preparation of lentivirus, indicating that cell
density has little effect on transduction efficiency (data not
shown). Comparison with VSV-G-pseudotyped standard
MLV-based retrovirus vectors of comparable titer demon-
strates �30-fold greater transduction by the lentivirus vectors
(Fig. 2C). A reduction in the number of GFP-expressing cells
was observed after transduction by lentivirus vectors in the
presence of AZT (�75% inhibition at 200 �M AZT), confirm-
ing that GFP expression is not due to pseudotransduction.

FIG. 1. Vectors used for generation of lentivirus. SIN lentivirus vectors (pRRLhCMVGFPsin) were used to produce infectious particles by
cotransfection of gag-pol (pCMV�R8.91) and pMD.G (for VSV-G envelope) into 293T cells.
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Furthermore, Southern analysis demonstrates a 2.2-kb band of
predicted size after NotI digestion and hybridization with a
GFP-specific probe, confirming vector integration (data not
shown).

Transduction of AEC by lentivirus vectors is dose depen-
dent. To determine whether varying the MOI would alter the
efficiency of gene delivery by the lentivirus vectors, fixed num-
bers of AEC in primary culture were plated, and replicate
plates were subsequently challenged with increasing dosages of
the vectors. For this experiment, lentivirus vector supernatants
were first concentrated to produce a vector preparation in the
range of 2 � 108 TU/ml (as determined by FACS analysis of
transduced HeLa cells). A dose-dependent increase in trans-
duction efficiency of AEC was observed with increasing MOI,
with the EGFP-positive population ranging from 4 to 99%
after infection at an MOI from 0.1 to 50 relative to the titers
determined on HeLa cells (Fig. 3). Although transduction of
AEC by VSV-G-pseudotyped lentivirus vectors is thus some-
what less efficient than transduction of HeLa cells, almost
complete transduction could be achieved by increasing the
MOI. No toxicity was noted at a higher MOI as reflected by
lack of change in morphology or cell number and the absence
of a subpopulation of dead cells observed by FACS analysis.

Polarity of AEC monolayer transduction by VSV-G-pseudo-
typed lentivirus vectors. AEC monolayers were infected with
VSV-G-pseudotyped lentivirus from either the apical or baso-
lateral side and analyzed by FACS at 3 days posttransduction
(Fig. 4). VSV-G-pseudotyped lentivirus vectors were some-
what unexpectedly preferentially transduced from the apical
surface with an efficiency of 31% 
 2% at an MOI of 10 (Fig.
4). Transduction from the apical side was �25-fold higher than
when the virus was introduced from the basolateral surface. As
shown in Table 1, Rt measurements taken before and after
infection confirmed that the integrity of the tight junctions was
maintained, suggesting that leakage to the basolateral side did
not account for transduction when the virus was introduced
from the apical side.

We then investigated whether increasing access to the baso-
lateral surface by disrupting tight junctions in the polarized
AEC monolayer would facilitate entry of apically applied len-
tivirus. Disruption of tight junctions was achieved by addition
of the Ca2�-chelating agent EGTA at a final concentration of
4.5 mM, prior to addition of virus to the apical side as de-
scribed above (49, 53). Despite a reduction in Rt to �0.25 k� �
cm2 after addition of EGTA, there was no increase in trans-
duction by apically introduced virus, indicating that vector
leakage to the basolateral surface does not contribute signifi-
cantly to the observed level of transduction by VSV-G-pseu-
dotyped lentivirus vectors from the apical side.

RTEC transduction by VSV-G-pseudotyped lentivirus vec-
tors. Differentiated RTEC maintained at ALI for 2 to 4 weeks
had mean Rt of 848 
 16 � � cm2. Proximal human airway
epithelial cells have previously been shown to be quiescent (19,
50). In contrast to AEC, apical transduction of RTEC resultedFIG. 2. Transduction of AEC with VSV-G-pseudotyped lentivirus

vectors. (A) AEC in primary culture on chamber slides were trans-
duced with VSV-G-pseudotyped lentivirus vectors at an MOI of 10.
Confocal microscopy from a representative experiment at 3 days post-
transduction demonstrates strong expression of EGFP in the majority
of cells. Bar, 20 �m. (B) AEC grown on plastic tissue culture dishes
were transduced with VSV-G-pseudotyped lentivirus vectors. Repre-
sentative FACS analysis at 72 h after infection demonstrates 99%

EGFP-positive cells at an MOI of 50. (C) Transduction of AEC grown
on plastic is �30-fold greater for VSV-G-pseudotyped lentivirus vec-
tors than VSV-G-pseudotyped MLV-based vectors at a comparable titer.
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in only rare (�1%) GFP-expressing cells (Fig. 5). This finding
is consistent with previous reports that human tracheobron-
chial cells are preferentially transduced from the basolateral
surface (19, 21). RTEC were also treated with EGTA, causing
the Rt to fall to �15 � � cm2. EGFP-expressing cells were
significantly increased (�15-fold) compared to the percentage
of cells transduced after apical application in the absence of
EGTA.

DISCUSSION

The alveolar epithelium is an attractive target for gene ther-
apy for the treatment of a number of acute and chronic pul-
monary diseases and, by virtue of its large surface area, for
systemic delivery of therapeutic proteins. In addition, the de-
velopment of techniques for high-efficiency transduction of
primary AEC would facilitate investigations of the biological
characteristics of these cells in vitro. In this study, we have
demonstrated that VSV-G-pseudotyped lentivirus vectors ef-
ficiently transduce quiescent AEC in primary culture, with
transduction being favored by virus application from the apical
side in polarized monolayers. With their ability to integrate
into the host genome, these findings suggest that lentivirus
vectors may be advantageous for efficient transfer and long-
term expression of transgenes in the distal respiratory tract.

Analysis by flow cytometry on day 4 demonstrated that �1%
of cells are labeled with BrdU, confirming the relatively qui-
escent state of AEC in vitro. Consistent with previous obser-
vations in other quiescent cell types (e.g., neurons) (34), we
demonstrate that transduction of AEC with a VSV-G-pseudo-
typed lentivirus vector is highly efficient, with more than 90%
of infected cells expressing GFP as determined by FACS anal-
ysis at the highest MOI. The reduction in GFP expression after
transduction in the presence of AZT, together with the results
of Southern analysis, make it likely that the observed GFP
fluorescence reflects true transduction by the lentivirus vectors.
Transduction of AEC by lentivirus vectors greatly exceeded
that achieved with similarly pseudotyped MLV vectors. De-
spite concentration to relatively high titers facilitated by VSV-
G pseudotyping, only low-level transduction of AEC by MLV-

based vectors was observed in the current study. The low level
of MLV vector transduction that we observed in AEC is con-
sistent with previous reports of inefficient gene transfer by am-
photropic MLV vectors in quiescent airway epithelial cells from
trachea and bronchi, even after disruption of epithelial tight
junctions to allow basolateral access (19, 21, 31). Together,
these results demonstrate the superiority of VSV-G-pseudo-
typed lentivirus vectors for transduction of AEC relative to
similarly pseudotyped MLV-based vectors at a comparable
titer.

One of the important observations in gene transfer over the
past decade has been that transduction is typically polarized.
The apparent basolateral preference in airway epithelial cells
has precluded the use of retrovirus and, additionally, has lim-
ited apical adenovirus gene transfer due, at least in part, to a
preferential basolateral distribution of the adenovirus fiber
protein receptors (36, 49). Although lentivirus-mediated gene
transfer has the dual advantages of long-term expression by
virtue of integration into the genome and transduction of qui-
escent cells, the vector has also been viewed as inefficient for
pulmonary gene delivery due to reports of limited transduction
by apically applied VSV-G-pseudotyped lentivirus vectors in
the upper respiratory tract (19, 21). Therefore, assessment of
the polarity of transduction was central to our investigation of
lentivirus transduction of AEC. To address this, we utilized a
well-characterized model in which AEC form tight monolayers
with high transepithelial resistance and exhibit polarized dis-
tribution of a variety of membrane-associated proteins (e.g.,
Na channel and Na pump subunits) (7, 24, 39). Concurrent
with the development of resistance, the cells undergo transi-
tion toward a type I cell-like phenotype, closely mimicking the
properties of the alveolar epithelium in vivo (6). We found that
polarized monolayers of primary AEC exhibiting high trans-
epithelial resistance could be efficiently transduced when VSV-
G-pseudotyped lentivirus vectors were introduced from the
apical cell surface. In contrast, transduction of VSV-G-pseu-
dotyped lentivirus vectors applied to the basolateral surface of
AEC was markedly lower. Transduction efficiency of apically
applied virus was also assessed after the addition of EGTA in
order to facilitate access of the virus to the basolateral cell

FIG. 3. Effect of various MOIs on the efficiency of transduction
of AEC with VSV-G-pseudotyped lentivirus vectors. AEC grown on
plastic were transduced with VSV-G-pseudotyped lentivirus vectors
previously titered on 293T cells (1 � 108 to 2 � 108 IU/ml). The
transduction efficiency ranged from 4 to 99% EGFP-positive cells with
MOIs of from 0.1 to 50, respectively.

FIG. 4. Polarized transduction of AEC by lentivirus vectors. AEC
monolayers on polycarbonate filters were infected with VSV-G-pseu-
dotyped lentivirus vectors (MOI � 10) from either the apical or ba-
solateral surface and analyzed by FACS at 3 days posttransduction.
VSV-G-pseudotyped lentivirus vectors infected polarized AEC mono-
layers more efficiently from the apical surface (apical/basolateral,
25:1).
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surface. Lack of an increase in transduction in the presence of
EGTA, despite a marked reduction in Rt, suggests that AEC
uptake of VSV-G-pseudotyped lentivirus occurs preferentially
from the apical surface. By comparison, transduction of polar-
ized RTEC by VSV-G-pseudotyped lentivirus was far lower
from the apical surface and was significantly increased after
disruption of tight junctions, a finding consistent with more ef-
ficient transduction from the basolateral cell surface in RTEC.

These observations in RTEC are similar to previous studies
in which human bronchial or nasal airway epithelial cells in
culture were 30-fold more efficiently transduced from the ba-
solateral relative to the apical side by VSV-G-pseudotyped
lentivirus, although the overall efficiency of transduction was
not stated (21). In that study, enhanced in vivo gene transfer
efficiency to the nasal and tracheal epithelium of rodents of a
VSV-G-pseudotyped human lentivirus vector was observed af-
ter sulfur dioxide injury, presumably by increasing access of
vector to the basolateral cell surface. Similarly, Goldman et al.
(19) demonstrated that lentivirus vectors pseudotyped with
VSV-G were able to transduce undifferentiated airway epithe-
lia but failed to transduce the well-differentiated pseudostrati-
fied columnar epithelium in human bronchial xenografts, where-
as Wang et al. (51) reported that feline immunodeficiency
viral vectors pseudotyped with VSV-G could transduce differ-
entiated airway epithelium in rabbits only in the presence of

EGTA. Kobinger et al. (25), in a recent comparative analysis of
the effects of pseudotyping on transduction, demonstrated sim-
ilar low levels of apical transduction by VSV-G-pseudotyped
lentivirus vectors in well-differentiated human airway epithelial
cells.

Polarized gene transfer to epithelia can be mediated by a
number of mechanisms, including differential distribution of
viral receptors on apical and basolateral cell surfaces, inacti-
vation or inaccessibility of viral receptors, or inactivation or
inhibition of virus after entry. High-resistance monolayers of
MDCK cells have previously been shown to be infected more
efficiently from the basolateral cell surface by wild-type VSV
(18). This has led to the presumption that the putative receptor
for wild-type VSV (suggested to be a phospholipid such as
phosphatidylserine) (41) is located on the basolateral surface
of all polarized epithelia. It has similarly been hypothesized
that a predominant basolateral distribution of amphotropic
MLV retrovirus receptors in mature airway epithelia may ac-
count for the limited viral entry observed from the apical side
for amphotropic vectors (30, 50). However, the precise distri-
bution and/or function of cellular VSV-G receptors in airway
or alveolar epithelia has not been characterized and could
conceivably be different among various cell types. Consistent
with this notion, more efficient apical transduction by VSV-G-
pseudotyped lentivirus vectors has recently been demonstrated
in intestinal epithelial cells (42), suggesting the presence of
receptors for VSV-G on the apical cell surface in specific cell
types.

In addition to the possibility of reversed polarity of VSV-G
receptors in AEC compared with airway epithelium or other
cell types, differential intracellular trafficking or processing of
virus after infection from either surface could also account for
the observed differences in transduction in polarized cells.
Duan et al. (13) recently observed that, in human airway epi-
thelia, preferential basolateral transduction of adeno-associ-
ated virus could be attributed to differences in endosomal

FIG. 5. Transduction of RTEC by lentivirus vector expressing EGFP. Representative analyses of EGFP expression as determined by FACS are
shown. Differentiated RTEC were infected with VSV-G-pseudotyped lentivirus vectors from the apical surface without (A) or with (B) EGTA and
analyzed 3 days posttransduction. Delivery of lentivirus vector alone to the apical surface resulted in only rare transduced cells (0.14% 
 0.02%,
n � 9). Apical delivery of lentivirus vectors in the presence of EGTA in hypotonic HEPES to facilitate access to the basolateral surface significantly
(P � 0.05) enhanced transduction (2.11% 
 0.45%, n � 11).

TABLE 1. Transepithelial resistance of AEC monolayers
before and after exposure to apical or basolateral

lentivirus vectors (MOI � 10)

Timea
Mean Rt (k� � cm2) 
 SEMb

Control Apical vector Basolateral vector

30 min (pre) 3.71 
 0.22 3.78 
 0.24 3.81 
 0.19
30 min (post) 2.75 
 0.92 2.07 
 0.46 1.64 
 0.55
72 h (post) 2.66 
 0.24 2.66 
 0.34 2.47 
 0.33

a pre and post refer to before and after exposure, respectively.
b Control � uninfected monolayers.
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processing of apically or basolaterally internalized virions. This
difference in intracellular processing led to degradation and
low levels of gene transfer of adeno-associated virus applied to
the apical surface of polarized airway epithelia. Inhibition of
this pathway led to an increase in apical gene delivery by more
than 200-fold. The possibility that differences in the postendo-
cytotic processing pathways between airway and alveolar epi-
thelia may account for the differences in apical or basolateral
transduction at these two sites requires further investigation.

The adaptation of lentiviruses such as HIV for use as gene
transfer vectors, while achieving a high transduction efficiency
in primary cells compared to standard murine retrovirus vec-
tors, has raised concerns regarding inadvertent production of
replication-competent virus. However, recent advances in len-
tivirus vector design have substantially reduced such concerns.
The lentivirus vectors used in this study include only a very
small fraction of the wild-type HIV genome (57). An added
safety feature introduced in the SIN transfer vector is the
deletion of U3 sequences in the 3� long terminal repeat (LTR),
which is then also deleted in the 5� LTR during reverse tran-
scription and eliminates production of full-length vector RNA
(32, 57). This change further minimizes the likelihood of pro-
ducing replication-competent lentivirus. Finally, since these
replication-defective vectors do not themselves express any
lentivirus proteins, they have not yet been noted to trigger an
immune response against transduced cells in animal models
(45).

In summary, we have demonstrated that VSV-G-pseudo-
typed lentivirus vectors efficiently transduce AEC in primary
culture, with transduction being favored by virus application
from the apical side. In contrast, transduction of RTEC by
apically applied lentivirus was negligible. Transduction effi-
ciency in AEC increased with increasing MOI and greatly
exceeded that achieved with a similarly pseudotyped MLV
retrovirus vector. The ability of these vectors to efficiently
integrate into the quiescent cells of the alveolar epithelium in
vitro suggests that, in contrast to the experience with airway
epithelium, lentivirus vectors may be advantageous for achiev-
ing efficient gene transfer and long-term gene expression in the
distal respiratory tract in vivo.
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