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A major hurdle to the successful clinical use of some viral vectors relates to the innate, adaptive, and memory
immune responses that limit the efficiency and duration of transgene expression. Some of these drawbacks may
be circumvented by using vectors derived from nonhuman viruses such as canine adenovirus type 2 (CAV-2).
Here, we evaluated the potential of CAV-2 vectors for gene transfer to the respiratory tract. We found that
CAV-2 transduction was efficient in vivo in the mouse respiratory tract, and ex vivo in well-differentiated
human pulmonary epithelia. Notably, the in vivo and ex vivo efficiency was poorly inhibited by sera from mice
immunized with a human adenovirus type 5 (HAd5, a ubiquitous human pathogen) vector or by human sera
containing HAd5 neutralizing antibodies. Following intranasal instillation in mice, CAV-2 vectors also led to
a lower level of inflammatory cytokine secretion and cellular infiltration compared to HAd5 vectors. Moreover,
CAV-2 transduction efficiency was increased in vitro in human pulmonary cells and in vivo in the mouse
respiratory tract by FK228, a histone deacetylase inhibitor. Finally, by using a helper-dependent CAV-2 vector,
we increased the in vivo duration of transgene expression to at least 3 months in immunocompetent mice
without immunosuppression. Our data suggest that CAV-2 vectors may be efficient and safe tools for long-term
clinical gene transfer to the respiratory tract.

Current treatments for lung diseases such as cystic fibrosis,
�1-antitrypsin deficiency, lung cancer, and pulmonary fibrosis,
as well as neonatal disorders such as respiratory distress syn-
drome and bronchopulmonary dysplasia, have partial to poor
success rates (15, 16, 18, 41, 61). In search of alternative treat-
ments, the straightforward access to respiratory epithelial cells
via the trachea has initiated numerous gene transfer strategies
(52). The often self-limiting respiratory tract infections caused
by some human adenovirus (HAd) serotypes (e.g., 2 and 5)
suggested ipso facto that respiratory epithelia are readily in-
fected and could be genetically modified using vectors derived
from some members of the Adenoviridae family. Although
HAd2/5 (from species C) are the prototype vector backbones
and have been widely used for gene transfer for more than 20
years, other human serotypes (either the entire capsid or parts
thereof) are also being tested for gene transfer. The latest and
most efficient adenovirus vectors for long-term gene transfer
are referred to as “helper dependent” (HD) and are gutted of
all viral coding regions. Their improved efficacy and duration
of transgene expression (1, 29, 44, 59) is due primarily to the
elimination of the adaptive cell-mediated immune response in
immunologically naive animals. HD vectors have several other
advantages, including variable cell tropism, relatively easy pro-
duction to yield high titers (�1013 physical particles [p.p.]/ml)
(43), and a high cloning capacity (�30 kb).

Although a few phase I trials have been encouraging, nu-
merous obstacles dampened much of the early enthusiasm,
especially concerning gene transfer to the respiratory tract. In
spite of the improvements, a major hurdle to the successful use
of Ad vectors in humans relates to memory immunity (humoral
and cellular) that limits the efficiency and duration of trans-
gene expression. Although many HAd are prevalent in most
populations (10, 53), most infections lead to subclinical mor-
bidity. Repeated exposure to multiple HAd serotypes leads to
long-term protective memory cellular immunity (42, 45), which
in turn may hinder Ad vectors’ long-term efficacy. In addition,
the progress in vector design has not eliminated the possibility
of mobilization of HD Ad vector DNA following wild-type
virus infection. Finally, HAd vectors are associated with a
dose-dependent, transcription-independent acute innate in-
flammation (40).

To try to circumvent some of these drawbacks, we are con-
tinuing our analysis of the clinical potential of canine adeno-
virus type 2 (CAV-2) vectors (28, 30, 58, 59). CAV-2 vectors
with E1 deleted (�E1) are, to the best of our knowledge,
replication-defective in all cells (except the CAV-2 E1-
transcomplementing cells), and are not significantly neutral-
ized in vitro by most human sera containing anti-HAd5 neu-
tralizing Ab (NAb) (30). Furthermore, no recombination or
coreplication has been observed in human cells coinfected with
HAd5 (27).

In this study, we tested CAV-2 vectors for their potential for
gene transfer to the respiratory tract in humans. We found that
CAV-2 vector transduction was efficient in vitro in human
lung-derived cell lines, in vivo in the mouse respiratory tract,
and ex vivo in primary cultures of well-differentiated human
pulmonary epithelia. Notably, in vivo CAV-2 vector transduc-
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tion efficiency was poorly inhibited in mice immunized with a
HAd5 vector, despite the presence of relatively high levels of
HAd5 NAb. CAV-2 vector intranasal instillation also led to a
lower level of cytokine secretion and cellular infiltration com-
pared to HAd5 vectors. While trying to optimize gene transfer,
we found that we could increase transduction efficiency by
pretreating mice with the histone deacetylase inhibitor FK228.
Finally, we found that the duration of transgene expression in
the murine respiratory tract could be increased to at least 3
months by using a helper-dependent CAV-2 (HDCAV) vector.
Our data suggest that HDCAV vectors may be a clinically
relevant option for gene therapy to the respiratory tract.

MATERIALS AND METHODS

Cell lines and vectors. Canine DKCre (57) and human 911 (11) cells are
E1-transcomplementing cell lines. A549 cells (human) present the same charac-
teristics as type II alveolar epithelial cells (32). The bronchial epithelial cell line
BEAS2B was generated from a healthy donor after autopsy and obtained after
infection with the hybrid virus Ad12SV40 (50). All cell lines were grown as
monolayer cultures in Dulbecco modified Eagle’s minimum essential medium
(DMEM) supplemented with 10% fetal calf serum (FCS) (GIBCO-BRL).

Ad�gal, AdGFP, CAV�gal, and CAVGFP are HAd5- or CAV-2-derived
vectors with deletions in the E1 region (�E1) and encode �-galactosidase or
enhanced green fluorescent protein (EGFP) downstream of the immediate early
cytomegalovirus (CMV) promoter (30). CAVDsRed (29) is a �E1 CAV-2 vector
encoding DsRed2 (Clontech) from the CMV promoter (cloning details available
upon request). Spike is a helper dependent (also known as high-capacity, or
gutless) CAV-2 (HDCAV) vector encoding EGFP from the CMV promoter
(59). Vectors were amplified in DKCre or 911 cells, purified by double CsCl
density gradient centrifugation as previously described (30), and stored in 10%
glycerol–phosphate-buffered saline (PBS) at �80°C.

All �E1 vectors (CAV-2 and HAd5) had titers of 5 � 1012 p.p./ml as deter-
mined by the optical density at 260 nm (OD260) as described previously (37).
CAVGFP has a p.p./infectious particle ratio of 3:1. CAVDsRed had a p.p./
infectious particle ratio of 20:1. AdGFP and Ad�gal have p.p./infectious particle
ratios of 10:1. Spike (HDCAV-GFP) had titer of 2 � 1011 p.p./ml and a p.p./
infectious particle ratio of 10:1. Spike was amplified using the helper vector JB�5
(59), which contains a lacZ expression cassette. The helper vector contamination
varied between 1 and 10% infectious particles for Spike preparations. This
corresponds roughly to �1.0 to 0.1% contaminating PFU (59). For the titration
of infectious particle of CAV-2 vectors, 105 DKCre cells were seeded in 12-well
plates and incubated overnight with gentle rocking with serial dilutions starting
from 10 p.p./cell. Twenty-four hours postinfection, the cells were analyzed by
flow cytometry (FACSCalibur; Becton Dickinson) and the percentage of EGFP-
positive cells was determined and used to calculate the infectious particles
concentration as described previously (30). AdGFP was similarly titrated on 911
cells.

Viral transduction of human airway epithelia. Airway epithelial cells were
obtained from surgical polypectomies of non-cystic fibrosis patients or from
trachea and bronchi of lungs removed for organ donation. Cells were isolated by
enzyme digestion as previously described (74). Freshly isolated cells were seeded
at 5 � 105 cells/cm2 on collagen-coated, 0.6-cm2 diameter Millicell polycarbonate
filters (Millipore Corp., Bedford, MA). The cells were maintained at 37°C in a
humidified atmosphere of 7% CO2/air. Twenty-four hours postplating, the mu-
cosal medium was removed and the cells were allowed to grow at the air-liquid
interface. The culture medium consisted of a 1:1 mix of DMEM–Ham’s F-12, 5%
Ultroser G (Biosepra SA, France), 100 U/ml penicillin, 100 	g/ml streptomycin,
1% nonessential amino acids, and 0.12 U/ml insulin.

To compare the transduction efficiency of AdGFP with CAVGFP, we incu-
bated the epithelia with 2.5 � 103 p.p. in 5 	l. Following the indicated time, the
vector suspension was removed and the epithelia were rinsed twice with PBS.
The epithelia were incubated at 37°C for an additional 72 h before quantification
of gene transfer by flow cytometry.

For the neutralizing assay, human serum containing anti-HAd5 Ab to all 3
major external capsid proteins was used (not shown). This serum was chosen
because it had the highest neutralizing activity on 293 cells (1:10,000 dilution) of
six sera tested. The human airway epithelia were incubated with the serum (only
on the basolateral side) for 24 h. Epithelia transport both immunoglobulin G

(IgG) and IgA to the thin layer of liquid that covers the apical surface of the
epithelia and may prevent the epithelia from wild-type HAd infection (60).

In vivo gene transfer. Six- to eight-week-old male C57BL/6J mice were pur-
chased from the Centre d’Elevage R. Janvier (Le Genest Saint-Isle, France). All
animal procedures were carried out according to the European Communities
Council directive (86/609/EEC) and convention (ETS123) issued in 1986.

For intranasal (i.n.) instillation, mice were lightly anesthetized under methoxy-
flurane vapor (Isoflurane) and 1 � 1010 p.p. of either Ad�gal or CAV�gal in 50
	l of 10% glycerol–PBS, pH 7.4, using a micropipette. Mice recovered within
minutes and remained active after the procedure. For intravenous (i.v.) delivery,
mice were injected via the tail vein in a total volume of 100 	l. In some cases,
blood was collected by retro-orbital puncture and serum was obtained after 1 h
of incubation at room temperature by centrifugation at 400 � g for 15 min and
frozen at �20°C until further assay. At a predetermined time, mice were killed
by cervical dislocation under methoxyflurane anesthesia.

The lungs destined for histological analysis (n 
 3/group) were fixed with 4%
paraformaldehyde–PBS cardiac perfusion and placed in 40% sucrose overnight.
The fixed tissues were embedded in OCT (Tissue-Tek) and sliced using a cryostat
(Jung CM3000; Leica). Sections (30 	m) were mounted on glass slides using
Fluoprep (BioMerieux, Marcy l’Etoile, France) and analyzed by fluorescence
microscopy (Zeiss Axiovert 200) or confocal microscopy (Zeiss Axioplan 2 with
an LSM 510 25� oil immersion objective). Nuclei were counterstained with
TO-PRO-3-iodide (Molecular Probes, Eugene, OR), and slides were mounted
using Fluoprep.

Neutralization assays. Anti-HAd5 neutralizing antibodies were quantified in
the mouse serum collected on day �1 and day 30 postinstillation by evaluating
the ability of the sera to inhibit transduction of 911 cells by AdGFP. Monolayers
of 911 cells were seeded at 105/well in 12-well plates 24 h before infection with
increasing ratios of p.p./cell of AdGFP. The 30% tissue culture infective dose
(TCID30), which corresponds to 30% of EGFP-positive cells 24 h postinfection,
was determined by flow cytometry. The TCID30 of AdGFP was 10 p.p./cell on
911 cells, and the TCID30 of CAVGFP was 10 p.p./cell on DKCre cells. We used
a TCID30 because this corresponds to 1 infectious particle/GFP� cell, and a
twofold decrease in infectious particle/cell corresponds approximately to a two-
fold reduction in GFP� cells.

For the neutralization test, we used 1 or 2 	l of decomplemented (56°C, 30
min) serum from mice injected i.v. or i.n. with HAd vector, respectively. AdGFP
or CAVGFP (TCID30) was incubated with serum for 20 min at room tempera-
ture in serum-free DMEM in a final volume of 20 	l. The vector-serum mixture
was added to 0.5 ml of complete medium and then incubated with a monolayer
of 911 cells for 3 h at 37°C, and the medium was replaced with fresh 10%
FCS–DMEM. Fluorescence levels were measured using flow cytometry 24 h
postinfection. Controls using human anti-HAd5 serum and canine anti-CAV-2
serum were also included. Titration of NAb was performed using serial twofold
dilutions of serum in FCS-free DMEM. The highest reciprocal serum dilution
resulting in a reduction of at least 50% was considered the vector NAb titer. All
serum were decomplemented by heating to 56°C for 15 min.

Quantification of �-Gal activity. The lungs were harvested after intracardiac
perfusion with PBS, frozen in liquid nitrogen, and homogenized with mortar and
pestle in 1 ml of 100 mM H2KPO4, 100 mM HK2PO4, and 1 mM dithiothreitol.
The homogenate was centrifuged for 10 min at 15,000 � g to remove particulate
material, and the supernatant was frozen at �80°C. �-Galactosidase (�-Gal)
activity in lung homogenate was assayed using a luminescent assay according to
the manufacturer’s instructions (Luminescent �-galactosidase detection kit II;
BD Biosciences-Clontech) and a Microlumat LB96P luminometer (EG & G
Berthold). Activity was corrected for tissue lysate protein concentration (Brad-
ford reagent; Sigma-Aldrich Chemical Co.) and was expressed as relative light
units/	g of protein.

Inflammatory cells and cytokines in BALF. Bronchoalveolar lavage fluids
(BALF) were obtained while the lung was in the thoracic cavity by making a thin
incision in the trachea, cannulating it, rinsing three times with 1 ml of ice-cold 2
mM EDTA-PBS, and pooling. BALF cells were pelleted by centrifugation at 500
� g and resuspended in 1 ml of PBS, and 100 	l of cell suspension was mixed in
100 	l of 0.4% trypan blue and counted with a hemocytometer. The cell-free
BALF supernatants were split into 300-	l aliquots and frozen at �80°C for
cytokine analysis. The concentration of murine tumor necrosis factor alpha
(TNF-�) in the BALF was determined using commercial enzyme-linked immu-
nosorbent assay kits (Genzyme Immunologicals, Cambridge, MA).

Statistical Analysis. All data are presented as means � standard errors of the
means (SEM). P values were calculated using one-way statistical analysis of
variance with Newman-Keuls tests.
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RESULTS

CAV-2 vectors in respiratory epithelia. Initially, we assayed
CAV-2-mediated gene transfer in two human pulmonary cell
lines: BEAS2B (bronchial) and A549 (alveolar) cells. After
incubation with CAVDsRed (a CAV-2 vector harboring a
DsRed expression cassette) or AdGFP (a HAd5 vector har-
boring an EGFP expression cassette), cells were analyzed by
flow cytometry. Each vector transduced human pulmonary cell
lines with similar efficiency (Fig. 1A).

We then assayed CAV-2 vector transduction efficiency in
well-differentiated human airway epithelia, a more clinically
relevant model. Bronchial epithelium was reconstituted in
vitro from human primary lung cells after culturing at the
air-liquid interface. Airway epithelia were allowed to differen-
tiate and to reach confluence by culturing for at least 14 days.
Epithelia were tested for transepithelial electrical resistance
(Rt) and for morphology by scanning electron microscopy (not
shown). All epithelia had Rt values of �500 � cm2, indicating
the development of tight junctions and an intact barrier (67).
To compare the transduction efficiency of AdGFP with
CAVGFP (a CAV-2 vector harboring the EGFP expression
cassette), we incubated the epithelia with an equal number of
vector particles on the apical surface. Two time points were
assayed, and transduction was quantified by flow cytometry.
Under these conditions in mature epithelia, CAVGFP and
AdGFP showed an equal transduction efficiency that increased

upon prolonged incubation time (Fig. 1B), in agreement with
previous observations using HAd5 vectors (74).

Previous data suggested that the primary receptor for
CAV-2 and species C HAd is CAR (coxsackie and adenovirus
receptor) (4, 56), which in polarized epithelia traffics to the
basolateral membrane (9, 46). When CAVGFP was applied at
the basolateral surface of the epithelia, transduction efficiency
significantly increased (Fig. 1C). These data support our pre-
vious results suggesting that CAR is the primary attachment
molecule for CAV-2 (56) and demonstrating the polarity of the
in vitro-reconstituted epithelia (67).

We then compared the efficiency of CAV-2 and HAd5 vec-
tors in vivo, in mouse respiratory airways. Mice were coin-
fected with CAVDsRed and AdGFP by i.n. instillation and
sacrificed, and the lungs were screened for fluorescence. In all
mice, we observed equal DsRed and EGFP expression
throughout both lobes of the lung, from the upper airway (Fig.
1D) to the alveoli (not shown). Due to the unsaturating con-
ditions in this assay, we do not believe that there was a signif-
icant level of competition for the receptor (e.g., CAR) binding.
Taken together, our data demonstrated that CAV-2 vectors
efficiently transduced pulmonary cells in vitro, ex vivo, and in
vivo.

Effect of memory anti-HAd5 humoral immunity on CAV-2
vector transduction efficiency. HAd-derived vectors (in partic-
ular serotypes 2 and 5) have had relatively disappointing trans-

FIG. 1. Efficacy of CAV-2 vectors in lung tissue. (A) Transduction of human pulmonary cell lines with HAd5 and CAV-2 vectors. The
transduction efficiency of CAV-2 and HAd5 vectors was assayed in BEAS2B (epithelial, bronchial) and A549 (epithelial, alveolar) cells. Cells were
incubated with CAVDsRed or AdGFP (50 infectious particles/cell) and analyzed by flow cytometry 24 h later. (B) Transduction efficiency of
well-differentiated human airway epithelia. Bronchial epithelium was reconstituted in vitro from human primary lung cells after culturing at the
medium-airway interface. These cells reconstitute a well-differentiated epithelia, with tight junctions and a basolateral and apical surface. Epithelia
were infected with 2.5 � 103 p.p. of either CAVGFP or AdGFP on the apical surface for 30 or 240 min, and cells were analyzed by FACS 72 h
postinfection (n 
 8). (C) Polarity of human airway epithelium infection with CAV-2. Epithelia were incubated with 2.5 � 103 p.p. of CAVGFP
on either the apical or basolateral surface for 30 min. Flow cytometry analysis was performed 48 h later (n 
 4). **, P  0.01. (D) Coinstillation
in the mouse respiratory tract. CAVDsRed and AdGFP (5 � 1010 p.p.) were codelivered to 6-week-old C57BL/6 mice by i.n. instillation (n 
 4).
The lungs were recovered 6 days postinfection. The figure shows an example of a bronchiole in cross-section in which epithelial cells were
transduced by CAVDsRed and AdGFP. E, epithelium; L, lumen. Bar, 50 	m.
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duction efficiencies in the human respiratory tract, possibly in
part because of a widespread memory humoral immunity (neu-
tralizing and opsonizing antibodies) (10, 73). In contrast, we
previously found that only 2% of a random cohort had a
detectable level of anti-CAV-2 NAb (30). To investigate
whether the humoral immunity to HAd5 could be circum-
vented using CAV-2 vectors, we immunized mice either via i.n.
instillation or via i.v. injection with AdGFP according to the
experimental protocol described in the legend to Fig. 2A. After
development of the HAd5-specific humoral response, animals
were inoculated by i.n. instillation with CAV�gal, a �E1
CAV-2 vector encoding �-Gal, or Ad�gal, a HAd5 vector with
the same expression cassette. The lungs were recovered 6 days
postinfection. To determine transduction efficiency, we used
�-Gal activity as the readout.

We first checked whether AdGFP-inoculated mice devel-
oped anti-HAd5 NAb using an in vitro assay based on trans-
duction of 911 cells. Vector neutralization was assessed by the
reduction in the percent of EGFP-positive cells following pre-
incubation of the vector with a fixed volume of sera. Mouse
sera did not contain HAd5-NAb before immunization (not
shown). All mice immunized i.v. or i.n. with AdGFP developed
NAb (Fig. 2B). When serum from i.v. primed mice was tested,
we observed a 97% inhibition of AdGFP transduction (Fig. 2B,
lane 6) in contrast to the control (Fig. 2B, lane 5). Serum from
i.n. primed mice also contained HAd5 NAbs, although the
level of AdGFP inhibition was lower (83%) (lane 2), but still
highly significant (P  0.001), than that of the control (lane 1).
To assay for the cross-neutralization of anti-HAd5 antibodies,
we repeated the above experiment but substituted CAVGFP
for AdGFP and DKCre for 911 cells. Serum from immunized
mice did not block CAVGFP transduction more than control
serum (Fig. 2B, lanes 4 versus 3 and 8 versus 7), demonstrating
no significant cross-neutralization in this assay. Cross-neutral-
ization was also tested using human and dog sera: complete
inhibition of AdGFP and CAVGFP transduction was achieved
using serum from the respective host (lanes 9 and 10, respec-
tively). Notably, dog serum did not neutralize AdGFP and, as
previously shown, human serum did not neutralize CAVGFP
(lanes 11 and 12, respectively). We also found that serum from
a nonhuman primate (Microcebus murinus) did not neutralize
CAVGFP or AdGFP (not shown).

We then quantified the NAb titer using twofold serial dilu-
tions of each serum in our in vitro assay. The highest reciprocal
serum dilution resulting in reduction of vector transduction
inhibition by at least 50% was considered the NAb titer. For
animals i.v. primed with AdGFP, the mean HAd5 NAb titer
was 3,360. Following i.n. priming, the mean HAd5 NAb titer
was 120 (Fig. 2C). These data are consistent with those from
Kanesaki et al. and Meitin et al. (24, 36), who showed that the
efficacy of the humoral response depends on the route of
inoculation: i.n. instillation led to a local production of Ab,
whereas i.v. injection resulted in a stronger systemic response.
In serum from control mice in our study, none reached 50%
inhibition of AdGFP transduction, and therefore, their titer
was defined as 1 (Fig. 2C).

Finally, after i.n. instillation of CAV�gal or Ad�gal, we
quantified gene transfer to the respiratory tract using �-Gal
activity as the readout. When mice were i.n. instilled with
Ad�gal, �-Gal activity was up to threefold lower (versus con-

trols) in AdGFP i.v. or i.n. primed mice (Fig. 2D and E, lanes
1 and 2) (P  0.001). In contrast, �-Gal activity following
CAV�gal instillation in AdGFP i.v. primed mice was similar to
that of control mice (Fig. 2D, lane 4), demonstrating that i.v.
immunization with AdGFP had little effect on CAV-2 trans-
duction efficiency in the mouse respiratory tract. However,
CAV�gal transduction efficiency was slightly affected (1.5-fold
reduction) (P  0.001) by i.n. immunization (Fig. 2E, lane 4),
although less than for Ad�gal. This was possibly due to local
production of IgA, which is less specific and involved in virus
cross-reactivity (66).

To simulate a potential clinical scenario, we incubated
CAVGFP or AdGFP with well-differentiated human airway
epithelia at the apical surface, after preincubation or not with
a human serum containing a high titer of anti-HAd5 NAb, and
compared the transduction efficiency by flow cytometry. Pre-
incubation with human serum inhibited AdGFP transduction
of human airway epithelia by 3.6-fold (P  0.05), whereas
CAVGFP transduction was unaffected (Fig. 3).

Together, these data demonstrated that in most cases anti-
HAd5 NAb do not significantly alter CAV-2 transduction in
vivo or ex vivo and suggest that the widespread memory hu-
moral immunity against HAd5 could be circumvented by
CAV-2 vectors. Our results suggest that the potential vector
neutralization caused by virus-specific NAb could be avoided
using CAV-2-derived vectors.

Helper-dependent CAV-2 vectors allow long-term transgene
expression in the respiratory tract. Although CAV-2 vectors
could circumvent the memory humoral immunity, this does not
address the problem posed by the adaptive cellular immune
response directed against the transduced cells expressing the
residual viral genes present in �E1 vectors (69, 70). This CD8�

cytotoxic T cell response, which eliminates transduced cells,
begins 5 to 7 days postinfection and partially explains why �E1
CAV-2 vectors did not lead to significant transgene expression
for greater than 3 weeks postinstillation (30). HD Ad vectors,
void of viral coding sequences, retain the advantages of Ad
vectors (including high-efficiency in vivo transduction and
high-level transgene expression). Furthermore, HD vector
transduction led to a reduced cell-mediated adaptive immune
response in immunologically naive animals and led to a signif-
icant increase in the duration of transgene expression in many
tissues and in many animal models (1, 29, 44, 59).

We therefore assayed whether an HDCAV vector could lead
to long-term transgene expression in the mouse respiratory
tract. C57BL/6 mice were i.n. instilled with Spike, a helper-
dependent CAV-2 vector encoding EGFP (59). Mice were
sacrificed 6 days, 3 weeks, or 3 months postinstillation, and
EGFP expression was assayed in lung sections by fluorescence
microscopy. We found similar EGFP expression (in terms of
intensity and number of cells) in bronchial epithelial cells 6
days and 3 weeks postinstillation (Fig. 4A and B). More nota-
bly, we detected EGFP expression in the bronchial epithelia 3
months postinstillation (Fig. 4C). As expected, we found fewer
EGFP-positive cells at 3 months than after 3 weeks, reflecting
the natural turnover of pulmonary epithelial cells in vivo. In
alveolar epithelial cells, we detected EGFP expression at 6
days and 3 weeks postinstillation (although there were fewer
cells at 3 weeks than at 6 days). No EGFP-positive alveolar
cells were found at 3 months (not shown). In our previous
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FIG. 2. Affect of anti-HAd5 humoral immunity on CAV-2 vector transduction efficiency in vivo. (A) C57BL/6 mice (n 
 4/group) were primed
i.v. or i.n. with AdGFP (5 � 1010 p.p. i.n. or 2 � 1011 p.p. i.v.) or PBS on days 0 and 21. Mice were then instilled i.n. with either Ad�gal or CAV�gal
(5 � 1010 p.p.) on day 30. The mice were sacrificed 6 days later. Lungs were recovered after intracardiac perfusion and bronchoalveolar lavage with
PBS. Blood was also collected at days �1, 21, 30, and 36. On day 6, an i.n. primed mouse was sacrificed to confirm the efficacy of AdGFP
transduction in the lung. We found EGFP-positive cells throughout the respiratory airways (not shown). Mock priming and i.n. instillations were
done with an equivalent volume of 10% glycerol–PBS. (B) Neutralization assays. The level of HAd5-specific or cross-reacting NAb was assayed
in the sera obtained from mice immunized with 1 	l i.v. or 2 	l i.n. at day 30. For HAd5-neutralization assay, 911 cells were infected with AdGFP
previously incubated with a fixed volume of serum and analyzed by flow cytometry 24 h postinfection. Cells were infected with 10 p.p. of
AdGFP/cell; a multiplicity of infection that results in approximately 30% of EGFP-positive cells 24 h postinfection. For cross-neutralization assays,
DKCre cells were infected with CAVGFP previously incubated with sera. Human and dog sera containing NAb against HAd5 or CAV-2 were used
as controls in each case. The results are shown as the percentages of transduction inhibition of each vector. Each bar represents the mean from
the cohort (n 
 8). (C) NAb titers from i.n. and i.v. primed mice. 911 cells were infected with AdGFP, incubated with serial dilutions of sera, and
analyzed by flow cytometry 24 h postinfection. Relative NAb titers are expressed as the highest reciprocal serum dilution resulting in reduction
of transduction by at least 50%. Titers are the mean values of the results from three independent experiments. The bar is the mean titer value for
each cohort (n 
 8). (D and E) Effect of anti-HAd5 humoral immunity against on CAV-2 transduction efficiency in mouse lung. The level of �-Gal
activity in the lung of mice primed i.v (D) or i.n. (E) with AdGFP or PBS and i.n. instilled with Ad�gal or CAV�gal. Each bar represents the mean
value of the results for four animals � standard error of the mean. RLU, relative light units; �, present; �, absent; ***, P  0.001.
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experiments (30), we used 8-week-old BALB/c mice to test the
efficacy of CAV-2 vectors in the mouse lung. To determine if
the prolonged duration of transgene expression from Spike was
due to different mouse strains and/or age, we instilled
CAVGFP and/or CAV�gal in age-matched C57BL/6 mice.
Mice (n 
 3/time point) were sacrificed at 1, 3, or 5 weeks
postinstillation. Similar to our previous results, essentially no
transgene expression was detected at 3 (or 5) weeks (see Fig.
S1 in the supplemental material). The advantage of GFP as a
transgene is that it is easily detected; however, quantification of
transgene delivery is difficult. Therefore, in mice instilled with
CAV�gal, we quantified �-Gal activity as described above.
Similar to our results with EGFP as a transgene, we found
significant �-Gal activity at 1 week postinstillation but no sig-
nificant difference between control mice (PBS instilled) and
CAV�gal-instilled mice sacrificed at 3 weeks (see Fig. S2 in the
supplemental material). Altogether, these data demonstrated
that the HDCAV vector could generate long-term transgene
expression in the mouse upper respiratory tract.

Equal doses of CAV-2 vectors are less inflammatory than
HAd5 vectors. In addition to inducing adaptive anti-capsid and
anti-transgene immunity, HAd vectors activate the innate arm
of the immune system (38). The acute local inflammation trig-
gered by high doses of HAd vectors can limit gene transfer
efficiency and can result in adverse side effects. In mice and

cotton rats, inflammation due to HAd transduction mimics
that seen in humans (12, 48). In the lung, alveolar macro-
phages efficiently take up vectors and release proinflammatory
cytokines such as TNF-�, interleukin 6 (IL-6), IL-1, and
gamma interferon within the first 6 hours postinfection (72,
76). This leads to the rapid recruitment of neutrophils, natural
killer cells, and macrophages to the site of transduction (39,
75). In contrast to the adaptive response, the Ad-induced in-
nate response is transcription independent (33, 44). Although
adenoviruses induce the innate response in many ways, it may
be initiated by the capsid endocytosis that follows the low-
affinity interaction between integrins (e.g., �v, �L, �M and �1,
�2, �3, �5 dimers) and an arginine-glycine-aspartic acid (RGD)
motif present in the penton base protein of most HAd (14).
Another point of induction is probably endosomal escape, but
little is currently known concerning the differences between
CAV-2 and HAd5 intracellular trafficking (7). The three major
external capsid proteins (fiber, penton base, and hexon) of
CAV-2 do not contain known integrin-interacting motifs (7,
56), and therefore, CAV-2’s mode of internalization may differ
from that of species C HAd, suggesting that CAV-2 vectors
may not activate the innate immune response like that of HAd.
To test the effect of CAV-2, we compared the inflammatory
reaction induced after CAV�gal or Ad�gal i.n. instillation. We
measured the TNF-� concentration and quantified the infil-
trating cells in the BALF.

Both CAV�gal and Ad�gal i.n. instillations induced TNF-�
secretion within 3 h, which was still detectable 24 h postinfec-
tion (Fig. 5A). Both vectors also induced cell migration into
mice lung airways 24 h postinstillation compared to mock-
treated mice. Cellular infiltration was still present 6 days
postinstillation (Fig. 5B). However, HAd induced 1.7-fold
more TNF-� secretion than CAV-2 (P  0.05) and 1.3-more
more cellular infiltration (P  0.05) at 3 and 24 h postinstilla-
tion, respectively. We observed a local inflammation charac-
terized by peribronchiolar cuffs, mainly composed of lympho-
cyte infiltration, 6 days postinstillation of AdGFP but not with
Spike (see Fig. S3 in the supplemental material). In addition,
we saw no obvious signs of inflammation at 3 weeks or at 3
months. These data are consistent with long-term expression
from the HDCAV vector and similar to the results of Toietta
et al. using HD Ad vectors (64). Our data thus showed that

FIG. 3. Effect of NAb on transduction of human airway epithelia
with HAd5 and CAV-2. CAVGFP or AdGFP (2.5 � 103 p.p.) was
added to the apical surface of well-differentiated human airway epi-
thelia in normal medium or to epithelia in medium preincubated for
24 h with a 1:100 dilution of human serum. Flow cytometry analysis was
performed 72 h postinfection. �, present; �, absent.

FIG. 4. Helper-dependent CAV-2 vector allows long-term expression of the transgene in the mouse respiratory tract. C57BL/6 mice (n 

3/group) received 5 � 1010 p.p. of Spike by i.n. instillation. Mice were sacrificed 6 days (A), 3 weeks (B), or 3 months (C) postinfection, and the
lungs were recovered after fixation by intracardiac perfusion using 4% paraformaldehyde–PBS. Nuclei are in blue. Bar, 20 	m.
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CAV-2 activation of the innate immune response in the mouse
lung is detectable but less than that of HAd5 vectors.

FK228 increases CAV-2 transduction efficiency in mouse
lung. If one could obtain equal or greater transgene expression
using fewer input vector particles, one may be able to reduce
the dose-dependent, acute inflammatory reaction seen in most
tissues and animal models. Thus, in addition to using CAV-2
vectors, we tried to optimize the transduction efficiency in the
respiratory tract. One possible approach is to transiently in-
crease the expression level of CAR (51). We therefore evalu-
ated the ability of FK228 (also known as FR901228 or dep-
sipeptide), a naturally occurring polypeptide isolated from
Chromobacterium violaceum (65), to increase transduction ef-
ficiency in the respiratory tract. FK228 is currently in phase II
clinical trials for cutaneous T-cell lymphoma (34, 47, 54).
FK228 treatment leads to increased cell surface levels of CAR
and �v integrins in human lymphocytes and, as a consequence,
improves the transduction efficiency of HAd5 vectors (25, 26).
Initially, we preincubated BEAS2B or A549 cells with three
concentrations of FK228 prior to infection with CAVGFP. The
percentage of EGFP-positive cells (as well as the mean fluo-
rescence, not shown) reached a plateau between 1 and 5 ng
FK228/ml with an increase of 3.4-fold in BEAS2B cells and
4-fold in A549 (Fig. 6A). One nanogram of FK228 per milli-
liter was also less cytotoxic (not shown). It is likely that the
increase in mean fluorescence was due to a greater number of
particles being internalized per transduced cells as well as an
increase in transgene expression (13).

Finally, we measured the effect of the pretreatment of the
mouse respiratory tract with FK228 on the transduction effi-
ciency. C57BL/6 mice were pretreated by i.n. instillation of
FK228 24 h before i.n. instillation with CAV�gal. Mice were
sacrificed 48 h postinstillation, and the lungs were recovered
and assayed for �-Gal activity. We found that 20 	g/kg of
FK228 increased CAV�gal transduction efficiency by threefold
(P  0.05) (Fig. 6B). We thus showed that FK228 increased
CAV-2 transduction efficiency in the respiratory epithelia both
in vitro and in vivo. These preliminary experimental results
strongly suggest that a detailed analysis varying FK228 doses,
time of instillation, and the number of physical particles in-

stilled could lead to improved and long-term gene transfer
efficacy.

DISCUSSION

One of the obstacles to successful clinical gene transfer using
vectors derived from ubiquitous human pathogens (e.g., ade-

FIG. 5. CAV-2 vectors are less inflammatory than HAd5 in the mouse respiratory tract. C57BL/6 mice (n 
 4/group) received 1011 p.p. of either
Ad�gal or CAV�gal by i.n. instillation. Mice were sacrificed 3 h, 24 h, or 6 days postinfection, and the BALF were recovered. The inflammation
induced by i.n. inoculation was monitored by measuring the TNF-� levels (A) or counting the total cells (B) in mouse BALF. Data are expressed
as means � standard errors of the means. **, P  0.01; ***, P  0.001.

FIG. 6. Effect of FK228 pretreatment on CAV-2 vector transduc-
tion efficiency in lungs. (A) BEAS2B and A549 human pulmonary cells
were treated with FK228 (0 to 5 ng/ml) for 24 h before infection with
CAVGFP (50 or 100 infectious particles/cell, respectively). Cells were
analyzed by flow cytometry 24 h postinfection. (B) C57BL/6 mice were
treated with FK228 (0 to 50 	g/kg) by i.n. instillation 24 h before i.n.
inoculation with CAV�gal (5 � 1010 p.p.). Lungs were then recovered
after intracardiac perfusion with PBS, and �-Gal activity was measured
using a luminescent assay and normalized with the concentration of
proteins in each homogenate. �-Gal activity in lungs from PBS- and
FK228-treated mice was not significantly different (not shown). Each
bar represents the mean � standard error of the mean (n 
 4/group).
RLU, relative light units; *, P  0.05.
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novirus, adeno-associated virus, or herpes simplex virus) re-
lates to memory immunity that limits effective therapy. Fur-
thermore, an acute inflammatory reaction in response to high
doses of vectors can result in serious adverse side effects or
death (49). As a potential solution to some of these obstacles,
we continued the evaluation of the clinical relevance of vectors
derived from the canine adenovirus serotype 2 for gene trans-
fer to the respiratory tract. We showed that, in most cases,
CAV-2 vectors efficiently transduced mice and human respira-
tory epithelia and were poorly inhibited by sera containing
HAd5 neutralizing antibodies. We also found that CAV-2 vec-
tors were less inflammatory than HAd5 vectors and that the
transduction efficiency in the mouse lung can be increased
using FK228. Finally, the use of a helper-dependent CAV-2
vector led to long-term transgene expression in the mouse
lung.

One aim of this study was to determine whether the ubiq-
uitous humoral immunity against human Adenoviridae could be
circumvented using CAV-2 vectors. To mimic this immunity,
we immunized mice with a vector derived from the HAd5,
which is one of several serotypes that is prevalent in most
populations (10, 53). In vitro CAV-2 vector transduction was
not neutralized by the NAb developed in i.v. immunized mice,
and only weakly transduced by the NAb developed in i.n.
immunized mice. Moreover, the in vivo CAV�gal transduction
efficiency was not affected by the humoral response of i.v.
primed mice and only partially affected in the case of i.n.
priming. Our observations are consistent with the type of re-
sponse observed according to the route of inoculation: i.v.
immunization results in a systemic immune response, whereas
i.n. immunization leads to a higher IgA response, which is less
specific and involved in NAb cross-reactivity (24, 36, 66). Our
data suggest that CAV-2 vectors may avoid the memory hu-
moral immunity against HAd.

However, because of the continuous renewal of airway epi-
thelial cells (life span is �120 days in humans) (3), it is likely
that multiple instillations will be required to maintain a suffi-
cient number of transduced cells, (e.g., 5 to 10% to overcome
the electrophysiological defect in cystic fibrosis) (23). In this
context, successful readministration of most vectors could be
prevented by neutralizing or opsonizing Abs induced after
their first application. Thus, strategies involving immunomodu-
lation, induction of tolerance, or modification of viral capsids
need to be incorporated into vector delivery (55). Although
most of these approaches are not unique to CAV-2 vectors,
immunotolerance to CAV-2 capsid proteins would be much
safer than a similar approach for HAds. HAd infections can be
lethal in severely immunocompromised individuals and new-
borns (19). There are encouraging reports regarding the suc-
cessful readministration of HAd vectors in the mouse muscle
(17), liver (22, 71), pancreas (35), and respiratory tract (8, 71).
These studies also underscore an important criterion: suppres-
sion of the adaptive immune response is more efficient when
the host is immunologically naive. This will rarely be the case
when using most HAd or adeno-associated virus vectors. We
also predict that an anti-Ad memory T cell response that is
found in most humans (45), which is poorly blunted by com-
mon (e.g., cyclosporine A or FK506) immunosuppression re-
gimes (21), in combination with a vector-induced innate im-

mune response, will lead to acute deleterious side effects in
some patients.

We showed that CAV-2 vectors induced a lower innate re-
sponse than HAd5 vectors, based on TNF-� secretion and
acute cellular infiltration in the mouse lung. It would be ad-
vantageous to limit further the dose-dependent inflammation
by using lower titers without reducing the global transgene
expression level. This may be achieved by a pretreatment with
the histone deacetylase inhibitor FK228, which increased
CAV-2 vector transduction efficiency in vivo. There is, how-
ever, an important caveat: our encouraging preliminary data
do not address the potential modification(s) (either an increase
or decrease) of the innate and inflammatory response when
FK228 and vector-mediated gene transfer are combined. Al-
though it is beyond the scope of this study to address how
FK228 increased transduction efficiency in the respiratory tract
(e.g., activation of CAR transcription, improved CAR traffick-
ing, activation of transgene transcription, disruption of epithe-
lial junctions), future studies must also concentrate on the
characterization of the immune response following the combi-
nation of FK228 and gene transfer.

Zsengeller et al. showed that, in the respiratory tract, resi-
dent alveolar macrophages internalize HAd5 vectors and up-
regulate the inflammatory cytokines IL-6 and TNF-� within 10
min postinstillation (76). HAd trafficking through the cell ac-
tivates signaling pathways and induces the expression of vari-
ous cytokines and proinflammatory genes in cells of the innate
immune system (such as macrophages and monocytes) and in
nonimmune targets (such as epithelial cells) (14, 38). Studies
using UV/psoralen-inactivated HAd particles highlighted the
role of the viral capsid proteins in the induction of the signaling
cascade (20). Some, but not all, of the intracellular signaling is
triggered by the interaction of the viral particle with integrins
(14, 38). In many HAd5-transducible cells, a low-affinity inter-
action between the penton base RGD motif and integrins can
mediate virus internalization by endocytosis through clathrin-
coated vesicles (31, 68). In epithelial cells, HAd5 internaliza-
tion induces upregulation of gamma interferon, inducible pro-
tein 10 (IP-10), RANTES, and IL-8 (2, 6, 63). Because of the
inherent differences of the CAV-2 capsid (10-fold less nega-
tively charged than HAd5 [56] and no known integrin-inter-
acting motif) we hypothesized that CAV-2 vectors could trig-
ger different intracellular signaling cascades. These differences
could play a role in internalization and/or endosome acidifica-
tion and escape (5, 62, 63). Notably, it is unlikely that the
capsid-integrin interaction is exclusively responsible for cyto-
kine induction: studies using competing RGD peptides or
RGD deletion vectors demonstrated that RGD-dependent in-
teractions play a role in the activation of inflammatory path-
ways in epithelial cells. In addition, although the mouse is an
important and useful model, it does not ipso facto correspond
to the response that will occur in human cells/tissues. For
example, we have found notable differences between CAV-2
and HAd5 on the maturation of human monocyte-derived
dendritic cells but little difference when incubated with murine
bone marrow-derived dendritic cells (E. J. Kremer, unpub-
lished data).

In summary, HDCAV vectors have the capacity to overcome
the humoral immunity of viral vectors, allow long-term expres-
sion in the lung, and are less inflammatory than HAd5 vectors.
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CAV-2 vectors may be a clinically viable alternative, in com-
bination with other therapies, for some inherited or congenital
lung diseases.

ACKNOWLEDGMENTS

We thank the association Vaincre la Mucoviscidose (VLM), Fon-
dation pour la Recherche Medicale, Vaincre les Maladies Lysosoma-
les, Association Française contre les Myopathies and the Association
pour la Recherche sur le Cancer for financial support. A.K. was a VLM
postdoctoral fellow, and E.J.K. is an Inserm Director of Research.

We are grateful to Isabelle Serre (Lapeyronie Hospital, Montpel-
lier) for histopathological analysis, Chantal Jacquet and Yannick
Fraisse for help with the in vivo assays, and Marie-Catherine Romey
for BEAS2B and A549 cell lines. FK228 was a generous gift from the
Fujisawa company (Tokyo, Japan). We thank our colleagues in the
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