
JOURNAL OF VIROLOGY,
0022-538X/99/$04.0010

Feb. 1999, p. 1046–1053 Vol. 73, No. 2

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

A Replication-Incompetent Adenovirus Vector with the Preterminal
Protein Gene Deleted Efficiently Transduces Mouse Ears

JOHN W. MOORHEAD,1 GERALD H. CLAYTON,2 RODERIC L. SMITH,2 AND JEROME SCHAACK3*

Department of Clinical Immunology,1 Department of Neurology,2 and Department of Microbiology,
Program in Molecular Biology, Biomedical Sciences Program, University of Colorado

Cancer Center,3 University of Colorado Health Sciences Center, Denver, Colorado

Received 3 August 1998/Accepted 20 October 1998

Adenoviruses offer great potential as gene therapy agents but are limited by the strong inflammatory re-
sponse that occurs in response to the recombinant virus. Since the degree of inflammation correlates in part
with the potential of the viral vector for replication, we constructed a preterminal protein (pTP) deletion
mutant adenovirus type 5 vector, Ad5dl308DpTPb-gal, that is replication incompetent due to deletion of the pTP
gene and that has the E1 genes replaced by the Escherichia coli lacZ reporter gene under the control of the
cytomegalovirus major immediate-early promoter. This virus was compared with a first-generation, replica-
tion-defective adenovirus vector, Ad5dl308b-gal, that is isogenic except that it contains a wild-type pTP gene.
To examine transduction efficiency and induction of inflammation, we developed a novel system involving
intradermal injection of BALB/c mouse ears. Mouse ears can be accurately measured to determine the degree
of edema as an indirect measurement of inflammation. Edema and inflammation were induced in a dose- and
time-dependent manner by both viruses and correlated well. LacZ activity correlated inversely with edema and
inflammation. The pTP-defective vector Ad5dl308DpTPb-gal transduced mouse ears much more efficiently and
induced edema and inflammatory cell infiltration approximately 10-fold less efficiently than the first-genera-
tion vector Ad5dl308b-gal. The diminished inflammatory response and increased efficiency of transduction
observed with Ad5dl308DpTPb-gal indicate its promise as a gene therapy agent for other tissues. The results
also demonstrate that the mouse ear model offers potential for the study of adenovirus-induced inflammation
because of the ready access of the ears, the relative ease of continuous measurement, and the sensitivity to
adenovirus transducing vectors.

Adenovirus offers significant advantages as a vector for gene
delivery, including growth to high titers, stability, allowance of
a fairly large segment of foreign DNA to be introduced, and
the ability to transduce a wide variety of tissues, including non-
mitotic tissues. However, replication-defective adenovirus vec-
tors induce in naive animals a substantial inflammatory re-
sponse that limits the expression of transduced genes as well as
readministration of the vectors (45; for a review of inflamma-
tion, see reference 17).

In first-generation adenovirus transducing vectors, replace-
ment of the E1 region with foreign DNA generally has been
used to make the virus replication defective. Complementation
for the missing E1 functions may be provided by a variety of
cell lines, such as 293 (25) and 911 (16). Loss of E1 functions
reduces but does not eliminate the ability of the virus to rep-
licate its DNA (44). Replication of adenovirus DNA (reviewed
in references 26, 28, 46, and 48) is absolutely dependent on
three adenovirus gene products, the DNA binding protein en-
coded by E2A (37), preterminal protein (pTP) encoded by
E2B (42), and DNA polymerase encoded by E2B (2).

The majority of studies of the ability of recombinant adeno-
viruses to transduce tissues in vivo have been conducted with
mice. Mice are not permissive for the growth of human adeno-
viruses, but substantial replication of adenovirus DNA oc-
curs after infection with the wild-type virus (7, 51). Indirect
evidence suggesting that viral DNA replication occurs after
transduction of mouse tissues in vivo by replication-defective

adenovirus vectors comes from the fact that the use of an
adenovirus transducing vector with lacZ in place of the E1
region and a temperature-sensitive allele of the E2A gene led
to a reduction in inflammation in mouse liver relative to the
results obtained with a first-generation vector (15). Use of
vectors made replication incompetent by deletion of the E2A
gene (22, 31), the DNA polymerase gene (2), or all adenovirus
genes (33) led to efficient expression of the transduced gene
and reduced inflammation. In addition, E4 deletion mutant
adenoviruses exhibited prolonged transduced gene expression
in vivo (9, 13, 18).

Adenovirus transducing vector-induced inflammation has
been observed for a large number of tissues (e.g., 1, 8, 12–14,
27, 30, 34, 36, 50, 53). Adenovirus introduced into the tail vein
of mice transduces a variety of tissues, with the great majority
of the transducing activity being found in the liver (45). Be-
cause of the ease of introduction of the virus into the liver of
mice, this method has become common for studying adeno-
virus transducing vector-induced inflammation. Alternative
methods of studying inflammation induced by adenovirus
vectors offer complementation and possible extension of the
liver studies. In particular, mouse ears offer a promising ex-
perimental target. Immunological responses in mouse ears
have been examined in great detail in delayed-type hyper-
sensitivity studies (reviewed in reference 24). Mouse ears
are readily injected, and effects of manipulation can be stud-
ied noninvasively. Inflammation can be observed visually,
and edema, which exhibits a good correlation with inflam-
mation (4, 35, 38), can be determined by measurement of
mouse ear thickness.

A variety of inbred mouse strains have been used in studies
of transduction by adenovirus. Among the most commonly
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used strains, C57BL6 mice exhibit relatively low and BALB/c
mice exhibit relatively high levels of inflammation (5, 32).
Thus, BALB/c mice offer a sensitive model.

In this study, we report the development of a system involv-
ing injection of adenovirus transducing vectors into BALB/c
mouse ears to study inflammation, edema, and transduced
gene expression. We demonstrate that there is a good corre-
lation between edema and inflammation and an inverse corre-
lation between inflammation and transduced gene expression.
Examination of dose responses to a vector made replication
incompetent through deletion of the pTP gene demonstrates
that this virus induces inflammation at a level at least 10-fold
lower than a first-generation vector and that the pTP deletion
mutant vector transduces much more efficiently (.10-fold).

MATERIALS AND METHODS

Construction of 293 cells expressing pTP. 293 cells (25) from the American
Type Culture Collection, which grow somewhat more slowly, adhere slightly
better, and produce higher titers of virus than the 293 strain that we previously
used in the construction of 293 cell lines that express pTP (29, 41), were stably
transfected with a plasmid carrying the tetracycline-VP16 transactivator fusion
protein (tTA) (23) and hygromycin resistance. Cell lines were selected, cloned,
and tested as previously described (29). The clone that exhibited the highest tTA
activity in the absence of tetracycline and the best ratio of activity in the absence
to activity in the presence of tetracycline was stably transfected with a plasmid
carrying a modified genomic pTP construct (29) under the control of the tTA-
dependent promoter. Cell lines were selected, cloned, and tested by Western
blotting for pTP expression and for the ability to support the growth of the pTP
deletion mutant Ad5dl308DpTP (42). The best cell line, 293-pTP 2C1, expressed
pTP constitutively and produced better yields of pTP deletion mutant viruses
than the previously described cell lines (29, 41).

Viruses. The viruses used in this study were the first-generation vector
Ad5dl308Bstb-gal (herein referred to as Ad5dl308b-gal), which carries Esche-
richia coli LacZ under the control of the cytomegalovirus (CMV) major imme-
diate-early promoter (43), and the pTP-defective (pTP2) virus Ad5dl308DpTPb-
gal. Ad5dl308DpTPb-gal was constructed by overlap recombination between
Ad5dl308DpTP and a plasmid carrying the left end of the adenovirus type 5 (Ad5)
chromosome in which the E1 region between bp 358 and 3318 was replaced by
a cassette of the E. coli lacZ gene under the control of the CMV major imme-
diate-early promoter (20) in 293-pTP 2C1 cells. Ad5dl308b-gal was grown in 293
cells, and Ad5dl308DpTPb-gal was grown in 293-pTP 2C1 cells. After substantial
cytopathic effects were apparent, infected cells were harvested, concentrated by
centrifugation, and lysed by four cycles of freezing-thawing. Cell debris was
pelleted, and virus was purified by consecutive banding on a CsCl step gradient
consisting of 1 ml of CsCl at 1.4 g/ml and 2 ml of CsCl at 1.25 g/ml in phosphate-
buffered saline (PBS) with an SW40 rotor at 36,000 rpm for 50 min, followed by
an isopycnic gradient consisting of 1.35 g of CsCl per ml in PBS and centrifu-
gation for 3 h at 65,000 rpm with a VTi65 rotor. Virions were dialyzed against
buffer containing 10 mM Tris-HCl (pH 7.6), 135 mM NaCl, 1 mM MgCl2, and
10% glycerol, frozen rapidly in small aliquots, and stored at 270°C until use.
Particle titers were determined by measuring the sample absorbance at 260 nm
and multiplying by 1012. Particle/PFU ratios for both viruses were approximately
100.

Transducing activity. The transducing unit concentration in the virus stocks
was determined by transducing HeLa-pTP cells (41) with various dilutions of the
purified stocks, incubating at 37°C for 5 days to permit high-level expression of
LacZ, washing with PBS, fixing for 5 min at room temperature with 4% para-
formaldehyde in PBS, washing twice with PBS, and incubating in the presence of
X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside) (40). After incuba-
tion for 24 h, blue cells were counted. Since viruses defective for E1 functions are
capable of low-level replication in the absence of complementation (44), HeLa-
pTP cells were used in this assay in an attempt to equalize replication between
Ad5dl308DpTPb-gal and Ad5dl308b-gal. To assay for total transducing activity,
HeLa cells were transduced at multiplicities of 10, 25, 50, and 100 PFU/cell,
incubated at 37°C for 12 h (prior to the onset of replication of Ad5dl308b-gal at
the highest multiplicity used; data not shown), washed with PBS, harvested by
scraping in PBS, pelleted, and resuspended in 100 ml of PBS. LacZ activity was
released by three rounds of rapid freezing and thawing of the resuspended cells.
Cell debris was pelleted by centrifugation at 8,000 3 g for 10 min at 4°C. Ten
microliters of each sample, including mock-transduced control cells, was incu-
bated in the presence of 1 mg of ortho-nitrophenyl galactopyranoside per ml in
300 ml of Z buffer (39) at 30°C until yellow color developed. The reaction was
terminated by the addition of 200 ml of 1 M Na2CO3, and the absorbance at 420
nm was measured. Relative raw activities were determined by dividing the A420
by the time of incubation, the background present in the mock-transduced
extract was subtracted to yield final activities, and activities were plotted as a
function of multiplicity of infection to determine the LacZ activities directed by
the virus stocks.

Injection of mouse ears with adenovirus transducing vectors. Female 5- to
7-week-old BALB/c mice were purchased from Harlan Sprague-Dawley. All
mice received pelleted food and water ad lib.

Prior to injection of adenovirus or buffer, mice were anesthetized by intra-
peritoneal injection of sodium pentobarbital (40 mg/kg of body weight). Baseline
ear thickness was then quantitated in the approximately top one-third section of
the ear, including the site to be injected, by use of an engineer’s micrometer. The
dorsal surface of the ear was then injected intradermally with the appropriate
virus in 10 ml of 10 mM Tris-HCl (pH 7.6)–135 mM NaCl–1 mM MgCl2–10%
(vol/vol) glycerol by use of a U-100 insulin syringe (Becton Dickinson and Co.)
fitted with a 28-gauge needle. All groups of mice contained at least three animals,
and both ears were injected with the same amount of the same virus. Controls
received buffer only. At 24, 48, 72, and 96 h postinjection, ear thickness was
remeasured as for the determination of the baseline; the increase over the
baseline was expressed in units of 1024 inches. Ears were also examined visually
for the appearance of inflammation.

Histological analysis. Mice were sacrificed 4 to 14 days after injection. Ears
were collected, fixed for 1 h at 4°C in 2% paraformaldehyde in PBS, washed
repeatedly with PBS, and incubated for 24 h in the presence of X-Gal (40) at
37°C to determine the level of transduced gene expression. Ears were then
washed and stored at 4°C in 4% paraformaldehyde in PBS. For sectioning, ears
were cryoprotected in 30% sucrose in PBS at 4°C for 24 h, the regions of the ears
that were positive for transgene expression (the site of injection and the base of
the ear) were embedded in OCT (Fisher Scientific) and frozen, and 30-mm
sections were cut. Sections were stained with hematoxylin and eosin (Gill’s 23
hematoxylin). Sections were then examined microscopically for the presence of
an X-Gal product and for inflammatory infiltrate.

RESULTS

A novel model of adenovirus transducing vector-induced
inflammation. Inflammation induced by recombinant adenovi-
rus transducing vectors has been analyzed with a number of
systems, most frequently the liver of mice (e.g., 27, 45). Mouse
ears offer an alternative that has certain advantages: mouse
ears have been used extensively for studies of delayed-type
hypersensitivity and thus offer a relatively well-understood im-
munological model system (24); edema, which exhibits a fairly
good correlation with inflammation (4, 35, 38), can be readily
measured in ears without sacrificing the mouse, so good kinetic
data can be accumulated from individual mice; inflammation
in mouse ears can be ascertained by visual inspection; and data
can be individually collected from both ears.

We set out to test whether a replication-incompetent ade-
novirus vector with a deletion of the pTP gene would be a
better transducing agent than a first-generation, replication-
defective vector as well as to determine whether injection of
adenovirus transducing vectors into mouse ears would offer a
sensitive and reproducible model for determination of the de-
gree of inflammation. For comparison, we used transducing
vectors in which the E1 region is replaced by the readily de-
tectable lacZ reporter gene from E. coli under the control of
the CMV major immediate-early promoter (Fig. 1). The vec-
tors are isogenic except for the pTP gene: the E1 region is re-
placed by the lacZ gene under the control of the CMV pro-
moter; there is a partial deletion as well as an insertion of
foreign DNA within the E3 region, leaving intact the region
encoding gp19; gp19 efficiently blocks cell surface expression
of the class I major histocompatibility complex (3, 10), al-
though different mouse class I major histocompatibility types
are differentially affected (11, 21, 47); the pTP gene of vector
Ad5dl308DpTPb-gal is deleted, making the virus incapable of
replication in the absence of complementation for pTP (42),
while the first-generation vector Ad5dl308b-gal is wild type for
pTP and thus is capable of low-level replication in the absence
of complementation; and all other viral genes are wild type.

Viruses were normalized by particle concentration for use in
injections. The concentration of transducing units was deter-
mined with HeLa-pTP cells, in which low-level replication of
both viruses occurs; it was 4% higher in the stock of Ad5dl308b-
gal than in the stock of Ad5dl308DpTPb-gal. The LacZ activity
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induced in HeLa cells transduced by Ad5dl308DpTPb-gal was
found to be 2.5-fold higher than that induced by Ad5dl308b-
gal.

Mouse ears were injected intradermally with the recombi-
nant Ad5 vectors. BALB/c mice were chosen for this study
because they exhibit a high degree of inflammation in response
to adenovirus vectors (5, 32). Visual observations of the ears
were made as a preliminary determination of inflammation.
The thickness of the ears was measured prior to injection and
at 24-h intervals through 96 h after injection to determine the
level of edema. The results are presented for different amounts
of viruses as a function of time in Fig. 2.

Significant dose-dependent edema was observed after injec-
tion of Ad5dl308b-gal, a first-generation vector (Fig. 2A). Vi-
sual inspection indicated the presence of inflammation at the
two highest virus doses. In contrast, injection of the pTP2 virus
Ad5dl308DpTPb-gal led to significant edema only at a dose
10-fold higher than the highest dose of Ad5dl308b-gal used
(Fig. 2B), and inflammation was not apparent upon visual in-
spection.

The amount of edema, especially at the highest doses of
virus, varied fairly widely, as indicated by the sizes of the error
bars. It is possible that this result was due to variability in the
injection process. However, since variability was significantly
greater at the highest virus doses used (1.4 3 109 and 1.4 3
1010 particles of Ad5dl308b-gal and 1.4 3 1011 particles of
Ad5dl308DpTPb-gal) and ear measurements for individual ears
were consistent over the course of the experiment, it is likely
that this variability reflected real differences in inflammatory
responses among individual mice.

Transduced gene expression. Mice were sacrificed from 4 to
14 days after injection of virus. Ears were collected and stained
for the presence of b-galactosidase activity (Fig. 3). Virus-
dependent b-galactosidase activity occurred in a small region
at the site of injection and in a larger region at the base of the
ear. A low level of b-galactosidase activity independent of virus
was apparent, but this activity was readily distinguished from
virus-dependent activity. X-Gal staining at the site of injection
and particularly at the base of the ear was much more intense
in ears injected with Ad5dl308DpTPb-gal than in ears injected
with the same amounts of Ad5dl308b-gal. Mice injected with
Ad5dl308b-gal rarely exhibited staining at the base of the
ear at day 4, and no staining was apparent at day 7 or later.
Transduced gene expression at the base of the ear was lost with

time in ears injected with Ad5dl308DpTPb-gal. At day 4, stain-
ing was intense, at day 7, staining was still strong, but at day 14,
little or no staining was apparent upon gross examination.
These data are consistent with the edema exhibited by the ears
(Fig. 2): a relatively large amount of edema was seen with little
transduced gene expression by day 4 in ears injected with 1.4 3
109 or 1.4 3 1010 particles of Ad5dl308b-gal; in contrast, a high
level of transduced gene expression was observed in ears in-
jected with 1.4 3 109 or more particles of Ad5dl308DpTPb-gal
while significant edema was apparent only in ears injected with
1.4 3 1011 particles.

Histological examination of transduced ears. Ears were sec-
tioned and examined for inflammatory infiltrate by staining
with hematoxylin and eosin (Fig. 4). Mock-injected ear sec-
tions demonstrated a mild infiltrate of inflammatory cells, pre-
sumably in response to the slight tissue damage that occurred
during injection with the glycerol-containing buffer. Ears in-
jected with Ad5dl308b-gal exhibited the presence of an inflam-
matory infiltrate in a dose-dependent manner 4 days after
injection: at 1.4 3 1010 particles, a tremendous number of
inflammatory cells was present (Fig. 4D), while injection with
1.4 3 109 particles led to a smaller but still substantial infiltrate
(Fig. 4C) and injection with 1.4 3 108 particles did not cause a
significant increase in the inflammatory infiltrate above back-
ground (Fig. 4, compare panels A and B). By 7 days after
injection, the number of inflammatory cells present had de-
creased for mice injected with 1.4 3 1010 particles but had
increased in ears injected with 1.4 3 109 particles (data not
shown). In contrast, a substantial inflammatory infiltrate was
apparent 4 days after injection with 1.4 3 1011 particles of
Ad5dl308DpTPb-gal, while injection with 1.4 3 1010 particles
led to little or no increase over levels obtained with mock
injection (Fig. 4F and G). The concentration of inflammatory
cells had decreased by day 7 in ears injected with 1.4 3 1011

particles of Ad5dl308DpTPb-gal (Fig. 4H), while it had in-
creased in ears injected with 1.4 3 1010 particles (data not
shown). This evidence demonstrates a dose- and time-depen-
dent inflammatory response to both viruses but indicates that
the replication-incompetent pTP2 virus Ad5dl308DpTPb-gal in-
duced an inflammatory infiltrate that was delayed and more
than 10-fold reduced relative to that induced by Ad5dl308b-gal
at 4 days after injection.

A comparison of LacZ activity demonstrated an even greater
advantage of the pTP2 virus Ad5dl308DpTPb-gal over Ad5dl308b-

FIG. 1. Test viruses. Reporter viruses used to test for the induction of inflammation are presented schematically. The viruses are isogenic except for the pTP gene.
(Top) The first-generation, replication-defective virus Ad5dl308b-gal (43) chromosome is presented as a thick line, and early-region transcription units are indicated
by arrows. The splicing pattern for pTP is indicated by the broken lines above the chromosome. The region of deletion or replacement within E3 (19) is indicated by
the thick line in the enlargement below the chromosome. The regions encoding pTP and DNA polymerase (DNA pol) are indicated below the chromosome. (Bottom)
Ad5dl308DpTPb-gal is presented as for Ad5dl308b-gal; the regions deleted from the pTP gene are indicated by the thick lines in the enlargements below the
chromosome.
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gal. Staining at the site of injection was observed in a dose-
dependent manner for both viruses. However, staining at the
major site of transduction near the base of the ear was appar-
ent 4 days or more after injection almost exclusively in ears
transduced with Ad5dl308DpTPb-gal. While intense staining was
routinely apparent near the base of the ear 4 days after injec-
tion with 1.4 3 109 to 1.4 3 1011 particles of Ad5dl308DpTPb-
gal (Fig. 4E to G), Fig. 4C represents the highest level of
expression seen in any of the sections from any of the ears
injected with any concentration of Ad5dl308b-gal. LacZ stain-

ing was reduced, although still substantial, at day 7 and was
reduced to a low level at day 14 in ears transduced with 1.4 3
1011 particles of Ad5dl308DpTPb-gal (Fig. 4I and J). In ears
injected with smaller amounts of Ad5dl308DpTPb-gal, LacZ
staining was apparent 7 days but not 14 days after injection
(data not shown). In contrast, LacZ staining at the base of the
ear was not observed beyond day 4 in any of the ears injected
with Ad5dl308b-gal.

The kinetic data derived from measurements of edema are
consistent with both LacZ expression and histology. Substan-

FIG. 2. Edema induced in mouse ears by injection of adenovirus transducing vectors. Transduced and mock-transduced mouse ears were measured before injection
and every 24 h through 96 h after injection. The change in ear thickness is plotted in units of 1024 inches as a function of time for each concentration (exp, exponent)
of each virus; standard errors are indicated. (A) Ears transduced with Ad5dl308b-gal. (B) Ears transduced with the pTP2 virus Ad5dl308DpTPb-gal.
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tial swelling due to injection of Ad5dl308b-gal was apparent at
doses of 1.4 3 109 and 1.4 3 1010 particles, doses at which
inflammation 4 days after injection was either strong or very
strong; in contrast, among ears injected with Ad5dl308DpTPb-
gal, substantial edema was apparent only at a dose of 1.4 3
1011 particles, the only dose at which a strong inflammatory
infiltrate was apparent 4 days after injection.

DISCUSSION

We have developed a novel system for the analysis of ade-
novirus transducing vector-induced inflammation that involves
intradermal injection of the virus into the ears of BALB/c
mice. Using this system, we demonstrated that a second-gen-
eration adenovirus transducing vector made replication incom-
petent by deletion of the pTP gene is substantially improved
relative to a first-generation replication-defective vector.

Transduced mouse ears injected with the first- and second-
generation viruses were compared for edema, inflammatory
infiltrate, and transduced gene expression as a function of virus
vector dose. The pTP2 virus Ad5dl308DpTPb-gal induced
edema approximately 10-fold less efficiently in the first 4 days
(Fig. 2) and an inflammatory cell infiltrate more than 10-fold
less efficiently at day 4 (Fig. 4) than Ad5dl308b-gal. This evi-
dence suggests a fairly good, approximately linear relationship
between edema and inflammation.

The amount of transduced gene expression varied as a func-
tion of time. Ears transduced with the first-generation virus

Ad5dl308b-gal exhibited little LacZ expression 4 days and
none 7 days after injection. Ears transduced with the pTP2

virus Ad5dl308DpTPb-gal exhibited high levels of LacZ expres-
sion at day 4 that declined by day 7 and further declined
such that very little expression was apparent at day 14 and
only in ears injected with the largest amount of the vector
(Fig. 4 and data not shown). The amount of activity directed
by Ad5dl308DpTPb-gal in vitro was higher by 2.5-fold than that
directed by Ad5dl308b-gal when assayed prior to the onset of
viral replication. Since Ad5dl308b-gal but not Ad5dl308DpTPb-
gal is capable of replicating in mouse ears, it is likely that the
difference in activities apparent in vitro overstates the differ-
ence in vivo. Regardless, given the dramatic difference appar-
ent in vivo, it is clear that at least the great majority of the
difference in LacZ activity induced by Ad5dl308DpTPb-gal
relative to Ad5dl308b-gal resulted directly from improvement
of the vector.

The loss of LacZ expression in ears injected with 1.4 3 1010

or fewer particles of Ad5dl308DpTPb-gal occurred after sub-
stantial inflammatory infiltrates became apparent, suggesting a
causal relationship. The difference in transduced gene expres-
sion between ears injected with Ad5dl308DpTPb-gal and those
injected with Ad5dl308b-gal was much higher than 10-fold
(Fig. 3 and 4), suggesting that a more complex, possibly expo-
nential relationship may exist between inflammation and trans-
duced gene expression.

Transduced gene expression was routinely observed in a
small area at the site of injection and in a large area near the
base of the ear. In addition, transduced gene expression was
observed occasionally near the tip of the ear. The localization
of X-Gal product at the site of injection suggested that the
process of injection contributed to LacZ expression at this site.
It is likely that the expression of the adenovirus receptor (6)
and coreceptor (49) is restricted to the basal-lateral surface
near the site of injection (e.g., 52) and that injury caused by
injection exposes the basal-lateral cell surface, permitting
transduction. LacZ expression at the site of injection persisted
for a longer time than it did near the base of the ear for ears
injected with Ad5dl308b-gal (e.g., Fig. 2B) in spite of the fact
that inflammatory cell infiltrates were observed throughout
much of the ear, including the area near the site of injection
(data not shown).

The process of injection of mouse ears induced modest in-
flammation, as indicated by the presence of mononuclear cells
in buffer-injected ears (Fig. 4A). This inflammation may have
contributed to the rapid induction of inflammation observed
with the injection of viruses. As such, the injected-mouse-ear
model may be a good system for studying the ability of adeno-
viruses to transduce tissues that are affected by inflammatory
diseases, such as cystic fibrosis.

The mouse ear system offers advantages for analyzing ade-
novirus-induced inflammation: ears are accessible and relative-
ly thin, so edema can be readily monitored, permitting kinetic
data to be developed for individual mice; inflammation can be
observed visually, permitting transduced gene expression and
inflammation to be correlated; adenovirus efficiently trans-
duces specific cells within the ear; there is a substantial body of
literature on the use of mouse ears for studying delayed-type
hypersensitivity (reviewed in reference 24) that can be applied
to ears transduced by adenovirus; BALB/c mice exhibit a strong
inflammatory response to adenovirus vectors, making analysis
relatively sensitive and the time course of the experiment rel-
atively rapid; and the accessibility of ears offers promise for the
development of approaches to determine molecular aspects
important in the induction of inflammation.

FIG. 3. Mouse ears transduced by adenovirus vectors. Whole mounts of
mouse ears injected with buffer (A), 1.4 3 1010 particles of Ad5dl308b-gal (B),
1.4 3 1010 particles of the pTP2 virus Ad5dl308DpTPb-gal (C), and 1.4 3 1011

particles of the pTP2 virus Ad5dl308DpTPb-gal (D) 4 days after injection are
shown. The injection sites, which exhibited LacZ expression when virus was
injected, are indicated by black arrows. Major sites of transduction near the base
of the ear are indicated by blue arrows. X-Gal staining dependent on the pres-
ence of LacZ was also occasionally observed in a small region near the top of the
ear (B and D).
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FIG. 4. Histology of transduced ears. Frozen 30-mm sections from ears injected with various amounts of Ad5dl308b-gal or Ad5dl308DpTPb-gal 4 days after injection
(except for panels H and I) were cut from the regions of transduction and stained with hematoxylin and eosin. (A) Buffer control; the white arrow indicates background
staining of a cell surrounding the base of a hair. (B) 1.4 3 108 particles of Ad5dl308b-gal. (C) 1.4 3 109 particles of Ad5dl308b-gal. (D) 1.4 3 1010 particles of
Ad5dl308b-gal. (E) 1.4 3 109 particles of Ad5dl308DpTPb-gal. (F) 1.4 3 1010 particles of Ad5dl308DpTPb-gal. (G) 1.4 3 1011 particles of Ad5dl308DpTPb-gal. (H) 1.4 3
1011 particles of Ad5dl308DpTPb-gal 7 days after injection. (I) 1.4 3 1011 particles of Ad5dl308DpTPb-gal 14 days after injection. Regions of stronger inflammatory
infiltration (C, D, G, and H) are indicated by black arrows.
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