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Abstract
Background: Certain gene therapy protocols may require multiple administrations of vectors to achieve
therapeutic benefit to the patient. This may be especially relevant for vectors such as adenoviral vectors
that do not integrate into the host chromosome. Because immunocompetent animal models used for gene
transfer studies develop neutralizing antibodies to
adenoviral vectors after a single administration, little
is known about how repeat administrations of vectors
might affect transgene expression and vector toxicity.
Materials and Methods: We used mice deficient in
the membrane spanning region of immunoglobulin
(IgM), which do not develop antibodies, to evaluate
the effect of repeated intravenous administration of
first-generation and helper-dependent adenoviral
vectors expressing human 1-antitrypsin (hAAT).
The duration and levels of transgene expression
were evaluated after repeated administration of vectors. Toxicity was assessed by measuring the level of
liver enzymes in the serum and the degrees of hepatocyte hypertrophy and proliferation.

Results: We found that previous administration of
first-generation adenoviral vectors can alter the response to subsequent doses. These alterations included an increase in transgene expression early
(within 1 and 3 days), followed by a rapid drop in
expression by day 7. In addition, previous administrations of first-generation vectors led to an increase
in toxicity of subsequent doses, as indicated by a
rise in liver enzymes and an increase in hepatocyte
proliferation. In contrast to first-generation vectors,
use of the helper-dependent adenovirus vector, AdSTK109, which contained no viral coding regions,
did not lead to increased toxicity after multiple administrations.
Conclusions: We conclude that the response of the
host to adenoviral vectors can be altered after repeated administration, compared with the response
after the initial vector dose. In addition, these experiments provide further evidence for the relative safety
of helper-dependent adenoviral vectors for gene therapy, compared with first-generation vectors.

Introduction
Address correspondence and reprint requests to: W. K.
O’Neal, Ph.D., The University of North Carolina at Chapel
Hill, Cystic Fibrosis/Pulmonary Research and Treatment
Center, 7011 Thurston-Bowles Building, CB# 7248,
Chapel Hill, North Carolina 27599-7248, U.S.A. Phone:
(919) 962-9866; Fax: (919) 966-6821; E-mail:
woneal@email.unc.edu

Adenoviral vectors are being evaluated for use in
somatic gene therapy for the treatment of a variety of human diseases. Consequently, extensive
information is now available regarding the host
response to these vectors, especially in rodents
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and primates. First-generation adenoviral vectors, which carry a deletion in the adenovirus E1
region but contain most of the other adenovirus
genes, have been studied most thoroughly (1–3).
It is known that immunocompetent animals can
mount an aggressive immune response against
these vectors and that response can take multiple
forms. Production of neutralizing antibodies
against the vector can block the ability to achieve
expression when the vectors are readministered
(4–6). Development of cytotoxic T lymphocyte
(CTL) responses to viral proteins and the resultant destruction of infected cells is reported to be
an important determinant of duration of expression (7–10). In addition, humoral or cellular immune responses to transgenic proteins can limit
duration of expression (11–15). Finally, adenoviral vectors also can be directly toxic to cells in a
dose-dependent manner independent of host Band T-cell responses (11,12,16–19).
Second-generation adenoviral vectors have
been developed that contain more extensive
deletions of the adenovirus backbone (i.e.,
deletions in E2a or E4), following the rationale
that decreased expression of viral genes will
reduce any direct toxity of these genes and decrease the potential for immune response to
newly synthesized viral proteins (20–29). Because most immunocompetent animal models
will develop a host immune response to foreign reporter genes at either the level of antibody production against a secreted protein or
CTL responses against transduced cells, it has
been relatively difficult to evaluate the effect
of altering the vector design on the duration
of expression and toxicity. Second-generation
vectors are reported to provide benefits in
terms of duration of expression and toxicity in
vivo (23,24,28,30–33); however, the benefits
are often limited and some reports suggest
little or no advantage to vectors deleted in E2a
or E4 when evaluated in the current models (12,34–36). Recently, it was demonstrated
that helper-dependent adenoviral vectors (also
called high-capacity or “gutless” vectors) containing no adenovirus coding sequences can
lead to long-term expression of the transgene,
seemingly by reducing immune responses to
viral proteins and by decreasing the direct
toxicity caused by expression of viral genes
(16,37–40). Thus, the helper-dependent vectors
show great promise for use in the clinical setting. However, animals injected with these vectors still develop neutralizing antibodies (N.
Morral, unpublished), which would continue

to be a serious limitation for many applications.
For many conditions, even if expression
does not decline in target cells infected during
the initial administration, natural cell turnover
would require that the vector be administered
at regular intervals to maintain therapeutic levels of a protein. Although the development of
neutralizing antibodies is a serious limitation
at the present time, it may be possible to
achieve effective readministration of adenoviral vectors by pharmacologic immunosuppression. This was demonstrated in animal models
(41–47) by using vectors of differing serotypes
to avoid the effects of the neutralizing antibodies (48–50) or by the induction of tolerance
(11,51,52). However, even in the absence of
neutralizing antibodies, it remains possible
that established immune responses, particularly cellular responses to viral proteins, could
limit expression from transgenes with subsequent doses in previously treated individuals.
In the experiments reported here, mice deficient in the membrane-spanning domain of IgM
(designated MT) (53), were used as a model to
assess the effect of multiple administration of
vectors on transgene expression in the presence
of functioning T cells. These mice are devoid of
B cells but are normal with respect to other immune functions including T-cell functions (54).
We demonstrated that previous doses of firstgeneration vectors increased the toxicity of subsequent doses and altered the expression kinetics of transgenes. We further demonstrated that
multiple doses of a helper-dependent vector,
AdSTK109, did not lead to increased toxicity
with subsequent administration, in contrast to
the results with first-generation vectors, suggesting a further advantage of this type of vector
for gene therapy.

Materials and Methods
Vectors
The vectors used and their characteristics are described in Table 1. AdJM17E1 was constructed
by homologous recombination between pJM17
(55) and pXCJL.2 in 293 cells. AdJM17E1
contains an E1 deletion, but no transgene. Constructions of all other vectors have been or
will be reported elsewhere (see Table 1). Firstgeneration adenoviral vectors were grown by
standard protocols in 293 cells and purified by
CsCl centrifugation (56,57) either in the re-
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Table 1. Vectors used and their characteristics
Vector Type

Deleted Viral
Genes

Vector Name
(Abbreviation)

First-generation

E1, E3 (dl309)

AdJM17E1

First-generation

E1

AdhAATE1

First-generation

E1, E3

AdhAFPE1E3

First-generation

E1

AdgalE1

Helper-dependent

All

AdSTK109

search laboratory or by the Gene Vector Production Core Laboratory at Baylor College of Medicine (Houston, TX). The helper-dependent vector, AdSTK109, was produced in 293Cre4 cells
(58) at McMaster University (Ontario, Canada),
as described previously (59). Particles/ml
were determined by optical density and plaqueforming units (PFU) titers of first-generation
vectors were determined on 293 cells as described (60).
Mice and Mouse Injections
All mice were obtained originally from The
Jackson Laboratories (Bar Harbor, ME) and
were at least 8 weeks old before injection.
B-cell–deficient mice, homozygous for a deletion in IgM ( MT) (53), and B- and T-cell–
deficient mice, homozygous for a deletion of
the recombination activation gene (Rag-1) (61)
were bred in the Baylor College of Medicine
vivarium. Both mutations were on a C57BL/6J
background, thus, C57BL/6J mice were used as
immunocompetent control animals. The number of mice used for each experiment is indicated in Figures 1–3. Vector injections were via
tail vein using 200 l of vector per mouse, diluted in phosphate-buffered saline (PBS) to
give the appropriate dose. Doses and injection
schedules for each experiment are indicated in
figure legends. Serum was obtained by retroorbital bleeding, followed by two centrifugations at 7000 rpm for 5 minutes. Serum was
frozen at 80C until analysis.

Vector Characteristics
Contains no transgene, based upon adenoviral
vector pJM17 (55) (see methods)
Phosphoglycerate kinase promoter driving expression of human 1-antitrypsin (hAAT)
(29); based upon adenoviral vector
pBHGE3 (78)
CAG promoter (79,80) driving expression of
human -fetoprotein (hAFP) (W. O’Neal,
unpublished). Based upon adenoviral
vector pBHG10 (78)
Expresses nuclear-targeted -galactosidase;
(29) CMV promoter; based upon adenoviral
vector pBHGE3 (78)
Contains endogenous hAAT gene, including
promoter region (37)

Evaluation of Gene Expression and Toxicity
Levels of hAAT in serum were determined by
ELISA assay, as previously described (62). Expression of -gal in the liver was determined as
described (12,63). Levels of liver enzymes alanine aminotransferase (ALT), aspartate aminotransferase (AST) and alkaline phosphatase
(AP) were determined from serum by the Clinical Pathology Laboratory of the Department of
Comparative Medicine at Baylor College of
Medicine. Immunohistochemistry and hematoxylin/eosin (H/E) staining were performed on
paraffin-embedded tissues fixed in 10% formalin. The number of proliferating cells was evaluated, as previously described (16), by immunohistochemistry to Ki-67 antigen, a marker
for cell proliferation (64,65). The relative degree
of proliferation among samples was determined
by counting the total number of Ki-67 positive
hepatocytes in 10 randomly selected, high
power (40 objective) fields. Hepatocyte hypertrophy was determined by counting hepatocyte
nuclei present in 7 randomly selected fields of a
reticle (reticle area  0.0156 mm2).
Data Analysis and Statistics
All error bars shown are standard deviations.
Statistical analysis was conducted on the
Statview (Abascus Concepts, Berkeley, CA)
or SigmaStat (Jandel Scientific, San Rafael,
CA) statistical analysis software. Means were
compared as indicated in the figure legends.
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Fig. 1. Increased transgene expression in MT
mice and repeated dosing of adenoviral vectors
in MT and C57BL/6J mice. (A) hAAT levels in
MT and control C57BL/6J mice at 5 and 19 days
after initial intravenous administration of
AdhAATE1 at a dose of 2  109 PFU/mouse
(4.4  1010 particles); n  5 for each group.
(B) Histological sections from livers of C57BL/6J
and MT mice treated at day 1 with either no vec-

tor or with AdhAATE1, as described in Fig. 1A
and then treated on day 21 with AdgalE1 at
3  109 PFU/mouse (3  1010 particles). Blue staining indicates color development dependent upon
the presence of the -galactosidase transgene. Animals were sacrificed 3 days after AdgalE1 injection. Representative samples from 3 mice in each
group are shown at low magnification.

Results

hAAT expression at 5 days after administration
were 2-fold higher in MT mice, compared
with control mice (p  0.02). The increased
transgene expression seen in MT mice in this
particular study was similar to results described
previously with other immunodeficient mice,
including Rag-1 and scid (37,66). The reason for
increased transgene expression in immunodeficient mice, compared with immunocompetent
mice in some experiments, is not clear. This dif-

Readministration is Possible in MT Mice
To evaluate whether or not MT mice could be
used to study readministration, five MT and
five C57BL/6J control mice were injected with
2  109 PFU of AdhAATE1 (4.4  1010 particles). Levels of hAAT expression in the serum
were determined at 5 and 34 days after administration (Fig. 1A). In this experiment, levels of
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Fig. 2. Altered transgene expression following
repeated administration of first generation adenoviral vectors. (A) The experimental protocol
used for the experiments described in Figure 2B
and 2C. The mouse genotypes and the symbol associated with each treatment group are indicated to
the left. Days are indicated on the timeline. Arrows
indicate the days of vector administration. The vectors administered for each treatment group are
listed below the arrows. All vector doses were 1 
109 PFU/animal (2  1010, 8  109, 3  1010, and
8  1010 particles/animal for AdhAATE1,
AdgalE1, AdJM17E1, and AdhAFPE1E3, respectively). (B) Levels of hAAT after the dose of
AdhAATE1 that was administered on day 1.
Treatment groups correspond to those of Figure 2A.
Next to each treatment group symbol is listed the
percentage of hAAT expression at day 7 (in parentheses) compared with the initial day 3 value. The

number of animals (n) for each group at the start of
the separate experiments is also listed. For each
separate time point, significant differences among
the groups receiving multiple injections and the
mice receiving a single injection are indicated by
an asterisk (*). The statistical test was a one-way
analysis of variance (p  0.05) with correction for
multiple comparisons (Student-Newman-Keuls
method). When the normality or equal variance
tests failed, the comparison was conducted using
the Kruskal-Wallis one-way analysis of variance on
ranks with the Dunn procedure for pairwise multiple comparisons. (C) Levels of hAAT levels after
the second administration of AdhAATE1 (day 82).
Percentages and n-values are listed as described in
Figure 2B. For both Figures 2B and 2C, error bars
depict the standard deviation. Note the change in
scale for both the X and Y axes between Figures 2B
and 2C. Statistics are as described for Figure 2B.

ference was not observed in all studies (see Fig.
3). Three weeks after the initial injection, the
pretreated and naive MT and control mice
were reinjected with the AdgalE1 vector at a
dose of 3  109 pfu/mouse. The mice were sacrificed after 7 days for evaluation of hepatic expression of -gal expression. Expression of gal was detected in the pretreated and naive
MT mice and in naive C57BL/6J control mice,
but was not detected in the C57BL/6J mice that
were previously injected with AdhAATE1
(Fig. 1B). Analogous results were obtained

when the -gal vector was given first (2  109
pfu/mouse), followed by AdhAATE1 (2  109
pfu/mouse); hAAT was expressed in naive and
AdgalE1-pretreated MT mice, but not in
C57BL/6J mice previously treated with
AdgalE1 (data not shown). These results indicated that the absence of B-cell–mediated immunity in MT mice allowed for transgene expression from adenoviral vectors in mice
previously exposed to vectors, presumably due
to lack of neutralizing antibodies. The ability to
successfully achieve expression after previous
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Fig. 3. Analysis of toxicity and transgene expression following repeated dosage of first generation and helper-dependent adenoviral vectors. (A) Increased hepatotoxicity following
repeated doses of first-generation but not helperdependent adenoviral vectors, as measured by liver
enzyme levels. The experimental protocol for Figure 3 experiments is outlined below the graphs.
Mouse genotypes along with their corresponding
symbols and vector treatments are listed. Arrows
indicate the time of vector delivery. The vectors delivered are shown below the arrows. Liver enzyme
(ALT, AP, and AST) analysis for serum drawn at
different times for each group of experimental animals. ALT  alanine aminotransferase; AP  alkaline phosphatase; AST  aspartate aminotransferase. Times of harvest of serum for liver enzyme
analysis (always 1 day prior and 7 days subsequent
to each vector injection indicated by arrows). The

vectors used for each injection are indicated below
the large arrows. All first generation vectors
(AdJM17E1, AdhAATE1, and AdgalE1) were
given by tail vein injection at 1  109 PFU/mouse.
AdSTK109 was administered by tail vein injection
at 2  1010 particles/mouse. Significant increases in
enzyme levels above pretreatment values for each
group of animals are indicated by asterisks (*). The
statistical method used was a one-way analysis of
variance with the Bonferroni method to compare
post-treatment values with pretreatment values.
The Kruskal-Wallis one-way analysis of variance
on ranks procedure was used when normality or
equal variance tests failed, in which case, values
were compared with pretreatment values using the
Dunn method. (B) Levels of hAAT for groups of
mice receiving first-generation vectors. The data are
from the same mice shown in Figure 3A. Day 0 in
panel 3B corresponds to day 68 in panel 3A, which
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corresponds to the day of administration of the vector AdhAATE1. Symbols shown correspond to
mice and treatments as in panel 3A. The asterisk
indicates a significant difference from the control
group receiving only one dose of vector. Statistical
analysis was as in Figure 2B. The percent expression on day 7, compared with day 3 is shown in
parenthesis, as described in Figure 2B. (C) Evaluation of hepatocyte proliferation, as determined by
Ki-67 staining (top panel), and hepatocyte hypertrophy, as determined by counting nuclei within a
given area (bottom panel; as the degree of hypertrophy increases, the number of hepatocytes per
field decreases). The mice are the same animals as
described in Figure 3A, except for a new group of
naive MT mice receiving one dose of AdgalE1
(seen in the fourth bar in the graphs). The mouse
strains and the vectors used for each group are
given below the columns. The number of times the
animals received each vector is indicated by “X”.
The number of Ki-67 positive hepatocytes was determined by counting Ki-67 positive nuclei in 10
high power (40 objective) fields. The number of
hepatocytes per field was determined by counting
nuclei in seven fields of a reticle that has an area of
0.0156 mm2. All mice were sacrificed 3 days after

the final vector dose indicated in Figure 3A. Horizontal bars with an asterisk indicate values that
were significantly different using one-way analysis
of variance (p  0.5) and the Student-NewmanKeuls method for multiple comparisons. (D) Levels
of hAAT for MT mice injected with AdSTK109.
Mice and treatments are the same as described in
Figure 3A for the group receiving AdSTK109. Arrows indicate time of vector administration. Error
bars indicate standard deviation for all graphs in
Figure 3. (E) Photomicrographs of heptocytes
showing cell proliferation and hypertrophy after
treatment with first-generation, but not helperdependent vector. Panels 1–4 are hematoxylin and
eosin stained sections (H & E) and panels 5–8 are
stained for the cell proliferation marker Ki-67.
Mouse genotypes and vector treatments are indicated below the panels. The group symbol corresponds to the groups as described in Figure 3A. All
pictures are the same magnification and were originally taken at 400. Examples of Ki-67 positive
hepatocytes are indicated by small arrows in panels
6 and 7. Proliferating hepatocytes are not present in
panels 5 and 8. The other positive cells seen in the
Ki-67 stain are proliferating immune cells.
Fig. 3. Continued on next page.

vector exposure in MT mice indicated that
these mice would be a useful model to study repeated administration.

multiple vectors at 3-week intervals, followed
by a final dose of AdhAATE1, as shown in
Figure 2A. One group of MT mice received
three doses of a reporterless vector
(AdJM17E1) followed by the hAAT vector.
Another group of MT mice received three different vectors (AdJM17E1; AdgalE1; and AdhAFPE1E3, expressing human -fetoprotein),
followed by the hAAT vector. hAAT levels in
these two groups of mice were compared with

Readministration Leads to Altered Expression
Kinetics with First-Generation Vectors
The effects of repeated administration of a vector on duration of expression were evaluated
by injection of MT and C57BL/6J mice with
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Fig. 3.

levels in naive MT or C57BL/6J mice that had
not received previous adenovirus doses. The
two groups of MT mice receiving either three
doses of reporterless vector or three different
vectors demonstrated 2-fold higher levels of
hAAT at day 3, compared with naive MT or
C57BL/6J mice (Fig. 2B). However, the levels
of hAAT fell rapidly in the pretreated mice
such that, by day 7, the levels of hAAT were
similar among all the groups (Fig. 2B).
Because there was no difference between

Continued

the two groups of MT mice receiving just the
reporterless vector and mice receiving the three
different vectors, the change in transgene expression in previously treated animals was due
to the presence of the viral backbone and not
due to expression of reporter genes. Importantly, in pretreated mice compared with naive
mice, multiple dosing with first-generation
vector did not eliminate the ability to express
hAAT after delivery of AdhAATE1 and did
not lead to total loss of expression over time.
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This was apparent even though there was a
change in expression kinetics and total hAAT
levels tended to be lower throughout the experiment after day 7 in pretreated mice (statistically significant only at day 56). Thus,
hAAT was still measurable in all groups, albeit
at low levels, 68 days after administration of
AdhAATE1. These results argue that any Tcell responses to vectors that developed after
the initial administration of vectors were incapable of completely eliminating infected cells
after subsequent doses.

Continued

To gain more information about the altered
expression kinetics initially observed, the same
animals were again dosed with AdJM17E1,
as indicated in Figure 2A, followed by a final
dose of AdhAATE1. Then, hAAT levels were
compared with levels in new naive mice. As in
the initial evaluation, hAAT levels in the serum
were higher at early times in mice that had
been previously exposed to adenoviral vectors
(Fig. 2C). At days 83 and 89 (days 1 and 3 after the final injection of AdhAATE1), hAAT
levels were elevated in all groups of mice pre-
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viously treated with vectors, compared with
naive mice (Fig. 2C). In fact, at day 1 after administration, hAAT levels were easily measured in all pretreated mice, but were not detectable in the naive mice. By day 7 (day 89
in Fig. 2C) after this injection, levels in pretreated mice had fallen to be similar mice that
had not been treated previously. These results suggest that pretreating MT mice with
multiple doses of first-generation vectors
somehow led to robust, early expression of
hAAT with subsequent doses when compared
with naive animals. The reason for the increased transgene expression is unknown and
determining it will require additional experimentation. Animals in this experiment were
sacrificed 7 days after the final AdhAATE1
injection for histological analysis of the livers.
Evaluation of the liver sections suggested
that repeated administration of adenovirus
vectors increased the toxicity of subsequent
administrations and an experiment designed to
more specifically evaluate hepatocyte toxicity
was conducted.
Multiple Administration of Vectors Increases Toxicity
with First-generation Vectors
We examined liver toxicity of multiple injections of a first generation adenoviral vector according to the protocol outlined in Figure 3A.
For this experiment an additional genotype of
animals, Rag-1, that are deficient in both B and
T cells, was added. By comparing responses in
 MT and Rag-1 animals, we sought to determine the contribution of T cells to any observed effects. Immunocompetent C57BL/6J
mice heterozygous for Rag-1 (/) that were
generated during breeding of the Rag-1 animals
served as one control group; in these control
mice, development of neutralizing antibodies
prevented effective infection after the first administration. Toxicity to hepatocytes was evaluated during the course of the experiment by
analyses of levels of liver enzymes and, at the
end of the experiment, by histological analysis
of liver for evaluation of hepatocyte proliferation and hypertrophy.
Liver function tests (LFT), including AP,
ALT, and AST, were performed 1 day prior to
and 7 days after each dose of vector (Fig. 3A).
Throughout the course of evaluation, all LFT
values remained within the normal range for
C57BL/6J animals (Fig. 3A) even though single, higher doses of first-generation vectors

routinely cause increased LFT values in
C57BL/6J mice (data not shown). However,
LFT values started to increase in both  MT
and Rag-1 mice after the second dose of vector,
compared with the first dose, and for the most
part, continued to increase after each subsequent dose (Fig. 3A). In C57BL/6J control animals, the vector did not transduce the hepatocytes after the initial injection, because of
neutralizing antibodies, and liver enzymes
were not elevated after subsequent doses.
However, in the immunodeficient animals, repeat administrations reach the liver where
they can contribute to hepatotoxicity. As increases in LFT’s were seen in both immunodeficient models, these results suggested
that toxicity was not due to T-cell responses
alone.
It was not clear from the data whether the
increased levels of toxicity observed were simply due to a cumulative effect of increasing vector dose in cells previously affected by vector
or if the vector itself became more toxic per infectious unit after repeated administration.
Higher single doses of first-generation vector
can lead to elevations in liver enzymes. In a
separate experiment (not shown), MT mice
receiving a single dose of 3  109 PFU/mouse
of AdJM17E1 (three times the single doses
used in the experiments described here) developed elevated liver enzymes that reached a
maximum level 7 days after administration.
Peak levels were 154 ( 87), 542 ( 170), and
254 ( 107) IU/liter for ALT, AP, and AST, respectively (n  4) after a single, high administration. These values were similar to those observed in Rag-1 mice after the third injection,
but not as high as those reached in the MT
mice. In MT mice, a comparison of values 7
days after injection of the third of 3 doses to
values 7 days after a single, higher dose indicated a significant increase in levels of ALT
(p  0.0366) and AP (p  0.0045), but not of
AST (p  0.2762) in multiply dosed animals.
Although not entirely conclusive, these data
suggested the possibility that, at least in the
presence of functioning T cells, a given dose of
first generation vector divided in three injections separated by 3 weeks was more toxic
than the same dose given in an initial single
dose. The effects may be less or more pronounced at lower or higher doses, respectively;
this is an issue that will require additional experiments to resolve.
As in the previous experiment shown in
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Figure 2, hAAT levels were significantly higher
at day 3 after AdhAATE1 administration in
MT mice previously treated with vector, compared with control MT mice receiving only
one dose of AdhAATE1 (Fig. 3B). By day 7,
hAAT values were again similar between the
two groups. The higher expression at day 3
was present, but was not as prominent, in
Rag-1 mice.
To evaluate other signs of toxicity and to
gain further insight into expression, MT,
Rag-1, and C57BL/6J mice (the first three
groups described in Fig. 3A) were given an
additional dose of AdgalE1 at 3 weeks
after the fourth injection (the injection of AdhAATE1). A new group of naive MT mice
was also treated with the AdgalE1 vector to
serve as a control for a single injection. The
mice were sacrificed after 3 days and the livers
were examined histologically. No obvious differences in -gal expression were observed between naive MT control mice and MT mice
that were treated with multiple doses. However, signs of toxicity, as measured by differences in hepatocyte proliferation and hypertrophy, were observed (Fig. 3C and 3E). The
number of proliferating hepatocytes, as evaluated by the cell proliferation marker Ki-67, was
higher in both MT and Rag-1 mice that had
received previous administration of vectors,
compared with the C57BL/6J control mice (p 
0.0139). The number of prolif. cells was somewhat higher than in the naive MT mice (not
significant; p
0.05) (Fig. 3C, top panel; Fig.
3E, panels 5–7). Administration of a single dose
of first-generation vector can itself lead to some
hepatocyte proliferation. This was indicated by
an small increase in Ki-67 positive cells from
naive MT mice, compared with multiply
treated C57BL/6J mice (Fig. 3C and 3E, panels
5 and 6). Hepatocyte transduction of Ad
galE1 did not occur in C57BL/6J because of
neutralizing antibodies from previous doses
(not shown). This result is consistent with
those of other studies demonstrating early cell
proliferation after a single dose that disappears
with time (34). Although the difference in Ki67 staining between the mice that received previous administration and the naive MT mice
was not significant (p
0.05), we believe that
this may reflect the small sample size in this experiment. Hepatocyte hypertrophy, which was
measured by counting the number of nuclei in
a given area (the lower the number of nuclei,
the greater the degree of hypertrophy) also oc-
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curred in previously treated animals. Interestingly, the same degree of hypertrophy was measured in immunocompetent C57BL/6J animals
in which hepatocyte transduction occured only
once during the initial treatment (Fig. 3C, bottom panel and Fig. 3E, panels 1 and 3). The
data suggested that the toxicity, as measured by
hepatocyte hypertrophy, resulted from a single
exposure of hepatocytes to a first-generation
vector. The data from the C57BL/6J immunocompetent mice and the naive MT mice suggested that the initial exposure may have its effect over a long period of time (12 weeks in this
experiment) and that this effect was not seen
early after a single administration. These results
are consistent with previous data showing an
increase in polymorphism of cell bodies and
nuclei, necroses and lipid accumulation in hepatocytes at 12, compared with 2, weeks after
administration of the first-generation vector
(37) and with data showing hepatocyte hypertrophy at 21, but not at 3, days after administration (34). Additional studies are needed to
determine the duration of this effect in animals
treated with first-generation vectors. As with
cell proliferation, the increase in hepatocyte size
was not dependent on the presence of T cells,
inasmuch as both responses occurred to a similar degree in Rag-1 and MT animals.
No Toxic Effects Were Measured after
Multiple Administrations of Helper-dependent
Vector AdSTK109
To evaluate the effect of readministration of
the newly developed helper-dependent vector, AdSTK109, an experiment similar to the
one conducted with first generation vectors
was performed. AdSTK109 was administered
four times at 3-week intervals to MT mice
and liver enzyme analysis was conducted,
along with hAAT assay, at times indicated in
Figure 3A. Mice were sacrificed 7 days after the
final administration of vector to evaluate the
livers histologically for hepatocyte proliferation and hypertrophy. Liver enzymes remained
close to preinjection values throughout the entire experiment, indicating that these treatments were nontoxic, compared with firstgeneration vectors, where enzyme levels began
to increase after the second dose (Fig. 3A). Levels of hAAT were considerable, reaching a
maximum of about 1 mg/ml after the third dose
of vector (Fig. 3D). In contrast to results seen
after multiple doses of first-generation vectors,
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histological analysis of livers after four doses
of AdSTK109 showed very few proliferating
hepatocytes and no hepatocyte hypertrophy
(Fig. 3c and 3e, panels 4 and 8). These results
were consistent with previous data indicating
that this vector was less toxic than firstgeneration vectors (16,37). The results also
suggested that the toxicity associated with
readministration of first-generation vectors
was dependent on the expression of viral genes
and not simply on cellular entry of the vector
particles, as AdSTK109 was also an Ad5-based
vector.

Discussion
These experiments utilized mouse models deficient for the production of B cells to evaluate
the effects of repeated administration of adenoviral vectors on expression and toxicity. The
B-cell–deficient mice (MT) used in these experiments are deficient in the membrane-spanning region of immunoglobulin  heavy chain
(53). This deficiency leads to a blockage of B
cells during development at the pre-B-cell
stage, which effectively eliminates the production of antibodies in these mice. However,
these mice have been widely evaluated with
respect to their T-cell function and there is considerable evidence that T-cell function remains
intact (54). The MT mice have normal numbers of splenic CD4 and CD8 T cells that can
be successfully primed (54). The MT mice
develop delayed-type hypersensitivity responses (67), are able to clear viral and bacterial infections by virtue of CD4 and CD8 Tlymphocyte responses, reject xenografts (73),
develop efficient T-cell memory against viruses
(70), and have normal T-cell memory (70). The
 MT mice were used in these experiments as a
model to study multiple rounds of vector administration in the presence of T-cell function.
The results indicate that expression of
transgenes following multiple administrations
of first-generation adenoviral vectors is possible if neutralizing antibodies can be eliminated
from the host. In addition, even though there
were some changes in the kinetics of transgene
expression after repeated administration of
first-generation vectors, transgene expression
was maintained for at least 6 weeks in these
animals. This result suggests that the presence
of T-cell–mediated immune responses against
viral proteins that would be expected to de-

velop after the initial exposure to vector will
not necessarily or significantly limit the duration of expression from subsequent doses of
vectors. In this regard, the results are similar to
previous findings that long-term expression of
transgenes is possible in mice if immune responses against the transgene can be eliminated (12,19,74,75). Of particular relevance
is the previously reported observation that
C57BL/6 mice had prolonged expression of the
hAAT transgene despite the presence of robust,
specific, cellular immune responses against
adenovirus-specific proteins (74).
That stated, repeated administration does
not appear to be totally without effect with
regards to transgene expression. The experiments reported here indicate that previous administration of first generation vectors can alter
the kinetics of expression from subsequent
doses. One and 3 days after intravenous delivery of the first-generation vector AdhAATE1,
levels of hAAT were higher in MT mice previously treated with first-generation vectors,
compared with naive mice. Levels then fell
rapidly, so that by 7 days, they were similar to
levels obtained in control mice and, subsequently, dropped to slightly below levels in
control mice.
The reason for the initial relative increase
in transgene expression is not clear and will require further evaluation. It is possible that this
phenomenon is due to an increase in the susceptibility of target cells, in this case hepatocytes, to infection, perhaps by upregulation of
genes involved in adenoviral uptake or by
changes in hepatic or vascular architecture allowing easier access of vector particles to hepatocytes. The rapid drop in expression could
then be accounted for by rapid loss of infected
cells due to direct vector toxicity. It is known
that high doses of vectors can be directly toxic
to cells and may lead to relatively rapid loss of
transgene expression (12). The increased level
of hepatocyte proliferation (as measured by immunohistochemical staining for cell proliferation marker, Ki-67) and the increased hepatotoxicity (as measured by increased liver
enzymes in the serum) that were noted in the
mice from the experiments reported here
would support this hypothesis. Alternatively,
the higher initial levels and the rapid drop of
transgene expression observed after repeated
administration could be explained by an increase in infection of cells other than hepatocytes, perhaps macrophages, Kupffer cells or
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other cells that became activated as a result of
previous exposure to the vectors. The possibility that the altered kinetics could be explained
by changes in the activity of the promoter
driving the transgene should also be considiered. Regardless of the reason(s) for the observed effects, the results indicate that, for
clinical considerations, previous injections of
first-generation vectors can have significant
and not always predictable effects on expression induced by subsequent treatments.
In addition to altering expression kinetics,
previous administrations of first-generation
vectors tended to increase the toxicity of subsequent administrations, as indicated by elevations in liver enzymes. Administration of a
single dose of first-generation vectors at the
doses used in these experiments did not lead to
an appreciable rise in liver enzymes; whereas,
administration of subsequent doses led to a
rise in all enzymes in both MT and Rag-1
mice. Rag-1 mice are deficient in the recombination activation gene 1, which causes an arrest
of B- and T-cell differentiation, leading to absence of mature B and T cells (61). Although
the data comparing the two groups of mice
suggest that T cells may play a role in attenuating certain specific aspects of the toxicity observed, in its entirety, we conclude that development of hepatocyte toxicity, as observed in
these experiments, was not dependent on
T-cell functions. Toxicity from first-generation
vectors in Rag-1 animals has been reported
elsewhere (37). We favor the interpretation that
the toxicity is most likely due to direct cytotoxic effects of viral proteins, although the activity of Kupffer cells or other immune cells not
absent in Rag-1 mice may also be involved.
In contrast to toxicity as measured by liver
enzymes and cell proliferation, an increase in
hepatocyte size (hepatocye hypertrophy) is not
only induced by multiple doses of vectors, but
occurs even after a single vector dose. The hypertrophy that develops is relatively long-lived
(at least 12 weeks) and we believe that this is
an important response that deserves further
characterization. The development of hepatocyte hypertophy after a single dose of vector is
interesting in light of a recent report demonstrating that first-generation adenoviral vectors
containing the E4 region can lead to G2 growth
arrest in immortalized human bronchial epithelial cells (76). In that report, infection with
first-generation vectors produced aneuploidy
and polyploidization as a result of cell division
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without mitosis and altered levels of cyclin
gene expression. Similar effects may be occurring in transduced hepatocytes. The development of hypertrophy of hepatocytes after adenoviral vector administration has not been
widely appreciated, despite the fact that intravenous injection of first-generation adenoviral
vectors has been extensively studied. We hypothesize that in animal models where transduced cells are not eliminated by the immune
system, such as in our model of C57BL/6J mice
infected with hAAT adenoviral vectors, the effects of low-level viral gene expression from
first-generation vectors over long periods of
time lead to the changes in hepatocyte morphology that we observed. These changes
would not be seen in animal models where
transduced cells are completely eliminated by
the immune system. Consequently, these longterm effects on hepatocytes have been underappreciated and they may have unanticipated
consequences.
In contrast to first-generation vectors, multiple administrations of AdSTK109, a helperdependent vector that contains no adenoviral coding sequences (37), did not cause
hepatocyte toxicity. In animals treated with
AdSTK109 four times, over a period of 12
weeks, at the doses used in these studies, there
was no increase in liver enzymes nor was there
an increase in hepatocyte proliferation or hypertrophy. This vector previously showed reduced toxicity, compared with first-generation
vectors, after a single administration (16,37). In
an earlier report, high doses of the helperdependent AdSTK109 vector did not cause increased liver enzymes or acute hepatic injury,
in contrast to effects with much lower doses of
first-generation vector (16). Although it is difficult to directly compare the doses of firstgeneration and helper-dependent vectors due
to the inherent difficulties with determining
infectious units in a helper-dependent preparation, the results reported here certainly support
the previous findings indicating a significant
safety advantage for helper-dependent vectors,
compared with first-generation vectors. A
separate helper-dependent vector expressing
a leptin transgene also was reported to exhibit enhanced safety, compared with firstgeneration vectors (38,39). The results demonstrated here provide additional evidence for the
safety of the helper-dependent vector. Furthermore, because AdSTK109 is packaged in an intact Ad5 capsid that is indistinguishable from
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the capsid of the first-generation vectors (59),
the data imply that the toxicity seen after multiple administrations of first-generation vectors
is related to the presence of adenoviral genes
expressed in infected cells, rather than to the
presence of the viral capsid or to the process of
vector entry into cells. It will now be necessary
to compare the toxicity of the helper-dependent
vectors to first-generation vectors in other tissues, such as the lung, where the mechanisms
that lead to toxicity might be different than
those observed in the liver.
Although at the present time it is not possible to give multiple doses of adenoviral vectors to a single immunocompetent individual
due to the development of neutralizing antibodies, the use of alternative serotypes (48–50)
or transient immunosuppression (41–46) may
eventually allow successful readministration.
Success has been achieved in preparing Ad 2based helper-dependent vectors (submitted
manuscript, R. Parks, et al.). The experiments
described here highlight the importance of
considering both previous naturally occurring
Ad5 infections and previous administration of
vectors when evaluating readministration of
adenoviral vectors for clinical use. Patients
who already have been primed by previous
natural infection or by administration of firstgeneration vectors might show an altered response to subsequent administrations of vectors, which may be manifested by increased
toxicity and altered expression of the therapeutic gene. However, these experiments are encouraging in that long-term transgene expression was possible even after several previous
exposures to vector. This suggests that T-cell
responses against the helper-dependent vector
may prove to be negligible, even though other
reports clearly indicate that they can be present
and important in some models with earlier
generations of vectors (7–10). Of course, T-cell
responses to vector proteins may prove to be
more important in other organisms or even in
other strains of mice. The experiments described here were all conducted in C57BL/6J
background, where previous experience demonstrated the ability to maintain long-term expression after a single administration (12,77).
Finally, these experiments highlight yet another advantage of the helper-dependent system, which appears to be devoid of the complications of readministration to hepatocytes, as
seen with the first-generation vectors in these
experiments.
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