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In high-capacity adenovirus (HC-Ad) vectors the size and/or composition of the vector genome influences
vector stability during production and the expression profile following gene transfer. Typically, an HC-Ad
vector will contain both a gene or an expression cassette and stuffer DNA that is required to balance the final
vector genome to a size of between 27 and 36 kb. To gain an improved understanding of factors that may
influence gene expression from HC-Ad vectors, we have generated a series of vectors that carry different
combinations of human alpha-1 antitrypsin (hAAT) expression constructs and stuffer DNAs. Expression in
vitro did not predict in vivo performance: all vectors expressed hAAT at similar levels when tested in cell
culture. Hepatic expression was evaluated following in vivo gene transfer in C57BL/6J mice. hAAT levels
obtained from genomic DNA were significantly higher than levels achieved with small ¢cDNA expression
cassettes. Expression was independent of the orientation and only marginally influenced by the location of the
expression cassette within the vector genome. The use of lambda stuffer DNA resulted in low-level but stable
expression for at least 3 months when higher doses were applied. A potential matrix attachment region element
was identified within the hAAT gene and caused a 10-fold increase in expression when introduced in an HC-Ad
vector genome carrying a phosphoglycerate kinase (pgk) hAAT c¢cDNA construct. We also illustrate the influ-
ence of the promoter on anti-hAAT antibody formation in C57BL/6J mice: a human cytomegalovirus but not
a pgk promoter resulted in an anti-hAAT antibody response. Thus, the overall design of HC-Ad vectors may

significantly influence amounts and duration of gene expression at different levels.

Somatic gene therapy for many inherited disorders will re-
quire, in addition to an efficient gene transfer into target cells,
high-level, long-lasting, tissue-specific and/or regulated trans-
gene expression. This is to be achieved in the absence of a toxic
or inflammatory response to either viral functions or to the
therapeutic protein.

High-capacity (also called helper-dependent or gutless) ad-
enovirus (HC-Ad) vectors have two main advantages over ear-
lier generation Ad vectors lacking El. First, all viral coding
sequences are deleted from the vector genome. Therefore,
viral proteins cannot be expressed from the vector, reducing
toxicity and the chances of unexpected adverse events. Second,
concomitant with the absence of viral coding sequences, the
capacity for the incorporation of heterologous DNA is in-
creased to 36 kb, allowing the simultaneous expression of sev-
eral genes, large cDNAs, and the flexible use of regulatory
elements to control gene expression (reviewed in reference
26).

Several lines of evidence, direct and indirect, indicate that
the size and/or nature of the vector genome in HC-Ad vectors
may have significant functional consequences during produc-
tion or following gene transfer. Earlier findings revealed that
the smallest virus genome that was observed with different Ad
type 5 (Ad5)-simian virus 40 hybrid viruses was about 25 kb
(23), suggesting a lower size limit for the successful rescue of
vector DNA. This was formally confirmed in studies using the
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Cre-LoxP system for production of HC-Ad vectors, indicating
that only vector genomes with sizes of at least 27 kb allowed
efficient and stable amplification during production (38). Also,
vector rearrangements and amplifications have been a consis-
tent finding with the use of small genomes as starting material
for the rescue of HC-Ad vectors. Following rescue, the vector
genomes structurally were either symmetric dimeric molecules
(34) or were mixtures of head-to-head, head-to-tail, or tail-to-
tail concatemers (19, 22, 27).

Using a helper virus-independent production system, vector
genomes with sizes of less than 10 kb were packaged into Ad
capsids (29). However, these vectors were found to be func-
tionally incompetent. Following in vitro and in vivo gene trans-
fer, vector DNA levels in the target cells were very low and
transgene expression was detectable only for a few hours.
While the mechanism for this inferior performance of small-
vector-genome-containing particles is currently unclear, these
studies together with the above summarized evidence point to
a central role of size and potentially also nature of the vector
genome for efficient vector production and for expression fol-
lowing gene transfer.

Together, these studies firmly established that additional
stuffer DNA has to be included in an HC-Ad vector genome if
the gene or the expression cassette that is incorporated is less
than 27 kb in size. Although this additional DNA could be
simply inert and without its own function, in principle it could
also include sequences that could influence the duration and
levels of expression in a positive or negative fashion. Thus,
levels and duration of expression may be influenced by factors
that are inherent to the expression construct (e.g., promoter
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cDNA versus genomic DNA introns) or to the stuffer DNA
(e.g., enhancer, repressor, matrix attachment region [MAR]).

In order to gain an improved understanding of the factors
that are important for gene expression in the context of HC-Ad
vectors, we have varied different aspects of the expression
construct and of the stuffer DNA, alone and in combination,
and have analyzed the resulting effects on expression following
in vivo gene transfer. We demonstrate advantages of using
genomic DNA over small expression cassettes. We have ana-
lyzed potential influences of orientation and location of ex-
pression cassettes on gene expression, and we have identified a
potential MAR that positively influences gene expression. We
have also illustrated the influence of the choice of the pro-
moter on antibody formation. The data presented suggest that
the overall design of HC-Ad vectors may significantly influence
the levels and duration of gene expression and that variables of
both the expression construct and of the stuffer DNA need to
be systematically considered.

MATERIALS AND METHODS

Cloning of a presumptive MAR from the hAAT locus. A model for MAR
structural motifs is summarized in reference 52. Based on these motifs, a com-
putational model was established (http://www.futuresoft.org/MAR-Wiz). Using
this software, we identified an 800-bp presumptive MAR element in the first
intron of the human alpha-1 antitrypsin (hAAT) genomic locus. A 2-kb EcoRI-
Spel fragment containing this element was subcloned into pBluescript. This
fragment was then introduced into several of the Ad constructs described below.

The human hypoxanthine-guanine phosphoribosyltransferase (HPRT) stuffer
contains a DNA sequence located in the first intron that was shown to interact
with the nuclear matrix in vitro (49). However, according to the computational
model, this element does not bear significant sequence homology to typical MAR
sequences. Except AdSTK135, all Ad constructs analyzed in this study contain
this HPRT MAR element (Fig. 1).

Ad constructs. The following Ad vectors (e.g., AdGS47) were constructed as
infectious plasmids (e.g., pGS47) based on high-capacity cloning plasmid
pSTK120 or pSTK129. Most of these vectors contain noncoding stuffer se-
quences derived either from the human HPRT locus (18) or from the human
cosmid C346 (3). The nucleotides of the stuffer sequences refer to the sequences
listed in GenBank. In addition, all infectious plasmids contain the left (nucleo-
tides [nt] 1 to 440) and the right (nt 35818 to 35935) termini of Ad5 DNA. Both
left and right Ad termini are flanked by unique Pmel restriction sites. The
plasmid backbone in all constructs is pBluescript II KS. In the list below, ele-
ments additional to these sequences are listed in left-to-right orientation on the
vector genome. Schematic structures of the different Ad vectors are shown in Fig.
1. The details of the cloning procedure can be obtained upon request.

AdGS47. AdGS47 contains the Ad5 left terminus, HPRT stuffer (nt 17853 to
1799), an expression cassette containing the murine phosphoglycerate kinase
(pgk) promoter, hAAT c¢DNA, bovine growth hormone (bgh) poly(A), C346
stuffer (nt 21484 to 12421), and the AdS5 right terminus.

AdGS61. AdGS61 contains the Ad5 left terminus, HPRT stuffer (nt 17853 to
1799), a pgk hAAT cDNA expression cassette, bgh poly(A), C346 stuffer (nt
21484 to 13143), sequences from the first intron of the hAAT gene locus (nt 2745
to 4800), C346 stuffer (nt 13143 to 12421), and the Ad5 right terminus.

AdGS67. AdGS67 contains the AdS left terminus, stuffer sequences from
phage lambda (nt 44141 to 48520 and nt 1 to 12188), a pgk hAAT cDNA
expression cassette, bgh poly(A), phage lambda stuffer sequences (nt 12190 to
23130), and the AdS5 right terminus. In pGS67, the Ad inverted terminal repeats
are flanked by additional unique SnaBI sites.

AdGS86. AdGS86 contains the AdS left terminus, a pgk hAAT cDNA expres-
sion cassette, bgh poly(A), HPRT stuffer (nt 1799 to 21729), C346 stuffer (nt
10205 to 16750), and the AdS right terminus. Isolate #9 contains the expression
cassette in left-to-right orientation, and isolate #20 contains it in right-to-left
orientation.

AdGS85. AdGSS85 contains the Ad5 left terminus, HPRT stuffer (nt 1799 to
21729), an expression cassette containing the human cytomegalovirus (hCMV)
promoter, hAAT c¢DNA, simian virus 40 poly(A), C346 stuffer (nt 10205 to
16750), and the AdS5 right terminus.
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AdSTK109. The construction of pSTK109 has been described previously (44).
Briefly, pSTK109 contains the Ad5 left terminus, a 19-kb genomic fragment
containing the hAAT locus, HPRT stuffer (nt 1777 to 10609), and the Ad5 right
terminus. Isolate #39 contains the genomic hAAT locus in left-to-right orienta-
tion. Isolate #35 contains the same expression cassette in the reverse orientation.

AdSTK135. pSTK135 was obtained by replacing a 3.8-kb fragment (HPRT nt
4636 to 8404) in the HPRT sequences of pSTK109 with lambda sequences
(lambda nt 22652 to 18548).

AdVBS.ATT. AdVB8.AAT contains the Ad5 left terminus, a 12-kb genomic
fragment from the hAAT locus (embedding the liver- and macrophage-specific
promoters, the first hAAT exon and intron, and the splice acceptor of the second
exon), the hAAT ¢cDNA, B-globin poly(A), HPRT stuffer (nt 17855 to 14588 and
nt 8563 to 1799), and the Ad5 right terminus.

AdGS84. AdGS84 is an first-generation Ad vector lacking E1 based on pGS66
(11). AdGS84 contains the Ad5 left terminus, the pgk hAAT expression cassette
and the bgh poly(A) introduced into the unique PacI site, and the Ad5 sequences
(nt 3523 to 35935). The Ad termini in pGS84 are flanked by unique Swal sites.
Isolate #15 contains the expression cassette in left-to-right orientation, and
isolate #17 contains it in right-to-left orientation.

Rescue of HC-Ad vectors. Plasmids pSTK109 #35, pSTK109 #39, pSTK135,
pVBS8.AAT, pGS47, pGS61, pGS85, pGS86 #9, and pGS86 #20 were digested
with Pmel; plasmid pGS67 was digested with SnaBI. Following phenol-chloro-
form extraction, the plasmids were transfected into 293-based cre66 cells
(Schiedner et al., unpublished data) which were coinfected with the loxP helper
virus AdLCS8cluc (37). Subsequent amplification steps and large-scale prepara-
tions were performed as described previously (44). All vector preparations were
purified twice by CsCl equilibrium density centrifugation, and the particle titers
were evaluated by optical density measurements. An average of 2 X 102 to 6 X
10'2 particles were produced from 3 X 10° cells. The infectious titers, as deter-
mined by slot blot analyses, ranged from a total of 0.5 X 10'! to 3 x 10"
infectious units. DNAs from CsCl-purified vectors were analyzed by restriction
digest and did not show any rearrangements.

Rescue of Ad vectors lacking E1. To produce AdGS84 #15 and 17, the
corresponding plasmids were digested with Swal. Following phenol-chloroform
extraction, the plasmids were transfected into N52.E6 cells (45) and overlaid with
agarose containing medium and serum. Plaques were isolated and subjected to a
second plaque purification. The lysates were amplified in N52.E6 cells, and
large-scale preparations were performed from 3 X 10® cells, resulting in approx-
imately 6 X 10'2 particles or 3 X 10" PFU for each vector.

Experimental mice. The mice used in this study were immunocompetent, 6- to
8-week-old C57BL/6J mice purchased from Charles River Wiga (Sulzfeld, Ger-
many). Recombinant Ad vectors were diluted in phosphate-buffered saline and
injected into the tail vein of mice in a total volume of 200 pl. Blood was obtained
by weekly tail vein bleeding, and serum was frozen at —80°C.

Enzyme-linked immunosorbent assay (ELISA) for hAAT. For analyses of in
vitro expression of hAAT following gene transfer, 10° nonhepatic human lung
carcinoma A549 cells (Cell Lines Service, Heidelberg, Germany) and 10° hepatic
murine Hepa 1-6 cells (Deutsche Sammlung von Mikroorganismen und Zellkul-
turen, Braunschweig, Germany) were infected with the different HC-Ad vectors
or Ad vectors lacking E1 at a multiplicity of infection of 100. At 24, 48, and 72 h
after transduction, 1 ml of culture medium was collected.

For analyses of in vivo expression of hAAT following gene transfer, groups of
6 mice received injections into the tail vein of 10 infectious units of the different
HC-Ad vectors or Ad vectors lacking E1. Mice were bled at indicated time
points. An ELISA was used as described previously (25) to measure hAAT levels
in cell culture medium or in the sera of mice.

Morphological analyses. One, 6, and 12 weeks after injection, 2 animals from
each group were sacrificed. Part of the liver was frozen in liquid nitrogen for
DNA extraction. The remaining part of the liver was fixed in 10% formalin, and
paraffin sections were stained with hematoxylin and eosin.

Antibody detection. For detection of anti-hAAT antibodies in the serum of
transduced mice, 96-well plates were coated with 100 ng of hAAT protein (ICN
Biomedicals) for 1 h at 37°C. Serum samples were serially diluted 1:50, 1:500,
1:5,000, 1:50,000, and 1:500,000, loaded into the wells, and incubated for 2 h at
37°C. Subsequently, an anti-mouse antibody coupled to horseradish peroxidase
(Jackson Immuno Research Laboratories, West Grove, Pa.) was added. After a
2-h incubation at 37°C, a substrate was added and the reaction was stopped after
15 min with 2 N H,SO,. The titer was determined as the reciprocal of the last
dilution giving an optical density at 450 nm of >0.2.

Detection of viral DNA. DNA was extracted from frozen liver sections by
proteinase K digestion followed by phenol-chloroform extraction. DNA was
digested with the appropriate enzymes, and Southern blot analyses were per-
formed with a radiolabeled probe specific for the hAAT cDNA.
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AdSTK109 #39 m_lm genomic | hAAT HPRT hAAT/HPRT
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AdSTK109 #35 m genomic | hAAT HPRT hAAT/HPRT
hAAT (genomic)
AdSTK135 m HPRT genomic | hAAT HPRT hAAT
hAAT (genomic)
AdVB8.AAT HPRT T | | genomic | hAAT HPRT/C346 | hAAT/HPRT
hAAT hAAT
(promoter) (cDNA)
AdGS47 | [ THPRT C346 cDNA pgk HPRT/C346 | HPRT
pgk / hAAT
AdGS61 | [THPRT (e el | cDNA pgk HPRT/C346 | hAAT/HPRT
pgk / hAAT
AdGS67 ~ 5 Tambdat SN ﬁ “lambda,~ - cDNA pgk lambda
pgk / hAAT
AdGS85 HPRT C346 cDNA hCMV HPRT/C346 | HPRT
hCMV / hAAT
AdGS86 #9 ﬁﬁhﬂT HPRT TT 1 C346 cDNA pgk HPRT/C346 | HPRT
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AdGS86 #20 &@/@@@ HPRT [ T C346 __ p~ cDNA pgk HPRT/C346 | HPRT
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AdGS84 #17 <E;§l PP PPPPPS cDNA | pgk
pgk / hAAT Ad5 A E1

FIG. 1. Schematic structure of HC-Ad vectors and Ad vectors lacking E1. The HC-Ad vectors have deletions of all viral genes and contain only
the left and right termini of AdS. In addition, AASTK109 and AdSTK135 contain the genomic hAAT gene locus, including the liver- and
macrophage-specific promoters. AdVB8.AAT contains the genomic hAAT promoter, the first hAAT exon and intron, the splice acceptor of the
second intron, and the hAAT cDNA. AdGS47, AdGS61, AdGS67, and AdGS86 contain the murine pgk promoter and hAAT cDNA. In contrast
to AdGS47, AdGS61, and AdGSS86, which carry stuffer DNA derived from HPRT and C346, AdGS67 contains lambda DNA as the stuffer.
AdGSS85 contains the hCMV promoter and the hAAT cDNA plus HPRT and C346 stuffer. In addition, the HC-Ad vectors bear presumptive
MARsS located originally either in the HPRT stuffer or in the first intron of the hAAT gene locus. AdGS84 is an Ad vector lacking E1 which
contains the murine pgk promoter and hAAT cDNA. The arrows indicated the transcriptional orientation of the hAAT expression cassette.

RESULTS

Construction of HC-Ad vectors expressing hAAT. HC-Ad
vectors are designed to retain only the viral elements required
for replication and packaging of vector DNA and therefore
allow incorporation of 35 kb of foreign DNA. This space can
either be occupied by one or several cDNA expression cas-
sette(s) plus noncoding stuffer DNA or by a large genomic
locus encoding the transgene in any possible combination, lo-
cation, or orientation. To analyze the potential influences of
stuffer DNA, promoters, gene constructs, and MARs on the
levels and durations of expression, we constructed the series of
HC-Ad vectors shown in Fig. 1. These HC-Ad vectors contain
either the hAAT cDNA expression cassette in different orien-

tations or locations on the vector genome, different ubiquitous
(pgk, hCMYV) or tissue-specific (hAAT) promoters, different
stuffer DNAs (HPRT, C346, lambda), different combinations
of stuffers, additional MARs, or the genomic locus encoding
hAAT. HC-Ad vectors were amplified using the Cre-LoxP
helper-dependent system (37), and only vector preparations
with ratios of vector particles to infectious units of 20 to 40
were used for in vitro and in vivo gene transfer experiments.

Expression of hAAT in vitro. To analyze if any of the above-
described elements had an influence on hAAT expression in
tissue culture, a hepatic (Hepa 1-6) and a nonhepatic (A549)
cell line were transduced with the different HC-Ad vectors in
parallel in single-infection experiments. As expected, minor
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FIG. 2. Effects of using the genomic locus or cDNA on the expres-
sion of hAAT. Groups of 6 C57BL/6J mice were injected with 10°
infectious units of either AASTK109 #39, AdVB8.AAT, or AdGS47 in
the tail vein. The amounts of hAAT in serum at the indicated time
points were determined by ELISA. Error bars represent the standard
deviations of each group.

differences in the expression levels in the two cell lines were
observed only with vectors carrying the liver-specific hAAT
promoter (AdSTK109). All other vectors expressed compara-
ble hAAT levels in Hepa 1-6 and A549 cells. In addition,
comparable levels were obtained from cells transduced with
different vectors (data not shown).

Expression of hAAT in vivo: genomic locus versus cDNA
(AdSTK109 #39, AdGS47, AdVBS.AAT). It has been shown
previously that intravenous injection of AASTK109 expressing
hAAT from the genomic hAAT locus resulted in long-term
and high hAAT levels in C57BL/6] mice (44).

We wished to analyze the impact on levels of hAAT in serum
when expressing hAAT from a cDNA (AdGS47) or the
genomic locus (AdSTK109) in the context of an HC-Ad vector
genome. Therefore, the hAAT cDNA and the murine pgk
promoter were introduced into plasmid pSTK120, resulting in
pGS47. C57BL/6J mice were transduced by tail vein injection
with 10° infectious units of AdGS47 or AdSTK109 (isolate
#39), and hAAT serum levels were determined by ELISA at
different time points (Fig. 2). Both vectors resulted in stable
transgene expression for 12 weeks (the duration of the exper-
iment). However, in mice that received AdSTK109, hAAT
levels were approximately 130-fold higher than in mice injected
with AdGS47 (12 pg/ml versus 90 ng/ml).

To better understand the reasons for the differences in ex-
pression, AdVBS.AAT was constructed. In AdVBS.AAT the
hAAT cDNA is transcribed from the original hAAT promoter.
This vector was constructed to contain, in addition to the
promoter, the first noncoding exon, the first intron, and the
splice acceptor of the second exon. In C57BL/6J mice trans-
duced with AdVB8.AAT, the levels of hAAT in serum were
approximately 4 wg/ml and were stable for at least 12 weeks
(Fig. 2). These levels are threefold lower than those obtained
with the genomic hAAT locus in AdSTK109, suggesting only a
minor positive influence on transgene expression by noncoding
elements in the hAAT gene downstream from the splice ac-
ceptor site of exon 2.
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Compared to mice transduced with AdGS47, a striking effect
on transgene expression resulted from the use of the genomic
hAAT promoter in AAVBS.AAT versus the pgk promoter (40-
fold higher expression levels). As detailed in Materials and
Methods, AdVB8.AAT contains the genomic hAAT locus ac-
commodating the macrophage- and liver-specific promoters.
Even when compared to expression levels in mice obtained
with an HC-Ad vector containing an hCMV promoter-con-
trolled hAAT cDNA expression cassette (AdGS85) the use of
the genomic hAAT promoter resulted in higher hAAT levels.

It should be mentioned that we currently do not know
whether the different polyadenylation signals used in AdSTK109,
AdVBS8.AAT, and AdGS47 [endogenous, B-globin, and bgh
poly(A), respectively] might influence expression levels in the
different vectors.

Impact of stuffer DNA on hAAT expression (AdGS47,
AdGS67). In principle, several specific requirements have to be
demanded for stuffer DNA. Stuffer DNA should not interfere
with but rather support stability and growth kinetics during
vector amplification. Stuffer DNA preferably should not neg-
atively influence transgene expression in vivo and itself should
not be toxic or immunogenic. Stuffer sequences should be
transcriptionally silent.

To test the influence of different stuffer DNAs on hAAT
expression, an HC-Ad vector was constructed containing the
pgk promoter hAAT cDNA expression cassette plus 27.5 kb of
stuffer DNA from phage lambda (AdGS67). Injection of 10°
infectious units into C57BL/6J mice resulted in nondetectable
levels of hAAT in serum (data not shown). However, hAAT
levels in the serum of mice transduced with 2 X 10? infectious
units of AdGS67 reached approximately 50 ng/ml and were
stable for 12 weeks. The kinetics of hAAT expression following
injection of either AdGS67 (2 X 10° infectious units) and
AdGS47 (10° infectious units) were comparable and reached a
plateau 2 weeks after injection (Fig. 3). Injection of 2 X 10°
infectious units of both AdGS47 or AdGS67, resulted in three-
fold-higher levels of hAAT in mice transduced with AdGS47
(data not shown). These results suggested that there were no
differences in kinetics but significant, even though not dra-
matic, differences in the expression levels with HC-Ad vectors
containing human or lambda stuffer sequences.

Influence of MARs on hAAT expression levels (AdGS47,
AdGS61, AASTK109 #39, AdSTK135). It has been shown pre-
viously that inclusion of a scaffold attachment region on a
retroviral vector can influence transgene expression levels and
the persistence of expression in vivo (2, 6, 16, 35). The pres-
ence of a MAR facilitated the replication, episomal mainte-
nance, and stability of a circular yeast artificial chromosome
vector in tissue culture (15). Therefore, it is conceivable that
particular elements present on the HC-Ad vector genome po-
tentially might help to stabilize DNA in the nucleus of the
transduced cell. Noncoding stuffer DNA in AASTK109 is de-
rived from the human HPRT locus and contains a DNA ele-
ment that has been shown to interact with the nuclear matrix in
vitro (49). To test the influence on transgene expression of the
MAR located in the HPRT, a 3.8-kb fragment in the HPRT
stuffer of AdSTK109 containing the MAR element was re-
placed by DNA sequences from bacteriophage lambda, result-
ing in AdSTK135. Mice transduced with either AdSTK109
(#39) or AdSTK135 yielded high expression levels. The dura-
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FIG. 3. Influence of stuffer DNA from different origins (human
and bacteriophage lambda) on transgene expression. Groups of 6
C57BL/6] mice were injected with either 10° infectious units of
AdGS47 (HPRT, C346 stuffer) or 2 X 10° infectious units of AdGS67
(lambda stuffer) in the tail vein. The amounts of hAAT in the sera of
transduced mice were analyzed by ELISA. Error bars represent the
standard deviations of each group. Please note that the data for
AdGS47 are the same as shown in Fig. 2.

tion of expression did not differ between the two vectors and
lasted for 12 weeks (Fig. 4A). In mice that received
AdSTK135, the levels of hAAT were about 2.5-fold lower than
those in mice transduced with AdSTK109 (5 versus 12 pg/ml).
These experiments showed that deletion of the HPRT MAR in
the stuffer DNA had no significant influence on transgene
expression.

By computational analyses, we identified an additional pre-
sumptive MAR located in the first intron of the genomic
hAAT locus. This 800-bp fragment fulfills in a computer model
all criteria for a strong matrix binding sequence. To test if this
element influenced transgene expression in vivo, a 2-kb frag-
ment embedding this element was introduced in an HC-Ad
vector that contained the pgk-driven hAAT cDNA plus stuffer
DNA from HPRT and C346, resulting in AdGS61. C57BL/6J
mice transduced with AdGS61 showed a 10-fold increase in
hAAT expression compared to mice that were injected with
AdGS47, a vector containing exactly the same elements except
for the hAAT MAR (800 versus 80 ng/ml). Similar to the other
HC-Ad vectors described so far, transgene expression in mice
transduced with AdGS61 did not decline during the time of the
experiment (Fig. 4B).

Effects of the location and the orientation of the expression
cassette in the vector genome on hAAT expression (AdGS47,
AdGS86 #9 and 20, AdSTK109 #35 and 39, AdGS84 #15 and
17). Viral noncoding elements located within the left terminal
Ad sequences have been shown to influence transgene expres-
sion in Ad vectors lacking E1 (7, 24, 41, 42). The same ele-
ments are also present in HC-Ad vectors. To test if these viral
sequences could influence transgene expression from an HC-
Ad vector, a pgk promoter-controlled hAAT expression cas-
sette was introduced into an HC-Ad vector plasmid directly
adjacent to the left AdS terminus. In the resulting vectors,
AdGS86 #9 and 20, the expression cassettes were in opposite
orientations (Fig. 1). Mice transduced with both vectors had
comparable levels of hAAT in serum (AdGS86 #9, 300 ng/ml;
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FIG. 4. Influence of MARs on transgene expression. Groups of
6 C57BL/6] mice were injected with 10° infectious units of AASTK109
#39 (containing the HPRT MAR) or AdSTK135 (HPRT MAR re-
placed by lambda sequences) (A) or AdGS47 (containing the
HPRT MAR) or AdGS61 (containing the HPRT and hAAT MAR)
(B) in the tail vein. The amounts of hAAT in the sera of mice at the
indicated time points were determined by ELISA. Error bars represent
the standard deviations of each group. Please note that the data for
AdSTK109 #39 and AdGS47 are the same as shown in Fig. 2.

AdGS86 #20, 230 ng/ml) which were stable over 12 weeks.
These levels were slightly elevated in comparison to those of
mice transduced with AdGS47, which contained an identical
transgene cassette located between the HPRT and C346 stuffer
(Fig. 5A). Also with a second set of vectors containing the
genomic hAAT locus in different orientations (AdSTK109
#35 and 39) (Fig. 1), expression levels were comparable (Ad-
STK109 #35, 7.5 wg/ml; AASTK109 #39, 12 pg/ml), indicating
that the orientation of the expression cassette did not signifi-
cantly influence expression in the two examples (Fig. 5B).
Two first-generation Ad vectors lacking E1, AdGS84 #15
and 17 (Fig. 1), were also constructed to contain the pgk
promoter hAAT cDNA expression cassette in different orien-
tations at the left terminus. Both vectors showed high and
comparable transgene expression (AdGS84 #15, 350 ng/ml;
AdGS84 #17, 250 ng/ml) with a 50% decrease in expression
levels between 3 and 12 weeks after injection (Fig. 6). Mor-
phological signs of toxicity were not detected at this low vector
dose (data not shown). The expression levels achieved with the
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FIG. 5. Effects of location and orientation of the transgene cassette
on hAAT expression. Groups of 6 mice were injected with 10° infec-
tious units of AdGS86 #9, AdGS86 #20 (expression cassette in dif-
ferent orientations located at the left terminus), or AdGS47 (expres-
sion cassette flanked by HPRT and C346 stuffer) (A) or AdSTK109 #35
or AASTK109 #39 (expression cassette in different orientations) (B) in
the tail vein. The amounts of secreted hAAT in the sera of transduced
mice were determined by ELISA. Error bars represent the standard
deviations of each group. Please note that the data for AASTK109
#39 and AdGS47 are the same as shown in Fig. 2.

two first-generation Ad vectors were comparable to those that
were obtained in mice transduced with AdGS86 #9 or 20.

Influence of the promoter on duration of expression and
antibody generation (AdGS85). In mice injected with the de-
scribed HC-Ad vectors which contain either the ubiquitously
active pgk or the liver-specific hAAT promoter, the kinetics of
transgene expression were different from those obtained with
Ad vectors lacking E1, reaching a maximum level of expression
2 to 3 weeks after injection followed by stable expression levels
for 12 weeks. In addition, none of the animals transduced with
the HC-Ad vectors showed any sign of liver toxicity (data not
shown). Southern blot experiments with genomic DNA from
the livers of animals transduced with 10° infectious units re-
vealed comparable transduction efficiencies with all HC-Ad
vectors resulting in 0.1 to 0.2 copies per cell present at 1, 6, and
12 weeks after injection.

C57BL/6J mice are believed to not generate anti-hAAT an-
tibodies following intravenous administration of Ad vectors
expressing hAAT (8, 32, 46). To our surprise, different from all
other HC-Ad vectors that we tested during this study, gene
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FIG. 6. Expression of hAAT in mice transduced with Ad vectors
lacking E1. Groups of 6 mice were injected with 10° infectious units of
either AdGS84 #15 or AdGS84 #17 (expression cassette in opposite
orientation) in the tail vein, and the amounts of hAAT in the serum at
different time points were determined by ELISA. Error bars represent
the standard deviations of each group.

transfer of an HC-Ad vector expressing hAAT from the hCMV
promoter resulted in very variable and frequently only tran-
sient hAAT expression. Expression levels were relatively high
at 1 week after injection but were very variable, ranging from
150 to 2,500 ng/ml. In 4 out of 6 mice, hAAT expression levels
dropped below the detection limit of slightly below 10 ng/ml
within 3 to 4 weeks (Fig. 7A). These results suggested that
antibodies to hAAT could have caused a loss of expression or
could have limited the detection of hAAT in the sera of trans-
duced animals. Indeed, in AdGS85-transduced animals, the
appearance of high titers of antibodies to hAAT correlated
with the disappearance of the protein from the serum (Fig.
7B). In mice transduced with the other HC-Ad vectors de-
scribed above, only a few animals revealed very low levels of
antibodies to hAAT and only at certain time points (data not
shown). These low levels of antibodies did not result in a drop
of the levels of hAAT in the serum. It should be mentioned
that we did not observe any inflammatory changes in the livers
of mice injected with AdGS85 (data not shown). The data
obtained with AdGSS85, AdGS47, AAVB8.AAT, or AdSTK109
suggested that rapid disappearance of hAAT from the blood of
transduced animals as a result of the appearance of anti-hAAT
antibodies was primarily determined by the choice of the pro-
moter that was used to control transgene expression.

DISCUSSION

One of the attractive features that distinguish HC-Ad vec-
tors from earlier generation Ad vectors is the potential to
introduce very large DNA fragments onto the vector genome,
allowing, for example, the parallel expression of several genes
or the tight regulation of gene expression. Typically, HC-Ad
vectors will contain stuffer DNA in addition to one or several
genes or expression cassettes coding for therapeutic proteins
or RNAs. Stuffer DNA is required to balance the final vector
genome size to between 27 and 36 kb. The lower limit is
determined by an instability of the vector genome during pro-
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FIG. 7. Influence of the promoter on antibody generation. Six C57BL/6J mice were injected with 10° infectious units of AdGS85, which carries
the hAAT cDNA expressed from the hCMV promoter. Mice were bled at the indicated time points, and levels of hAAT in the serum (A) or titers

of antibodies to hAAT (B) were determined by ELISA.

duction that has been observed if the starting size of the vector
genome was smaller than approximately 27 kb (38). The upper
limit is determined by the overall packaging capacity of up to
38 kb (9).

Having the opportunity to introduce many different combi-
nations of coding and noncoding DNA elements on an HC-Ad
vector genome leads to the question of whether gene expres-
sion is influenced by more than simply promoter strength. In
the present study we used in vivo hAAT expression from
HC-Ad vectors as a model to analyze the influence on the
expression of promoters, different stuffer DNAs, additional
stabilizing elements (MARs), and the location and orientation
of the expression cassette within an HC-Ad vector genome.

Expression of hAAT from the genomic hAAT locus or from
the large hAAT promoter plus first intron resulted in improved
expression compared to expression from the murine pgk or the
hCMYV promoter. The feasibility of introducing the genomic
locus of the hAAT gene into an HC-Ad vector genome has
recently been shown. This vector (AdSTK109) allowed tissue-
specific, high-level, and long-term gene expression without de-
tectable toxicity (33, 44). The use of the ubiquitous pgk
(AdGS47) or hCMV (AdGS85) promoter to express hAAT
from a cDNA did not provide comparably high hAAT levels.
More than 100-fold lower expression was observed with
both promoters compared to mice injected with AdSTK109.
AdSTK109 includes both liver- and macrophage-specific pro-
moters, all exons and introns, and the polyadenylation signal.
Interestingly, AdVBS.AAT, an HC-Ad vector that had the
upstream part of the hAAT gene incorporated (promoter re-
gion, first exon, intron, and splice acceptor of the second exon)
to express hAAT from the cDNA resulted in expression levels
that were only threefold lower than those in mice injected with
AdSTK109. These results indicated that the noncoding 3'
prime part of the hAAT gene locus (i.e., introns 2 to 4, exons
2 to 5) did not significantly contribute to the increased expres-
sion of hAAT. Although we assume that the high levels of
expression from AdSTK109 and AdVBS.AAT were largely
determined by the strong hAAT promoter, it is conceivable
that the first hAAT intron contributed to the enhanced expres-
sion since the insertion of an intron into a cDNA may boost
expression. These results also exemplify the power of HC-Ad
vectors in the performance of gene function and gene regula-
tion studies in vivo.

In several previous studies using Ad vectors lacking E1, the
duration and levels of expression have been analyzed with
respect to the contribution of intronic or other untranslated
DNAs to expression. In one study, expression was improved
compared to the cDNA when the expression cassette included
parts of the genomic locus (17). Many examples exist in which
the inclusion of genomic elements such as introns or 5' and 3'
untranslated regions into cDNAS increased expression in vitro
(28) in transgenic animals (36) and in Ad constructs (14). It is
likely that in many cases, particularly in highly expressed genes,
use of the genomic locus will be the preferable method for
expression if size permits.

Incorporation of a presumptive MAR element increased
expression 10-fold. Through sequence analysis of AASTK109
we located in the first intron of the hAAT a gene fragment with
sequence features typical of MARs. Cellular DNA has been
found to be tightly associated with the nuclear matrix through
specific DNA elements termed MARs. MARs may be up to a
few hundred nucleotides in size and many contain AT-rich
stretches and clusters of topoisomerase II cleavage sites. Since
gene transfer with AAdVBS.AAT resulted in hAAT levels that
were only slightly reduced compared to AdSTK109, we rea-
soned that this element might potentially contribute to the high
expression levels observed. Therefore, we incorporated this
element as an 800-bp fragment into an HC-Ad vector approx-
imately 8 kb upstream from a pgk hAAT expression cassette.
Injection of this vector (AdGS61) resulted in a 10-fold increase
in hAAT levels in serum compared to those in mice injected
with AdGS47, an otherwise identical vector. In eucaryotic and
viral systems, MARs have been shown to contain regions of
DNA involved in replication, partitioning, and transcription
(reviewed in reference 10). Attachment of DNA to the nuclear
matrix may lead to activation and inactivation of entire do-
mains of DNA containing many genes. In addition, MARS can
coincide with enhancer-like elements (20). Therefore, even
though a clear distinction between MARs and enhancers might
not be possible, we plan to analyze in future experiments wheth-
er the increased in vivo expression observed with AdGS61 is
due to matrix binding or associated with an enhancer-like func-
tion.

AdSTK109 contains an additional element located in the
HPRT stuffer which was found to bind to the nuclear matrix
in vitro (49). However, replacing this HPRT MAR with se-
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quences from phage lambda (AdSTK135) did not result in
strikingly different hAAT levels when injected into C57BL/6J
mice. These results suggested that the MAR located in the
HPRT stuffer was not important for expression following gene
transfer under the conditions used. These data are in agree-
ment with studies in which the same HPRT MAR had been
introduced into an HC-Ad vector expressing E. coli lacZ
from the murine CMV promoter. No difference in expres-
sion was noted between vectors with and without the HPRT
MAR (39).

Stuffer DNA from different origins (DNA of human origin
or from phage lambda) did result in quantitative but not qual-
itative differences in the expression of hAAT. Independent
from the choice of stuffer DNA (human or lambda), growth
kinetics of the different HC-Ad vectors used in this study were
comparable during production. Most HC-Ad vectors that have
been generated in the past and that were used to express a
variety of different genes in vivo have contained noncoding
stuffer DNA from the human HPRT locus and/or the human
cosmid C346. In the present study we have not observed that
HPRT and/or C346 or lambda DNA-containing vectors are
prone to rearrangements during cloning or production. This is
in contrast to a study by Sandig et al. (43) in which an occa-
sional instability during amplification of HPRT and/or C346
stuffer-containing vectors was noted. With all vectors of this
study and with most published vectors, in vivo expression was
long lasting if the protein expressed from the vector was not
recognized as a neoantigen (12, 13, 30, 34, 39, 43, 44, 50). Here
we demonstrate that the duration of expression of hAAT in the
liver was stable for 3 months and did not differ between vectors
carrying human or lambda DNA as the stuffer. However, the
injection of higher doses of AdGS67 (a pgk hAAT vector with
lambda stuffer) was needed to obtain expression levels that
were comparable to those observed in mice transduced with
AdGS47, a pgk hAAT vector with human DNA as the stuffer.
Southern blot analyses with DNA from mice injected with 2 X
10? infectious units of AdGS67 revealed a higher copy number
of genomes per hepatocyte (about 0.5 copies per cell) than in
mice injected with 10° infectious units of AdGS47 (about 0.1 to
0.2 copies per cell), suggesting that AdGS67 was not impaired
in transducing hepatocytes in vivo. Together, these data indi-
cated that the presence of the lambda stuffer on the vector
genome did not limit the duration of expression but rather
negatively affected absolute expression levels. This is in con-
trast to a previous study in which E. coli B-galactosidase was
expressed from the murine CMV promoter in an HC-Ad vec-
tor containing lambda stuffer. Transduction of this vector re-
sulted in only transient expression of B-galactosidase when
injected into healthy and lacZ transgenic mice, and lambda
stuffer-directed cytotoxic T lymphocytes (CTL) were detected
(39). The reasons for the differences between the two results
are unclear, and further studies are required for clarification.
In principle, several explanations alone or in combination
might account for the differences. First, B-galactosidase is an
intracellular protein, whereas hAAT is efficiently secreted
from the cell. Second, B-galactosidase was expressed from the
murine CMV promoter, whereas the murine pgk promoter was
used to express hAAT. Third, the B-galactosidase-expressing
HC-Ad vector contained a bacterial origin of replication and
an ampicillin resistance gene in addition to the lambda stuffer.
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Fourth, the B-galactosidase-expressing HC-Ad vector was
tested in FVB/n mice in contrast to the C57BL/6J mice used in
the present study.

Location and orientation of the expression cassette on the
vector genome did not influence expression levels of hAAT. In
first- or second-generation Ad vectors, expression cassettes are
usually introduced immediately adjacent to the left terminus.
Several studies have indicated that the orientation of the ex-
pression cassette at this location may influence the magnitude
of transgene expression in vitro (1, 48). Especially, tissue-spe-
cific or inducible transgene expression in vivo was impaired by
viral regulatory elements located within the Ad left inverted
terminal repeat (nt 1 to 340) but also within the pIX promoter
(7, 47, 48). In the present study, potential orientation and/or
location effects were analyzed by generating three vectors that
carried identical pgk hAAT cassettes either embedded within
stuffer DNA approximately in the middle of the vector genome
or in both orientations at the left terminus. As a result of the
present study we note that there were no significant differences
in expression kinetics, duration, or absolute levels of hAAT
among the different vectors, except that there was a tendency
toward slightly lower hAAT levels when the expression cassette
was located in the middle of the vector genome. In particular,
injection of the two vectors AdGS86 #9 and 20, which carried
the cassette in alternate orientations at the left terminus im-
mediately adjacent to the E1 enhancer, resulted in identical
hAAT levels. In addition, we also noted that the same expres-
sion cassette, when introduced in the two orientations into
first-generation Ad vectors, also did not result in different
expression levels. Comparable results were obtained by injec-
tion of two HC-Ad vectors carrying the genomic hAAT locus
in different orientations (AdSTK109 #35 and 39) that resulted
in equivalent expression levels.

Using the hCMV hAAT expression cassette in an HC-Ad
vector resulted in the generation of anti-hAAT antibodies in
transduced C57BL/6J mice. As shown in Fig. 2 to 5, with most
HC-Ad vectors the levels of hAAT in serum reached expres-
sion plateaus 2 to 3 weeks following injection and were fol-
lowed by stable expression for 3 months (the duration of the
experiment). Expression kinetics were independent of the
combination of stuffer, gene construct, or promoter. None of
the HC-Ad vectors resulted in detectable liver toxicity at the
given doses. C57BL/6J mice were chosen because, in contrast
to other mouse strains, in many studies they have been found
to not generate anti-hAAT antibodies following intravenous
administration of an Ad vector lacking E1 and expressing
hAAT (8, 32, 46). In the present study we were surprised to
note that injection of AdGS85, an HC-Ad vector expressing
hAAT from the hCMV promoter, was followed by highly vari-
able and rapidly declining hAAT levels in serum. In most mice,
hAAT was undetectable in serum 3 to 4 weeks after injection.
Several scenarios have been found responsible for transient
gene expression from Ad vectors lacking E1: (i) CTL response
to leaky expression of viral proteins and loss of transduced cells
(53-58), (ii) immune responses against the transgene (31, 32,
51), and (iii) promoter shut-off (4, 5, 11, 21). HC-Ad vectors do
not contain any viral coding sequences. Therefore, CTL re-
sponses to viral proteins in transduced animals can be excluded
as a reason for the loss of transduced cells. In mice injected
with AdGSS85, hepatotoxicity was not observed (data not
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shown). However, rising anti-hAAT serum antibody titers were
detected following vector injection. Interestingly, injection of
AdGS47, an almost identical vector with the hCMV promoter
replaced by the murine pgk promoter resulted in stable serum
levels of hAAT (Fig. 2) in the absence of anti-hAAT serum
antibodies (data not shown). These data indicated that the
immune response against hAAT differed between two promot-
ers that both fall into the category of constitutive promoters. In
previous studies it has been observed that C3H/HeJ mice de-
veloped anti-hAAT antibodies when Ad vectors lacking E1
were injected that expressed hAAT from the ubiquitous pgk
promoter but failed to develop antibodies when transduced
with a vector expressing hAAT cDNA from the liver-specific
albumin promoter (40). In view of data that indicate that
antiviral immune responses may depend on the expression of
viral proteins in professional antigen-presenting cells (APC)
(58), this observation has been interpreted to mean that the
generation of antibody responses against secreted foreign an-
tigens following gene transfer might be induced by the expres-
sion of the antigen in APC due to the use of a promoter that
is active in APC. In the studies presented here and in previ-
ously reported studies (40), even the pgk hAAT expression
cassette in the context of an Ad vector lacking E1 did not result
in anti-hAAT antibody formation in C57BL/6J mice (data not
shown). Several conclusions can be drawn from these obser-
vations: (i) antibody response to the transgene expressed under
the control of the pgk promoter is strain related and occurs in
C3H/HeJ mice but not in C57BL/6J mice and (ii) expression of
hAAT under the control of the hCMV promoter but not the
pgk promoter results in anti-hAAT antibody formation in
C57BL/6J mice. Future experiments should clarify a possible
influence of the vector backbone (Ad vector lacking E1 versus
HC-Ad vector) on the performance of different promoters in
different mouse strains, and the experiments described in the
present study in C57BL/6J mice should be extended to addi-
tional mouse strains.

In summary, we show that, except when using the hCMV
promoter to express the transgene, the expression kinetics and
duration of expression did not differ between the different
vectors that were used in the present study. With all vectors,
which were applied at a relatively low dose (10° infectious
units), peak levels of hAAT in serum were observed 2 to 3
weeks following injection. However, absolute hAAT levels dif-
fered between the individual vectors. This was not surprising
for vectors that contained different expression cassettes, e.g.,
different promoters or hAAT coding sequences. However, in
vectors carrying identical expression cassettes, the nature of
the stuffer DNA and the inclusion of a MAR significantly
influenced expression. The differences in expression that were
observed following gene transfer in vivo were not reflected in
in vitro experiments. Therefore, the optimization of HC-Ad
vectors should include the consideration of stuffer DNA, pro-
moter, additional noncoding elements, and results obtained
from in vivo testing. It is likely that, depending on the cell type
to be transduced or the transgene to be expressed, each appli-
cation will require a specific vector design. Thus, optimized
vectors have the highest potential to achieve high transgene
expression with low and nontoxic vector doses.
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