JOURNAL OF VIROLOGY, June 2004, p. 5966-5972
0022-538X/04/$08.00+0 DOI: 10.1128/JV1.78.11.5966-5972.2004

Vol. 78, No. 11

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Helper-Dependent Adenovirus Vectors Elicit Intact Innate but

Attenuated Adaptive Host Immune Responses In Vivo

Daniel A. Muruve,'* Matthew J. Cotter,' Anne K. Zaiss,' Lindsay R. White,'
Qiang Liu,'f Trevor Chan,' Sharon A. Clark," P. Joel Ross,>
Robert A. Meulenbroek,”> Gunhild M. Maelandsmo,>
and Robin J. Parks?

Department of Medicine and Libin Gene Therapy Unit, University of Calgary, Calgary, Alberta," and
Molecular Medicine Program, Ottawa Health Research Institute, Ottawa, Ontario,> Canada, and
Department of Tumor Biology, Norwegian Radium Hospital, Oslo, Norway®

Received 23 October 2003/Accepted 3 February 2004

Helper-dependent adenovirus (HD-Ad) vectors with all adenoviral genes deleted mediate very long-term
expression of therapeutic transgenes in a variety of animal models of disease. These vectors are associated with
reduced toxicity and improved safety relative to traditional early region 1 deletion first-generation Ad (FG-Ad)
vectors. Many studies have clearly demonstrated that FG-Ad vectors induce innate and adaptive immune
responses in vivo; however, a comprehensive analysis of host immune responses to HD-Ad vectors has not yet
been performed. In DBA/2 mice, intravenous injection of HD-Ad vectors encoding LacZ (HD-AdLacZ) or a
murine secreted alkaline phosphatase (HD-AdSEAP) induced an early expression of inflammatory cytokine
and chemokine genes in the liver, including interferon-inducible protein 10, macrophage inflammatory protein
2, and tumor necrosis factor alpha, and were expressed in a pattern similar to that induced by FG-Ad vectors
encoding AASEAP. Like AASEAP, and consistent with the pattern of cellular gene expression, HD-AdLacZ and
HD-AdSEAP induced the recruitment of CD11b-positive leukocytes to the transduced liver within hours of
administration. AASEAP also induced a second phase of liver inflammation, consisting of inflammatory gene
expression and CD3-positive lymphocytic infiltrates 7 days posttransduction. In contrast, beyond 24 h no
infiltrates or expression of inflammatory genes was detected in the livers of mice receiving HD-AdSEAP.
Despite the lack of liver inflammation at 7 days, Ad-specific cytotoxic T lymphocytes could be detected in mice
receiving HD-AdSEAP. This lack of liver inflammation was not due to reduced transduction since levels of
transgene expression and the amounts of vector DNA in the liver were equivalent in mice receiving HD-
AdSEAP and AdSEAP. These results demonstrate that HD-Ad vectors induce intact innate but attenuated

adaptive immune responses in vivo.

Adenovirus (Ad) vectors are used clinically and experimen-
tally for gene therapy (reviewed by Amalfitano and Parks in
reference 1). The majority of gene therapy studies utilize first-
generation Ad (FG-Ad) vectors that are rendered replication
defective due to the deletion of early region 1 (E1). Although
these vectors cannot replicate, FG-Ad vectors induce strong
host innate and adaptive immune responses (10). The induc-
tion of adaptive immunity by FG-Ad is characterized by the
generation of Ad-specific major histocompatibility complex
class I-restricted CD8™" cytotoxic T lymphocytes (CTL). In
immunocompetent hosts, this response limits the duration of
transgene expression and ultimately results in Ad vector clear-
ance within several weeks of administration. The ongoing ex-
pression of Ad genes borne by these vectors contributes sig-
nificantly to the induction of adaptive immunity (31-33). In
recent years, a variety of strategies have been developed to
minimize or eliminate Ad gene expression in this vector sys-
tem. Currently, among the most effective vehicles for Ad-me-
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diated gene therapy are helper-dependent Ad (HD-Ad) vec-
tors. HD-Ad vectors lack all viral protein coding sequences and
contain only the cis-acting elements required to replicate and
package the vector DNA (approximately 500 bp of Ad se-
quence). Therefore, HD-Ad vectors can accommodate up to
36 kb of foreign DNA. Helper Ads provide the necessary viral
genes in frans to package the vector DNA but cannot them-
selves be packaged due to Cre- or Flp-mediated excision of the
helper virus packaging signal (16, 19, 27). In animal models,
HD-Ad vectors exhibit stable, long-term transgene expression
(8,23) and are associated with reduced toxicity (13, 14, 29, 35).
The development of these agents is thus a major advance in the
field of Ad-mediated gene delivery.

In addition to their impact on adaptive immunity, FG-Ad
vectors also induce innate immune responses (15, 24, 34).
Unlike adaptive responses, the induction of innate immunity is
triggered by the Ad particle and does not require viral gene
expression (11, 24). Within minutes of delivery in vivo, UV-
psoralen-inactivated (i.e., transcription-defective) FG-Ad vec-
tors induce the expression of host cytokines and chemokines,
similar to transcription-competent FG-Ad vectors (9, 11, 12,
15, 24), resulting in the rapid loss of vector independent of the
adaptive immune system (30). Furthermore, transcription-de-
fective FG-Ad vectors can induce Ad-specific CTL, illustrating
that adaptive immune mechanisms remain in play despite the
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apparent lack of viral gene expression (7, 11, 22). Although
HD-Ad vectors might be expected to exhibit similar responses,
FG-Ad vectors inactivated by UV-psoralen-treatment do not
truly mimic HD-Ad vectors, and a detailed analysis of the host
immune response to HD-Ad has yet to be performed.

We have developed a model of adenoviral gene transfer to
study both innate and adaptive immune responses in vivo (11).
In this model, intravenous administration of FG-Ad vectors
produces a biphasic immune response in the liver of naive
mice. First, FG-Ad vectors trigger rapid (<24-h) induction of
inflammatory gene expression within the liver, accompanied by
leukocyte recruitment and acute hepatic inflammation. This
first phase corresponds to the innate immune response and, in
the absence of Ad gene transcription, does not persist beyond
24 h. Following the administration of transcription-competent
FG-Ad vectors, a second peak of cytokine and/or chemokine
gene expression and inflammation occurs within the liver at 5
to 7 days postinjection. This phase, characterized by predom-
inantly lymphocytic infiltrates and the induction of Ad-specific
CTL, represents the adaptive immune response (11). In this
study, we employ this model to examine the host immune
response to HD-Ad vectors in comparison to the response to
FG-Ad vectors. We show that HD-Ad vectors induce innate
immune responses similar to those induced by FG-Ad vectors
and that they elicit attenuated adaptive immunity in vivo. Our
results show that HD-Ad vectors provide an immunological
advantage over their FG-Ad counterparts.

MATERIALS AND METHODS

Ad vectors. Ad constructs were generated by using a combination of conven-
tional cloning and RecA-mediated bacterial recombination (3, 5). Ad-SEAP is
an E1/E3 deletion Ad vector that encodes a murine secreted alkaline phospha-
tase (NSEAP) cDNA under the regulation of the murine phosphoglycerate
kinase (PGK) promoter and simian virus 40 polyadenylation sequence, replacing
the E1 deletion. This virus was grown in 293 cells by using standard techniques
(17). HD-AdSEAP encodes an expression cassette identical to that encoded by
Ad-SEAP but lacking all Ad sequences, with the exception of the left and right
inverted terminal repeat and the viral packaging signal. To maintain the DNA
size of the vector within appropriate packaging limits (20), HD-AdSEAP also
contains a 22-kb fragment from the human hypoxanthine-guanine phosphorybo-
syltransferase gene, as has been previously described (18). HD-AdLacZ is similar
to HD-AdSEAP but encodes the Escherichia coli lacZ gene under the regulation
of the murine cytomegalovirus immediate-early promoter or enhancer replacing
the PGK-mSEAP expression cassette. HD-Ad vectors were grown as previously
described (19). Ad vector particle titers were determined by measuring the
optical density at 260 nm and were expressed as particles per animal. Helper
virus contamination for the HD-Ad vectors was determined by plaque assay on
293 cells and was approximately 0.2% for both HD-AdLacZ and HD-AdSEAP.
Endotoxin levels for all vector preparations measured <0.1 EU/ml.

Animal studies. DBA/2 (H-2) mice (Charles River Laboratories, Wilmington,
Mass.) were housed under single barrier conditions. The animals at 8 to 10 weeks
of age (25 to 30 g) were injected with Ad vectors in 100 pl of vehicle via the
femoral vein. Control animals received 100 .l of vehicle alone. Animal studies
were performed in accordance with the Animal Care Committee guidelines at
The University of Calgary.

RNase protection assay. Total RNA was isolated from mouse liver tissue with
an RNeasy kit (QIAGEN) according to the manufacturer’s protocol. An RNase
protection assay was carried out by using the RiboQuant multiprobe system (BD
Pharmingen). The mCK-3 and mCK-5 template sets or a customized template
were used to transcribe radiolabeled antisense riboprobes for a set of murine
cytokines and chemokines. The murine ribosomal protein L32 and glyceralde-
hydes-3-phosphate dehydrogenase (GAPDH) were used as internal control
genes. Five micrograms of RNA per sample was hybridized to 6 X 10° cpm of
total probe overnight at 56°C. After RNase A plus T, and proteinase K diges-
tions, the protected RNA fragments were electrophoresed on a 5% acrylamide-8
M urea gel and visualized by autoradiography. For quantification, the gels were
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subjected to phosphorimager analysis by a Personal F/X Molecular Imager (Bio-
Rad), and the signal intensities for the individual genes were analyzed with
Quantity One software (Bio-Rad). To correct for RNA loading, each intensity
score was normalized to the intensity of hybridization for the GAPDH gene and
expressed as phosphorimager units.

Southern blot analysis. To obtain total liver DNA, 30 mg of liver tissue was
lysed in 500 I of lysis buffer (100 mM NaCl, 10 mM Tris [pH 8.0], 25 mM EDTA
[pH 8.0], 0.5% sodium dodecyl sulfate [SDS], 0.1 mg of proteinase K per ml) and
incubated at 50°C overnight. Nucleic acids were thoroughly extracted with phe-
nol-chloroform-isoamyl alcohol (25:24:1), and the DNA was isolated from the
aqueous layer by ethanol precipitation and resuspended in double-distilled H,O.
Two micrograms of liver DNA was digested overnight with HindIII or HindIIl/
Nhel/Notl (for HD-AdSEAP), and the DNA was subjected to electrophoresis on
a 0.8% agarose gel. DNA was transferred onto a positively charged Hybond XL
nylon membrane (Amersham Pharmacia) by using 0.4 M NaOH and hybridized
with [3?P]dCTP-labeled full-length mSEAP cDNA. Hybridizations were per-
formed by using 2 ng of labeled probe per ml in 10 ml of ExpressHyb solution
(Clontech) at 60°C for 90 min. The membrane was then washed in 2X SSC (1X
SSCis 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% SDS for 30 min and twice
in 0.2X SSC-0.1% SDS for 30 min at 50°C. For quantification, the blots were
subjected to phosphorimager analysis by using a Personal F/X Molecular Imager
(Bio-Rad), and the signal intensities for the individual genes were analyzed with
Quantity One software (Bio-Rad). To correct for DNA loading, each gene
intensity score was normalized to the density of total DNA in the agarose gel
(prior to membrane transfer) and expressed as phosphorimager units.

Enzymatic assays. The levels of alkaline phosphatase in serum were measured
by colorimetric assay. Twenty microliters of serum was diluted in 80 pl of
phosphate-buffered saline (PBS). A total of 100 ul of p-nitrophenyl-phosphate
solution (Sigma) was added to diluted serum and incubated at 37°C for 20 min.
The reaction was stopped with 20 pl of 3 M NaOH, and the intensity of the color
reaction was determined spectrophotometrically (at 405 nm).

CTL Assay. CTL assays were performed by measuring cytoplasmic lactate
dehydrogenase released upon cell lysis, as described previously (4). Briefly, 7
days after the injection of Ad vectors, DBA/2 mice were sacrificed. Spleens were
aseptically harvested, red blood cells were lysed, and the remaining cells were
resuspended in RMPI media containing 0.02 mM B-mercaptoethanol. To ex-
clude transgene effects, target and effector cells were treated with different FG
serotype 5 Ad vectors. Splenocytes were stimulated with Ad green fluorescent
protein at 100 particles per cell for 5 days. The human coxsackievirus and Ad
receptor (hCAR)-expressing syngeneic P815 mastocytoma cell line (P815-
hCAR) was used as a target (2). P815-hCAR cells were pulsed with AdLacZ at
1,000 particles per cell for 24 h prior to CTL assays. Effector cells were harvested
by centrifugation at 200 X g for 20 min through Lymphocyte-M (Cedarlane
Laboratories) and incubated at standard effector/target ratios in 96-well round-
bottom plates with 2 X 10* target cells/well for 5 h at 37°C. Maximum lysis was
determined by adding 20 wl of 0.9% Triton X-100 in PBS per well. For sponta-
neous lysis, targets or effectors were incubated with media alone. After a 6-h
incubation, the plates were centrifuged at 1,000 rpm for 2 min, and 50 pl of the
supernatant was transferred to 96-well flat-bottom plates and mixed with 60 .l of
solution A [36 mg of L-(+)-lactic acid per ml in 10 mM Tris (pH 8.5), 2 mg of
p-iodonitrotetrazolium violet per ml in PBS, 3 mg of NAD" per ml, 13.5 U of
diaphorase in 0.03% bovine serum albumin, 1.2% sucrose in PBS] and incubated
for 20 min at 37°C before the reaction was stopped by adding 20 .l of solution
B (16.6 mg of oxamic acid/ml in PBS). The intensity of the color reaction was
determined spectrophotometrically (at 490 nm), and specific lysis was deter-
mined by the following calculation: [experimental lysis — (spontaneous effector
and target lysis)]/(maximum lysis — spontaneous target lysis) X 100.

Histology. At predetermined time points, mice were sacrificed and livers were
fixed in 10% formalin. A portion of the liver was also quick-frozen in OCT
compound (Tissue Tek; Miles Diagnostics). Formalin-fixed tissues were embed-
ded in paraffin. Sections (5 wm) were stained with eosin and hematoxylin and
analyzed under a light microscope in a blind fashion. Immunohistochemistry was
performed on frozen sections. To stain leukocytes, frozen sections were incu-
bated with rat anti-mouse CD3 (for T lymphocytes) or CD11b (for monocytes,
natural killer cells, and neutrophils) antibodies (BD Pharmingen). The slides
were then processed by using a Vectastain ABC kit according to the manufac-
turer’s instructions (Vector Laboratories). The reaction was developed with
3,3’-diaminobenzidine tetrahydrochloride and analyzed by microscopy.

Statistical analysis. All experiments were performed at least in triplicate.
Values are expressed as the mean * standard deviation of individual samples.
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FIG. 1. Innate immune responses to HD-Ad vectors. (A) Cytokine and chemokine mRNA expression in the livers of mice receiving intravenous
AdSEAP, HD-AdSEAP, or HD-AdLacZ vector (RNase protection assay). The graphs on the right show the relative expression of TNF-a and
IP-10 mRNA at 6 h. Open bar, vehicle; filled bar, AASEAP; speckled bar, HD-AdSEAP; hatched bar, HD-AdLacZ. (B to E) CD11b immuno-
histochemistry of mouse liver at 6 h following the intravenous administration of (in order from left to right) vehicle, AASEAP, HD-AdSEAP, and
HD-AdLacZ. Representative samples of at least three mice per group are shown.

RESULTS

HD-Ad vector induction of innate immune responses. FG
and transcription-defective Ad vectors activate the innate im-
mune system (11). To determine whether HD-Ad vectors in-
duced similar responses, DBA/2 mice were injected intrave-
nously with Ad vectors. The innate response to Ad vectors is
dose dependent (15). To remove potential confounding vari-
ables that may be associated with very high dose Ad vector
administration, animals were administered an Ad vector par-
ticle titer sufficient to activate markers of the innate immune
system but insufficient to cause liver toxicity. Mice (n = 3 per
time point) therefore received 5 X 10'? particles of HD-Ad-
SEAP or HD-AdLacZ. Control mice received 5 X 10'° parti-
cles of an FG-AdSEAP vector or vehicle alone. Quantification
of cytokine and chemokine mRNA expression in the liver was
determined at 1, 6, and 24 h following administration by using
RNase protection assays. All Ad vectors induced cytokine and
chemokine mRNA expression in the liver at 1 h (Fig. 1A).
Tumor necrosis factor alpha (TNF-a), macrophage inflamma-
tory protein 2 (MIP-2), interferon-inducible protein 10 (IP-10),
lymphotactin, and RANTES mRNA levels were all increased
by Ad vectors over baseline at all time points, with the highest
expression occurring at 6 h. There was no significant difference
in the levels of induction of these inflammatory genes between
Ad-SEAP and the HD vectors HD-AdSEAP and HD-Ad-
LacZ. There was no cytokine or chemokine mRNA expression
in mice receiving vehicle alone (data not shown). To confirm
that the inflammatory gene expression in the liver was associ-
ated with leukocyte recruitment, liver sections were analyzed
by immunohistochemistry (Fig. 1B to E). CD11b is a B2-inte-
grin that is expressed on monocytes, natural killer cells, and
activated neutrophils. Vehicle-treated animals had negligible

CD11b-positive cells in the liver. Following Ad administration,
the number of CD11b-expressing cells increased significantly
in the liver at 1 h and persisted up to 24 h. Similar to the
pattern of cytokine and chemokine gene expression, there was
no difference in liver CD11b staining between AASEAP, HD-
AdSEAP, and HD-AdLacZ at all time points. Liver transam-
inase levels were unchanged and remained within normal lim-
its in all animals receiving Ad vectors (data not shown).
Consistent with our hypothesis that the early immune re-
sponses to Ad are mediated primarily through activation by Ad
capsid (11), these results show that HD-Ad and FG-Ad vectors
elicit similar innate immune responses in vivo.

HD-Ad vector induction of adaptive immune responses.
Studies utilizing UV-psoralen-inactivated Ad particles have
suggested that Ad vectors can stimulate adaptive immune re-
sponses in the absence of viral gene transcription (7, 11). To
test the impact of HD-Ad vectors on the adaptive immune
response, DBA/2 mice were first injected with 5 X 10'? parti-
cles of HD-AdLacZ (n = 3), and 7 days later, livers were
harvested and analyzed for cytokine and chemokine gene ex-
pression by an RNase protection assay. Similar to FG-Ad vec-
tors, HD-AdLacZ vectors triggered a significant inflammatory
response characterized by high levels of TNF-a, RANTES,
MIP-1a, MIP-1B, MIP-2, and IP-10 mRNA expression (Fig.
2A). Consistent with these findings, at 7 days the livers of mice
receiving vector HD-AdLacZ contained intense lymphocytic
infiltrates that were CD3 positive, indicating a substantial num-
ber of T lymphocytes (Fig. 3D). Ad-specific CTL could also be
detected at 7 days in mice receiving the vector HD-AdLacZ
(data not shown). These results show that HD-AdLacZ in-
duces a significant adaptive immune response similar to that
induced by FG-Ad vectors.
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FIG. 2. Cytokine and chemokine gene expression 7 days following Ad vector administration. (A) RNase protection assay of total liver RNA
7 days following the intravenous administration of vehicle, HD-AdSEAP, AASEAP, or HD-AdLacZ. (B) Chemokine mRNA expression in mouse
liver following the administration of increasing titers of AASEAP and HD-AdSEAP (RNase protection assay). Representative samples of at least
three mice per group are shown. Part, particles.

In addition to the Ad capsid, other factors may be contrib- vector promoters may influence host immune responses (21,
uting to the adaptive immune response induced by vector HD- 28). To address these potential confounding issues, we tested
AdLacZ. First, all HD-Ad vectors contain a small amount of our HD-Ad vector expressing the nonimmunogenic transgene
helper virus contamination, and, second, the transgene may for HD-AdSEAP, driven by the ubiquitous mouse PGK pro-
also be immunogenic, as has been demonstrated for B-galac- moter. An FG-Ad vector encoding the same expression cas-
tosidase (25, 32). Finally, previous studies have suggested that sette was used as a control (AdSEAP). DBA/2 mice were
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FIG. 3. Adaptive immune response to HD-Ad vectors. CD3 immunohistochemistry of mouse liver at 7 days following intravenous adminis-
tration of vehicle (A), HD-AdSEAP (B), AASEAP (C), and HD-AdLacZ (D). Panel E shows the results of a cytotoxic T-lymphocyte assay of
splenocytes from mice receiving HD-AdSEAP, AdSEAP, or vehicle. Data shown are a representative sample of an experiment performed four
times.
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FIG. 4. Transgene expression and persistence of HD-Ad vectors. (A) Serum alkaline phosphatase levels from mice receiving vehicle, AASEAP,
or HD-AdSEAP at 7 and 14 days (U/ml). (B) Southern analysis of total DNA isolated from mouse liver transduced with AASEAP or HD-AdSEAP.
(C) Quantitative analysis of liver vector genomes (mean = standard deviation).

injected with 5 X 10'" particles of HD-AdSEAP (n = 5) or
AdSEAP (n = 5), and livers were analyzed at 7 days. An
RNase protection assay of liver RNA revealed a significant
induction of chemokine and cytokine gene expression by Ad-
SEAP, including TNF-a, RANTES, MIP-1a, MIP-1B, MIP-2,
and IP-10 mRNA (Fig. 2A). Interestingly, the level of expres-
sion was less than that observed following a similar dose of
HD-AdLacZ. The induction of chemokine and cytokine gene
expression following AASEAP administration was associated
with CD3™" lymphocytic infiltrates in the liver at 7 days (Fig.
3C); however, compared to results with HD-AdLacZ, the ex-
tent of CD3™ hepatic inflammation was less. In contrast, ani-
mals that received HDAdSEAP completely lacked liver in-
flammation at 7 days (Fig. 2 and 3B). HD-AdSEAP-treated
mice expressed no liver chemokine and cytokine genes, and,
histologically, the livers were normal, with no CD3 detectable.
To confirm that the second peak of inflammation was not
simply delayed, mice receiving vector HD-AdSEAP were also
analyzed at 14 days (n = 4). Again, livers were histologically
normal, and no inflammatory gene expression could be de-
tected (data not shown). The lack of a second peak of inflam-
mation induced by HD-AdSEAP in this animal model suggests
an attenuated adaptive immune response to this vector. To
determine the extent of adaptive immune activation, the pres-
ence of Ad-specific CTL was examined in mice receiving vector
HD-AdSEAP. At 7 days, Ad-specific CTL were easily detect-
able in mice receiving HD-AdSEAP, similar to the results with
AdSEAP vector (Fig. 3E). Taken together, these results con-
firm that in the absence of an immunogenic transgene, HD-Ad
vectors elicit adaptive immune responses that are attenuated
compared to FG-Ad vector responses. Although these agents

induce Ad-specific T-cell clones, viral gene expression is likely
required to fully realize their effector functions in vivo.
HD-Ad vector transduction and transgene expression. The
induction of host innate and adaptive immune responses by Ad
vectors is dose dependent (15, 22, 26). To confirm that the
differences in host responses to vectors AASEAP and HD-
AdSEAP were not due to differences in transduction (i.e., the
amount of vector that the liver received), transgene expression
and vector genomes were measured. Serum alkaline phospha-
tase levels at 7 and 14 days were similar in animals receiving
AdSEAP and HD-AdSEAP (AdSEAP versus HD-AdSEAP at
7 days: 92 * 33 versus 88 * 3 U/ml; P was not significant) (Fig.
4A). To further assess transduction, Ad vector genomes were
measured in the liver by using Southern blot analysis (Fig. 4B).
In the first 24 h following vector administration, AASEAP and
HD-AdSEAP genomes in the liver decreased rapidly. Com-
pared to levels at 1 h, vector genomes at 24 h diminished more
than 50% in animals receiving either vector AASEAP or HD-
AdSEAP. These results are consistent with the similar innate
responses induced by these vectors. At 7 and 14 days, liver
vector genomes were equivalent in animals receiving HD-Ad-
SEAP and AdSEAP. Analysis of the vector genomes at 1 h
consistently revealed higher genome levels in the livers of mice
receiving AASEAP than levels in mice receiving HD-AJdSEAP,
suggesting that the differences in host immunity triggered by
these vectors may be due to differences in the administered
titer. To further address this issue, mice were administered
increasing titers of AASEAP and HD-AdSEAP (7.5 X 10, 10
X 10'°, and 15 X 10*° particles per mouse) and the livers were
analyzed at 7 days (n = 3). Increasing titers of AASEAP in-
duced chemokine gene expression in the liver in a dose-depen-
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dent manner. In contrast, increasing titers of HD-AdSEAP
resulted in no inflammatory gene expression at 7 days, similar
to the results for vehicle-treated mice (Fig. 2B). Histologically,
the livers of mice receiving AASEAP contained significant lym-
phocytic infiltrates. The higher dose of HD-AdSEAP did not
induce any histological liver changes, consistent with the lack
of inflammatory gene expression seen (data not shown). These
results confirm that the reduced adaptive response seen in
mice receiving HD-AdSEAP is not due to reduced liver trans-
duction.

DISCUSSION

HD-Ad vectors represent a tremendous potential in gene
therapy and provide many advantages over FG-Ad vectors. In
this study, we characterized the host immune response to these
agents. We show that, similar to FG-Ad vectors, HD-Ad vec-
tors trigger innate immunity in vivo. This finding is consistent
with studies that demonstrate a dependence on the adenoviral
capsid or particle for this response (11, 24). Furthermore, our
results show that in comparison to FG-Ad vectors, HD-Ad
vectors induce attenuated adaptive immune responses in vivo.
Therefore, it appears that HD-Ad vectors, while not com-
pletely devoid of immune-stimulating properties, provide an
immunologic advantage over their predecessors.

The adaptive response to FG-Ad vectors has been well char-
acterized (31, 33). The expression of viral genes still encoded
within Ad vectors plays a significant role in mediating this
response. A number of studies have examined adaptive im-
mune responses to the adenoviral capsid or particle (7, 11, 22).
Using UV-psoralen-inactivated Ad vectors, Ad-specific T-lym-
phocyte clones can be induced and detected in standard CTL
assays (7, 11). Furthermore, Kafri et al. have suggested that, in
muscle-directed gene therapy, the Ad particle can elicit per-
sistent and late inflammation similar to a replication-compe-
tent FG vector (7). In studies employing liver-directed gene
therapy, we have also detected anti-Ad CTL following systemic
administration of UV-psoralen-inactivated FG-Ad vectors.
However, late or persistent inflammation beyond the early
innate response was not seen (11). In vitro, Roth et al. have
shown that HD-Ad vectors transduce dendritic cells and stim-
ulate Ad-specific T-cell responses. The dendritic cell-induced
T-cell responses were mediated by the Ad capsid, independent
of viral gene transcription (22). These studies suggest that
HD-Ad vectors may not be dissimilar to FG-Ad vectors with
respect to host adaptive immunity. The results in our study
illustrate that the ongoing expression of viral genes is necessary
to elicit an optimal adaptive immune response following liver
transduction in vivo. While Ad-specific CTL are generated by
HD-Ad vectors, the expression of viral genes is required for T
cells to exert their effector functions in the liver. In immuno-
logically naive hosts, this finding possibly explains the vector
persistence and improved transgene expression following
transduction with HD-Ad vectors compared to results with Ad
lacking E1, as has been observed in a number of studies (8, 23).

Immune responses to the transgene are well documented
(25, 32). Numerous transgene products, including B-galactosi-
dase, can elicit specific CTL responses in vitro and in vivo (6,
25, 32). Our results confirm that the transgene can clearly
affect the immune properties of HD-Ad vectors. The expres-
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sion of the immunogenic transgene B-galactosidase, in the
context of an HD-Ad vector, enhanced the host response to
the vector. Therefore, careful selection of the transgene and
promoter within the expression cassette is essential to realize
the immunologic benefit of HD-Ad vectors. Helper virus con-
tamination did not play a significant role in enhancing host
immunity to HD-AdLacZ. All HD-Ad vector systems are con-
taminated with helper virus (16, 19), but our results suggest
that this contamination is not relevant at low vector titers.
Since both vectors HD-AdSEAP and HD-AdLacZ contained
similar amounts of helper contamination, the complete lack of
inflammation induced by HD-AdSEAP at 7 and 14 days rules
out helper virus as the cause of the inflammatory response to
HD-AdLacZ. This finding is consistent with studies showing
the dose-dependent nature of the immune response to Ad
vectors (15, 22, 26). This study, however, cannot estimate the
impact of helper contamination following very high dose
HD-Ad vector administration.

HD-Ad vectors stimulated innate responses in this study that
were similar to those stimulated by FG-Ad vectors. This is not
unexpected since the innate response to Ad vectors has clearly
been shown to be dependent on the viral capsid or particle (11,
24). HD-Ad vectors are packaged in an intact viral particle;
thus, innate responses remained unaltered. This finding has
several implications. First, since the innate response can in-
duce acute inflammation, it is possible that at high titers,
HD-Ad vectors may induce significant toxicity, as has been
observed for Ad lacking E1 (15, 24). Although liver toxicity was
not observed in this study due to the low Ad vector titers used,
recently Brunetti-Pierri and colleagues reported significant
toxicity in nonhuman primates following the administration of
high-dose HD-Ad vectors (2a). Second, as seen by others and
us, the innate response clears Ad vectors very efficiently from
transduced tissues (30). The loss of HD-Ad vectors in the first
24 h mirrored that seen with FG-Ad vectors. Therefore, re-
duced gene transfer efficiency can be expected in various ap-
plications employing these agents.

This study adds to our understanding of the host immune
response to HD-Ad vectors in vivo. In immunologically naive
hosts, HD-Ad vectors provide an immunological advantage
over FG vectors, eliciting an attenuated adaptive immune re-
sponse. This finding is consistent with prior studies demon-
strating improved transgene expression and reduced toxicity
following HD-Ad vector-mediated gene transfer. However,
problems involving the innate immune system still exist and
remain the final hurdle to designing nonimmunogenic Ad vec-
tors. To improve the safety and overall effectiveness of Ad
vectors for human gene therapy, future studies should focus on
the biology of the adenoviral capsid and its interaction with the
innate immune system.
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