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Helper-dependent adenoviral (HDAd) vectors were developed primarily for genetic disease therapy by
deleting all coding regions for attenuating the host cellular immune response to adenovirus (Ad) and
long-lasting gene expression. Recently Harui et al. reported that HDAd vaccine could stimulate superior
transgene-specific cytotoxic T lymphocyte (CTL) and antibody responses via the intraperitoneal route,
compared to first-generation adenoviral (FGAd) vaccine. This prompted us to explore the potential of
HDAd as a vaccine vector administrated intranasally. In this study, we prepared HDAd and FGAd vectors
expressing enhanced green fluorescent protein (EGFP), respectively, and compared their efficacy in mice.
Mice were immunized intranasally with 5 x 10° vp HDAd or FGAd vector particles. Despite stimulating
similar anti-Ad antibody responses with FGAd vaccine in the prime/boost strategy, HDAd vector express-
ing EGFP displayed superior transgene-specific serum IgG, mucosal IgA and cellular immune response,
with the characterization of balanced or mixed Th1/Th2 CD4+ T-cell responses. Meanwhile, a single dose
of intranasal (i.n.) vaccine of HDAd-EGFP induced a serum IgG response with more efficacy than FGAd-
EGFP. In addition, i.n. boost immunization enhanced transgene-specific humoral and cellular responses,
compared to single i.n. HDAd-EGFP immunization. Our results suggest that HDAd has potential for a
mucosal vaccine vector via i.n. route, which will be useful for the development of vaccines against respi-
ratory viruses, such as respiratory syncytial virus and influenza virus.

© 2009 Elsevier Inc. All rights reserved.
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Introduction vaccines is still a major confronted problem. Therefore, developing

safer, more efficient vaccine vectors remains a priority worldwide.

Vaccines remain the most efficacious medical intervention to
reduce mortality and morbidity due to viral infections. As viruses
possess the ability to deliver genes into cells, live viruses have been
reasonably used as vaccine vectors. Among them, a replication-
deficient first-generation adenoviral (FGAd) vector is considered
to be an effective vaccine vector. Many studies have shown that
FGAd vaccines can elicit both specific systemic and mucosal im-
mune responses against viral pathogens such as influenza virus,
avian influenza virus and human respiratory syncytial virus (RSV)
[1-4]. It has also been shown that intranasal (i.n.) FGAd vaccines
are highly effective at inducing neutralizing antibodies and protec-
tive immunity despite the presence of preexisting anti-adenoviral
antibodies [2,3,5]. However, the weak immunogenicity of FGAd
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In contrast to FGAd vector, helper-dependent adenoviral
(HDAd) vector has all adenovirus (Ad) coding regions deleted,
and displays much more reduced Ad-specific cellular immunity
[6-8] and stronger, longer-term gene expression in vivo [9,10].
Over the last decade, HDAd has been extensively used as a vector
for gene therapy. However, it was only successfully reported as a
vaccine vector in 2004 by Harui et al. [11] who found that HDAd
vaccine could stimulate superior transgene-specific cytotoxic T
lymphocyte (CTL) and antibody responses via the intraperitoneal
route, compared to FGAd vaccine. More recently, it was also dem-
onstrated that HDAd vaccine administered via the intramuscular or
intravenous routes generated more potent transgene immune re-
sponses and lower side effects than FGAd vaccine [12]. Therefore,
HDAd may represent a potent and safe vaccine vector. Because
most viral pathogens target the respiratory mucosa as the portal
of entry, a critical goal of vaccine development is the induction
of both serum IgG and cellular responses and strong, lasting
mucosal immunity. It is well known that mucosal FGAd vaccines
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encoding viral antigens can induce strong serum IgG and mucosal
IgA responses [2,13]. In contrast, little is known about the potential
for HDAd as an i.n. vaccine vector to stimulate transgene-specific
immune responses. Therefore, the immunogenicity and efficacy
of i.n. HDAd vaccine were evaluated in this study.

Enhanced green fluorescent protein (EGFP) was used in this
study as a transgene to clarify the real efficacy of HDAd as a muco-
sal vaccine vector. It was ideal for this role as it is not only an
attractive reporter protein, but it is also a model antigen possessing
B lymphocyte, CD4+ Th lymphocyte and CD8+ CTL epitopes. It also
displays no side effects of toxicity or immune inhibition [12,14,15].

In this study, mice were immunized intranasally with either
HDAd or FGAd vaccine, both containing the same transgene of
EGFP, and monitored for the induction of EGFP-specific serum
IgG, mucosal IgA, cellular immune responses and anti-Ad immu-
nity. This is the first report that i.n. HDAd vaccine is highly effective
at stimulating highly effective transgene-specific systemic and
mucosal immunity, which will be useful for the development of
vaccines against respiratory viruses, such as respiratory syncytial
virus and influenza.

Materials and methods

Construction of FGAd-EGFP and HDAd-EGFP. FGAd-EGFP was
constructed by co-transforming adenoviral shuttle plasmid pAd-
Track and backbone plasmid AdEasy-1 into BJ5183 cells (pAdTrack,
pShuttle-CMV, AdEasy-1 and BJ5183 are gifts from Prof. Bert
Vogelstein, John Hopkins Oncology Center, Baltimore, MD, USA).
After homologous recombination between pAdTrack and AdEasy-
1 in BJ5183 cells, a pre-adenoviral plasmid encoding EGFP was pro-
duced. The resulting plasmid of pFGAd-EGFP was linearized by
digestion with restriction enzyme Pacl and transfected into 293
packaging cells to generate FGAd-EGFP. For the construction of
HDAd-EGFP, the EGFP open reading frame (ORF) was amplified
by PCR from pAdTrack and cloned into pcDNA3.1 vector (Invitro-
gen, Carlsbad, CA, USA). After sequence analysis, the EGFP gene
expressing cassette with the cytomegalovirus (CMV) enhancer/
promoter and the bovine growth hormone (BGH) polyA was cloned
into the HDAd shuttle plasmid, pSC11 [16]. Then, the expressing
cassette was cloned further into pSC15B [16] to produce
pSC15B-EGFP. This resultant plasmid was linearized using restric-
tion enzyme Pmel, and transfected into 293Cre4 cells (293 cells
expressing Cre recombinase, Microbix, Canada) using the calcium
phosphate transfection method [17]. The cells were infected by
helper virus H14 (Microbix, Canada) 16h after transfection.
HDAd-EGFP was amplified by serial co-infecting 293Cre4 cells by
helper virus and the crude lysates from the previous passage until
it reached a plateau of amplification by monitoring EGFP expres-
sion. The Cre/loxP method to generate HDAd was developed by
Graham and co-workers [18]. The HDAd-EGFP and FGAd-EGFP
were purified by CsCl ultracentrifugation. The viral particle num-
ber (vp) of purified HDAd-EGFP and FGAd-EGFP was determined
by the nucleic acid content [19].

Animals. Specific pathogen-free female BALB/c mice, aged be-
tween 6 and 8 weeks, were purchased from Shanghai SLAC Labora-
tory Animal Co. (Shanghai, China) and kept under specific
pathogen-free conditions. All animal studies were performed
according to the guidelines of our Institutional Animal Care and
Use Committee.

Immunization. Twenty-four BALB/c mice were used for immuni-
zation experiments and divided into four groups of HDAd-EGFP
(once), FGAd-EGFP (once), HDAd-EGFP (prime/boost) and FGAd-
EGFP (prime/boost). 5 x 10° vp of either HDAd-EGFP or FGAd-
EGFP were delivered via the i.n. route either once (at week 0) or
twice (at weeks 0 and 3).

Collection of splenocytes. Spleens were harvested from vacci-
nated mice 3 weeks after primary immunization and placed in
mouse lymphocyte separation medium. The spleens were tritu-
rated and ground gently through cell strainers (Becton-Dickinson,
San Jose, CA, USA) to obtain single-cell suspensions. The single-cell
suspensions were centrifuged at 800g for 30 min. Then, spleno-
cytes were collected and washed with complete RPMI 1640 med-
ium (Invitrogen, Carlsbad, CA, USA).

Collection of mucosal secretions. Mucosal secretions were har-
vested from vaccinated mice on day 28 as previously described
[20] with minor modifications. Three successive 20-pl samples of
PBS containing 0.1% BSA were instilled into the vagina and ab-
sorbed secretions from both the exocervix and vagina were col-
lected. The secretions were centrifuged at 10,000g for 5 min, and
the supernatant was analyzed for secretary IgA (sIgA) by ELISA.

Preparation of lung and intestinal homogenates. The vaccinated
mice were sacrificed on day 28. Lung and intestinal homogenates
were prepared and used to measure mucosal immune responses
as previously described [21] with minor modifications. The left
lungs and 20-cm sections of the small intestines from vaccinated
mice in each group were harvested, washed in PBS three times,
weighed, placed in a PBS solution (0.1 ml per 0.1 g tissue) contain-
ing 0.1% BSA, and homogenized with a glass tissue grinder. The
homogenates were centrifuged (10,000g for 5 min) and the super-
natant was analyzed for sIgA by ELISA.

Analysis of EGFP-specific antibody production. Blood was obtained
from the retro-orbital plexus with a capillary tube at days 0, 14 and
28 as previously described [4], After centrifugation (5000g for
15 min), serum was stored at —20 °C. EGFP-specific antibodies
were analyzed by ELISA. Then, 70 ng of purified EGFP (purity of
the protein >95%) were adsorbed onto ELISA plates overnight in
carbonate buffer (pH 9.8) at 4 °C. The plates were blocked with
1% (w/v) BSA in PBS at 37 °C for 2 h. Samples were added to the
wells and incubated for 1 h at 37 °C. The plates were washed again,
and HRP-conjugated anti-mouse IgA or IgG antibodies were added
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) and allowed to
incubate for 1 h. Finally, the plates were washed and developed
with 100 pl 3,3,5,5-tetramethylbenzidine (TMB; Sigma, St. Louis,
MO, USA) substrate solution. The reaction was stopped with
50 pl of 2 M H,SO4 and analyzed at 450 nm with a Thermo ELISA
plate reader (Bio-Rad 550, Hercules, CA, USA).

For the analysis of IgG1 and IgG2a, standard curves were first
determined using standard preparations of purified IgG1 or IgG2a
(Sigma, St. Louis, MO) of known concentration. The amounts of
IgG1 and IgG2a were calculated by OD450 readings onto standard
curves, and the ratio of IgG2a/IgG1 isotype response was calculated
according to the amounts of IgG2a and IgG1.

Analysis of anti-adenoviral serotype 5 (Ad5) immunity. The anti-
Ad5 serum IgG antibody was analyzed by indirect ELISA as de-
scribed in the previous section (analysis of EGFP-specific antibody).
The microtiter plates were coated 100 pl of 1 x 10® vp/ml purified
Ad5 (propagated in 293 cells and purified by CsCl ultracentrifuga-
tion) at 4 °C overnight.

Lymphocyte proliferation test. Lymphocyte proliferation was
measured with CCK-8 (Dojindo Laboratories, Kumamoto, Japan)
as previously described [22]. Triplicate cultures of 5 x 10* spleen
cells/well were incubated in complete RPMI 1640 medium with
EGFP (0.1 pg/well) for 72 h. At the same time, an un-stimulated
culture was set up as a control. Ten microliters of CCK-8 solution
was added to each well of the plate. The plate was incubated for
3 h. Absorbance at 450 nm was measured with a microplate reader
(Bio-Rad 550). The stimulation index of each culture was calcu-
lated as follows: SI = OD of stimulated culture/OD of un-stimulated
culture.

Statistical analysis. Statistical analysis was performed using SPSS
11.5 software (SPSS, Chicago, IL, USA). Comparison of differences
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was conducted using an unpaired, two-tailed Student’s t-test.
P <0.05 was considered significant.

Results

HDAd-EGFP induces higher EGFP-specific humoral immunity than
FGAd-EGFP

To assess serum and mucosal immune efficiency induced by
two different Ad vaccine vectors, EGFP-specific serum IgG and
mucosal sigA were measured by ELISA (Fig. 1). EGFP-specific serum
IgG responses were higher in mice vaccinated with HDAd-EGFP
than with FGAd-EGFP in a homologous boost regime, 1 week after
the final immunization (P < 0.05) (Fig. 1A). Intranasal HDAd-EGFP
homologous boost immunization enhanced EGFP-specific serum
antibody response, compared to single immunization at 1 week
after the final immunization (P < 0.05) (Fig. 1A). Additionally, as
shown in Fig. 1A, the transgene-specific serum IgG induced by sin-
gle HDAd-EGFP vaccination continually increased, at least until
4 weeks post-immunization, in contrast to the antibody level in-
duced by single FGAd-EGFP vaccination. Mucosal EGFP-specific
sIgA levels in vagina, lung and intestinal secretions were also ana-
lyzed at week 4. As shown in Fig. 1B, i.n. HDAd-EGFP homologous
boost immunization enhanced mucosal antibody responses, com-
pared to both FGAd-EGFP homologous boost immunization and
HDAd-EGFP single immunization.

HDAd-EGFP induces higher EGFP-specific cell-mediated immunity
than FGAd-EGFP

To assess transgene-specific cellular immune responses, BALB/c
mice were immunized intranasally by FGAd-EGFP or HDAd-EGFP
at weeks 0 and 3. Spleen cells were harvested from vaccinated
mice 1 week after the final immunization and incubated in com-
plete RPMI 1640 medium with purified EGFP (0.1 pg/well) for
72 h, and lymphocyte proliferation was measured with CCK-8.
HDAd-EGFP stimulated stronger specific lymphocyte proliferation
than FGAd-EGFP (P < 0.05) (Table 1).

Both FGAd-EGFP and HDAd-EGEFP stimulate potent anti-Ad immune
responses

To evaluate the immune response against the vector itself, the
levels of Ad-specific antibody were analyzed at weeks 0 and 3 after
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Table 1
The specific lymphocyte proliferation responses of HDAd-EGFP or FGAd-EGFP
immunized mice stimulated with EGFP in vitro.

Immunogens
FGAd-EGFP HDAd-EGFP
SI 1.12+£0.11 1.33+0.12

Abbreviation: SI, stimulation index: OD of stimulated culture/OD of un-stimulated
culture. Results are expressed as means SD. Each group contained six mice.
P <0.05, compared with FGAd-EGFP.

BALB/c mice had been immunized intranasally with FGAd-EGFP or
HDAd-EGFP. We found that HDAd-EGFP and FGAd-EGFP induced
similar anti-Ad immune responses after prime/boost immuniza-
tion (Fig. 2).

Intranasal HDAd-EGFP boost immunization enhances cellular
responses to EGFP

To test the ability of i.n. HDAd-EGFP homologous boost immu-
nization to enhance cellular immunity, 5 x 10° vp of either HDAd-
EGFP were delivered to mice via the i.n. route either once (at week
0) or twice (at weeks 0 and 3). We found that boost immunization
with HDAd-EGFP induced stronger EGFP-specific cellular immune
responses (Table 2).

"33 16000 - [@FGAQ-EGFP P >0.05
= 14000 |DHDAJ-EGFP
2 12000
=
% 10000
? 0907 P >005
>0,
o 60001 [—l
<
= 4000
o
il " =S
e
< 0 "

2 4
Weeks after primary immunization

Fig. 2. Anti-adenovirus antibody responses induced by intranasal administration of
HDAd-EGFP and FGAd-EGFP. BALB/c mice were intranasally immunized by FGAd-
EGFP or HDAd-EGFP at weeks 0 and 3, and serum adenovirus-specific IgG was
analyzed at weeks 2 and 4 by ELISA. ELISA titers were expressed as the reciprocal of
the final dilution.
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Fig. 1. Antibody responses induced by intranasal administration of HDAd-EGFP and FGAd-EGFP vaccines in BALB/c mice. BALB/c mice were immunized intranasally with
FGAd-EGFP (once) or HDAd-EGFP (once) at week 0 and FGAd-EGFP (prime/boost) or HDAd-EGFP (prime/boost) at weeks 0 and 3. (A) The serum anti-EGFP IgG induced by
HDAd-EGFP and FGAd-EGFP. EGFP-specific antibody titers were measured at weeks 2 and 4 after primary immunization by ELISA. The results represent log 10 end point
values from six individual mice. (B) The anti-EGFP secretary IgA levels in vagina washes, lung homogenates and intestinal homogenates induced by HDAd-EGFP (once),
HDAd-EGFP (prime/boost) and FGAd-EGFP (prime/boost). EGFP-specific antibody titers were measured 1 week after the final immunization by ELISA and expressed as the

reciprocal of the final dilution.
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Table 2
The specific lymphocyte proliferation responses to EGFP by single or prime/boost
intranasal HDAd immunization.

HDAd-EGFP
Once Prime/boost
SI 1.06 + 0.07 1.33£0.02

Abbreviation: SI, stimulation index: OD of stimulated culture/OD of un-stimulated
culture. Results are expressed as means +SD. Each group contained six mice.
P <0.05, compared to single intranasal HDAd immunization group.

Serum IgG subclass analysis

Since the ratio of [gG2a/IgG1 isotypes is an indicator of Th1 ver-
sus Th2 cellular responses, the EGFP-specific IgG subclass was ana-
lyzed further by indirect ELISA. Significantly high titers of both
IgG1 and IgG2a were observed following administration of
FGAd-EGFP and HDAd-EGFP. The resulting ratios of 1gG2a/IgG1
from FGAd-EGFP and HDAd-EGFP immunized mice were very
close to 1 (Table 3), which showed balanced or mixed Th1 and
Th2 cellular responses.

Discussion

HDAd vectors have the advantages of improved safety, stable
and prolonged transgene expression, which makes them suitable
candidates as vectors for gene therapy [12,18,23]. Recently, HDAd
vaccines have been reported that are capable of stimulating supe-
rior transgene-specific immune responses via the intraperitoneal,
intramuscular and intravenous routes, compared to FGAd vaccines
[11,12]. The ability of mucosally applied HDAd vaccines to induce
systemic and local immunity against transgenes has not yet been
examined. We have been focusing on the roles played by mucosally
delivered vaccines such as FGAd vaccine and attenuated Salmonella
SL7207-based DNA vaccine in inducing protective immunity
against RSV [4,22]. Therefore, in this study, we investigated
whether HDAd vectors are suitable mucosal vaccine vectors to be
used in the development of vaccines against a range of mucosal
pathogens by comparing FGAd vaccine. We observed that in
BALB/c mice administered with an HDAd vaccine encoding EGFP,
stronger EGFP-specific serum and mucosal antibody responses
and lymphocyte proliferation responses were generated than with
an i.n. FGAd vaccine. Similar Ad-specific antibody responses were
observed between these two vectors. These data indicate that the
i.n. HDAd vaccine generates a strong immune response against
an immunogen. Our results are consistent with previous reports
[11,12].

The conventional two doses of i.n. HDAd-EGFP vaccine stimu-
lated much higher EGFP-specific serum IgG, mucosal sIgA and cel-
lular immune responses than the same amount of FGAd-EGFP
vaccine, confirming that HDAd vaccine produces higher trans-
gene-specific immune responses than FGAd. In addition, we found

that the i.n. HDAd-EGFP vaccine was superior to the FGAd-EGFP
vaccine at inducing both local and atopic mucosal immune
responses. We also compared the magnitude of EGFP-specific
immune responses by single vaccination and homologous prime-
boost regimes. We demonstrate that the serum IgG is elevated
significantly by the prime-boost regime with both the i.n.
HDAd-EGFP and i.n. FGADd-EGFP vaccines, compared with single
vaccination. Additionally, these two vectors induced similar serum
Ad-specific immune responses. We speculate that the underlying
mechanisms responsible for the above transgene-specific immu-
nity observed were (i) HDAd vaccine induces longer-term trans-
gene expression in vivo, a higher level of transgene protein in
dendritical cells (DC) [11,23,24] and lower anti-Ad T-cell responses
as reported previously [12]; (ii) mucosal vaccinations, including i.n.
immunization, are able to avoid interference from serum anti-Ad
antibodies [2,13,25] and (iii) the viral capsid (e.g., fiber knob, pen-
ton base and hexon components) is recognized as a potent adju-
vant for eliciting transgene-specific immune responses [19,26,27].

Generally, single dose vaccination avoids repeated administra-
tion and is more easily to be accepted by vaccinated subjects.
Hence, EGFP-specific immunity stimulated by a single dose of i.n.
HDAd-EGFP and FGAd-EGFP vaccine was also evaluated. As ex-
pected, the HDAd-EGFP vaccine evoked a more potent EGFP-spe-
cific antibody response than an equivalent dose of FGAd-EGFP,
indicating that HDAd is a more attractive mucosal vaccine vector
than FGAd.

Natural immunity to Ad5 and enhancement of this immunity
after repeated administration of an Ad5-based FGAd vaccine could
potentially reduce vaccine efficacy [1,13,28]. Although HDAd vec-
tor has all of its gene coding regions deleted, it has been packaged
by the same viral capsid of Ad5 as FGAd. Therefore, the induction of
Ad-specific antibodies was closely monitored in this study. Both
single and double dose immunization by i.n. HDAd-EGFP or
FGAd-EGFP vaccines resulted in similar high-titer anti-Ad re-
sponses (Fig. 2) even at lower doses (5 x 10° vp) which is consis-
tent with the previous report [11] but inconsistent with another
[5]. It showed that viral capsid antigens, which are shared by the
two vectors and used to package HDAd, acted as the major antigens
inducing serum Ad-specific antibodies via the mucosal route. Some
studies have demonstrated that this kind of antiviral response
could improve Ag-specific responses [19,24]. Taken together, we
speculated that the anti-Ad antibodies contributed partially to
the enhanced transgene-specific immune responses evoked by
i.n. HDAd-EGFP vaccine.

Balanced or mixed Th1/Th2 cellular immune responses avoid the
immunopathological effects of the vaccine [29]. We found that the
ratio of IgG2a/IgG1 in sera from mice immunized with either
HDAd-EGFP or FGAd-EGFP were close to one. This indicates that a
balanced or mixed Th1/Th2 immune response occurs in both groups
of immunized mice. Additionally, we observed only minimal liver
edema in both groups of vaccinated mice (data not shown). There-
fore, HDAA is at least as safe a mucosal vaccine vector as FGAd.

Table 3

Serum anti-EGFP isotype responses following immunization of BALB/c mice with FGAd-EGFP or HDAd-EGFP.
Immunogens ELISA titer® (Means + SD) Amounts of IgG2a and IgG1® (ng/ml) 1gG2a/IgG1

IgG2a 1gG1 IgG2a IgG1

FGAd-F (once) 800.00 +438.18 1333.33+413.12 58.29 +13.89 47.71 £12.95 1.24
HDAd-F (once) 1066.67 £413.12 1466.67 £ 326.60 73.83 +19.41 62.16 +12.52 1.19
FGAd-F (prime/boost) 14933.33 £ 5225.58 29866.67 £ 17488.13 881.76 £47.37 778.46 £+ 116.42 1.15
HDAd-F (prime/boost) 21333.33 £15501.57 44800.00 +32127.75 1143.29 +201.18 939.45 +169.13 1.22

2 IgG subclass titers were determined 1 week after the final immunization. ELISA titers were expressed as the reciprocal of the final dilution. There was no significant

difference between IgG subclass (P > 0.05).

P Ratio of IgG2a/IgG1 isotype response was calculated according to the amounts of EGFP-specific IgG2a and IgG1 determined 1 week after the final immunization.
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In conclusion, both single and double i.n. HDAd-EGFP vaccina-
tion stimulated much higher EGFP-specific immunity than an
equivalent dose of FGAd-EGFP vaccine. The mucosal immunity in-
duced by the i.n. HDAd-EGFP vaccine includes local and atopic
mucosal immune responses. The EGFP-specific immune response
displayed the characteristics of a balanced or mixed Th1/Th2 cellu-
lar immune response. Although HDAd-EGFP induces the same
amount of anti-Ad antibodies as FGAd-EGFP, homologous boosting
immunization with HDAd-EGFP still achieved a more efficacious
EGFP-specificimmune response. Therefore, our results suggest that
HDAd is a promising candidate as an i.n. vaccine vector for the
development of vaccines against mucosal tract pathogens such as
RSV and influenza virus.

Acknowledgments

This work was supported by the Natural Science Foundation of
ChinaGrants 30371320, 30471519 and 30671965; a grant from the
Scientific Research Foundation for Returned Overseas Chinese
Scholars, State Education Ministry, 20071108; and a grant from
the Research Foundation of Beijing Jiaotong University, 2007
RCO06.

References

[1] W. Gao, A.C. Soloff, X. Lu, A. Montecalvo, D.C. Nguyen, Y. Matsuoka, P.D.
Robbins, D.E. Swayne, R.O. Donis, ].M. Katz, S.M. Barratt-Boyes, A. Gambotto,
Protection of mice and poultry from lethal H5N1 avian influenza virus through
adenovirus-based immunization, J. Virol. 80 (2006) 1959-1964.

[2] JR. Yu, S. Kim, ].B. Lee, ]J. Chang, Single intranasal immunization with
recombinant adenovirus-based vaccine induces protective immunity against
respiratory syncytial virus infection, J. Virol. 82 (2008) 2350-2357.

[3] K.R. Van Kampen, Z. Shi, P. Gao, ]J. Zhang, K.W. Foster, D.T. Chen, D. Marks, C.A.
Elmets, D.C. Tang, Safety and immunogenicity of adenovirus-vectored nasal and
epicutaneous influenza vaccines in humans, Vaccine 23 (2005) 1029-1036.

[4] Y. Fu, ]. He, X. Zheng, Q. Wu, M. Zhang, X. Wang, Y. Wang, C. Xie, Q. Tang, W.

Wei, M. Wang, J. Song, J. Qu, Y. Zhang, T. Hong, Intranasal immunization with a

replication-deficient adenoviral vector expressing the fusion glycoprotein of

respiratory syncytial virus elicits protective immunity in BALB/c mice,

Biochem. Biophys. Res. Commun. 381 (2009) 528-532.

D.R. Koehler, B. Martin, M. Corey, D. Palmer, P. Ng, AK. Tanswell, J. Hu,

Readministration of helper-dependent adenovirus to mouse lung, Gene Ther.

13 (2006) 773-780.

M.A. Morsy, M.C. Gu, ]J.Z. Zhao, D.J. Holder, L.T. Rogers, W.J. Pouch, S.L. Motzel,

H.J. Klein, S.K. Gupta, X. Liang, M.R. Tota, C.I. Rosenblum, C.T. Caskey, Leptin

gene therapy and daily protein administration: a comparative study in the ob/

ob mouse, Gene Ther. 5 (1998) 8-18.

[7] R. Alba, A. Bosch, M. Chillon, Gutless adenovirus: last-generation adenovirus
for gene therapy, Gene Ther. 12 (Suppl. 1) (2005) S18-S27.

[8] D.A. Muruve, The innate immune response to adenovirus vectors, Hum. Gene
Ther. 15 (2004) 1157-1166.

[9] L.M. Belalcazar, A. Merched, B. Carr, K. Oka, K.H. Chen, L. Pastore, A. Beaudet, L.
Chan, Long-term stable expression of human apolipoprotein A-I mediated by
helper-dependent adenovirus gene transfer inhibits atherosclerosis
progression and remodels atherosclerotic plaques in a mouse model of
familial hypercholesterolemia, Circulation 107 (2003) 2726-2732.

[10] CE. Thomas, G. Schiedner, S. Kochanek, M.G. Castro, P.R. Lowenstein,
Peripheral infection with adenovirus causes unexpected long-term brain
inflammation in animals injected intracranially with first-generation, but not
with high-capacity, adenovirus vectors: toward realistic long-term
neurological gene therapy for chronic diseases, Proc. Natl. Acad. Sci. USA 97
(2000) 7482-7487.

[5

(6

[11] A. Harui, M.D. Roth, S.M. Kiertscher, K. Mitani, S.K. Basak, Vaccination with
helper-dependent adenovirus enhances the generation of transgene-specific
CTL, Gene Ther. 11 (2004) 1617-1626.

[12] E.A. Weaver, P.N. Nehete, S.S. Buchl, ].S. Senac, D. Palmer, P. Ng, K. Sastry, M.A.
Barry, Comparison of replication-competent, first generation, and helper-
dependent adenoviral vaccines, PLoS ONE 4 (2009) e5059.

[13] Z. Xiang, Y. Li, G. Gao, J.M. Wilson, H.C. Ertl, Mucosally delivered E1-deleted
adenoviral vaccine carriers induce transgene product-specific antibody
responses in neonatal mice, J. Immunol. 171 (2003) 4287-4293.

[14] R. Stripecke, M. Carmen Villacres, D. Skelton, N. Satake, S. Halene, D. Kohn,
Immune response to green fluorescent protein: implications for gene therapy,
Gene Ther. 6 (1999) 1305-1312.

[15] M. Rosenzweig, M. Connole, R. Glickman, S.P. Yue, B. Noren, M. DeMaria, R.P.
Johnson, Induction of cytotoxic T lymphocyte and antibody responses to
enhanced green fluorescent protein following transplantation of transduced
CD34(+) hematopoietic cells, Blood 97 (2001) 1951-1959.

[16] C.X. Shi, F.L. Graham, M.M. Hitt, A convenient plasmid system for construction
of helper-dependent adenoviral vectors and its application for analysis of the
breast-cancer-specific mammaglobin promoter, J. Gene Med. 8 (2006) 442-
451.

[17] F.L. Graham, AJ. van der Eb, A new technique for the assay of infectivity of
human adenovirus 5 DNA, Virology 52 (1973) 456-467.

[18] RJ. Parks, L. Chen, M. Anton, U. Sankar, M.A. Rudnicki, F.L. Graham, A helper-
dependent adenovirus vector system: removal of helper virus by Cre-mediated
excision of the viral packaging signal, Proc. Natl. Acad. Sci. USA 93 (1996)
13565-13570.

[19] V. Molinier-Frenkel, R. Lengagne, F. Gaden, S.S. Hong, J. Choppin, H. Gahery-
Segard, P. Boulanger, J.G. Guillet, Adenovirus hexon protein is a potent
adjuvant for activation of a cellular immune response, J. Virol. 76 (2002) 127-
135.

[20] B. Haneberg, D. Kendall, H.M. Amerongen, F.M. Apter, J.P. Kraehenbuhl, M.R.
Neutra, Induction of specific immunoglobulin A in the small intestine, colon-
rectum, and vagina measured by a new method for collection of secretions
from local mucosal surfaces, Infect. Immun. 62 (1994) 15-23.

[21] W.S. Gallichan, D.C. Johnson, F.L. Graham, K.L. Rosenthal, Mucosal immunity
and protection after intranasal immunization with recombinant adenovirus
expressing herpes simplex virus glycoprotein B, J. Infect. Dis. 168 (1993) 622-
629.

[22] C. Xie, ].S. He, M. Zhang, S.L. Xue, Q. Wu, X.D. Ding, W. Song, Y. Yuan, D.L. Li,
X.X. Zheng, Y.Y. Lu, Z. Shang, Oral respiratory syncytial virus (RSV) DNA
vaccine expressing RSV F protein delivered by attenuated Salmonella
typhimurium, Hum. Gene Ther. 18 (2007) 746-752.

[23] N. Brunetti-Pierri, P. Ng, Progress and prospects: gene therapy for genetic
diseases with helper-dependent adenoviral vectors, Gene Ther. 15 (2008) 553-
560.

[24] M.D. Roth, Q. Cheng, A. Harui, S.K. Basak, K. Mitani, T.A. Low, S.M. Kiertscher,
Helper-dependent adenoviral vectors efficiently express transgenes in human
dendritic cells but still stimulate antiviral immune responses, J. Immunol. 169
(2002) 4651-4656.

[25] LM. Belyakov, B. Moss, W. Strober, J.A. Berzofsky, Mucosal vaccination
overcomes the barrier to recombinant vaccinia immunization caused by
preexisting poxvirus immunity, Proc. Natl. Acad. Sci. USA 96 (1999) 4512-
4517.

[26] V. Molinier-Frenkel, A. Prevost-Blondel, S.S. Hong, R. Lengagne, S. Boudaly,
M.K. Magnusson, P. Boulanger, J.G. Guillet, The maturation of murine dendritic
cells induced by human adenovirus is mediated by the fiber knob domain, J.
Biol. Chem. 278 (2003) 37175-37182.

[27] N.J. Philpott, M. Nociari, K.B. Elkon, E. Falck-Pedersen, Adenovirus-induced
maturation of dendritic cells through a PI3 kinase-mediated TNF-alpha
induction pathway, Proc. Natl. Acad. Sci. USA 101 (2004) 6200-6205.

[28] S.M. Sumida, D.M. Truitt, M.G. Kishko, J.C. Arthur, S.S. Jackson, D.A. Gorgone,
M.A. Lifton, W. Koudstaal, M.G. Pau, S. Kostense, M.J. Havenga, ]. Goudsmit, N.L.
Letvin, D.H. Barouch, Neutralizing antibodies and CD8+ T lymphocytes both
contribute to immunity to adenovirus serotype 5 vaccine vectors, J. Virol. 78
(2004) 2666-2673.

[29] Y. Becker, Respiratory syncytial virus (RSV) evades the human adaptive
immune system by skewing the Th1/Th2 cytokine balance toward increased
levels of Th2 cytokines and IgE, markers of allergy—a review, Virus Genes 33
(2006) 235-252.



	Intranasal vaccination with a helper-dependent adenoviral vector enhances  transgene-specific immune responses in BALB/c mice
	Introduction
	Materials and methods
	Results
	HDAd–EGFP induces higher EGFP-specific humoral immunity than FGAd–EGFP
	HDAd–EGFP induces higher EGFP-specific cell-mediated immunity than FGAd–EGFP
	Both FGAd–EGFP and HDAd–EGFP stimulate potent anti-Ad immune responses
	Intranasal HDAd–EGFP boost immunization enhances cellular responses to EGFP
	Serum IgG subclass analysis

	Discussion
	Acknowledgments
	References


