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An E1-deletion-containing adenoviral recombinant based on the chimpanzee serotype 68 (AdC68) was
developed to express the rabies virus glycoprotein. Mice immunized with this construct (AdC68rab.gp) developed antibodies to rabies virus and remained resistant to challenge with an otherwise lethal dose of rabies
virus. In naı̈ve mice immunized intranasally, the rabies virus-specific antibody responses elicited by
AdC68rab.gp were comparable with regard to both titers and isotype profiles to those induced by an adenoviral
recombinant based on human serotype 5 (Adhu5) expressing the same transgene product. In contrast,
subcutaneous immunization with the AdC68rab.gp vaccine resulted in markedly lower antibody responses to
the rabies virus glycoprotein than the corresponding Adhu5 vaccine. Antibodies from AdC68rab.gp-immunized
mice were strongly biased towards the immunoglobulin G2a isotype. The antibody response to the rabies virus
glycoprotein presented by Adhu5rab.gp was severely compromised in animals preexposed to the homologous
adenovirus. In contrast, the rabies virus-specific antibody response to the AdC68rab.gp vaccine was at most
marginally affected by preexisting immunity to common human adenovirus serotypes, such as 2, 4, 5, 7, and 12.
This novel vaccine carrier thus offers a distinct advantage over adenoviral vaccines based on common human
serotypes.

transduce dendritic cells (27), which are the main cell population able to present antigen to a naı̈ve immune system.
Nevertheless, although E1-deletion-containing human adenoviral recombinants have yielded highly promising results as
vaccines in rodents, canines, and nonhuman primates (9, 18,
19, 22; Fitzgerald et al., submitted; Shiver, AIDS Vaccines
2001), preexisting immunity in humans, who frequently encounter these ubiquitous viruses and generally seroconvert
within their first years of life, is expected to interfere with the
efficacy of such vaccines. We showed previously that the efficacy of Adhu5 recombinant vaccines was impaired in mice
which had had prior exposure to the same serotype of adenovirus. The response could be rescued either by increasing the
dose of the vaccine, which augments the cost and the risk of
side effects, or by using a DNA vaccine expressing the same
transgene product for priming (22, 23). However, prime
booster regimens increase the cost of a vaccine, and their use
is subject to logistic problems, especially in less developed
countries. Furthermore, although both prime booster vaccinations and increases in the vaccine dose restored the antibody
response to the transgene product in preimmune rodents, humans are expected to encounter the common serotypes of
human adenoviruses more frequently. The resulting immunological memory may not be as readily overcome as the more
moderate response in rodents to a single immunization with a
virus that fails to replicate in this species. We therefore developed an adenoviral recombinant vaccine based on a chimpanzee serotype, i.e., serotype 68 (1) using the well-defined rabies
virus glycoprotein as our model antigen. This serotype of adenovirus does not circulate in humans and lacks neutralizing

E1-deletion-containing replication-defective adenoviral recombinants based on human serotype 5 (Adhu5) have been
tested widely as carriers for gene therapy (2, 21). Gene therapy
trials demonstrated high-level expression of the transgene
product in a variety of different cell types. Nevertheless, expression was transient in vivo due to clearance of adenovirusinfected cells by CD8⫹ T cells directed against antigens of the
adenovirus as well as against the transgene product (4, 26).
Vaccine studies based on the rabies virus glycoprotein (22), the
circumsporozoite protein of Plasmodium falciparum (17), the
E6 and E7 oncoproteins of human papillomavirus type 16
(HPV-16) (9), and others (9; J. Fitzgerald, G.-P. Gao, A.
Reyes-Sandoval, G. N. Pavlakis, Z. Q. Xiang, A. P. Wlazlo, W.
Giles-Davis, J. Wilson, and H. C. J. Ertl, submitted for publication) demonstrated that E1-deletion-containing adenoviral
recombinants induce, even if given at moderate doses, superb
B-cell and CD8⫹-T-cell responses in experimental animals.
The immune responses to the transgene products far surpass
those achieved with other types of subunit vaccines, such as
vaccinia virus recombinants or DNA vaccines (9, 22, 23; J.
Shiver, AIDS Vaccines 2001, abstr. LB5, 2001). The high immunogenicity of adenoviral recombinants relates in part to the
noncytopathic nature of such viruses, which permits sustained
antigen expression (22). In addition, adenoviruses that enter
cells primarily, although not exclusively, through interaction
with the coxsackie-adenovirus receptor (CAR) (3) efficiently
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B-cell epitopes cross-reacting with those of common human
serotypes (7).
MATERIALS AND METHODS

lenge, mice were checked every 24 to 48 h for at least 21 days. They were
euthanized once they developed complete hind leg paralysis, which is indicative
of terminal rabies virus encephalitis.
Serological assays. (i) ELISA. Enzyme-linked immunosorbent assays
(ELISAs) were performed basically as described before (22). Mice were bled by
retro-orbital puncture a various intervals after immunization. Sera were prepared and tested for antibodies to rabies virus on plates coated with 0.1 g of
inactivated rabies virus per well. Sera were tested for antibodies to adenovirus on
plates coated with 5 ⫻ 109 virus particles of purified E1-deletion-containing
adenovirus recombinants to green fluorescent protein of human serotype 5 or
chimpanzee serotype 68 per well. Plates were coated overnight and then blocked
for 24 h with PBS containing 3% bovine serum albumin. After washing, sera
diluted in PBS–3% bovine serum albumin were added for 60 min. After washing,
a 1:100 dilution of AP-conjugated goat anti-mouse Ig (Cappel) was added for 1 h
at room temperature. After washing, substrate was added for 20 to 30 min at
room temperature. Optical density was read at 405 nm.
(ii) Isotype profile of antibodies. Isotypes of antibodies to rabies virus were
determined by an ELISA on plates coated with inactivated ERA virus with a
Calbiochem (La Jolla, Calif.) hybridoma subisotyping kit with some minor modifications as previously described (22). Sera were tested at a 1:400 dilution.
(iii) Virus neutralization assays. Sera were tested for neutralizing antibodies
to rabies virus strain CVS-11, which is antigenically closely related to the ERA
strain, as described previously (25). A World Health Organization reference
serum was used for comparison. Titers are expressed in international units.

RESULTS
Expression of the rabies virus glycoprotein by the adenoviral recombinants. The AdC68rab.gp recombinant was generated in 293 cells transfected with E1 of human adenovirus
serotype 5 (7). Viral clones were initially screened by indirect
immunofluorescence with monoclonal antibody 509-6, which
recognizes a conformation-dependent epitope of the rabies
virus glycoprotein. After selection of a stable adenoviral subclone, expression of full-length rabies virus glycoprotein by
AdC68rab.gp in infected TK⫺ cells was confirmed by immunoprecipitation. As shown in Fig. 1, both AdC68rab.gp and
Adhu5rab.gp expressed a protein of the expected size that was
precipitated by the 509-6 antibody. Expression of correctly
folded rabies virus glycoprotein in AdC68rab.gp-infected cells
was further demonstrated by indirect immunofluorescence followed by flow-cytometric analysis again using the 509-6 antibody. In transduced TK⫺ cells, the Adhu5rab.gp construct
appeared to result in higher levels of rabies virus glycoprotein,
as did transduction with the AdC68rab.gp construct. However,
in other cell lines (data shown only for L929 cells), such as
mouse L929 fibroblasts, equal levels of transgene expression
were achieved with both vectors.
Induction of a B-cell response by the adenoviral recombinants to the rabies virus glycoprotein. Vaccine-induced protection to rabies virus correlates with virus-neutralizing antibodies (VNAs) (25). Our studies thus focused on stimulation
of this arm of the immune system. In all experiments, mice
were immunized either subcutaneously or intranasally with
AdC68rab.gp or the previously described Adrab.gp construct
(22). This recombinant is referred to here as Adhu5rab.gp.
The rabies virus-specific antibody response was tested in
inbred and outbred strains of mice immunized with serial dilutions of either of the recombinants. Sera were harvested 14
days after immunization and tested for antibodies to the rabies
virus glycoprotein by an ELISA (Fig. 2) and a virus neutralization assay (Table 1). Adenoviral recombinants encoding an
unrelated viral transgene used as controls (8) failed to induce
an antibody response to rabies virus detectable by either assay.
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Mice. Female 6- to 8-week-old C3H/He mice were purchased from Jackson
Laboratory, Bar Harbor, Maine. Outbred ICR mice were purchased from
Charles River (Wilmington, Mass.). Mice were kept in the Animal Facility of the
Wistar Institute.
Cell lines. Mammalian cells, i.e., baby hamster kidney 21 (BHK-21) cells,
E1-transfected 293 cells, thymidine kinase-negative (TK⫺) 143B human osteosarcoma cells (Wistar Institute), and L929 mouse fibroblast cells, were propagated in Dulbecco’s modified Eagle’s medium supplemented with glutamine,
sodium pyruvate, nonessential amino acids, HEPES buffer, antibiotic, and 10%
fetal bovine serum.
Rabies viruses. Rabies virus of the Evelyn Rokitniki-Abelseth (ERA) and
challenge virus standard 11 (CVS-11) strains were propagated on BHK-21 cells.
ERA was purified over a sucrose gradient, inactivated by treatment with ␤-propionolactone, and adjusted to a protein concentration of 0.1 mg/ml. CVS-11 was
titrated on BHK-21 cells and by intracerebral injection into adult ICR mice (24).
Adenoviruses. Adenoviruses of the human serotypes 2, 4, 5, 7, and 12 and the
chimpanzee serotype 68 were propagated and titrated on human 293 cells. The
recombinant Adhu5 constructs expressing the glycoprotein of rabies virus strain
ERA or the L1 protein of HPV-16 have been described previously (11, 22). An
expression system using an E1-deletion-containing adenoviral recombinant
based on the chimpanzee serotype 68 (AdC68) was developed as described
previously (7). Briefly, the full-length coding sequence for the glycoprotein of
rabies virus was ligated into the NotI site of the pC68-CMV-AP shuttle vector,
replacing the alkaline phosphatase (AP) sequence. The resulting vector,
pC60CMVrab.gp, was digested with BglII and PacI. A 4.6-kb BglII/PacI fragment
containing C68 map units 0 to 1, the rab.gp minigene cassette, and C68 m.u.9–11
was isolated from this digestion and subcloned into the BglII and PacI sites of the
pCMVAPMU32 vector, resulting in pC68-CMVrab.gpMU36. This construct (8
g) was cotransfected with 2 g of SspI-digested AdC68 genome in which E1 had
been replaced with the gene for green fluorescent protein (AdC68CMVGFP)
into 293 cells. White plaques were isolated and characterized as described previously (7). Viruses were propagated on 293 cells transfected with the E1 from
Adhu5 (8). Viruses were harvested by freeze-thawing of the cells. For some
experiments, virus was purified by CsCl gradient purification. For other experiments, cleared supernatant of the infected cells subjected to three rounds of
freeze-thawing was used. Viruses were titrated on 293 cells to determine the
number of PFU.
Expression of the transgene product by the adenoviral recombinants. (i)
Immunoprecipitation. TK⫺ cells (106 per sample) were infected, at 5 PFU/cell,
with the AdC68rab.gp or Adhu5rab.gp construct or control constructs expressing
unrelated viral antigens. After 48 h, cells were washed twice with sterile phosphate-buffered saline (PBS) and then incubated for 90 min in serum-free medium prior to the addition of 20 l of 35S-labeled cysteine and methionine
(Promix; NEN, Boston, Mass.). After 4 h of incubation, cells were washed with
PBS and then treated for 20 min with 1 ml of radioimmunoprecipitation assay
buffer containing protease inhibitors. Cells and cell debris were removed from
the wells, vortexed briefly, and centrifuged for 2 min at 12,000 rpm in an
Eppendorf microcentrifuge. The supernatant was incubated for 90 min at 4°C
with of ascitic fluid (15 l/ml) containing the 509-6 monoclonal antibody to the
rabies virus glycoprotein. Protein G-Sepharose was added at 75 l per sample
and incubated at 4°C with mild agitation for 30 min. The samples were pelleted
by centrifugation and washed four times with radioimmunoprecipitation assay
buffer. The pellets were resuspended in 80 l of loading buffer and boiled for 4
min. Samples (20 l) were then separated over a sodium dodecyl sulfate–12%
polyacrylamide gel along with a molecular weight standard. Gels were dried onto
filter papers, which were exposed for 48 h to Kodak scientific imaging film
(X-Omat Blue XB-1).
(ii) Immunofluorescence. L929 and TK⫺ cells (106 per sample) were infected
for 48 h with 5 PFU of Adhu5rab.gp or AdC68rab.gp per cell. Control cells were
left uninfected. Cells were treated for 45 min on ice with 100 l of a 1:1,000
dilution of the 509-6 antibody in PBS or with PBS only. Cells were then washed
and treated for 45 min with 100 l of a 1:100 dilution of a fluorescein isothiocyanate-labeled anti-mouse immunoglobulin (Ig). Cells were washed and analyzed by flow cytometry.
Immunization and challenge of mice. Mice were vaccinated with various doses
of the adenoviruses or the adenoviral recombinants given in 100 l of saline
subcutaneously or in 50 l intranasally. Mice were challenged with rabies virus
strain CVS-11 given at 10 mean lethal doses (LD50) intracerebrally. After chal-
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When administered subcutaneously, the AdC68rab.gp virus
induced a less potent antibody response to the transgene product than did the Adhu5rab.gp construct. The difference in
magnitude of the antibody response, which was observed at all
time points tested, depended on the mouse strain and was less
pronounced in outbred ICR than in inbred C3H/He mice. In
contrast, when administered intranasally, the vaccines induced

comparable titers of antibodies as determined by ELISAs (Fig.
2) and by virus neutralization assays (Table 1).
After subcutaneous immunization, antibodies induced by
the Adhu5rab.gp and AdC68rab.gp vaccines differed in their
isotype profile. This difference was not observed upon intranasal immunization (Fig. 3). Both recombinants, delivered by
either route of inoculation, elicited IgG2a antibodies to the
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FIG. 1. Expression of the rabies virus glycoprotein in cells transduced with the Adhu5 or AdC68 recombinants. (A) Immunoprecipitation.
Radiolabeled lysates from cells infected for 48 h with 5-PFU/cell doses of the Adhu5rab.gp recombinant (lane 1), an Adhu5 construct expressing
HIV-1 Gag (lane 2), an AdC68 construct expressing HIV-1 Gag (lane 3), or the AdC68rab.gp recombinant (lane 4) were immunoprecipitated with
a monoclonal antibody to the rabies virus glycoprotein and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. (B) Immunofluorescence. Uninfected, AdC68rab.gp-infected, and Adhu5rab.gp-infected L929 and TK⫺ cells were treated with PBS (gray line) or the 509-6
antibody (black line). Cells were then treated with a fluorescein isothiocyanate (FITC)-labeled antibody to mouse Ig and analyzed by flow
cytometry. The graph shows events over green fluorescent intensity.

2670

XIANG ET AL.

J. VIROL.

antigen of rabies virus, suggesting induction of a Th1-type
immune response. Both recombinants upon intranasal immunization and Adhu5rab.gp upon subcutaneous administration
also induced a pronounced IgG1 response indicative of Th2
help, which was lacking in the response to the AdC68rab.gp
construct given subcutaneously.
The pronounced Th1-linked antibody response to the transgene product of AdC68rab.gp given subcutaneously may relate
to the “adjuvant effect” of this particular serotype of adenovirus. Splenocytes from naive C3H/He mice cultured in vitro
with an E1-deletion-containing AdC68 construct rapidly se-

creted interferon (IFN) which could not be neutralized by an
antibody to gamma interferon (IFN-␥) and thus represented
IFN-␣/␤ (Table 2). This was not observed upon culture of
splenocytes with a corresponding Adhu5 construct.
Induction of protection against challenge with a virulent
strain of rabies virus. Both adenoviral recombinants induced
protection against infection of mice challenge with rabies virus
(Table 1). C3H/He mice immunized subcutaneously with 5 ⫻
106 PFU of either of the adenoviral recombinants remained
disease-free when challenged 3 weeks later with 10 LD50 of
rabies virus of the CVS strain. This strain is antigenically
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FIG. 2. Antibody response to rabies virus. Groups of five C3H/He or ICR mice were immunized with 5 ⫻ 107 (■; tested in subcutaneously [s.c.]
immunized C3H mice only), 5 ⫻ 106 (m), 5 ⫻ 105 (µ), 5 ⫻ 104 (䊐), or 5 ⫻ 103 (v; tested in intranasally [i.n.] immunized C3H and ICR mice only)
PFU of Adhu5rab.gp or AdC68rab.gp virus or no virus (⫻). Mice were bled 2 weeks later, and sera were tested for antibodies to rabies virus by
an ELISA. Data are means of duplicate values.
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TABLE 1. Induction of VNAs and protective immunity to rabies virus challenge
Host mouse strain and
immunization routea

Vaccine

(% survival) with VNA titer vaccine dose (PFU)b
5 ⫻ 107

5 ⫻ 106

5 ⫻ 105

5 ⫻ 104

5 ⫻ 103

0

C3H (s.c.)

Adhu5rab.gp
AdC68rab.gp

972 (100)
240 (100)

324 (100)
36 (100)

108 (100)
12 (80)

12 (100)
8 (80)

NT
NT

⬍0.5 (0)
⬍0.5 (0)

ICR (s.c.)

Adhu5rab.gp
AdC68rab.gp

NT
NT

162 (100)
54 (NT)

162 (100)
54 (100)

18 (100)
6 (20)

6 (0)
0.3 (0)

⬍0.5 (0)
⬍0.5 (0)

C3H (i.n.)

Adhu5rab.gp
AdC68rab.gp

NT
NT

162 (100)
54 (100)

162 (100)
162 (100)

18 (50)
18 (100)

6 (0)
6 (0)

⬍0.5 (0)
⬍0.5 (0)

closely related to the ERA strain but is more virulent in rodents. At 5 ⫻ 105 PFU, Adhu5rab.gp still provided complete
protection while a small percentage of AdC68rab.gp-immunized mice succumbed to infection. Further reduction of the
vaccine dose resulted in loss of efficacy of the AdC68rab.gp
vaccine: at 5 ⫻ 104 PFU 20% of subcutaneously immunized

;

C3H/He and 80% of subcutaneously vaccinated ICR mice succumbed to the challenge with rabies virus. With nasal immunization, both vaccines provided complete protection if given
at 5 ⫻ 105 PFU. At 5 ⫻ 104 PFU, 50% of mice vaccinated with
Adhu5rab.gp developed progressive disease while those immunized with this dose of AdC68rab.gp were protected. All of the

FIG. 3. Sera from C3H/He mice immunized with 5 ⫻ 107 ( ), 5 ⫻ 106 (■), 5 ⫻ 105 (o), 5 ⫻ 104 (3), or 5 ⫻ 103 (u) PFU of Adhu5rab.gp
or AdC68rab.gp were tested for isotypes of antibodies to the rabies virus antigen. Normal mouse serum (䊐) was tested for comparison. Data were
obtained with a 1:400 dilution of the sera and are means of duplicate values plus standard deviations.
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a
Groups of five C3H/He or ICR mice were immunized with various doses of Adhu5rab.gp or AdC68rab.gp subcutaneously (s.c.) or intranasally (i.n.). They were bled
2 weeks later, and sera were tested for VNAs to rabies virus.
b
VNA titers are in international units and are means of samples tested in duplicate. Sera from mice immunized with either recombinant expressing an unrelated
viral antigen were tested in parallel. None of these sera contained detectable antibody titers to rabies virus (data not shown). Mice were challenged 3 weeks after
vaccination with 10 LD50 of CVS-11 virus, and survival was recorded. All of the mice injected with the corresponding highest dose of adenoviral recombinants expressing
an unrelated transgene product died upon infection (not shown). NT, not tested.
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TABLE 2. Adjuvant effect of the adenoviral recombinantsa
Source of cytokine

Splenocytes ⫹ Adhu5rab.gp
Splenocytes ⫹ AdC68rab.gp
Splenocytes without virus
Recombinant mouse IFN-␥

Amt of IFN (U)
Without XMG1

With XMG1

2
12
ⱕ 0.5
1024

2
12
8

a

Splenocytes from naïve C3H/He mice were cultured with 10 PFU of the
adenoviral recombinants per cell. Cell-free supernatants were tested for IFN
without and with addition of the XMG1 antibody to IFN-␥. A recombinant
IFN-␥ was tested in parallel.

DISCUSSION
E1-deletion-containing Adhu5 recombinants have been used
extensively as gene therapy vehicles. Although they efficiently
transduce a variety of mammalian cells, their high immunogenicity, which results in potent T- and B-cell-mediated immune
responses to both the adenoviral antigens and the transgene
product, has severely limited their usefulness for long-term
replacement of missing or faulty genes. Replication-competent
and replication-defective adenoviral recombinants based on
common human serotypes have been tested in experimental
animals as vaccine carriers for a variety of antigens derived
from viruses, parasites, or tumor cells. In each case, E1-dele-
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mice immunized with control adenoviral recombinants of either serotype or with only 5 ⫻ 103 PFU of either of the
adenoviral recombinants to the rabies virus glycoprotein developed fatal rabies encephalitis.
Effect of preexisting immunity to different serotypes of human adenoviruses on the antibody response to rabies virus
glycoprotein. We reported previously that mice preimmune to
Adhu5 develop a reduced antibody response to vaccination
with the Adhu5rab.gp recombinant compared to naı̈ve mice
(23). Human adults are immune not only to Adhu5 but also to
other serotypes, including 2, 4, 7, and 12 (12). To test if preexposure to any of these common serotypes of human adenoviruses would inhibit the antibody response to the
AdC68rab.gp vaccine, groups of C3H/He mice were immunized with 4 ⫻ 108 PFU of replication-competent adenoviruses
of human serotype 2, 4, 5, 7, or 12 or with the chimpanzee
serotype 68 (the latter contained an E1 deletion). Two weeks
later, mice were bled and sera were tested by an ELISA (Fig.
4A) for antibodies to adenoviral antigens. Sera from mice
immunized with the different serotypes showed extensive
cross-reactivity. The highest antibody titers were achieved in
mice inoculated with the homologous construct. Sera from
mice immunized with Adhu4, whose known sequences show
⬃90% homology with those of AdC68, had higher titers to
AdC68 than did sera from mice injected with any of the other
human serotypes. After sera had been harvested, mice were
vaccinated subcutaneously with either Adhu5rab.gp or
AdC68rab.gp. Adhu5rab.gp was used at a dose of 2 ⫻ 105 PFU
per mouse; AdC68rab.gp, which induces only a marginal antibody response in C3H/He mice when given subcutaneously at
such a low dose, was injected at 2 ⫻ 107 PFU per mouse. Sera
were harvested 2 weeks later and tested for antibodies to the
rabies virus glycoprotein by an ELISA (Fig. 4B) or a virus
neutralization assay (Table 3). The rabies virus-specific response to Adhu5rab.gp in naı̈ve mice was slightly superior to
that elicited by AdC68rab.gp. The response to Adhu5rab.gp
was completely inhibited in mice preimmune to Adhu5. Some
reduction was also seen for rabies virus glycoprotein-specific
ELISA titers in mice preimmune to human adenovirus serotypes 2, 4, 7, and 12. VNA titers showed only a twofold reduction in Adhu2-, Adhu7-, and Adhu12-preimmune mice, which
was not considered biologically significant. Adhu4-preimmune
mice showed a more pronounced reduction in VNA titers to
rabies virus.
The rabies virus-specific antibody response to the
Adhu5rab.gp vaccine was not affected in mice that had been
preexposed to AdC68. The response to AdC68rab.gp was

strongly inhibited in mice that were preimmune to the homologous virus. Mice that had previously encountered Adhu2
showed a slight reduction of the antibody response to the
rabies virus antigen presented by the AdC68 vaccine, as seen
by ELISA and virus neutralization assays. Mice inoculated with
any of the other serotypes of human adenoviruses developed
ELISA titers of antibody to rabies virus upon AdC68rab.gp
immunization that were either equal to or higher than those in
mice that were naı̈ve prior to vaccination. In particular, mice
preimmune to Adhu5 developed higher antibody titers upon
vaccination with the AdC68rab.gp construct; this may reflect
the presence of cross-reactive T helper cells that promoted the
B-cell response to the transgene product.
To further determine if at equal vaccine doses the
AdC68rab.gp vaccine induced antibody titers superior to those
induced by Adhu5rab.gp in mice preimmune to Adhu5, we
conducted a vaccine titration experiment. Groups of C3H/He
mice were immunized subcutaneously with 4 ⫻ 108 PFU of an
E1-deletion-containing Adhu5 recombinant encoding the L1
antigen of HPV-16. Mice were vaccinated 2 weeks later with
either Adhu5rab.gp or AdC68rab.gp given subcutaneously at
various doses. Mice were bled 2 weeks later, and titers of
serum antibody to rabies virus were determined by an ELISA
(not shown) and a virus neutralization assay (Table 3). Neither
assay showed a significant reduction in the antibody response
to the AdC68rab.gp construct in Adhu5-immune mice. The
extent of the reduction of titers of antibody to rabies virus
presented by the Adhu5 construct in mice preimmune to the
homologous virus depended on the vaccine dose. The antibody
response to lower doses of vaccine was more affected than the
response to higher vaccine doses. At the highest vaccine dose,
VNA titers were halved in Adhu5-preimmune mice; at the two
lower vaccine doses, titers were reduced 9- to 27-fold. At all
doses tested, AdC68rab.gp induced higher VNA titers to rabies virus in Adhu5-preimmune mice than did an equal dose of
Adhu5rab.gp. The detrimental effect of preexisting immunity
to Adhu5 on the efficacy of the Adhu5 vaccine was demonstrated further in a protection experiment (Table 3). Naı̈ve
mice immunized with 2 ⫻ 105 PFU of Adhu5rab.gp or
AdC68rab.gp were completely protected against challenge
with CVS-11 virus. The majority (60%) of Adhu5-preimmune
mice immunized with this dose of the Adhu5rab.gp vaccine
succumbed to a rabies virus infection, while those vaccinated
with the same dose of AdC68rab.gp remained protected. Increasing the dose of Adhu5rab.gp to 2 ⫻ 106 PFU per mouse
restored the efficacy of the vaccine.
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FIG. 4. Effect of preexisting immunity on the antibody response to the transgene product presented by Adhu5 or AdC68. (A) Cross-reactivity
by different serotypes of human adenovirus. Groups of C3H/He mice were immunized subcutaneously with 4 ⫻ 108 PFU of Adhu2 (䊐), Adhu4
(F), Adhu5 (µ), Adhu7 (䊝), Adhu12 (✚), AdC68 ( ), or nothing (䊐). Mice were bled 2 weeks later, and titers of serum antibody to Adhu5 and
AdC68 were determined by an ELISA. (B) Inhibition of the transgene specific antibody response by preexposure to common human serotypes of
adenovirus. Three weeks after immunization with adenoviruses of different serotypes, the groups of mice used for panel A were injected with 2
⫻ 105 PFU of Adhu5rab.gp or 2 ⫻ 107 PFU of AdC68. Sera were harvested 2 weeks later and tested for antibodies to rabies virus by an ELISA
using normal mouse serum (⫻) for comparison. Symbols are as in panel A. The bold solid and dashed lines indicate mice immunized with the
homologous serotype used for preexposure and mice that had not been preexposed, respectively.
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TABLE 3. Effect of preexisting immunity to Adhu5 on
vaccine efficacya
VNA titer (IU) (% survival upon
challenge) with preexposure

Vaccine (dose [PFU])

None

Adhu5

Adhu5rab.gp (2 ⫻ 10 )
Adhu5rab.gp (2 ⫻ 106)
Adhu5rab.gp (2 ⫻ 105)

972 (100)
486 (100)
486 (100)

486 (100)
54 (100)
18 (40)

AdC68rab.gp (2 ⫻ 107)
AdC68rab.gp (2 ⫻ 106)
AdC68rab.gp (2 ⫻ 105)

729 (100)
486 (100)
54 (100)

729 (100)
486 (100)
54 (100)

7

⬍0.5 (0)

a

Groups of five C3H/He mice were injected with 4 ⫻ 108 PFU of an E1deletion-containing Adhu5 virus expressing the L1 protein of HPV-16. Mice
were injected 3 weeks later with various doses of Adhu5rab.gp or AdC68rab.gp.
Sera were harvested 2 weeks later and tested for VNAs to rabies virus. Mice were
then challenged with 10 LD50 of CVS-11 virus, and survival was recorded.

tion-containing adenoviral recombinants elicited potent cellmediated and humoral immune responses to the transgene
product that even at low doses of vaccine provided protection
to challenge with the pathogen or the tumor cells (6, 9, 15, 22).
Adhu5 is a ubiquitous common-cold virus that infects most
humans within their first year of life. Recurrent asymptomatic
reinfections result in persistent titers of antibodies to Adhu5,
and approximately one-third of human adults have high levels
of circulating neutralizing antibodies to adenovirus (7). Such
antibodies have been shown in experimental animals to reduce
the efficacy of adenoviral recombinant vaccines based on the
homologous viral serotype (23; Shiver, AIDS Vaccines 2001).
The underlying mechanism presumably involves antibody-mediated neutralization of the vaccine, which reduces the number
of recombinant virus particles able to infect cells and to synthesize the transgene product. Additional pathways, such as
lysis of adenovirus-transduced antigen-presenting cells by effector-memory CD8⫹ T cells, may also dampen the induction
of transgene-specific immune responses; this remains to be
tested.
Alternative adenoviral recombinants based on nonhuman
serotypes were developed for gene therapy to circumvent interference by circulating neutralizing antibodies in human patients (10, 14). We developed such a recombinant as a vehicle
for vaccination. The recombinant is based on an adenovirus
that was initially isolated from mesenteric lymph nodes of a
chimpanzee. Like Adhu5, AdC68 enters cells upon binding of
fiber to the CAR (5). Alternative but less efficient pathways
circumventing the CAR may involve interactions such as those
between the viral penton and cell integrins (20). It remains to
be investigated if AdC68 uses the same alternative mechanisms
of transduction as Adhu5 and to what degree potential differences affect the tropism and the vaccine efficacy of either viral
recombinant.
Mice immunized subcutaneously with the AdC68rab.gp vaccine developed markedly lower antibody titers than did those
vaccinated with the Adhu5rab.gp construct, a difference that
was not observed upon mucosal immunization. This is most
likely linked to differences in the interactions of the two viral
constructs with the innate immune system; the AdC68 con-
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struct triggered rapid release of IFN-␣/␤ in splenocyte cultures. A similar induction of this cytokine in vivo would bias
the immune response towards the Th1 pathway, as is indeed
suggested by the strongly biased IgG2a response upon subcutaneous immunization with the AdC68rab.gp vaccine. The
strongly biased Th1 response to the AdC68rab.gp vaccine that
was not observed upon immunization with the Adhu5rab.gp
vaccine may have favored induction of cell-mediated rather
than humoral immune responses and may thus have contributed to the less potent B-cell response to our novel vaccine
carrier given systemically. This was suggested in another system in which the Gag antigen of human immunodeficiency
virus type 1 (HIV-1) was delivered by E1-deletion-containing
Adhu5 and AdC68 recombinants. In that system, the AdC68
vaccine given systemically induced markedly higher CD8⫹-Tcell responses to Gag than the corresponding Adhu5 vaccine
(Fitzgerald et al., submitted).
Upon mucosal vaccination, both adenoviral vaccines induced a more balanced Th1/Th2 response, as determined by
IgG2a/IgG1 ratios, and accordingly induced antibody responses to the transgene product that were comparable in
magnitude.
Most importantly, the antibody response to the transgene
product expressed by the AdC68 recombinant was not affected
by preexisting immunity to common human adenovirus serotypes. In contrast, after preimmunization with replication-competent viruses, the immune response to the Adhu5rab.gp vaccine was abolished in Adhu5-preimmune mice and reduced in
mice preimmune to other human adenoviruses, such as serotypes 2 and 4. The response to the AdC68 recombinant was, as
expected, inhibited in mice preimmune to the homologous
virus. This is not of clinical concern, as AdC68 does not circulate in the human population (7) and common human serotypes do not share neutralizing epitopes with AdC68.
Preexposure to replication-defective Adhu5 also reduced
the antibody response to the rabies virus glycoprotein encoded
by Adhu5 recombinants, although the impact was not as severe
as in mice previously infected with E1-containing virus. Such
virus replicates in its natural host but fails to replicate in mice.
Nevertheless, even in mice, replication-competent adenovirus
is expected to synthesize a higher antigenic load of structural
viral proteins than E1-deletion-containing adenoviral recombinants. Sera from mice preimmune to replication-defective
Adhu5 developed reduced but readily detectable antibodies to
rabies virus upon immunization with the Adhu5rab.gp vaccine.
Increasing the dose of the Adhu5rab.gp construct could in part
circumvent the impact of preexisting immunity. Vaccine-induced protection against rabies virus requires VNAs, which
were not induced as efficiently in preimmune mice by the
Adhu5 vaccine, especially when it was used at lower doses. In
Adhu5-preimmune mice, the VNA response to AdC68rab.gp
was superior to that to the Adhu5 vaccine at all doses, more
than compensating for the slightly lower potency of this vaccine upon subcutaneous immunization.
AdC68 recombinants thus provide an attractive alternative
as a vaccine carrier for use in humans. As shown here, they are
efficacious even when applied at low doses of 2 ⫻ 105 PFU
through noninvasive routes of administration, such as the upper airways. Mucosal immunization by intranasal application
has the added advantage of favoring induction of responses of
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the common mucosal immune system (13, 16, 23), which is
distinct from, albeit interconnected with, the central immune
system targeted by injected vaccines. Most pathogens, including influenza A and B viruses, hepatitis viruses, rotaviruses,
human immunodeficiency virus, and cancer-associated types of
human papillomaviruses, invade their hosts through mucosal
surfaces of the airways, the intestine, or the genital tract. They
might thus best be combated by vaccines that upon application
to mucosal membranes induce robust mucosal immune responses, including IgA antibodies, which are poorly induced
upon systemic immunization (23). As shown here, preexisting
immunity to common serotypes of human adenoviruses found
in the majority of the human population impairs the efficacy of
recombinants based on such human serotypes. This can in part
be overcome by increasing the dose of the vaccine or more
elegantly and cost-efficiently by using an adenoviral recombinant based on a mammalian serotype that does not circulate in
the human population, such as AdC68. E1-deletion-containing
AdC68 recombinants have another advantage over currently
used replication-defective Adhu5 vaccines. The Adhu5 vaccines are propagated in cell lines that transcomplement the E1
protein derived from the same virus serotype. Homologous
recombination between the cell-derived E1 gene and the E1deletion-containing Adhu5 genome is inevitable and contaminates the vaccine preparations with replication-competent virus. These pose an added risk to patients, especially those who
are immunocompromised, such as the very young and the
elderly. In the replication-defective AdC68 constructs, the E1
of human serotype 5 transcomplements the E1-deletion-containing adenoviral genome. The flanking sequences of the human serotype 5 E1 are nonhomologous with those of the
AdC68 serotype, thus disallowing homologous recombination.
Vaccine preparations are therefore less likely to carry replication-competent virus.

2675

