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ABSTRACT As a major cause of acute and chronic liver
disease as well as hepatocellular carcinoma, hepatitis B virus
(HBV) continues to pose significant health problems world-
wide. Recombinant hepatitis B vaccines based on adenovirus
vectors have been developed to address global needs for
effective control of hepatitits B infection. Although consider-
able progress has been made in the construction of recombinant
adenoviruses that express large amounts of HBV gene prod-
ucts, preclinical immunogenicity and efficacy testing of candi-
date vaccines has remained difficult due to the lack of a suitable
animal model. We demonstrate here that chimpanzees are
susceptible to enteric infection by human adenoviruses type 7
(Ad7) and type 4 (Ad4) following oral administration of live
virus. Moreover, after sequential oral immunization with Ad7-
and Ad4-vectored vaccines containing the hepatitis B surface
antigen (HBsAg) gene, significant antibody responses to HBsAg
(anti-HBs) were induced in two chimpanzees. After challenge
with heterologous HBV, one chimpanzee was protected from
acute hepatitis and the other chimpanzee experienced modified
HBV-induced disease. These data demonstrate the feasibility of
using orally administered recombinant adenoviruses as a gen-
eral approach to vaccination.

Hepatitis B is a serious health problem worldwide that afflicts
more than 300 million individuals, with 0.5-1 million new
cases appearing annually in China alone (1, 2). To address the
requirements for an inexpensive, effective, and easily ad-
ministered hepatitis B vaccine, live recombinant hepatitis B
vaccines using adenovirus vectors have been developed. The
adenovirus vector approach is based, in part, on the suc-
cessful application during the past 2 decades of live adeno-
virus vaccines for prevention of acute respiratory disease in
military trainees (3, 4). Selective infection of the intestine
with orally administered adenovirus types 4 and 7 (Ad4 and
Ad7) vaccines has been highly effective in suppression of
acute respiratory disease in military recruits, which is caused
primarily by these two adenovirus serotypes.

Experimental adenovirus-vectored hepatitis B vaccines
have been described (5-8), but preclinical testing of these
vaccines in animals has been difficult due to the highly
restricted host range of human adenoviruses. Although mod-
els for disease induced by adenoviruses have been sought
since their discovery over 3 decades ago, only recently have
the cotton rat (9) and the hamster (7, 10) been identified as
models for adenovirus-induced respiratory infections. Al-
though these rodent species support lung replication of
various adenovirus serotypes, these animals are not suscep-
tible to infections by Ad4 or Ad7 (ref. 9; unpublished data),
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which, because of their wide prior usage, are good candidates
as vectors. Other less well-characterized small animal models
for human adenoviruses have been occasionally reported
(11-13) but are likewise nonpermissive for Ad4 and Ad7
infections (unpublished data). An early study of animal
species including nonhuman primates indicated that human
adenoviruses do not induce acute respiratory disease in
monkeys or chimpanzees following intranasal inoculations
(14). Serological data, however, indicated that such experi-
mental infections occasionally induced anti-adenovirus anti-
bodies in chimpanzees but not in monkeys.

In the present study, chimpanzees were evaluated for
enteric infection by Ad4 and Ad7. We also investigated
whether chimpanzees sequentially immunized with Ad7- and
Ad4-vectored hepatitis B vaccines develop significant anti-
hepatitis B surface antigen (HBsAg) responses and whether
such responses are protective in chimpanzees after hepatitis
B virus (HBV) challenge.

MATERIALS AND METHODS

Cells and Viruses. Cell line A549 derived from human lung
carcinoma was used for calcium phosphate transfection as
described (6). The vaccine strains of Ad4 (CL68578) and Ad7
(55142) and the recombinant adenoviruses described below
were grown and titrated on A549 cells as well as on the human
diploid cell strain WI-38 (15).

Construction of Recombinant Viruses. The recombinant
adenoviruses described here were constructed by the same
methods used to construct the recombinant adenovirus type
5 viruses previously described (6). The HBsAg gene (extend-
ing from nucleotide 130 to 966; adw2 subtype) was inserted
into a cloned fragment of the Ad7 genome that extended from
Ad7 map unit (m.u.) 68 to m.u. 100, as shown in Fig. 1. In the
resulting plasmid, pAd7H, that portion of the Ad7 E3 region
between m.u. 80 and m.u. 84 was deleted, and the HBsAg
gene was inserted at the site of this deletion so that the
translation initiation codon of HBsAg was 829 nucleotides
downstream of the TATA box of the E3 region promoter.
This deletion completely removes the sequence encoding the
Ad7 19-kDa glycoprotein (gp19K), the principal protein prod-
uct of the E3 region (16). When this recombinant plasmid was
transfected ii;to AS49 cells together with Ad7 DNA, the
recombinant virus Wy-Ad7HZ6-1 was generated by homol-
ogous recombination (Fig. 1). HBsAg was secreted into the
medium by cells infected with Wy-Ad7HZ6-1 and was found
to consist of spherical particles (predominantly 20-25 nm)
indistinguishable from particles found in the serum of chronic

Abbreviations: HBV, hepatitis B virus; HBsAg, HBV major surface
antigen; Ad4 and Ad7, adenoviruses type 4 and 7, respectively; ALT,
alanine aminotransaminase; m.u., map unit(s); anti-HBc, antibodies
to HBV core antigen.
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FiG. 1. (A) The recombinant adenovirus Wy-Ad7HZ6-1 was
constructed by transfecting into cultured A549 cells the large EcoRI
fragment of Ad7 genomic DNA together with a partially overlapping
fragment of cloned Ad7 DNA from a plasmid (pAd7H;; stippled boxes
represent flanking plasmid DNA). (B) Wy-Ad7HZ6-1 was isolated
after transfection and identified by screening for HBsAg production
using a RIA.

HBY carriers. The secreted particles contained p24 and gp27
polypeptides (data not shown). The total yields of HBsAg
produced in tissue culture were typically 0.8-1.0 ug per 10°
cells infected.

The Ad4 recombinant used in this study (Wy-Ad4HHxHS)
was engineered from the vaccine strain of Ad4 by insertion of
the HBsAg gene (nucleotides 130-966) 786 base pairs down-
stream of the E3 region TATA box. None of the E3 region
was deleted.

Capsule Production. A clarified Wy-Ad7HZ6-1-infected
cell lysate was concentrated by polyethylene glycol precip-
itation (PEG 8000; final concentration, 12.5%) and infectious
virus was separated from HBsAg by centrifugation (SW 50.1
rotor; 35,000 rpm; 90 min) on a discontinuous CsCl gradient
[CsCl at 1.3 g/ml and 1.4 g/ml in 0.05 M Tris-HCI (pH 7.5)].
The virus preparation was dialyzed against 0.01 M Tris buffer
(pH 7.5) containing 0.29 M NaCl and was subsequently
shown by Ausria (Abbott) to contain <2.0 ng of HBsAg per
ml. The virus preparation was diluted ~1:10 with Dulbecco’s
modified essential medium (GIBCO) supplemented with 0.22
M sucrose, 0.044 M potassium phosphate (monobasic), 0.007
M potassium phosphate (dibasic), and 0.005 M potassium
glutamate. The preparation was then lyophilized and stored
at —70°C. Hard gelatin capsules were filled with a predeter-
mined amount of lyophilized material, after which the cap-
sules were enteric-coated (six coats) with cellulose acetate
phthalate [10% (wt/vol) in acetone/ethanol, 50:50]. Enteric-
coated capsules containing Ad7 and Wy-Ad4HHxHS were
prepared as described above except that viruses were ob-
tained directly from infected cell lysates. Capsules prepared
from Wy-Ad4HHxHS-infected cell lysates contained <400
ng of HBsAg. After inoculation of chimpanzees, unused
capsules were titrated following solubilization of lyophilized
material in phosphate-buffered saline.

Chimpanzee Inoculations. Chimpanzee immunogenicity
and challenge studies were conducted at Sema (Rockville,
MD). Three males (nos. 1373, 1374, and 1376) and one female
(no. 1375) 1-2 years old were selected for use in the study
based on an adenovirus antibody screen (see Results). The
chimpanzees were housed in individual isolators throughout
the study and were maintained as described (18). Prior to
vaccination, a preliminary study was conducted to evaluate
dissolution in the chimpanzee gut of enteric-coated capsules
containing barium sulfate (capsules were prepared as indi-
cated above). Serial roentgenograms indicated that the cap-
sules disintegrated in the small or large bowel within 24 hr of
capsule administration. For primary and booster immuniza-
tions, chimpanzees were given one or two enteric-coated
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capsules through a gastric tube after anesthetization with
ketamine. Two hours after booster vaccinations, the chim-
panzees were given 60 ml of 0.10 M phosphate buffer (pH 8.0)
to promote dissolution of the enteric-coated capsules in the
chimpanzee gut. Seven weeks after booster inoculations, the
three vaccinated chimpanzees and a control chimpanzee (no.
1376) received an intravenous challenge with 10> 50%
chimpanzee infectious units of HBV (subtype ayw, strain
MS-2) (18).

Detection of Shed Virus. Stool samples were made 10%
(vol/vol) in Dulbecco’s modified essential medium contain-
ing 2% penicillin/streptomycin and clarified by centrifuga-
tion prior to inoculation on A549 cell monolayers. Cultures
not displaying adenovirus cytopathic effect by 10 days post-
inoculation were given a single blind passage and observed
for an additional 10-day period. The presence of adenovirus
antigen in cell culture fluids was confirmed by a monoclonal
antibody-based enzyme linked immunosorbent assay (19).
The rabbit anti-Ad2 hexon antiserum and anti-Ad3 hexon
monoclonal antibody (20/11 MAF) used in this assay were
gifts of John C. Hierholzer (Centers for Disease Control,
Atlanta, GA). Isolates were identified as adeno-hepatitis
recombinants by evaluation of infected-cell culture fluids for
HBsAg by RIA (Ausria II-125). After booster inoculations,
the Ad4 serotype of adenovirus isolates was confirmed by
neutralization analysis using type-specific polyclonal rabbit
antisera.

Serology. Chimpanzees were bled at weekly intervals and
sera were tested for anti-HBs antibodies by RIA (Ausab,
Abbott). Anti-HBs responses are expressed in milliinterna-
tional units (mIU), based on a conversion factor of 3.5 RIA
units per 1 mIU). Sera were further tested for HBsAg by RIA
(Ausria II-125), for anti-HBc (HBV core antigen) antibodies
by a competition RIA (Corab, Abbott), alanine aminotrans-
aminase (ALT) (20), and anti-adenovirus antibodies by micro-
neutralization analysis on A549 cell monolayers using a
challenge dose of 30-100 50% tissue culture infectivity doses

®).

RESULTS

Seroprevalence Study in Chimpanzees. Sera from 31 chim-
panzees were screened for type-specific neutralizing anti-
bodies to human Ad4 and Ad7. Although these chimpanzees
were generally seronegative for anti-Ad7 antibodies (recip-
rocal titers, <4), 77% of the animals had significant anti-Ad4
antibody titers (reciprocal titers, >4) (Table 1). Chimpanzees
1373, 1374, 1375, and 1376 were selected for use in this study
on the basis of low neutralizing antibody profiles for both Ad4
and Ad7.

Clinical Observations Immediately Following Vaccination.
Chimpanzees received primary oral immunizations with Ad7
or Wy-Ad7HZ6-1 followed 11 weeks later by oral booster
vaccinations with Wy-Ad4dHHxHS as indicated in Table 2.
The chimpanzees remained healthy throughout the 2-week

Table 1. Incidence of anti-Ad4 and anti-Ad7 neutralizing
antibodies in chimpanzee sera

Antibody titer
(reciprocal)

% sera Ad4 Ad7

23 <4 <4
23 4 <4
16 8 <4
13 16 <4
13 32 <4
10 64 <4

3 >128 >128
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period immediately following the primary inoculations. No
adverse respiratory, enteric, or other clinical reactions were
observed in any of the chimpanzees during this period.
During the third week postinoculation, chimpanzees 1373 and
1375 contracted intercurrent upper respiratory tract infec-
tions, which were shown to be unrelated to vaccine admin-
istration. During a 3-week period starting at 4 weeks post-
inoculation, chimpanzee 1373 experienced slightly elevated
serum levels of liver enzymes (1.5-3 times normal levels for
ALT and other transaminases). A biopsy of the liver of this
animal at 5 weeks postinoculation presented no evidence of
pathology upon histological evaluation and failed to yield
infectious virus upon cultivation of biopsy material in cell
culture. No other adverse clinical effects were observed in
these chimpanzees during the balance of the 11-week primary
vaccination period. The chimpanzees also remained healthy
without observable enteric or respiratory disease throughout
the 7-week period following booster inoculations.

Virus Recovery. Shedding of infectious virus in stools was
monitored by recovery of virus in cell culture. Fig. 2 indicates
that after primary vaccinations all three chimpanzees shed
virus for 6-7 weeks. Viruses shed in stools of chimpanzees
1373 and 1374 were confirmed as Wy-Ad7HZ6-1 by detection
of HBsAg produced in infected cell culture lysates. Positive
cultures for chimpanzee 1375 were negative for HBsAg
production. The period of time that virus was shed at high
titer (=10° infectious virus per ml of stool) for these three
animals after primary immunizations was proportional to the
dose of administered virus.

After booster inoculation of chimpanzees with Wy-
Ad4HHxHS, infectious virus was excreted in stools for 17-34
days. Shed adenovirus was confirmed as Wy-Ad4HHxHS by
neutralization analysis with an Ad4-specific antiserum and by
detection of HBsAg in infected cell culture lysates (data not
shown).

Serological Responses. After primary oral inoculations,
each of the three chimpanzees developed significant anti-Ad7
neutralizing antibody responses (reciprocal titers, 16—-64) by
3 weeks postinoculation (Fig. 2). Anti-Ad7 titers persisted at
high levels throughout the remainder of the study (11 months)
for all three chimpanzees. Each of the three chimpanzees
experienced significant anti-Ad4 neutralizing antibody re-
sponses (reciprocal titers, 64) within 3 weeks of booster
immunizations with Wy-Ad4HHxHS (Fig. 2). Anti-Ad4 neu-
tralizing antibody titers peaked at =2 months and remained
elevated throughout the experiment.

After primary immunization with Wy-Ad7HZ6-1, chim-
panzee 1374 developed a transient seroresponse to HBsAg,
which peaked at 9 mIU during the fifth week postinoculation.
The anti-HBs response then declined during the following
2-week period. Chimpanzee 1373, which was also vaccinated
with Wy-Ad7HZ6-1, did not mount a detectable anti-HBs
response. Following booster immunizations of chimpanzees
1373 and 1374 with Wy-Ad4HHxXHS, secondary anti-HBs
responses were elicited. The anti-HBs booster responses
developed more rapidly, persisted for longer periods, and
peaked at higher levels (Fig. 3) than the primary anti-HBs
responses. Chimpanzee 1375, whose vaccination with Wy-
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Fi1G. 2. Shedding of adenoviruses in stools and anti-adenovirus
neutralizing antibody responses in chimpanzees. Chimpanzees re-
ceived primary inoculations on day 0 and booster inoculations during
week 11 as indicated in Table 2. Virus was detected in stool by
culturing in AS549 cells. Neutralizing antibody responses are ex-
pressed as reciprocal titers.

Ad4HHxHS represented a primary vaccination with an ad-
eno-hepatitis recombinant, did not develop a detectable
anti-HBs response.

HBYV Challenge. Eight weeks after booster immunizations,
chimpanzees 1373, 1374, and 1375, as well as a control
chimpanzee (no. 1376), were challenged with 10*-° chimpan-
zee infectious doses of heterologous HBV (ayw strain). Ten
weeks after challenge, the control chimpanzee (no. 1376)
experienced an acute HBYV infection. HBsAg was detected in
the blood of this animal for an 11-week period and elevated
serum levels of liver enzymes followed a course typical for an
acute HBV infection (Fig. 3). Anti-HBc and anti-HBs re-

Table 2. Schedule for immunization of chimpanzees with recombinant adeno—hepatitis virus and subsequent challenge with HBV

Primary immunization Booster immunization HBY challenge
Dose, Dose, Weeks post-prim. Weeks post-prim.
Animal Virus pfu Virus pfu immun. Dose* immun.
1373 Wy-Ad7THZ6-1 3 x 107 Wy-Ad4HHxHS 8 x 10° 11 1035 18
1374 Wy-Ad7HZ6-1 1.5 x 107 Wy-Ad4HHxHS 8 x 10° 11 1035 18
1375 Ad7 1 x10° Wy-Ad4HHxHS 8 x 10° 11 1035 18
1376 — — — — — 1033 —

pfu, Plaque-forming units; post-prim. immun., post-primary immunization.

*50% chimpanzee infectious units.
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Fic. 3. Response of chimpanzees to vaccination with Ad7 and
recombinant adenoviruses followed by challenge with HBV. Chim-
panzees were vaccinated and then challenged with HBV as indicated
in Table 2. Anti-HBs responses are expressed as mIU/ml and
anti-HBc responses are expressed as the ratio of negative control
cpm to sample cpm (N/S). Positive HBsAg values (positive/
negative, >2.1) are shown as solid bars. Peak values were 46.4, 166,
and 161 for chimpanzees 1373, 1375, and 1376, respectively. Serum
ALT activity is expressed in IU/liter.

sponses developed several weeks after initial detection of
HBsAg in the blood.

Chimpanzee 1374, which experienced the highest anti-HBs
response after dual vaccination and which had a titer of 9 mIU
at the time of HBV challenge, did not develop clinical
hepatitis. HBsAg was not detected in the blood of this
chimpanzee and liver transaminase levels were normal
throughout the 6-month observation period following chal-
lenge. However, 17 weeks postchallenge, a strong anti-HBs
response developed as well as a slight but significant anti-
HBc response. This increase, which ranged from 2.4 to 3.5
negative/positive units from weeks 36—43, is not apparent in
Fig. 3. Values =2.1 are considered positive. The dramatic
anti-HBs response consisted primarily of antibodies of the
IgG isotype (data not shown). The combination of the newly
developed anti-HBc response and the anamnestic anti-HBs
seroresponse indicated that chimpanzee 1374 experienced a
subclinical HBV infection.

Proc. Natl. Acad. Sci. USA 86 (1989)

Chimpanzee 1373, which also possessed an anti-HBs se-
rum titer of 9 mIU at the time of HBV challenge, also
developed a subclinical HBV infection. Low levels of HBsAg
were detected in the serum of this animal for a brief 2-week
period starting at 9 weeks postchallenge. However, no ele-
vation in liver enzyme levels was observed in this animal.
Immediately after the transient antigenemia, a large anti-HBs
response developed. This response had not yet peaked at the
time the experiment was terminated and was also of the IgG
isotype (data not shown). An anti-HBc antibody response
developed 11 weeks postchallenge.

Chimpanzee 1375, which did not develop a detectable
anti-HBs response following vaccination with Wy-Ad4-
HHxHS, was not protected from clinical hepatitis following
HBYV challenge.

DISCUSSION

Our results indicate that the chimpanzee is susceptible to
enteric infection by wild-type Ad7 and recombinant Ad7 and
Ad4. We also demonstrate that sequential oral immunization
of the chimpanzee with Ad7- and Ad4-vectored adeno-
hepatitis viruses containing the HBsAg gene induced a low
but significant anti-HBs humoral immune response. Primary
vaccination of two chimpanzees with Wy-Ad7HZ6-1 resulted
in a detectable but transient anti-HBs response in one animal
and a priming anti-HBs response in the other animal. These
low primary responses are consistent with the relatively poor
immunogenicity of HBsAg in primates (21). Following
booster immunizations of these two chimpanzees, anamnes-
tic responses were observed that peaked near 10 mIU, a level
that in humans is associated with protection from natural
HBYV infection. After HBV challenge of these chimpanzees,
large anamnestic anti-HBs responses were observed, indi-
cating HBV infections occurred in both animals. One chim-
panzee experienced a mild case of hepatitis B and the other
was protected from acute HBV-induced disease. In another
HBV challenge study of chimpanzees immunized with a
recombinant vaccinia virus expressing HBsAg (22), chim-
panzees were primed immunologically to HBsAg following a
single vaccination but did not develop detectable anti-HBs
humoral responses. The chimpanzees were protected from
acute clinical disease following HBV challenge but, as in the
present study, were not protected from HBV infection.

Precise evaluation of the relative permissivity of chimpan-
zees and humans to enteric infection by Ad7 is not possible
from the available data, as human trials for the Ad7 respira-
tory vaccine used vaccine dosages that were significantly
lower than the dose of Ad7 used in this study. Nevertheless,
analysis of the available data suggests that Ad7 replicates
relatively well in the chimpanzee gut. Moreover, recombi-
nant virus Wy-Ad7HZ6-1 replicated well in the chimpanzee
gut as did Wy-Ad4dHHxHS. The latter infections demon-
strated the capacity of Ad4 to establish intestinal infection in
chimpanzees.

The infection of chimpanzees by Wy-Ad7HZ6-1 is of
particular interest, as this virus contains a large E3 deletion.
The deletion extends from 80 to 84 m.u. and RNA analysis
indicates (data not shown) that the major splice donor in E3
region is located at 80.2 m.u. Because the deletion removes
this splice donor, essentially all known E3 region gene
function is ablated. Although the functions of the E3 region
gene products are, in general, poorly understood, it is known
that the region is not essential for virus replication in vitro.
Three of the approximately nine proteins encoded by E3 have
been identified (23-25), and two of these proteins—14.7K
and gp19K protein—have been implicated in protection of
virus-infected cells from immune destruction (26-29). gp19K
has been shown to mediate protection by blocking transport
of class I major histocompatibility antigens to cell surfaces,
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thus allowing virus-infected cells to avoid immune destruc-
tion by class I-restricted cytotoxic effector cells. The present
study indicates that E3 gene functions are not required for
sustaining enteric infections by Ad7. The presence of this
region may thus rather be important for establishment of
latent or persistent viral infections or perhaps for allowing
reinfection of susceptible individuals.

A recent study of adenovirus mutants that have lost the
ability to block expression of class I major histocompatibility
antigens via deletion of sequences encoding gpl9K has
indicated that such mutants show increased capacity for
induction of lung pathology and disease in cotton rats (30). In
the present study, Wy-Ad7HZ6-1, which contains a deletion
of the coding sequence for gpl9K, did not cause enteric
disease in chimpanzees.

With regard to the use of heterotypic vectors for booster
applications, it should be noted that 42 antigenically distinct
adenovirus serotypes have been described (31). A large
proportion of these viruses have not been linked to disease
states in humans and on that basis might be considered for use
as vectors for vaccine applications. This diversity of sero-
types could also be used to overcome problems of preexisting
adenovirus immunity in vaccine recipients.

A seroprevalence study of chimpanzees at Sema indicated
substantial preexisting immunity to Ad4 but not to Ad7. This
antibody profile is consistent with both the known antigenic
cross-reactivity between the chimpanzee adenovirus Pan 9
and human Ad4 as well as the demonstrated absence of
antigenic relatedness between chimpanzee adenoviruses and
human Ad7 (17). A similar seroprevalence study of chimpan-
zees housed at Buckshire (Perkasie, PA) indicated that 100%
(10/10) of the animals tested were seropositive for Ad4 and
90% (9/10) were seropositive for Ad7 (unpublished data). The
factors contributing to these differences in antibody profiles
between chimpanzee groups are not known but may be
related to differences in conditions under which the chim-
panzees were maintained. Chimpanzees at Sema were
housed in individual isolators, whereas the chimpanzees at
Buckshire were not housed under isolator conditions. Isola-
tion of the chimpanzees may have contributed to protection
of the animals from contact with human adenoviruses or
adenoviruses from other chimpanzees.

In summary, we have identified the chimpanzee as a model
for testing Ad7- and Ad4-vectored vaccines and demon-
strated the feasibility of using oral enteric vaccination with
recombinant adenoviruses to induce humoral immune re-
sponses to foreign viral genes. This approach to vaccination
may be adapted for immunization against many different
diseases.
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