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ABSTRACT

Recombinant human adenovirus (Ad) type 4-, 5-, and 7-vectored vaccines expressing either the HIV env or

gag-protease genes were tested for immunogenicity in three chimpanzees. The first phase of the vaccination
protocol consisted of a primary and two booster immunizations with Ad-HIVs by the oral route of
administration, followed by a single booster immunization with Gag and/or Env subunit vaccines. The second
phase of the vaccination protocol consisted of intranasal administration ofAd-HIVs previously administered by
the oral route. Following the first phase adenovirus was shed into stools for only 1-7 days and modest
type-specific anti-adenovirus neutralizing antibody titers were induced. Strong anti-Env binding antibody
responses were detected in all three animals following the second oral booster immunization. One chimpanzee
responded with a low-titered type-specific neutralizing antibody response to HIV. Cell-mediated immune
responses to Env were not detected after the primary vaccination, but were detected following all booster
immunizations. Administration of the Gag subunit vaccine boosted both humoral and cell-mediated immune
responses to Gag antigens. In contrast, the Env subunit vaccine boosted cellular but not humoral immune
responses. In the second phase of the vaccination protocol, both virus shedding and anti-adenovirus responses
were enhanced. All three chimpanzees responded to the intranasal administration of Ad7-HIVs with boosted
anti-HIV serum responses, including low-titered type-specific neutralizing antibodies, elicited anti-HIV
antibodies at secretory sites, and stimulated cell-mediated immune responses to both Gag and Env antigens.

INTRODUCTION when mixed in vitro with HIV, can prevent infection following
injection into naive chimpanzees.6 Passive immunization with a

The human immunodeficiency virus type 1 (HIV) possesses a hybrid mouse-human monoclonal antibody directed at the PND
highly restricted host range. HIV infects and replicates in was shown to protect chimpanzees in vivo from challenge with

chimpanzees but fails to induce an AIDS-like disease in these HIV.7 Vaccine successes against HIV challenges have been
animals. Various vaccine candidates for HIV have been tested in reported utilizing the PND (in some form) both for primary and
the chimpanzee model, most of which have stimulated the subsequent booster immunizations.8'9 However, although these
induction of humoral and cellular immunity.1_3 A principal approaches have been shown to induce systemic serum neutral-
neutralization determinant (PND) has been identified4'5 within izing anti-HIV antibody responses, they have failed to elicit
the third variable domain of the external envelope glycoprotein, strong cellular and secretory immune responses,
gpl20. Neutralizing antibodies that recognize the PND tend to Human adenoviruses possess significant advantages as vec-

be strain specific, and polyclonal sera directed against the PND, tors for recombinant vaccines, including a strong safety record
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established for the use of Ad4 and Ad7 vaccines for prevention
of acute respiratory disease in military recruits, as well as the
existence of multiple adenovirus serotypes that can be poten¬
tially exploited as vectors for booster immunizations. Recombi¬
nant adenovirus vectors expressing HIV antigens have been
evaluated previously for immunogenicity in primate'0 and
nonprimate hosts, such as the cotton rat, ' ' the mouse,10 and the
laboratory beagle. '2 The latter dog model is nonpermissive for
adenovirus replication but permits recombinant antigen expres¬
sion.13 Using the dog model, we have shown that Ad-HIV
recombinant viruses were capable ofeliciting neutralizing serum

antibody responses directed at the HIV envelope. Booster
immunization of dogs with heterotypic Ad-HIV recombinant
viruses was necessary for the induction of high-titered neutral¬
izing antibody responses.

Chimpanzees have been shown previously to support human
adenovirus replication in vivo following enteric infection with
either wild-type Ad7 or Ad7- and Ad4-hepatitis  surface
antigen (HBsAg) recombinant viruses.I4 Low-titered neutraliz¬
ing antibody responses to hepatitis  virus (HBV) were induced
in two of two chimpanzees following a primary (Ad7-HBsAg)
and one heterotypic (Ad4-HBsAg) booster immunization. One
vaccinated chimpanzee was protected from acute hepatitis, and
the other animal experienced modified disease following HBV
challenge. Here we report the first immunogenicity testing of
recombinant adenovirus-HIV vaccines in chimpanzees. Their
abilities to induce cell-mediated, secretory, and humoral im¬
mune responses to recombinant HIV antigens following oral and
intranasal immunizations and in combination with subunit HIV
vaccines are described.

MATERIALS AND METHODS

Construction of recombinant viruses. The procedure for
generation of recombinant adenoviruses was described previ¬
ously.15 Recombinant Ad-HIV viruses were made using Ad4,
Ad5, and Ad7 vectors containing large E3 deletions. The entire
gpl 60 or the gag-protease genes of HIV were inserted into these
vectors, along with a cDNA copy of the HIV rev gene.
Individual plaques that appeared 10-20 days after transfection
were selected, replaqued three times, and expanded in A549
cells. To confirm the DNA structure of each recombinant,
DNAs were extracted by the method of Hirt16 and analyzed by
restriction enzyme digestion.

Growth and titration of recombinant viruses. Recombi¬
nant viruses were expanded and titrated on A549 cell monolay-
ers as described previously.17

Production and testing ofenteric-coated capsules. Clari¬
fied and lyophilized infected A549 cell lysate supernatants were

packed in gelatin capsules as described previously. '4 Capsules
were coated six times with cellulose acetate phthalate (dissolved
in acetone-ethanol, 1:1 ) by repeated dipping and air drying. The
integrity of the enteric coating was tested by sequential exposure
of representative enteric-coated capsules to simulated gastric
fluid18 for 1 hr at 37°C using a VanKel disintegration tester
(Vankel Industries, Inc., Edison, NJ) followed by exposure to
simulated intestinal fluid18 at 37°C. All capsules tested resisted
disintegration in simulated gastric fluid and dissolved within
15-30 min in simulated intestinal fluid. Infectious recombinant

virus titers (log,„/capsule) were determined by plaque assay to
be as follows: Adl-env (7.1), Adl-gag (9.3), Ad4-env (10),
   -gag (10), and Ad5-env (10.9).

Production of Env and Gag subunit preparations. Sub-
viral particles consisting of membrane-bound Gag antigens were

harvested from Ad4-gag-infected A549 cells and purified as

described previously.19 Purified Env was prepared from Ad7-
env-infected A549 cells as described previously.12 Env (200
pg/dose) and Gag subunit (500 pg/dose) preparations were

formulated in a 0.2% alum adjuvant and were administered
intramuscularly.

Inoculation of recombinant adenovirus-HIV or recom¬
binant adenovirus-derived subunit preparations to chim¬
panzees and collection of chimpanzee serum and fecal
specimens. Three chimpanzees (approximately 1-2 years old)
seronegative to human Ad4, Ad5, and Ad7 were anesthetized
and immunized with enteric-coated capsules containing recom¬

binant Ad-HIV for three successive days (Table 1 ) as described
previously.14 Although these animals were seronegative for
Ad4, Ad5, and Ad7 and none of these strains were detected in
chimpanzee stools at the time of administration, these chimpan¬
zees were shedding either a different strain of human adenovirus
or chimpanzee adenovirus in their stools at the time of inocula¬
tion. For intranasal immunizations 1-ml of suspensions of
Ad-HIV recombinant virus were administered dropwise to the
external nares of anesthetized chimpanzees. Chimpanzees were

bled following sedation with ketamine hydrochloride (10 mg/
kg). While the animals were still under anesthesia, cotton-tipped
applicator sticks were used to gently swab the external nares.

The sticks were placed in test tubes containing 4.5 ml of
phosphate-buffered saline (PBS) supplemented with antibiotics.
Fresh chimpanzee stools were collected at various times. Serum,
swabs, and stool specimens were stored frozen at —70CC for
further use.

Virus detection by plaque hybridization analysis. Iden¬
tification of recombinant virus present in stool or swab samples
was accomplished with radiolabeled DNA oligoprobes. Ten
percent stool suspensions were then prepared with antibiotics
[gentamicin (200 pg/ml) and amphotericin  (10 pg/ml)],
clarified by centrifugation (1100 x g), and were plaqued on

confluent A549 cell monolayers in 60-mm tissue culture dishes
under a 0.5% agar overlay in Dulbecco's modified Eagle's
medium (DMEM). Five to 10 days after infecting cell monolay¬
ers, plaques were visualized by neutral red staining, enumer¬

ated, and the agar overlay was gently removed, taking care not to
disturb the cell monolayer. A nitrocellulose filter (type HA, 0.45
µ   pore size; Millipore, Bedford, MA), presoaked in 20x SSC
(3 M NaCl plus 0.3 M sodium citrate), was placed on the cell
monolayer and left in contact with cells for 2 to 4 min. The filters
were then removed, air dried, and baked for 2 hr at 80°C. The
filters were washed twice in 3x SSC/0.1% sodium dodecyl
sulfate (SDS) at room temperature and prehybridized and hy¬
bridized according to standard procedures.20 Viral-specific 32P-
labeled oligoprobes to Ad4 fiber AACTCTAGCCCCTTAC-
CAAT, Ad7 fiber GCGCGCACCGCACCAGAAAG, env

GCATCTGTTCTACCAGG, and gag ATCATCTGCTCCTG-
TATC, were chemically synthesized, added to the hybridization
buffer (1 x 106 cpm/ml), and incubated overnight at 42°C. The
filters were washed, autoradiographed, and hybridization sig¬
nals were then counted.
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Table 1. Schedule for Immunization of Chimpanzees with Adenovirus-HIV
and subunit vaccines

Immunizations
(dose)a Route

Time
(weeks)

Chimpanzee number

312 324 326

Adl-env (7.1)
Ad7-gag (9.3)
AdA-env (10)
Ad4-gög(10)
Ad5-ertv(10.9)
env subunit
gag subunit
Ad7-e«v (8.0)
Ad7-gûg (8.0)
Ad4-env (9.0)
Ad4-gog (9.0)

Oralb

Oral

Oral
imc

0
0
7
7

26
34
34
46
46
58
58

+

+

+
+

+

+

+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+

aLog10 (pfu/dose).
bOral dose per enteric-coated capsule, 1 capsule/virus/day given on three consecutive days.
c Intramuscular Env (200 pg/dose) or Gag (500 pg/dose) in alum adjuvant.
dIntranasal (1.0 ml, dropwise).

Adenovirus neutralization assays. Microtiter neutraliza¬
tion assays were performed to detect neutralizing antibodies as

described previously.13
Detection of anti-HIV antibodies. Chimpanzee antibody

responses to HIV antigens were measured with a commercial
Western blot kit (Du Pont, Wilmington, DE) according to the
instructions of the manufacturer. In certain instances biotiny-
lated goat anti-human IgA ( -chain specific) or biotinylated goat
anti-human IgG (7-chain specific) were substituted for the
biotinylated goat anti-human IgG (heavy and light chain-spe¬
cific) reagent. Serum titers were taken as last serial dilution of
sample to give a positive signal. Nasal secretions were tested at
a 1:10 dilution. HIV neutralization assays were conducted with
MT4 cells, and a 90% end point was determined as previously
described.8

Measurement of cellular immune responses to HIV-I.
Antigen proliferation assays, using chimpanzee peripheral
blood mononuclear cells, were performed as previously de¬
scribed.21 Baculovirus-derived recombinant gpl60 (Repligen
Corp., Cambridge, MA), gpl20, and p24 (American BioTech-
nologies, Inc., Cambridge, MA) were employed as stimulating
antigens, gpl20 and p24 antigens were used at concentrations of
10, 5, and 1 pg/ml and gpl60 was used at 2 pg/ml. Cell were

grown in culture for 6 days, radioisotope was added, and cells
were harvested at 7 days.

Demonstration of lymphocyte subsets in chimpanzee
blood. Mononuclear cells were separated from heparinized
blood by Hypaque-Ficoll gradients and stained for fluorescent-
activated cell sorting with lymphoid-specific Leu-series mono¬

clonal antibodies (Becton Dickinson, Paramus, NJ) as described
previously.22

Immunofluorescent staining ofparaffin-embedded lung
sections. Lung sections were indirectly stained with an immu¬
nofluorescent kit [Adenoclone immunofluorescence assay
(IFA); Cambridge Bioscience, Worcester, MA] for the presence
of adenovirus antigens following treatment with xylene and
ethanol to remove paraffin. Deparaffinized sections were treated

as directed by the manufacturer. Cytospin preparations of
infected and mock-infected A549 cells were treated identically
as positive and negative controls. Independent confirmation of
results was obtained from parallel studies done at the Armed
Forces Institute of Pathology, Washington, DC.

RESULTS

Phase I: Virus replication following oral immuniza¬
tions. Chimpanzees seronegative for Ad4, Ad5, and Ad7 were

immunized orally with Ad7-HIV, Ad4-HIV, and Ad5-HIV
recombinant viruses on weeks 0, 7, and 26, respectively
(Table 1). One chimpanzee (312) was immunized successively
with recombinants expressing only HIV gpl60 (Env), whereas
the two other chimpanzees (324 and 326) received primary (0
weeks) and first booster (7 weeks) immunizations with recom¬

binants expressing env and gag genes. The second booster (26
weeks) consisted of a single Ad5-e«v recombinant. All oral
immunizations with Ad-HIV recombinants were well tolerated
by the chimpanzees, with no signs of clinical distress detected in
any of the animals. Shedding of recombinant adenoviruses in
stools was detected by plaque hybridization analysis using
radiolabelled DNA oligomer probes specific for the env, gag, or

type-specific adenovirus fiber antigen. Following primary oral
immunization Ad7-gag and Adl-env recombinants were de¬
tected in stools for 1-5 days postimmunization, respectively,
with peak viral titers between 102 and 104 pfu/ml of stool
(Table 2). Following the first oral booster immunization (7
weeks), AdA-env and Ad4-gag were detected in stools for 1-7
days, with peak viral titers measured between 103 and 104
pfu/ml of stool (Table 2). Following administration of the
second oral booster (26 weeks), recombinant Ad5-e«v was shed
in stools for up to 7 days. Peak viral titers ranged from 102 to 105
pfu/ml of stool (Table 2). Viral titers of orally administered
recombinant viruses consistently peaked during the 3-day inoc¬
ulation period. There was no reactivation of Ad7 recombinant
viruses following immunization with Ad4 and Ad5 recombi-
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Day

Table 2. Recovery of Adenovirus-HIV Recombinant Viruses from Feces Following Oral
or Intranasal Inoculation of Chimpanzees

Recombinant adenovirus titer (pfulg stool)3

Inoculation
route

Chimpanzee 312
(Ad-env)

Chimpanzee 324

Ad-env Ad-gag
Chimpanzee 326

Ad-env Ad-gag

0
1
2
5
7

49(0)
51(2)
54(5)
56(7)
63(14)
68(19)

182(0)
183(1)
189(7)
196(14)

322 (0)
327 (5)
329 (7)
331 (9)
334(12)
343(21)

Oral

Oral

Oral

Intranasal

Adl-env
0
0

500
0
0

AdA-env
0

1,100
0
0
0
0

Ad5-env

0
200
0

Adl-env
0

2,500
100b
0
0
0

Adl-env
0
0

5,200
0
0

Ad4-env
0

20,100
8,400
0
0
0

Ad5-env

250,000
1,500
0

Ad7-ewv
0

300
0C
0
0
0

Ad7-gag
0

19,500
3,100

0
0

Ad4-gag
0

2,000
200
0
0
0

Adl-gag
0

600
0
0

800
0

Adl-env
0

300
0

200
0

Ad4-i»nv
0

250,000
100
400

0
0

Ad5-env

250,000
1,600
0

Adl-env
0

400
0
0
0
0

Ad7-gag
0
0

25,000
0
0

Ad4-gag
0

16,600
800
100
0
0

Ad7-gag
0

200
0

1,000
0
0

"Plaque hybridization titer, 0 = less than 100.
bNasal swab titer, 1485 pfu/swab.
c Nasal swab titer, 90 pfu/swab.
Number in parentheses = number of days after last infection.

nants and no reactivation of Ad4 recombinants following immu¬
nization with Ad5 recombinants (data not shown).

Antibody response to adenovirus vectors. Primary oral
immunizations generated modest neutralizing antibody re¬

sponses against the Ad7 vector by chimpanzees 324 and 326,
whereas a barely detectable anti-Ad7 serum antibody response
was induced in chimpanzee 312 (Table 3). Following the first
booster inoculation with Ad4-HIV recombinants, chimpanzees
312 and 326 developed modest anti-Ad4 neutralizing antibody
responses, whereas chimpanzee 324 experienced a minimal
response to Ad4 (Table 3). All three animals developed nominal
serum neutralizing antibody titers to the Ad5 vector after oral
administration of the second booster (Table 3). These relatively
weak antibody responses are consistent with the apparently poor
replication of these recombinant viruses in the chimpanzee gut.

Antibody responses to recombinant HIV antigens. Weak
antibody responses against both the Gag (p24) and Env (gpl60)
antigens were detected by Western blot analysis following the
primary oral inoculation (Table 4). Further, only weak booster
responses against Gag and/or Env were detected after the first
oral Ad4-HIV recombinant immunization. In contrast, the
second oral recombinant virus (Ad5-env) booster effectively

stimulated anti-Env antibodies both in terms of the magnitude of
the response as well as in the specificity of the response (de¬
tection of gpl 20 and gp41) in all three chimpanzees (Table 4).

Oral immunization with Ad7-HIV and Ad4-HIV vaccines
did not stimulate anti-HIV neutralizing antibody responses in
any of the three chimpanzees (Table 5). However, a weak but
significant anti-HIV neutralizing antibody response (10-20)
was detected in one of the three chimpanzees following the
second oral booster immunization with Ad5-env.

Anti-HIV immune responses following administration
ofsubunit Env and/or Gag vaccines. A third booster immu¬
nization consisting of recombinant adenovirus-derived Gag (500
pg/dose) and/or Env (200 pg/dose) antigens was then adminis¬
tered 8 weeks after the second oral booster (Table 1). The two

chimpanzees immunized with the subunit Gag vaccine mounted
strong booster responses to p24 and pl7 (Table 4). The subunit
Env vaccine, however, did not elicit detectable booster re¬

sponses to the HIV envelope glycoprotein in any of the three
chimpanzees (Table 4). Enhanced proliferative responses to Env
and Gag proteins by peripheral blood mononuclear cells (PB¬
MCs) were demonstrated following administration of the sub-
unit vaccines (Fig. 1).
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Table 3. Anti-Adenovirus Serum Neutralizing Antibody Responses in Chimpanzees
following Administration of Adenovirus-HIV Recombinant Viruses

Recombinant
adenovirus
serotype

Time
(weeks)

Anti-adenovirus antibody response"
Chimpanzee 312 Chimpanzee 324 Chimpanzee 326

Ad7 (oral

Ad4 (oral)

Ad5 (oral)

Ad7 (intranasal)

26
30
34

46
50
54

<4
4
8

8
128
128

16
512

32

<4
256

64

<4
16
64

<4
<4

8

8
128

16

8
512
128

<4
16
16

<4
32

128
<4
64
16

64
2048

512

"Reciprocal neutralization titer. Chimpanzees were orally immunized with Ad7-HIV (Ad7),
Ad4-HIV(Ad4), and Ad5-HIV (Ad5) recombinant viruses at weeks 0, 7, and 26, respectively. A
second Ad7-HIV immunization was given intranasally at week 46.

Cellular immune responses directed at Env or Gag.
Peripheral blood mononuclear cells obtained after primary oral
immunization with recombinant Ad7-HIV viruses failed to

proliferate on exposure to purified Env and Gag antigens in
tissue culture (Fig. 1). However, a highly significant antigen
proliferative response to the Env antigen was detected in cul¬
tured PBMCs obtained from chimpanzee 326 following the first

booster inoculation, whereas PBMCs obtained from the other
two chimpanzees were stimulated to a lesser extent. Following
the second oral booster excellent cell-mediated immune re¬

sponses were generated against Env antigens (gp 160 and gp 120)
by PMBCs obtained from all three animals (Fig. 1).

Phase II: Intranasal administration of homologous
adenovirus-HIV recombinant viruses. The second phase of

Table 4. Anti-HIV Seroresponses following Administration of HIV Vaccines as
Determined by Western Blot Analysis

Weeks Immunogen"
Chimpanzee 312

(Envb)
Chimpanzee 324 Chimpanzee 326

Env Gagc Env Gag
0

4
7

9
11
15
20
26
28
32
34
36
46

48
50

Ad7 recombinants
(oral)

Ad4 recombinants
(oral)

Ad5-env (oral)

Subunits (im)

Ad7 recombinants
(in)

-4-4-

1.3/-/-
1.3/-/-

1.3/-/-
1.3/-/-/
-4-1-
-4-4-
-4-4-

2.0/1.5/2.5
3.5/2.5/3.0
2.5/2.0/2.0
2.5/2.5/2.0
2.0/2.0/-

4.0/4.5/3.0
4.0/4.5/3.0

-4-1-

-4-1-
-4-4-

-4-4-
-4-1-
-4-4-
-4-4-
-4-4-
1/5/-/-

2.5/1.5/2.5
2.5/2.0/-
2.5/2.5/-
2.0/3.0/-

1.3/-
1.3/-

1.3/-
1.3/-
1.3/-
1.3/-
-/-
-/-

-/-
3.0/1.5
3.0/-

-4-4-

_/_/_
-4-4-

-4-4-
-4-1-
1.3/-/-
1.3/-/-
-4-4-

4.0/3.0/3.5
5.0/4.0/4.5
4.0/3.5/3.5
3.5/3.5/3.0
3.0/3.0/-

1.3/-
1.3/-

1/3/-
2.0/-
2.0/-
2.0/-

-/-
-/-
-/-

4.0/2.5
3.0/-

4.0/4.5/3.0 4.0/3.0 3.0/3.0/3.0 4.5/2.0
4.0/4.5/3.0 4.0/3.0 3.0/3.0/3.0 4.5/2.0

"Refer to Table 1 for immunization schedule.
bLog]0 highest serum dilution showing reactivity (gp 160/gp 120/gp41 ).
cLog|0 highest serum dilution showing reactivity (p24/pl7).
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Table 5. Anti-HIV Serum Neutralizing Antibody Responses in Chimpanzees
Following Administration of Adenovirus-HIV Recombinant Viruses

HIV-neutralizing responses"

Treatment
Time

(weeks)
Chimpanzee

312
Chimpanzee

324
Chimpanzee

326

Ad7 recombinants (oral)

Ad4 recombinants (oral)

Ad5 recombinant (oral)

Subunit(s) boost (im)

Ad7 recombinants (in)

0
4

7
9

26
28
32

34
36
40

46
48
50
54
58

<10
<10

<10
<10

<10
<10

<10
<10
<10

<10
10
20
40
40

<10
<10

<10
<10

<10
<10

<10
<10
<10

<10
10
10
10
40

<10
<10

<10
<10

10
20

10
10

<10

10
20
10
10
10

Reciprocal titers.

the study was initiated to determine whether homologous Ad-
HIV could be used as an effective boost when administered by
the intranasal route to animals possessing serum antibody titers
to adenovirus. Forty-six weeks after primary oral immunization
with Ad7-HIV recombinant viruses, the Ad7-HIV recombi¬
nants were administered by the intranasal route (Table 1 ). At the
time of administration, chimpanzees 312, 324, and 326 had
anti-Ad7 serum neutralization titers of <4, 8, and 64, respec¬
tively. No clinical symptoms of respiratory disease were ob¬
served in these animals as a result of the intranasal administra¬
tions. Stool specimens and nasal secretions were examined for
the presence of shed infectious recombinant viruses (Table 2).
Adl-env was detected in nasal secretions for up to 7 days
postinoculation in two of the animals. In addition, recombinant
Adl-env and Ad7-gag viruses were found to be present in stool
specimens for up to 12 days postinoculation. There was an

inverse correlation between anti-Ad7 serum titers at the time of
inoculation and subsequent virus replication as assessed by
recovery of Ad7-HIV viruses in nasal secretions and stool
specimens.

Antibody response to adenovirus vectors. Significant
anti-Ad7 serum neutralizing antibody responses were induced in
all three chimpanzees following intranasal inoculation with
Ad7-HIV recombinants (Table 3).

Antibody response to recombinant HIV antigens. Intra-
nasal immunizations with recombinant Ad-HIV resulted in
significant anti-HIV booster responses in chimpanzees 312 and
324. These animals had the lowest anti-Env and anti-Ad7 serum

antibody responses at the time of inoculation (Table 4). The
intranasal inoculation also elicited low-titered type-specific
anti-HIV neutralizing antibody titers in chimpanzees 312 and
324 (Table 5).

Induction ofsecretory immune responses. Anti-Env and
anti-Gag antibodies were detected in nasal secretions by West¬

ern blot analysis. The anti-HIV antibody response measured in
the nasal secretions contained both IgA and IgG antibodies to
HIV antigens. No IgA or IgG anti-Env or anti-Gag antibodies
had been detected in chimpanzee nasal secretions at the time of
intranasal inoculation of Ad7-HIV recombinants. Two to 4
weeks later IgA and IgG anti-gpl60 and anti-gpl20 antibodies
were detected in nasal secretions from chimpanzees 312 and
324. Only IgG anti-gpl60 antibody was detected in chimpanzee
326. IgG anti-p24 responses were measured in both chimpan¬
zees (324 and 326) that received the Adi-gag recombinants.

Cellular immune responses directed at Env or Gag. All
three chimpanzees experienced slight, but significant, cellular
immune responses to HIV antigens following intranasal admin¬
istration of Ad7-HIV recombinants. These responses were

clearly much less then observed after the other booster immuni¬
zations (Fig. 1). The range of the chimpanzees stimulation
indexes (Sis) for gpl60, gpl20, and p24 were 1.4-4.4, 1.6-
2.0, and 1.1-2.6, respectively, at the time of intranasal inocu¬
lation. The SI for chimpanzee 312 increased for both Env
antigens gpl60 (2.4-fold) and gpl20 (2.7-fold) by 4 weeks
postinoculation. The SI for chimpanzee 324 increased for gpl 60
(3.6-fold), gpl20 (8.8-fold), and p24 (1.5-fold) over the SI
measured at the time of inoculation. The SI for chimpanzee 326
increased for gpl60 (2.8-fold), gpl20 (2.8-fold), and p24
(1.6-fold) by 4 weeks postintranasal inoculation.

Intranasal administration of Ad4-HlV recombinants.
Three months after the first intranasal booster immunization
with Ad7-HIV the chimpanzees were inoculated intranasally
with Ad4-HIV recombinants (Table 1). Serum neutralization
titers to Ad4 in the three chimpanzees were high ( 128-256) at the
time of inoculation. At 3 days postinoculation, two of the
animals (chimpanzees 312 and 326) were noted to have a slight
cough. Two days later (day 5) the third animal, chimpanzee 324,
died from acute bacterial pneumonia. The study was terminated
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FIG. 1. Stimulation index of chimpanzee PBMCs to HIV
antigens. Peripheral blood mononuclear cell cultures were pre¬
pared from chimpanzees 312 (A), 324 (B), and 326 (C) and
incubated with gpl60 (2 pg/ml;  ), gpl20 (10 µ^   ;  ), p24
(10 pg/ml; o), or without antigen for 6 days, labeled with [3H]-
thymidine for 24 hr, harvested, and the amount of cell-associ¬
ated radioactivity determined. Experimental and control wells
were run in triplicate. Stimulation index is expressed as the
(mean cpm of the antigen values)/(mean cpm of the control
values).

at this time. Streptococcus pneumoniae was subsequently iso¬
lated from the lungs of chimpanzee 324. The other two chim¬
panzees presented harsh sounds by auscultation and S. pneumo¬
niae was isolated from both chimpanzees. Antibiotic treatments
were initiated and both animals subsequently recovered. Retro¬
spective analysis of available clinical data indicated that chim¬
panzee 324 was experiencing a slight fever (38.6°C) and had an

abnormal complete blood cell count (CBC) on the day of the
intranasal administration of Ad4-HIV recombinants (Table 6).
The CBC revealed an unusual high number of polymorphonu¬
clear cells present at that time (64%), as well as a 5% level of
band cells (immature polymorphonuclear cells), suggesting that
this chimpanzee was responding to an active bacterial infection.
Autopsy specimens taken from the lung, liver, spleen, and sera

all tested negative for the presence of infectious adenovirus.
Furthermore, lung and liver specimens (paraffin embedded)
tested negative for adenovirus antigen by immunofluorescence
analysis. These combined data strongly suggest that Ad4-HIV
did not play a direct role in the death of chimpanzee 324. Tissue
samples were examined by electron microscopy at the Armed
Forces Institute of Pathology. Adenovirus virions were not
detected, but intranuclear inclusions were observed in some

cells. These inclusions are suggestive of the presence of an as yet
unidentified virus. An indirect role for Ad4-HIV in the death of
the chimpanzee cannot be ruled out.

DISCUSSION

A primary purpose of this study was to evaluate the capacity
of Ad-HIV recombinant viruses to replicate and induce hu¬
moral, secretory, and cellular immune responses in the chim¬
panzee, the only animal known to be permissive to enteric
replication by the Ad4 and Ad7 vectors used in this study.
Similar Ad-env recombinants containing deletions in region E3
were previously shown to induce high-titered neutralizing anti¬
body responses in dogs, which are only abortively infected by
human adenovirus.12 In this study recombinant Ad-HIV virus
was shed in stools for only 1 to 7 days following oral inocula¬
tions of chimpanzees. This viral shedding pattern sharply con¬

trasts with a previous study in which recombinant adenoviruses
were shed for 5 to 6 weeks in the stools of two of two

chimpanzees following primary immunization recombinant vi¬
rus and for 2 to 4 weeks in three of three chimpanzees following
an oral booster with a second recombinant virus. '4 Higher oral

Table 6. Chimpanzee 324 Clinical Parameters

Time

Mature polymorphonuclear cells
with segmented nuclei

(segmented)

Immature polymorphonuclear
cells, simple elongate nucleus
no constrictions (band cells) Lymphocytes Other" Temperature °C

—4.5 months
—4.0 months
—3.0 months
Day 0b
Day 5C

35
22
27
64
45

0
1
0
5

22

58
63
60
26
28

7
14
13
5
5

37.1
36.2
37.1
38.6

Not done

"Includes monocytes, eosinophils, and basophils.
bIntranasal administration of Ad4-É7iv and Ad4-gag.
c Death.
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doses were used in the present study and virus capsules were

given on three consecutive days, whereas in the first study
recombinant viruses were administered on one day only. The
observation that peak stool titers fell within the 3-day inocula¬
tion period in the Ad-HIV oral study suggests that the majority
of the virus shed in the stools during this time period may
represent input virus rather than progeny virus produced from
Ad-HIV replication in vivo. The reason(s) for these differences
in replication pattern is unknown. Some possible explanations
include the following: ( 1 ) virus structure: Ad-HIV recombinants
are overpackaged from 0.25 to 2.3%, whereas Ad-HBsAg
recombinants are underpackaged. The additional foreign DNA
may have retarded replication of Ad-HIV recombinants in vivo;
(2) prior experience of the animals with chimpanzee or human
adenoviruses; (3) possible differences in capsule preparation:
capsules were hand coated in cellulose acetate phthalate in
different batches at different times; however, because represen¬
tative capsules from each lot were demonstrated to be resistant to
simulated gastric fluid but dissolved in simulated intestinal fluid
suggests that the latter cause is unlikely.

Oral administration of recombinant Ad-HIV vaccines was

efficient at inducing strong cell-mediated immune responses.
Cell-mediated immune responses required priming and at least
one or two oral booster immunizations with Ad-HIV recombi¬
nant viruses. Subunit vaccinations and intranasal inoculations of
chimpanzees also stimulated cell-mediated immune responses.

A key issue regarding the utility of adenovirus vectors as

vaccines is whether recombinant adenovirus replication will
occur in individuals that possess preexisting immunity to the
vector and whether the amount of recombinant antigen expres¬
sion resulting from such infections is sufficient to stimulate
strong immune responses to the foreign antigen. In this study,
intranasal administration of Ad7-HIV recombinants to chim¬
panzees seropositive for Ad7 demonstrated that successful
booster immunizations with recombinant adenoviruses may take
place in the face of preexisting immunity to adenovirus. Related
findings were made by early investigators who initially immu¬
nized human volunteers via the oral route with Ad4 vaccine and
subsequently reinoculated volunteers with homologous Ad4
vaccine by the intranasal route.23 Intranasal inoculations re¬

sulted in reinfections of individuals independent of serum

antibody to Ad4. Surprisingly, enteric replication of Ad7-HlV
recombinant viruses appeared to be somewhat enhanced in
chimpanzees inoculated intranasally relative to direct delivery to
the gut by oral immunization. The intranasal booster also
appeared to stimulate anti-Env and anti-Gag responses more

effectively than the previous oral boosters.
Evaluation of the safety of a live recombinant HIV vaccine is

clearly of critical importance. Ad4 and Ad7 vaccines adminis¬
tered by the oral route to military personnel have established an

enviable safety record over two decades of use. Horizontal
transmission of virus among recruits following oral vaccination
does not occur,24 although transmission to family members of
vaccines has been reported.25 Transmission of adenovirus vac¬

cine strains to family members did not result in acute disease.
Whether attenuation of the Ad4 and Ad7 vaccine strains results
from the route of administration alone or whether the Ad4 and
Ad7 vaccine strains have been attenuated by passage in cell
culture has not been clarified. Experimental respiratory infec¬
tions of human volunteers with the Ad4 vaccine strain suggest
that this strain is at least partially attenuated.23 Introduction of

foreign nuclei acid sequences in viruses frequently results in a

compromised replication capacity of the recombinant viruses. A
direct comparison of the enteric replication of the Ad7 vaccine
strain and a recombinant Ad7-HBsAg virus indicated that Ad7
replicated to higher titer in the chimpanzee gut, although Ad7
was administered at a higher dose than Ad7-HBsAg. A single
phase I study in humans comparing Ad7 and Ad7-HBsAg
indicated that the Ad7 vaccine strain replicated to 100-fold
higher titers in the human gut than Ad7-HBsAg, even though
Ad7 was administered at a 10-fold lower dose. Considering the
poor replication in the present study of Ad-HIV recombinant
viruses in the chimpanzee gut, it seems likely that these Ad-HIV
recombinants would be more attenuated than the parental vec¬

tors when administered by the oral route.
Results of the second phase of this study support the possible

use of the intranasal immunization route for administration of
recombinant adenovirus. This would be a particularly attractive
immunization route to pursue if virus replication is consistently
established in individuals possessing preexisting serum antibody
to adenovirus. Clearly, intranasal administration of a recombi¬
nant adenovirus would require complete attenuation of the virus.
If the present Ad-HIV vaccines are not fully attenuated, several
approaches to introducing a completely attenuated phenotype
could be pursued, such as the introduction of temperature-
sensitive lesions (to restrict virus replication in the lower
respiratory tract) or the use of replication-defective adenovirus
mutants as vectors.

Intranasal inoculation of Ad7-HIV (108 pfu) into chimpan¬
zees with moderate (8-64) or no (less than 4 serum neutraliza¬
tion titer) anti-Ad7 neutralizing antibodies did not induce overt

signs of clinical illness even though all three animals were

clearly infected. However, a second intranasal inoculation,
using a high dose (109 pfu) of Ad4-HIV recombinants, was

temporally associated with clinical symptoms in all three chim¬
panzees. One chimpanzee was determined to have had an active
bacterial infection on the day of immunization and the other two

chimpanzees showed signs of respiratory infections a few days
later. Streptococcus pneumoniae was also cultured from the
animals. These infections were cleared up by the use of antibi¬
otics, indicating the infections were also bacterial in nature.
Because the three chimpanzees were housed in the same cubicle,
spread of a bacterial respiratory infection from chimpanzee 324
to the other animals appears to be the likely source of the
infections in chimpanzees 312 and 326. It is clear that the
adenovirus inoculation did not contribute directly to the death of
chimpanzee 324, as virus was not isolated from the lungs of the
dead chimpanzee nor was adenovirus antigen or adenovirus
particles detected in lung tissue by immunostaining or electron
microscopy. The high anti-Ad4 titer (128) at the time of
immunization also argues against the possibility of a major role
for adenovirus in the development of pneumonia. An indirect
role for adenovirus in the death of this animal is not likely but
cannot be excluded. Although the death of chimpanzee 324 was

not due to direct involvement of Ad4 HIV in lung pathology, the
safety of vaccines administered by the intranasal route remains a

major source of concern.

The Ad-HIV viruses employed in this study possess extensive
E3 deletions. The adenovirus E3 region has been demonstrated
to contain nonessential coding regions that are not required for
in vitro replication of virus.26 However, E3 region gene prod¬
ucts have been proposed to play critical roles in facilitating
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adenovirus replication in vivo.27·28 gpl9 may prevent recogni¬
tion and destruction of virus-infected cells by virus-specific
class I-restricted cytotoxic  cells.27 The 14.7K protein may
confer resistance of virus-infected cells to the lytic activity
mediated by tumor necrosis factor.28 When evaluated in the
cotton rat model, deletion of the E3 region of Ad5 was shown to

play a critical role in enhancing the pathogenesis occurring in
adenovirus-induced lung disease, raising potential concerns for
enhanced virulence of E3-deleted recombinant vaccines.29

A limited amount of experience with E3-deleted recombinant
adenovirus in humans and chimpanzees suggests that the above
concerns likely do not apply to recombinant adenovirus admin¬
istered by the oral route. Initial safety and immunogenicity
studies involving recombinant adenoviruses expressing HBsAg
that contain major E3 deletions have indicated that these recom¬

binant viruses fail to replicate as well as wild-type viruses in
human volunteers following oral enteric immunizations.30
These recombinant viruses were well tolerated at doses of 107
pfu in phase I vaccine trials and did not induce any clinical
symptoms of significance.30 Virus shedding was diminished
both in terms of duration and amount in stools obtained from
vaccines immunized with E3-deleted recombinant viruses as

compared to stools collected from vaccinées inoculated with
Ad7 vaccine strain. The induction of anti-adenovirus neutraliz¬
ing titers was also decreased in vaccines that received recombi¬
nant E3-deleted viruses. Likewise, oral administration to chim¬
panzees of recombinants containing deleted E3 regions did not
result in detectable illness although significant virus replication
occurred.14 The differences in these findings and those de¬
scribed earlier29 may be related to species differences, the
relative dosages used, or differences in sites of virus replication.

This study indicates that oral administration of recombinant
adenovirus vaccines expressing HIV antigens results in a rela¬
tively low level of virus replication in the gut. Multiple oral
immunizations were necessary for induction of strong anti-HIV
antibody responses and for elicitation of substantial cell-medi¬
ated immune responses. Furthermore, the results obtained from
intranasal administration of Ad-HIV recombinants indicate that
infection of the upper respiratory tract and gut may occur in the
presence of preexisting serum antibody to adenovirus. Anti-HIV
antibodies were detected in mucosal secretions following
booster immunization by the intranasal route. This encouraging
demonstration of secretory antibodies suggests the need to pur¬
sue further studies using this route of administration. The safety
of the intranasal route of administration is of primary concern

and if pursued will require careful consideration and evaluation.
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