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Abstract

Recombinant adenoviruses (Ads) efficiently transfer foreign
genes into hepatocytes in vivo, but the duration of transgene
expression is limited by the host immune response which
precludes gene expression upon readministration of the virus.
To test if this immune response can be abrogated by oral tol-
erization, we instilled protein extracts of a recombinant ade-
novirus type-5 via gastroduodenostomy tubes into bilirubin-
UDP-glucuronosyltransferase-1 (BUGT))-deficient jaundiced
Gunn rats. Control rats received BSA. Subsequent intrave-
nous injection 5 X 10° pfu of a recombinant adenovirus-
expressing human BUGT; (Ad-hBUGT)) resulted in hepatic
expression of human BUGT,; (hBUGT),) with reduction of
serum bilirubin levels by 70%. After 2 mo serum bilirubin
increased gradually. In orally tolerized rats, but not in con-
trols, a second dose of the virus on day 98 markedly reduced
serum bilirubin again. In the tolerized rats, the development
of antiadenoviral neutralizing antibodies and cytotoxic lym-
phocytes were markedly inhibited, and transplantation of
their splenocytes into naive Gunn rats adoptively transferred
the tolerance, indicating a role for regulatory cells. Lympho-
cytes from the tolerized rats hyperexpressed TGFB,, IL2,
and IL4 upon exposure to viral antigens, whereas IFNy ex-
pression became undetectable. Thus, oral tolerization with
adenoviral antigens permits long-term gene expression by
repeated injections of recombinant adenoviruses. (J. Clin.
Invest. 1997. 99:1098-1106.) Key words: oral tolerization «
recombinant adenovirus « gene therapy « Gunn rats « UDP-
glucuronosyltransferase « Crigler-Najjar syndrome type I

Introduction

Recombinant adenoviruses, retroviruses, and adeno-associ-
ated viruses are being used by many investigators for somatic
gene therapy (1, 2). While retroviruses and adeno-associated
viruses integrate into the host genome and have been used for
ex vivo gene transfer, they require cell division for integration,
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making them inconvenient for in vivo gene transfer into hepa-
tocytes that are normally quiescent (3). Adenoviruses (Ads)!
are nonenveloped double-stranded DNA with a wide host
range that can be generated at high titers and are very efficient
at transferring foreign genes into nondividing cells (4). After
systemic administration, recombinant adenovirus 5 (Ad5) is
preferentially localized and expressed in the liver (5). How-
ever, the expression of foreign genes delivered by these vec-
tors is of limited duration because of the episomal nature of
adenoviruses (6, 7), and, more importantly, because of the host
humoral and cellular immune response (8). Host cytotoxic
lymphocytes (CTL) acting against adenovirally infected cells
may clear the adenovirally infected cells, reducing the duration
of transgene expression in vivo after the initial injection of the
virus. Neutralizing antibodies that appear in response to the
initial exposure to adenoviral proteins prevent effective gene
transfer to hepatocytes upon reinjection of the virus.

Recombinant adenoviruses are generated by insertion of
the target gene into the E1 region of the viral genome, thus
disrupting the E1 gene and rendering the virus replication de-
fective (9). Based on the concept that some host cellular pro-
teins may substitute for the missing E1 gene products, thereby
resulting in the transcription of the viral genes, attempts have
been made to further cripple the adenoviral vector by using a
virus containing a mutation in the E2a region that results in the
expression of temperature-sensitive DNA binding proteins.
However, these second generation adenoviruses are still able
to invoke a potent antiviral immune response (10, 11). It is
likely, therefore, that the antigenic load in the input recombi-
nant virus is sufficient to produce this immune response. Thus
other mechanisms of modulating the antiviral immune response
need to be sought.

Enteral exposure to foreign antigens has been shown to in-
duce antigen-specific tolerance by clonal inactivation of anti-
gen-specific T cells or by the induction of regulatory cells se-
creting factors that suppress the generation of antigen-specific
effector cells (12-14). Therefore, we wanted to evaluate
whether induction of oral tolerance to adenoviral antigens
could be used to abrogate the host antiadenoviral immune re-
sponse, thereby prolonging virus expression and allowing suc-
cessful viral readministration.

Our model system employs mutant Gunn rats that lack he-
patic bilirubin uridine-diphosphoglucuronate glucuronosyl-
transferase-1 (BUGT)). Gunn rats are an animal model of Crig-
ler-Najjar syndrome type I (15, 16). In both the human disease
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ing units; RT-PCR, reverse transcription-primed PCR.



and the mutant rats, BUGT, deficiency is inherited as an auto-
somal recessive characteristic and results in life-long unconju-
gated hyperbilirubinemia leading to cerebral toxicity (17-20).
The advantage of using Gunn rats for developing gene therapy
methods is that the expression of BUGT] can be conveniently
evaluated by monitoring serum bilirubin levels (15). In addi-
tion, excretion of bilirubin glucuronides in the bile provides
unequivocal evidence of BUGT1 expression in vivo.

We used high-dose and low-dose tolerizing regimens to in-
duce oral tolerance to viral antigens. High-dose feeding, which
has been shown to induce anergy or deletion of antigen-reac-
tive T cells, was found to be ineffective. In contrast, oral toler-
ization with low-dose feeding of adenoviral protein extracts
markedly inhibited both the humoral and cellular host im-
mune response to the recombinant adenovirus containing the
human BUGT;, gene, thereby permitting long-term gene ex-
pression and an effective metabolic effect upon repeated ad-
ministration of the virus. This was achieved by induction of
regulatory cells that were able to transfer tolerance to naive
animals.

Methods

Animals

Inbred Gunn and congenic normal Wistar RHA rats were bred and
maintained in the Special Animal Core of the Marion Bessin Liver
Center of the Albert Einstein College of Medicine. The rats were
maintained on standard laboratory chow and kept in 12-h light-dark
cycles.

Plasmids

pIM17 was kindly provided by Dr. F.L. Graham, (McMaster Univer-
sity, Hamilton, Canada). Adeno-B-galactosegene (Ad-LacZ) virus
was obtained through the courtesy of Dr. M. Imperiale, (University
of Michigan, Ann Arbor, MI).

Generation of recombinant adenovirus

Two recombinant adenoviruses, Ad-human bilirubin-UDP-glucu-
ronosyltransferase-1 (hBUGT);) and Ad-LacZ-expressing hBUGT;,
and Escherichia coli B-galactosidase, respectively, were generated as
described previously (5). In brief, transcription units consisting of the
promoter and enhancer sequence for the immediate early gene of cy-
tomegalovirus (CMV), the structural region of human BUGT, or E.
coli B-galactosidase, and the polyadenylation signal from bovine growth
hormone were recombined into the E1 region of human Ad-5 to pro-
duce replication-defective first generation adenoviruses. For large-
scale preparation, the recombinant adenoviruses were grown on 293
suspension cells and purified from cell lysates by two consecutive
CsCl density gradient centrifugations, and stored in 30% glycerol at
—20°C. The virus was dialyzed overnight at 4°C against an isotonic

Table I. Experimental Groups

solution containing 135 mM NaCl, 5 mM KCl, 1 mM MgCl,, 10 mM Tris-
HCI, pH 7.4, and 10% glycerol, and sterilized by filtration through
0.45-pm filters before use (5).

Preparation and administration of viral protein extracts

The CsCl gradient supernatant, containing major adenoviral struc-
tural proteins, mainly fiber, hexon, and penton, was collected and the
protein concentration was determined (21, 22). Under ether anesthe-
sia, a polyethelene cathether (PE10) was inserted into the stomach
through a midline incision. The tube was advanced into the duode-
num and affixed to the stomach wall. The other end of the catheter
was exteriorized at the dorsal aspect of the neck by subcutaneous tun-
neling. Each of the rats was kept in a separate cage throughout the
study. The protein extracts were introduced through the catheter ev-
ery other day for 21 d (a total of 11 doses).

Ad-hBUGT), and Ad-LacZ injection into Gunn rats

Five groups of Gunn rats, consisting of 10 animals in each group,
were studied. Groups A and B included rats that were fed with ade-
novirus protein extract at a dose of 1 mg/rat every other day followed
by two injections of Ad-hBUGT; (5 X 10° pfu) on days 1 and 98
(group A), or Ad-hBUGT] on day 1 followed by Ad-LacZ on day 98
(group B). Two groups of rats were used as controls: group C re-
ceived BSA 1 mg/d and then received viral injections as described
for group A (5 rats, group C1) or for group B (5 rats, group C2).
Group D did not receive any oral proteins and was injected with Ad-
hBUGT, similarly to group A (Table I). In order to evaluate the
mechanism of the tolerance and to distinguish between induction of
suppressor cells and clonal inactivation group E rats were fed with 50
mg/d (5 rats), or 100 mg/d (5 rats) of the viral protein extract (high
dose regimen), followed by two injections of Ad-hBUGT;.

Assessment of transgene expression

B-Galactosidase expression. Gunn rats from groups that received
Ad-hBUGT; as the first injection and Ad-LacZ as the second injec-
tion with (group B) or without (group C2) previous administration of
adenoviral proteins underwent liver biopsies. Specimens were frozen
in Tissue Freezing Medium (Triangle Biomedical Sciences, Durham,
NC), in a dry ice-cooled methyl butane bath. Frozen cryostat sections
(10 wm) were fixed for 5 min at room temperature in freshly prepared
1% glutaraldehyde in PBS. B-Galactosidase activity was detected by im-
mersing the section into 5-bromo-4-chloro-3-indol-B-galactopyrano-
side (X-Gal) staining solution (5 mM K,FeCN, 5 mM K;FeCN, 1 mM
MgCl,, containing 1 mg of X-Gal/ml) for 8-15 hours at 37°C. Sections
were briefly counterstained with eosin, then dehydrated and mounted.
DNA analysis using PCR. To detect the presence of the human
BUGT, gene in the host liver, DNA was extracted from RNase
treated tissue homogenates as described previously (23). Two rats
from each of the experimental groups A and E, and the control
groups C1 and D, were tested 3 d after the second Ad-hBUGT] injec-
tion. DNA was subjected to amplification by PCR using primers
(sense: S’ AAGGAAAGGGTCCGTCAGCA 3’ from nucleotide 141
to nucleotide 160; antisense: 5’CCAGCAGCTGCAGCAGAGG 3’

Recombinant virus injected Recombinant virus injected

Group Antigen fed and dose on first injection on second injection
A Adenoviral proteins: 1 mg/rat/d Ad-hBUGT; Ad-hBUGT
B Adenoviral proteins: 1 mg/rat/d Ad-hBUGT;, Ad-LacZ
C BSA: 1 mg/rat/d Ad-hBUGT, (C1) Ad-hBUGT, (5 rats)
(C2) Ad-LacZ (5 rats)
D None Ad-hBUGT; Ad-hBUGT;
E Adenoviral proteins: 50 mg/rat/d
(n =5), or 100 mg/rat/d (n = 5) Ad-hBUGT; Ad-hBUGT;
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from nucleotide 441 to nucleotide 462) designed to amplify a 321-bp
segment of the the unique exon 1 (exon 1*1) of the hBUGT) gene.
PCR amplification was performed using the following protocol: 94°C
for 30's, 58°C for 30 s, and 72°C for 1 min X 30 cycles.

Expression of hBUGT; protein. For determination of the expres-
sion of hBUGT], liver specimens were taken from two rats in experi-
mental group A and control group C1 5 d after the second viral injec-
tion. Tissue homogenates (200 mg/ml) were prepared in 0.25 M
sucrose/10 mM Tris-HCI, pH 7.4, using a glass homogenizer fitted
with a motor-driven teflon pestle. For immunoblot analysis, proteins
(100 mg/lane) were resolved by electrophoresis on SDS-polyacryl-
amide (7.5%) gels and electroblotted to nitrocellulose membranes.
The membranes were probed with a monoclonal antibody WP1 di-
rected at the common carboxyterminal domains of UGT isoforms ex-
pressed by hBUGT], followed by peroxidase conjugated goat anti—
mouse IgG F'ab fragment second antibody (Sigma Chemical Co., St.
Louis, MO) and substrate (24, 25). Equal protein loading in all lanes
was assured by performing the electroporesis on an identical SDS-
polyacrylamide gel and staining the protein bands with Coomassie
brilliant blue.

Assay for BUGT) activity towards bilirubin. The enzyme assay was
performed on homogenates of liver specimens from two rats from
each experimental group that received Ad-hBUGT,] injection (A, E,
C1, and D), 20 d after the first and second injection, and from all
other rats at the termination of the experiments. The assay method
was as previously described, using 80 wM bilirubin as the aglycone
(26, 27).

Determination of serum bilirubin levels. Serum bilirubin levels were
measured according to Jendrasik and Grof in all groups every 10-14 d
throughout the study period (26).

Bile pigment analysis. For definitive demonstration of bilirubin
glucuronidation in selected rats, bile was collected through a polyeth-
ylene bile duct cannula and bilirubin glucuronide excreted in bile was
analyzed by HPLC using a pBondapak C-18 column (Millipore-Waters,
Milford, MA) as described previously (27). Bile was analyzed in two
rats from experimental groups that received adenoviral proteins at 1
mg/d (group A), 50 mg/d, or 100 mg/d (group E), BSA 1 mg/d (groups
C1), or no protein at all (D), 20 d after the first and second injections
of the recombinant adenovirus. All other rats had bile pigment analy-
sis at the termination of the experiments.

Evaluation of immune tolerance

Liver histology. For evaluation of the degree of hepatic inflamma-
tion, liver biopsies were performed 1 wk after the second injection in
two rats from each of the treated groups and kept in 10% formalde-
hyde. Paraffin sections were then stained with hematoxylin-eosin ac-
cording to standard procedures. The sections were graded for hepatic
inflammation as follows: grade 0, normal; grade 1, mild periportal or
focal lobular lymphocytic infiltration; grade 2, extension of lympho-
cytic infiltration into the lobules and “piece-meal” necrosis; and
grade 3, disruption of the lobular architecture by “bridging” necrosis
and extension of lymphocytic infiltrates from portal-to—central, por-
tal-to—portal, and central-to—central zones.

Serum alanine amino transferase (ALT) levels. As a measure of
the degree of hepatic inflammation, ALT levels were quantified using
a commercially available kit (Sigma Chemical Co.).

Neutralizing antiadenoviral antibodies. Antiadenoviral neutraliz-
ing antibodies present in the sera of treated rats were measured on
days 28, 78, 112, and 196 in all rats that received Ad-hBUGT] injec-
tion. 293 cells were seeded at a concentration of 3 X 10%well in 96-
well plates, and cultured until 90% confluency. Ad-LacZ was diluted
in cell culture medium to give 3 X 10° pfu/10ml. Serum samples were
heat inactivated at 55°C for 30 min and diluted in medium in twofold
steps. 100 pl of each serum dilution was mixed with 5 X 10° pfu of the
recombinant virus, incubated at 37°C for 90 min, and applied to the
nearly confluent 293 cells for 10-14 h. The supernatant containing se-
rum and virus was then replaced by RPMI medium with 10% FCS for
18 h. Cells were fixed and stained for B-galactosidase expression. In
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the absence of neutralizing antibodies all of the cells stained blue.
The neutralizing antibody titer for each serum sample was reported
as the highest dilution at which less than 25% of the cells stained blue.

Cytotoxic T lymphocyte assay. Two rats from each group were
studied on days 28, 78, 112, and 196. Spleens were removed under an-
esthesia from each of two rats at each time point, and the animals re-
sutured. The organs were gently disrupted using a rubber policeman.
Red blood cells were removed using lysis buffer containing 0.17 M
NH,CI at pH 7.4 (1 ml/spleen) for 2 min. Lymphocytes were spun
down and plated at 5 X 107 cells/5 ml in RPMI medium with 10%
FCS. Cells were then restimulated with the recombinant adenovirus
Ad-hBUGT; (1-10 pfu/cell) for 4-5 d. Adenovirus-infected primary
hepatocytes, harvested by collagenase perfusion of the liver (28),
were used as target cells for the effector lymphocytes and were plated
on collagen-coated 6-well plates in Chee’s medium (2 X 10° cells/
well). Stimulated effector cells were harvested, counted, and added to
the primary hepatocyte cultures at a ratio of 50-100:1 and incubated
at 37°C for 5 h. Hepatic cell lysis was measured by collecting the me-
dium and measuring ALT levels using a commercially available kit
(Sigma Chemical Co.) with the following modifications: the ratio be-
tween reagent and test medium was changed from 10:1 to 1:1, and the
reaction time before the first spectrophotometric reading was 90 s,
followed by a reading every 30 s up to 5 min. ALT levels were then
calculated according to the manufacturer’s formula and expressed in
international units. Background ALT levels were determined by
measurements of the ALT levels in the supernatants of dishes con-
taining adenovirally infected hepatocytes and lymphocytes from na-
ive rats. CTL activity was expressed in IU of ALT averaged from 6
wells after subtraction of background levels.

Evaluation of the mechanism of oral tolerance

Serum TGFI levels. TGFB1 levels were measured by a sandwich
ELISA using Genzyme Diagnostics kit according to the manufac-
turer’s instructions. Serum TGFB1 levels were measured in three rats
from each group after each injection, on days 8 and 101.

TGFBI secreted by intestinal lymphocytes and splenocytes. Extrac-
tion of gut wall lymphocytes was performed as previously reported
(29). In brief, the small intestines were removed from two rats each
from the tolerized and the control groups on day 101, and placed in
RPMI medium supplemented with 15% FBS. The intestines were cut
into 1-cm segments, flushed with the medium, opened by cutting lon-
gitudinally, transferred into fresh medium, rinsed four times with
PBS, and placed in PBS (calcium and magnesium free) containing 1 mM
EDTA and 1 mM DTT. Fragments were stirred for 30 min at 37°C
and the exfoliated cells were harvested by decanting the PBS after tis-
sue fragments had settled. Cells were passed through nylon wool, pel-
leted by centrifugation for 5 min, suspended in 10 ml of 40% Percoll,
and layered over a cushion of 70% Percoll. Cells were then centri-
fuged for 20 min at 600 g and the gut wall lymphocytes at the 70%—
40% interface were harvested.

For enrichment of antigen presenting cells, lymphocytes were
harvested from the spleens as described above. Cells were then sus-
pended in 4 ml of RPMI containing 5% FBS and 4 ml of RPMI con-
taining 5% FBS and 14.5 g% metrizamide. After centrifugation at
1,800 g for 20 min, at room temperature, the interface containing an
enriched population of macrophages and dendritic cells was col-
lected.

For determination of TGFB1 secretion after each injection, intes-
tinal wall or splenic lymphocytes from untreated Gunn rats, from rats
in control groups C and D, and rats from the tolerized group A—on
days 8 and 101 (two rats from each group)—were plated on tissue cul-
ture dishes (5 X 10%10-cm plate) and grown in serum-free media. 1 X
10° antigen presenting cells were added per plate along with 50 p.g of
adenoviral protein extracts as the activating antigen. After 72 h of
culturing, TGFB1 secreted into the media was quantified by ELISA
as described above.

Reverse transcription-primed (RT)-PCR for rat cytokine mRNAs.
These assays were performed on day 101 on two rats from each of



groups A, C, D, and E. After culturing the lymphocytes with the viral
antigens and antigen presenting cells as described above, cells were
harvested, and mRNA levels for rat IL-2, -4, -6, -10, IFN-y, and TGF-31
were determined by RT-PCR using amplimers as described before
(23). 1 g of RNA was used as template for each sample. Amplimers
for rat glyceraldehyde-3-phosphate dehydrogenase (GPDH) were
used as an internal control for the RT-PCR.

Adoptive transfer of tolerance. To determine whether the intesti-
nal wall or splenic lymphocytes from the tolerized rats is capable of
producing tolerance upon transplantation into naive rats, donor rats
from groups A and C1 (two rats from each group) were killed at the
end of the experiment and single suspensions of lymphocytes derived
from the spleen or the small intestine were prepared as described
above. The cells were resuspended in PBS immediately before trans-
plantation. Recipient rats were sublethally irradiated with 600 rad to-
tal body irradiation, 24 h before intravenous injection of 5 X 107-1 X
108 donor cells in 0.5 ml PBS. A total of eight rats were studied; four
received the cells from group A donor rats, and four from group C
rats (in each group, two rats received donor splenocytes, 5 X 108 cells,
and two received donor gut wall lymphocytes, 5 X 107 cells). All rats
were injected with Ad-hBUGT; twice, 1 d after cell transplantation
and 98 d later. Serum bilirubin levels, pigments excreted in bile and
antiadenoviral cellular, and humoral immune responses were deter-
mined as described before.

Results

Expression of B-galactosidase activity

For histochemical staining, liver biopsies were performed, 7 d
after Ad-LacZ injection from liver specimens of Gunn rats
that received Ad-hBUGT] as the first injection and Ad-LacZ
as the second injection with (group B) or without (group C2)
prior administration of adenoviral proteins. Biopsies were per-
formed on two rats in each group. Histochemical staining of
cryostat sections (10 wm) showed that the great majority of
hepatocytes stained positive for B-galactosidase activity after
the injection in rats that had been administered the adenoviral
proteins (group B), while only 5% of hepatocytes stained posi-
tive, in livers from rats that were given BSA (group C2; Fig. 1).

Expression of h-BUGT; gene after recombinant adenoviral
injection into Gunn rats

DNA analysis using PCR. Presence of hBUGT; DNA in the
liver of Gunn rats that received Ad-hBUGT, with (group A)
or without (groups C1 and D) prior enteral administration of
adenoviral proteins was evaluated by PCR after the second
Ad-hBUGT, injection. A DNA fragment of 321 bp was seen
only in rats from group A, while both control groups C and D
were negative. Normal human liver and liver from an un-
treated Gunn rat were used as positive and negative controls,
respectively (not shown).

Expression of hBUGT; protein. Liver specimens were col-
lected from two rats in groups A and Cl1, 5 d after the second
Ad-hBUGT] injection. Immunoreactive 52-kD bands, corre-
sponding to hBUGT, were observed in Gunn rats that were
given two injections of Ad-hBUGT, after the administration
of adenoviral antigens (group A) but not in the group that re-
ceived the virus injections after enteral administration of BSA
(group C; Fig. 2). Normal human liver and untreated Gunn rat
livers were used as positive and negative controls, respectively.

BUGT, activity in vitro. UGT activity toward bilirubin was
undetectable in untreated Gunn rats. In homogenates of nor-
mal human specimens obtained from cadaver donor organs, the
BUGT, activity was 7826 nmol/mg liver wt/min; (mean+SEM,

Figure 1. B-Galactosidase expression in liver specimens from orally
tolerized (group B) and control group (C,) after the second injection
of the recombinant virus.

n = 6). In liver homogenates from two rats that received Ad-
hBUGT, injections after enteral administration of adenoviral
proteins (group A), bilirubin-UGT activity was 80 and 85
nmol/mg liver wet wt/min, 20 d after the first Ad-hBUGT, in-
jection, and was 8820 nmol/mg liver wet wt/min (mean+=SEM,
n = 5) 20 d after the second injection. In the BSA-fed rats
(groups C1 and D), bilirubin-UGT activity was undetectable
after the second injection of Ad-hBUGT,.

Serum bilirubin levels. Bilirubin levels were measured ev-
ery 10-14 d. A marked decrease in bilirubin levels occurred af-
ter each Ad-hBUGT,] injection in Gunn rats that were toler-
ized by the administration of adenoviral proteins (group A),
with levels reaching as low as 1.83 and 1.78 mg/dl after the first
and second injections, respectively (Fig. 3). Bilirubin levels re-
mained low for over 3 mo after each injection, and then in-
creased gradually. In contrast, in BSA-fed Gunn rats (groups
C and D) the first Ad-hBUGT; injection reduced serum biliru-
bin levels to 2.73 mg/dl for only 4 wk, followed by a progres-
sive increase to preinjection levels. Subsequent Ad-hBUGT;
injections had no effect on serum bilirubin concentrations in
these groups.

Bile pigment analysis. HPLC analysis of bile collected from
two rats from Ad-hBUGT;-treated rats (groups A, C1, D and
E) 20 d after the first injection of Ad-hBUGT;, showed excre-
tion of bilirubin mono- and diglucuronide. The two glucu-
ronides accounted for more than 95% of the bile pigments, less
than 5% being unconjugated bilirubin. This profile was similar
to that seen in normal Wistar rats. A similar pattern was seen

H G A C D E
52 kD ‘ ‘ % ﬂ%

Figure 2. Expression of h(BUGT), protein. Western blots of liver ho-
mogenates prepared 3 d after the second Ad-hBUGT; injection from
rats in group A, C, D, and E. Positive control was normal human liver
(H); negative control was untreated Gunn rat (G). 52-kD bands were
seen only in rats from group A.
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in rats tolerized by enteral administration of 1 mg/d adenoviral
proteins (group A) 20 d after the second Ad-hBUGT; injec-
tion. In rats that received BSA (group C), no protein (group D)
or high doses of adenoviral proteins (50-100 mg/d, group E),
bile pigment analysis after the second Ad-hBUGT] injection
did not show significant amounts of conjugated bilirubin in the
bile (Fig. 4). Gunn rats injected with Ad-LacZ did not excrete
bilirubin glucuronides in bile. Chromatographic profiles in bile
from these rats resembled that from untreated Gunn rats.

Evaluation of immune tolerance

Liver histology. Liver biopsies from two rats in each group ex-
amined 24-72 h after the second injection showed minimal or
no periportal or lobular lymphocytic infiltration in recipients
that were tolerized by enteral administration of adenoviral
proteins (group A). In contrast, a severe inflammatory reac-
tion (grade 3) was observed in liver specimens taken from rats
that were given BSA or no protein before the injection of the
virus (groups C, D) and rats that received high doses of ade-
noviral antigens (group E; not shown).

Serum ALT levels. In the group A rats that were tolerized
with adenoviral proteins, serum ALT levels increased only
minimally after each of the three injections (96-110 IU; nor-
mal levels before any manipulation were 60-75 TU). In groups
that received BSA or no protein (C and D), ALT levels in-
creased to 168 IU after the first injection, and to 212 IU after
the second injection.

Neutralizing antibodies. After injection of Ad-hBUGT; in
rats that had received BSA or no proteins, (groups C and D,
respectively), high titer (> 1:2,816) antibodies appeared dur-

/Ad-hBUGT1 injection N

SERUM BILIRUBIN (mg°%)

1 28 56 84 112 140 168 196
DAYS AFTER FIRST INJECTION

Figure 3. Effect of tolerization on serum bilirubin levels. Rats from
Group A (solid line) who received Ad-hBUGT, injections on d 1 and
98, were compared with rats from group C1 (dashed line) who re-
ceived Ad-hBUGT,] injections on the same days, but were not fed
with the adenoviral antigens (group D rats had similar results to
group C1, data not shown).
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ing the first month. In contrast, in the tolerized rats (group A),
neutralizing antibodies were undetectable in 80% of the recipi-
ents. The remainder exhibited low titers of the antibody (< 1:16)
(Fig. 5). Rats that developed the low titer antibodies had simi-
lar hypobilirubinemic responses to the second injections of
Ad-hBUGT; as did the rats that had no detectable antibodies.
Cytotoxic T lymphocyte response. Cytotoxic T cells were
tested against adenovirus infected rat hepatocytes four times
throughout the study. Measurement of the amount of ALT re-
leased from the hepatocyte targets into the media was used to
assess the CTL response. ALT levels in the media were below
80 IU in all tolerized recipients (groups A and B), but ex-
ceeded 450 IU in nontolerized rats (groups B and C; Fig. 6).
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Figure 4. HPLC analysis of bile pigments. Bile was collected from
rats from groups A and C1 20 d after the second Ad-hBUGT] injec-
tion. The upper panel shows a normal rat where above 95% of the
bilirubin in the bile is conjugated (BDG and BMG). The middle
panel represents the bile analysis of a Gunn rat from control group
C1 showing mainly unconjugated bilirubin (UCB). The lower panel
shows the analysis of bile from a tolerized rat from group A showing
that most of the bilirubin is conjugated. (BMG, bilirubin mono glucoro-
nide; BDG, bilirubin di glucoronide; UCB, unconjugated bilirubin).



The mechanism of oral tolerance

Serum TGFpB,; concentrations and TGFB; secretion in vitro.
Serum TGFR, levels were increased to > 170 ng/ml after each
injection of the recombinant adenovirus in rats that were given
the 1 mg/d dose of adenoviral proteins before the injection of
recombinant viruses (group A). In rats that received BSA or
no protein before the virus injection (groups C and D) serum
TGFB, levels were 30-35 ng/ml (P < 0.005). The levels in nor-
mal untreated Gunn rats are 18-26 ng/ml.

In vitro assays for evaluation of TGFB, levels after expo-
sure of splenocytes and gut wall lymphocytes to adenoviral an-
tigens were done in two rats from each group after each virus
injection. Low levels (> 4 ng/ml) of TGFB, were present in the
supernatant of splenocytes and gut wall lymphocytes cultures
from the rats that were administered BSA or no protein
(group C and D); similar levels of TGFB, were observed using
gut wall lymphocytes from tolerized rats (normal levels: 2.1-
3.6 ng/ml). In contrast, splenocytes from rats tolerized by feed-
ing adenoviral proteins (group A) secreted significantly greater
amounts of TGFB, (24-26 ng/ml) after exposure to viral pro-
teins.

RT-PCR for rat cytokines. RT-PCR was performed on days
8 and 101 on RNA extracted from and gut wall lymphocyte
cell cultures from the various groups. Positive bands for IL-2,
-4, -10, and TGF; were found in splenocytes from rats toler-
ized by adenoviral protein administration (group A), but not
from rats that had received BSA or no protein at all (groups C
or D). Gut wall lymphocytes cell cultures from the tolerized
rats (group A), as well as from rats that received BSA or no
proteins (groups C or D), were negative for these cytokine
mRNAs. In contrast, IFNy was negative by RT-PCR in sple-
nocytes from the tolerized rats in group A, but was found in
splenocytes from rats from control groups C and D. Gut wall
lymphocytes showed similar results to nontolerized rats. IL-6
was detected in all tested groups and probably behaves as a
nonspecific acute-phase reactant (Fig. 7).

Effect of antigen dose. To evaluate the relationship be-
tween the dose of adenoviral proteins and induction of toler-
ance, 10 rats in group E were fed with the viral proteins at
higher doses (50-100 mg/d). In these rats serum bilirubin levels
and HPLC analysis of pigments excreted in bile indicated that
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Figure 5. Antiadenovirus neutralizing antibodies levels in group A
tolerized (solid bars) and group C control rats (open bars), after the
first and second Ad-hBUGT] injections. Mean levels were calculated
from levels in antibody producing rats.

the second recombinant adenoviral injection failed to achieve
gene expression or a metabolic effect. The antiadenovirus im-
mune response in this group was similar to that in rats that
were administered BSA or no protein at all (groups C and D).
Similarly, RT-PCR of RNA extracted from both splenocytes
and gut wall lymphocytes from these rats were positive for
IFNy and negative for IL-2, IL-4, IL-10, and TGFB,, as in the
case of control nontolerized rats. Thus no evidence for toler-
ance was observed using higher doses of the antigen. Adminis-
tration of the adenoviral proteins in very low doses (5-100 g/
dose) were also ineffective in inducing tolerance (not shown).

Adoptive transfer of tolerance. A total of eight naive suble-
thally irradiated Gunn rats were infused with splenic cell or gut
lymphocyte suspensions from two rats in each of groups A and
C. For each donor pair, two recipients received splenocytes,
and two received donor gut wall lymphocytes. Adoptive trans-
fer of the tolerance was seen only in the rats that received sple-
nocytes from rats that had received adenoviral proteins (group
A). After Ad-hBUGT, administration, these rats showed a
metabolic effect similar to that observed in the tolerized rats
from group A (Fig. 8). Moreover, these rats exhibited either
no antibody response or only a low titer of antiadenovirus neu-
tralizing antibodies. In contrast, when group A donor gut wall
lymphocytes were used, adoptive transfer of the tolerance did
not occur. In the recipients of cells from BSA-fed rats (group
C), a marked antiadenoviral humoral and cellular immune re-
sponse occurred, and the transgene effect disappeared within 6
wk of the injection. Reinjection of the virus in these rats did
not have any hypobilirubinemic effect.

Discussion

Previous experiments have shown that recombinant adenovi-
ral vectors have the required efficiency to transduce a suffi-
cient number of quiescent hepatocytes in vivo to correct the
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Figure 6. Effect of tolerization on CTL assay in group A tolerized
rats (solid bars) and group C control (open bars) rats. T cells were
harvested after each injection from two rats in each group and were
used as effector cells against adenovirus infected primary hepato-
cytes. CTL activity was expressed as ALT levels released from ade-
noviral infected hepatocytes, as decribed in the materials and meth-
ods. Marked CTL activity was observed in rats from group C but not
in rats from group A.
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metabolic deficiency in Gunn rats (2, 5). However, the useful-
ness of adenoviral vectors is limited by both humoral and cell-
mediated antiadenoviral responses that limit the duration of
expression transgenes introduced in vivo via adenoviral vec-
tors. The CTL response that clears the adenovirally infected
cells is thought to require viral gene transcription, and may not
be found after injection of ultraviolet-irradiated inactivated vi-
ruses (30, 31). In cases where the transgene expression product
is immunogenic in the recipient, immune response against the
transgene product may also limit the duration of gene expres-
sion (32). Furthermore, the sensitized CTLs mediate hepatic
inflammation after subsequent injections of the virus. Antiade-
noviral neutralizing antibodies that appear in response to ade-
noviral proteins prevent effective gene transfer upon subse-
quent injections of the recombinant adenovirus (10, 32, 33).
Studies in nude and SCID mice with defects in T or both T and
B cell functions, as well as the use of several immunosupres-
sive regimens including cyclosporine and cyclophosphamide,
have shown that a longer duration of gene expression occurs in
states of systemic immunosuppression (10, 34, 35). However,
the potential for clinical application of these methods is clearly
E GW
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Figure 7. RT-PCR for rat cytokines. Amplification products of RT-
PCR on RNA extracted from splenocytes from the various groups on
day 101 is shown. Positive bands for IL-2, IL-4, IL-10, and TGFp,
were found only in the splenocytes from rats orally tolerized by ad-
ministration of adenoviral proteins at 1 mg/d (group A). In contrast,
splenocytes from rats that were fed BSA, (group C), no proteins
(group D) or 50-100 mg/d adenoviral proteins (group E), as well as
gut wall lymphocytes, and normal untreated Gunn rats (G) were neg-
ative for these four cytokines. IFNy was negative by RT-PCR in na-
ive rats (G) and in rats from group A, but positive in groups C, D, E,
and GW. IL-6 was found to be positive in all four experimental
groups, but not in control Gunn rats tested, and probably behaves as
nonspecific acute phase reactant. Rat glyceraldehyde dehydrogenase
was used as a control for the RNA templates.

TGFB

IFNy

-2

L4

IL-6

IL-10

GAPDH

1104  Ilan et al.

limited. In contrast, induction of specific tolerance to recombi-
nant adenoviruses could allow long-term gene expression leav-
ing the general immunological defense of the recipient intact
(5, 36). In this study we have demonstrated that tolerance
against adenoviral antigens can be achieved by feeding rats
with adenoviral structural proteins, thus allowing repeated in-
jections of the recombinant virus and permitting long-term
correction of a genetically transmitted metabolic defect. Al-
though for administering precise doses we have used duode-
nostomy tubes to introduce the adenoviral proteins, for poten-
tial clinical application the proteins can be conveniently
administered orally.

Oral tolerance is a recognized procedure for induction of
antigen-specific peripheral immune tolerance (12). Several
studies have shown that both in animals and humans it is possi-
ble to induce tolerance against a variety of antigens by feeding
the host with those antigens (37-39). Oral administration of
autoantigens has been shown also to prevent or alleviate sev-
eral autoimmune disorders such as collagen-induced arthritis
and experimental allergic encephalomyelitis in animals, and
has been used with some success in humans for the treatment
of rheumatoid arthritis and multiple sclerosis (37, 38). Several
mechanisms are involved in inducing systemic immunologic hy-
poresponsiveness by oral antigen feeding. Orally administered
antigens may induce active immune suppression, clonal anergy
or clonal deletion (38-42). The mechanism of tolerance de-
pends mainly on the dose of the antigen. Lower doses induce
tolerance through the appearance of negative immunoregula-
tory cells, whereas higher doses lead to clonal inactivation (12).

Both CD4 and CD8 lymphocytes that can be typed as ei-
ther TH1 cells that produce IL-2 and IFNy, or TH2 cells that
produce IL-4, IL-5, and IL-10 can help immunoglobulin pro-
duction and isotype switching (40-42). Th1 and Th2 cells cross-
regulate each other by the release of IFNy and IL-10. Mucosal
Th2-like cells are unique in their ability to produce TGF3, as
well as Th2 cytokines (42-44). Classically these cells have been
generated by intermittent feeding with low doses of antigen
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Figure 8. Effect of adoptive transfer of tolerance on serum bilirubin
levels in irradiated naive rats transplanted with splenocytes from
orally tolerized rats from group A (S), gut wall lymphocytes from the
the same animals, and splenocytes from control, BSA-fed rats from
group C (C). Rats were injected after splenocyte transplantation with
the recombinant adenovirus twice, on days 1 and 56.



and are responsible for the antigen-specific suppresser activity
as well as the bystander tolerance observed after low dose
feeding (43-45). Administration of anti-TGFj3, has been shown
to abrogate oral tolerance in several model systems (43-46). In
contrast, feeding of higher doses of antigen results in induction
of anergy of antigen-specific Thl cells leaving the humoral
response intact. In some model systems, anergy of Th2 cells
occurs as well (14, 47). This anergy can be at least partially
reversed by administration of IL-2, although eventually, apop-
tosis of antigen-specific cells may occur (47).

The results of the present study, show that administration
of low-dose viral proteins achieved long-lived tolerance, while
administration of larger doses failed to induce it. These results
with low-dose feeding favor tolerance induction by an active
suppressive mechanism resulting in bystander tolerance to
other immunogenic epitopes within the wild type virus. Adop-
tive transfer of the tolerance by transplantation of immune
cells from tolerized donors to sublethally irradiated recipients
further supports the existence of suppressor cells in this set-
ting. Furthermore, as demonstrated for a variety of oral toler-
ance models, this suppression was associated with the develop-
ment of antigen-specific T cells secreting Th2 cytokines and
TGFR (43-45, 48). In addition, there was marked downregula-
tion of IFNy production. Such inhibition of IFNy production is
known to enhance oral tolerance as measured by in vitro hypo-
responsiveness of T cells after secondary in vivo challenges
(39-41, 44-45). In our study, oral administration of low-dose
adenoviral major antigens led to down-regulation of both cel-
lular and humoral arms of the antiviral immune response. An-
tiadenoviral antibodies did not develop in the vast majority of
the rats, and the CTL Kkilling activity of virally infected cells
was significantly depressed. This is in accordance with recent
studies that have shown that low dose oral tolerance can sup-
press both arms of the immune system (39, 40, 47-49).

It is of interest that the suppressive Th2 cells were found to
be present in the spleens of tolerized animals, but not in the
gut wall. Although a larger number of splenocytes were used
for the adoptive transfer experiments, previous reports indi-
cate that the number of gut wall lymphocytes used would have
been sufficient to produce active tolerance, had there been
suppressor cells in this population (49, 50). The fact that we did
not observe inhibitory cytokine secretion from gut wall lym-
phocytes, as well as the failure of gut wall lymphocytes to
adoptively transfer tolerance is probably due to the delay be-
tween the end of the feeding and cell extraction. This is consis-
tent with the hypothesis that the memory for the tolerance re-
sides in the spleen or other lymphoid organs, while the bowel
cells serves as a vehicle for antigen presentation, processing
and education of the suppressor regulatory cells (51-53).

Our results with high-dose antigen feeding suggest that vi-
ral protein extracts are insufficient to induce tolerance to the
recombinant virus when the mechanism of tolerance is anergy
rather than suppression. In this group of animals, adenoviral
proteins were subsequently able to elicit production of IFNy in
vitro. This suggests that T cells anergized by adenoviral pro-
teins had this anergy reversed by administration of wildtype vi-
rus that contains additional immunogenic viral epitopes. Such
reversal of anergy has been demonstrated in vitro when aner-
gized cells are pulsed with IL-2. Experiments are currently un-
derway to test this hypothesis.

Oral tolerization prolonged the transgene expression, as
shown by the longer duration of the hypobilirubinemic effect.

However, the effect was not permanent, as indicated by the
gradual increase of serum bilirubin levels between day 14 and
98 after the first Ad-hBUGT; injection. A similar decay of
transgene effect was seen after induction of central tolerance
to recombinant adenoviruses induced by injection of the virus
during the newborn period (5). The decline of transgene effect
seems to have resulted from the degradation of the episomal ad-
enoviral DNA, rather than the loss of tolerance, because there
was no antiviral CTL activity in the host during this period.

In conclusion, the present study shows the potency of low
dose oral viral antigen administration in downregulating the
antiviral immune response. This mode of tolerance induction
is probably mediated by negative immunoregulatory cells se-
creting several inhibitory cytokines. This method has the po-
tential to be used in clinical practice to tolerize the host to a
useful recombinant adenovirus, and opens the possibility of
providing effective long-term gene therapy for inherited meta-
bolic diseases using these vectors.
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