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Introduction

Summary

Oral administration of a certain dose of antigen can generally induce
immunological tolerance against the same antigen. In this study, we
showed the temporal appearance of ovalbumin (OVA) antigens in both
portal and peripheral blood of mice after the oral administration of OVA.
Furthermore, we detected 45 000 MW OVA in mouse serum 30 min after
the oral administration of OVA. Based on this observation, we examined
whether the injection of intact OVA into the portal or peripheral vein
induces immunological tolerance against OVA. We found that the intra-
venous injection of intact OVA did not induce immunological tolerance
but rather enhanced OVA-specific antibody production in some sub-
classes, suggesting that OVA antigens via the gastrointestinal tract but not
intact OVA may contribute to establish immunological tolerance against
OVA. Therefore, we examined the effects of digesting intact OVA in the
gastrointestinal tract on the induction of oral tolerance. When mice were
orally administered or injected into various gastrointestinal organs, such
as the stomach, duodenum, ileum, or colon and boosted with intact OVA,
OVA-specific antibody production and delayed-type hypersensitivity
(DTH) response were significantly enhanced in mice injected into the
ileum or colon, compared with orally administered mice. These results
suggest that although macromolecular OVA antigens are detected after
oral administration of OVA in tolerant-mouse serum, injection of intact
OVA cannot contribute to tolerance induction. Therefore, some modifica-
tion of macromolecular OVA in the gastrointestinal tract and ingestion
may be essential for oral tolerance induction.

Keywords: gastrointestinal ingestion; macromolecular antigen; oral toler-
ance; ovalbumin

antigen-specific immune responses are suppressed after
systemic immunization of the antigen, and this phe-

Although the gastrointestinal tract is incessantly exposed
to dietary antigens and commensal micro-organisms,
the antigens are not only eliminated, but immunologi-
cal unresponsiveness to the antigens is also acquired.
When an antigen is orally administered to animals,

nomenon is called oral tolerance."? The development of
food hypersensitivity is related to the failure of oral tol-
erance induction.” Food allergy is categorized as class 1
food allergy, which might result from a breach in oral
tolerance to foods, or class 2 food allergy, which might

Abbreviations: ABTS, 2,2’-azino-bis diammonium salt; APC, antigen-presenting cell; BSA, bovine serum albumin; CT, cholera
toxin; CTM, complete T-cell medium; DC, dendritic cell; DTH, delayed-type hypersensitivity; ELISA, enzyme-linked
immunosorbent assay; FCS, fetal calf serum; IL, interleukin; i.p., intraperitoneally; IP, immunoprecipitated; M cell, microfold
cell; MHC, major histocompatibility complex; IEC, intestinal epithelial cell; MLN, mesenteric lymph node; OVA, ovalbumin;
PBS, phosphate-buffered saline; PP, Peyer’s patch; SE, standard error; SRBC, sheep red blood cell; TGF, transforming growth

factor; Th, T helper; TMB, tetramethyl benzidine.
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result from sensitization to respiratory allergens or
other sensitization not via gastrointestinal mucosa.*’
Class 1 food allergy typically occurs with food proteins,
such as eggs or peanuts that are generally stable in
digestion, in infants or children.” In typical class 2
food allergy, immunoglobulin E (IgE) antibody against
respiratory allergens such as pollens recognizes homo-
logous epitopes in food proteins of some fruits or veg-
etables.” In particular, to elucidate the pathogenesis of
class 1 food allergy, it is fundamental to clarify mecha-
nisms in the development and failure of oral tolerance.
Moreover, the constructive induction of immunological
suppression by oral tolerance is expected to contribute
to prevent allergy® or autoimmune diseases”® in which
antigen-specific immune responses are pathologically
enhanced.

When a dietary protein antigen is ingested, it is treated
by digestive enzymes in the stomach and small intestine.
Generated amino acids and small peptides are absorbed
via the small intestinal lumen, and enter the portal vein
through capillary vessels in the small intestine.” However,
an antigen that escapes digestion can also enter the body
via the intestinal surface. Microfold cells (M cells) over
Peyer’s patches (PPs) of the intestines take up soluble
macromolecule proteins'®™"? 13713 and
bacteria.'®™'® After uptake via M cells, the antigens are
processed and presented by dendritic cells (DCs) in PPs."
In addition, DCs under intestinal epithelia send dendrites

as well as viruses

between epithelial cells and directly acquire antigens over
epithelial cells.”® PPs are shown to be inductive sites for
oral tolerance where T cells secreting regulatory cytokines,
including interleukin (IL)-10*" and transforming growth
factor-B (TGF-B)** are induced; however, it is reported
that oral tolerance can be induced in mice lacking PPs
and mesenteric lymph nodes (MLNs).2 On the other
hand, the liver is shown to be crucial to tolerance induc-
tion because the intraportal injection of allogeneic donor
cells,”**> eggs of a parasite®® or insoluble protein®” indu-
ces immunological tolerance against the corresponding
antigen.

Ovalbumin (OVA) from chicken eggs is a dietary
protein antigen that frequently causes food allergy.”®*
After the oral administration of intact OVA, OVA anti-
gens are known to be detected in peripheral blood and
are suggested to contribute to the induction of immuno-
logical tolerance against OVA.’°7? In this study, we
attempted to examine OVA antigens in both portal and
peripheral blood after the oral administration of OVA
and tried to induce tolerance by intraportal and intra-
venous injection of intact OVA. Furthermore, to
investigate the effects of digestion in the gastrointestinal
tract on oral tolerance induction, intact OVA molecules
were directly injected into the gastrointestinal tract and
then the induction profile of tolerance against OVA
was assessed.
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Materials and methods

Mice

Female BALB/c, C57BL/6 or BDF, mice were used
between the ages of 6 and 12 weeks. Mice were purchased
from Charles River (Tokyo, Japan) or Sankyo Labo Ser-
vice Co. (Shizuoka, Japan) and maintained in a specific
pathogen-free environment.

Oral administration of OVA

OVA, chicken egg, grade V (Sigma, St. Louis, MO) were
dissolved in sterilized phosphate-buffered saline (PBS,
pH 7-4). Mice were orally administered with 250 ng,
250 pg, 2-5 mg, 25 mg or 250 mg of OVA once. As a
control, mice were orally treated with PBS in the same
way. In some experiments, mice were orally administered
with 1 or 100 mg of OVA or the same dose of OVA plus
10 ug of cholera toxin (CT; List Biological Laboratory
Inc., Campbell, CA) once weekly for 4 weeks.

Intraportal or intravenous injection of OVA

Intraportal injection was performed as described previ-
ously.”” Mice were anaesthetized and underwent an
abdominal operation. Filtered 2-5 mg or 250 mg of OVA
in 250 pl of 0-03% trypan blue-PBS was injected into the
portal vein using a 29G needle-tipped syringe. As a con-
trol, filtered 0-03% trypan-blue PBS was injected in the
same way. In this case, OVA solution was coloured by
adding trypan blue to confirm that it was really injected
into the liver through the portal vein. After the injection,
bleeding from the portal vein was stopped with thrombin
(Mochida Pharmaceutical Co., LTD, Tokyo, Japan) and
then the peritoneum and skin were sutured.

For intravenous injection, mice were anaesthetized and
injected with filtered 2-5 mg or 250 mg of OVA in 250 pl
of PBS into the tail vein. As a control, PBS was injected
in the same way.

Injection of OVA into the digestive tract

Mice were anaesthetized and underwent an abdominal
operation. They were injected with 25 mg of OVA in
250 pul of PBS into the stomach, duodenum, ileum or
colon using a 29G needle-tipped syringe, respectively, and
then the peritoneum and skin were sutured.

Intraperitoneal immunization of OVA

Mice were intraperitoneally (i.p) injected with 50 pg of
OVA and 4 mg of alum, AI(OH);, in 0-5ml of PBS.
Two weeks later, the second immunization was performed
in the same manner. In some experiments, a third boost
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was performed by i.p. injection of 0-5mg of OVA in
0-5 ml of PBS.

Gut content collection

The stomach and small intestine were removed from mice
and washed with PBS. Supernatants were collected from
the wash fluid and stored frozen at —80° until assay.

Collection of portal or peripheral plasma
and faecal samples

For portal blood collection, mice were anaesthetized and
underwent an abdominal operation. Portal blood was col-
lected from the portal vein using a 24G catheter and hepari-
nized capillary tubes, and then the peritoneum and skin
were sutured. Peripheral blood was collected from anaes-
thetized mice using heparinized capillary tubes. The blood
was centrifuged for 10 min at 6000 g, and plasma was col-
lected and stored frozen at —80° until assay.

Faecal extracts were prepared by the method described
previously.” Fresh faeces were collected and weighed, and
PBS containing 0-01% sodium azide was added to the
faeces (100 mg/ml). The faeces in PBS were homogenized
by continuous shaking for 10 min with a Vortex, and
centrifuged for 10 min at 12 000 g at 4°. Supernatants
were collected and stored frozen at —80° until assay.

Enzyme-linked immunosorbent assay (ELISA)

OVA antigen levels in the gut contents or the plasma and
anti-OVA antibody levels in the plasma or the faecal
extracts were determined by ELISA as described previ-
ously.’** For the assay of OVA antigen levels, 96-well
flat-bottomed microtitre plates were coated with rabbit
anti-OVA IgG (Rockland, Gilbertsville, PA) in carbonate
buffer (pH 9-6) at 4° overnight. Wells were blocked with
1% bovine serum albumin (BSA) in PBS at 37° for 1 hr.
Gut contents or plasma samples diluted appropriately in
PBS were added to the wells in duplicate, and incubated
at 37° for 1 hr. Biotinylated anti-OVA IgG (Rockland)
was added to the wells and incubated at 37° for 1 hr.
Horseradish peroxidase-conjugated streptavidin (Caltag
Laboratory, Burlingame, CA) was then added and incuba-
ted at 37° for 30 min. Enzyme reaction was performed
with 1 mm 2,2'-azino-bis diammonium salt (ABTS, Sigma)
in sodium citrate buffer (pH 5-4) in the presence of
0-01% H,0O,. The reaction was interrupted by the addition
of 2 mm NaNj; in PBS, and absorbance was measured at
415 nm. To draw a standard curve, various quantities of
OVA were added to the part of the plate coated with anti-
OVA IgG and blocked. The wells were added to biotinyl-
ated anti-OVA IgG and coloured in the same manner as
the sample wells. For the assay of anti-OVA immunoglob-
ulin, plates were coated with OVA (100 pl of 1 mg/ml)
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in carbonate buffer. After blocking, diluted plasma or
faecal extract samples were added to the wells and incuba-
ted. Biotinylated anti-mouse immunoglobulins (Amer-
sham Life Science, Amersham, UK), IgA (Sigma), IgGl,
IgG2a, IgG2b, IgM or IgE (BD PharMingen, San Diego,
CA) were added to the wells and incubated. Horseradish
peroxidase-conjugated streptavidin was then added and
incubated. Enzyme reaction was performed with ABTS,
and absorbance was measured at 415 nm. To draw a
standard curve, part of the assay plate was coated with
various quantities of purified mouse IgGl, IgG2a (BD
PharMingen) or IgA (ICN/Cappel, Aurora, OH). After
blocking, biotinylated antimouse IgG1, 1gG2a or IgA were
added to the wells and coloured in the same manner as
the sample wells.

Immunoprecipitation and immunoblotting

For immunoprecipitation, 0-1 mg of rabbit anti-OVA IgG
(Rockland) was incubated with 20 pl of protein-G coupled
sepharose (Sigma) at 4° on an orbital shaker overnight.
After washing with PBS three times, the treated sepharose
was incubated with 1 ml of mouse serum or 100 ng of
OVA mixed with 1 ml of untreated mouse serum at 4° on
an orbital shaker overnight. After washing with PBS twice
and 0-05 M Tris buffer once, the sepharose was resuspended
in 20 pl of sample buffer (Invitrogen, Carlsbad, CA) inclu-
ding sample reducing agent (Invitrogen) and heated at 70°
for 10 min. The supernatants were collected and diluted
fivefold with the sample buffer. Five pl of the diluted sam-
ples were loaded on 4-12% Bis-Tris gel (Invitrogen). Pro-
teins were transferred to polyvinylidene fluoride (PVDF)
membranes (Invitrogen). The membranes were blocked in
1% BSA 0-1% Tween-20 PBS and incubated with rabbit
anti-OVA polyclonal IgG (Rockland) at 4° overnight. This
was followed by incubation with peroxidase-conjugated
anti-rabbit IgG (Seikagaku Corporation, Tokyo, Japan).
The tetramethyl benzidine (TMB) substrate kit for peroxi-
dase (Vector Labotarories, Inc., Burlingame, CA) was used
for detection.

OVA-specific T cell proliferation

The spleens or MLNs were removed and crushed in RPMI-
1640 medium (Sigma). Red blood cells in spleen cells were
depleted by cell lysis. Single spleen cells or MLN cells were
suspended in complete T-cell medium (CTM) composed of
RPMI-1640 medium supplemented with 2 mm L-glutamine,
1 mm sodium pyruvate, 0-1 mm nonessential amino acid, a
mixture of vitamins, 1 mM HEPES, 100 U/ml penicillin,
100 pg/ml streptomycin, 50 M 2-mercaptoethanol, and
10% heat-inactivated fetal calf serum (FCS). OVA-specific
T-cell proliferation was analysed by the modified method
described previously.”® Spleen or MLN T cells were taken
using a nylon wool column and a single cell suspension was
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prepared in the CTM. The spleen or MLN T cells (5 x 10°)
were cultured with 0, 111, 333 or 1000 mg/ml of OVA in
the presence of 2-5 X 10° of irradiated (3000 rad) spleen
cells from naive C57BL/6 mice in 96-well flat-bottomed
culture plates at 37° in 5% CO, for 4 days. During the last
18 hr of the 4-day culture, 0-5 uCi of tritiated [*H]thymi-
dine was added to each well. The plates were harvested and
counted using a B counter (1450 Microbeta Trilux; Wallac,
Gaithersburg, MD).

Cytokine analysis

Levels of IL-4 or IL-2 in the spleen T-cell culture supern-
atants were analysed by an IL-4-dependent cell line,
CT4S cells (kindly gifted by Prof. William E. Paul,
National Institutes of Health, Bethesda, MD), or an IL-2-
dependent cell line, CTLL-2 cells (American Type Culture
Collection, ATCC, Manassas, VA). T-cell culture superna-
tants were collected on day 3 and stored frozen at —80°
until assay. CT.4S or CTLL-2 cells (5 X 10°) were cultured
in the presence of the supernatant in 96-well flat-bot-
tomed culture plates at 37° in 5% CO, for 3 or 2 days,
respectively. To draw a standard curve, CT.4S or CTLL-2
cells were cultured with various quantities of recombinant
mouse IL-4 (rIL-4) or rIL-2 (Genzyme, Cambridge, MA),
respectively. During the last 18 hr of incubation, 0-5 pCi
of [’H]thymidine was added to each well. The plates were
harvested and counted using the § counter.

Delayed-type hypersensitivity (DTH) response

Mice were anaesthetized and intradermally injected 20 pg
of OVA in 20 pl of saline into the right ears. As negative
controls, saline was injected into the left ears. Ear thick-
ness was measured using a dial thickness gauge (Ozaki
MEFG. Co., LTD. Tokyo, Japan) before and 24 hr after the
injection. The swelling rate of the ear was calculated
as follows: [(thickness of the ear 24 hr after chal-
lenge — thickness of the ear before challenge)/thickness of
the ear before challenge] x 100%.

Statistical analysis

Student’s t-test was used to determine the statistical signi-
ficance of differences between groups. Data were consid-
ered significant at P < 0-05.

Results

Appearance of detectable OVA antigens in both
portal and peripheral blood after oral administration
of OVA

The oral administration of OVA induces oral tolerance
against OVA, and it has been shown that OVA antigens
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Figure 1. Kinetics of OVA antigens detected in gut contents and
plasma after oral administration of OVA. BALB/c mice were orally
administered with 25 mg of OVA. At various times after oral admin-
istration, the stomach or small intestine contents were collected (a).
Portal and peripheral blood was collected from mice at various times
after oral administration (b). Levels of OVA antigens in the gut con-
tents or plasma were assessed by ELISA. The data are expressed as
the mean + standard error (SE) of three mice.

are detected in peripheral blood after the oral administra-
tion of OVA.?>*! First, we attempted to detect OVA anti-
gens in the digestive tract and in blood after absorption
via the guts.

When 25 mg of OVA was orally administered to mice,
many OVA antigens in the gastric contents and fewer
OVA antigens in the small intestinal contents were detec-
ted at 5 min after oral administration (Fig. 1a). While
the amount of detectable OVA antigens was reduced at
30 min in the stomach, they reversely increased in the
small intestine at the same time. OVA antigens in the
guts could not be detected at 6 hr and subsequently
(Fig. 1a).

OVA antigens were observed in both portal and per-
ipheral blood at 5 min after the oral administration of
OVA (Fig. 1b). They reached a peak at 30 min and
became undetected at 6 hr after oral administration
(Fig. 1b). Thus, kinetics of OVA antigens in the portal
and peripheral blood corresponded to that in the small
intestinal contents. The amount of OVA antigens detec-
ted in the portal and peripheral blood was dependent
on the dose of orally administered OVA (Fig. 2). Levels
of OVA antigens in the portal blood were more than
in the peripheral blood (Fig. 1b and Fig. 2). OVA anti-
gens were observed in the blood from all strains used
in this study, BALB/c, C57BL/6, and BDF, mice (data
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Figure 2. Level of OVA antigens in plasma is dependent on the dose
of orally administered OVA. BALB/c mice were orally administered
with various doses of OVA. Portal and peripheral blood was collec-
ted from mice at 30 min after oral administration. Levels of OVA
antigens in plasma were assessed by ELISA. The data are expressed
as the mean + SE of three mice.
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Figure 3. Immunoblot of OVA antigens in the serum after the oral
administration of OVA. C57BL/6 mice were orally administered with
250 mg of OVA or PBS. Blood was collected from the heart 30 min
after the oral administration (po) of OVA or PBS. OVA antigens in
the serum were detected by immunoprecipitation and immunoblot-
ting. Immunoprecipitation was performed using a rabbit anti-OVA
polyclonal antibody on serum from mice or OVA mixed with serum
from untreated mice. Immunoprecipitated (IP) samples or 2-5 ng of
OVA were loaded. Proteins were transferred to a PVDF membrane
and detected using the anti-OVA polyclonal antibody. (a) 2-5 ng of
OVA, (b) IP sample of OVA mixed with untreated mouse serum,
(c) IP sample of the serum after oral administration of PBS, (d) IP
sample of the serum after the oral administration of OVA,
(e) molecular markers.

not shown). To examine the molecular weights of OVA
antigens in the serum, we performed immunoprecipita-
tion and immunoblotting in serum samples using an
anti-OVA polyclonal antibody. Surprisingly, 45 000 MW
OVA was clearly detected in the serum 30 min after
the oral administration of OVA (Fig. 3). In our immu-
noprecipitation and immunoblotting system using an
anti-OVA polyclonal antibody, digested OVA fragments
could not be detected in the serum. These results sug-
gest that the macromolecules, 45 000 MW OVA anti-
gens, were absorbed via the small intestines, transferred

© 2006 Blackwell Publishing Ltd, Immunology, 119, 167-177

to the portal vein and circulated in the bloodstream in
normal mice, in which oral tolerance was induced.

OVA antigens become undetected in the blood with
an increase in mucosal and systemic OVA-specific
immunoglobulin

Next, we attempted to analyse OVA antigens in blood
from mice induced with OVA-specific immune responses
by the oral administration of OVA plus CT adjuvant.
Mice were orally administered with 1 or 100 mg of
OVA or the same dose of OVA plus CT every week.
Peripheral blood samples from mice were collected
30 min after oral administration every week and levels
of OVA antigens and OVA-specific IgG in the blood
were assessed by ELISA. The production of OVA-specific
faecal IgA, OVA-specific T-cell proliferation, and secre-
tion of cytokines were also analysed in mice.

The production of OVA-specific plasma IgGl and fae-
cal IgA was enhanced after the oral administration of 1
or 100 mg of OVA plus CT; however, the oral adminis-
tration of OVA without CT did not induce OVA-specific
systemic and mucosal antibody production (Fig. 4).
OVA-specific serum IgG2a, T helper (Th)l-type anti-
body, could not be detected by oral administration with
and without CT during the experimental period. As
shown in Fig. 5, OVA-specific T-cell proliferation was
also observed in spleen T cells and MLN T cells from
mice orally administered with OVA plus CT (Fig. 5a).
IL-4 secretion was observed in culture supernatants
from proliferated spleen T cells; however, IL-2 was not
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Figure 4. Production of OVA-specific systemic IgG and faecal IgA
by oral administration of OVA plus CT. C57BL/6 mice were orally
administered with 1 or 100 mg of OVA, or the same dose of OVA
plus CT once weekly for 5 weeks. Peripheral blood and faeces were
collected from the mice every week. OVA-specific plasma IgGl and
IgG2a and faecal IgA were assessed by ELISA. The data are expressed
as the mean anti-OVA immunoglobulin in plasma (pug/ml) or faeces
(ng/g) + SE of four mice.
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Figure 5. OVA-specific T cell proliferation and secretion of Th2-
type cytokine by oral administration of OVA plus CT. C57BL/6 mice
were orally administered with 1 mg or 100 mg of OVA, or the same
dose of OVA plus CT once weekly for 3 weeks. Spleens and MLNs
were removed 2 weeks after the third administration and T cells were
isolated. T cells from the spleen or MLN were cultured with 0, 111,
333 or 1000 mg/ml of OVA in the presence of irradiated spleen cells
from naive C57BL/6 mice for 4 days. OVA-specific T cell prolifer-
ation was assessed as described in Materials and methods (a). Splenic
T cell culture supernatants were collected on day 3. IL-4-dependent
cell line, CT-4S, or IL-2-dependent cell line, CTLL-2, were cultured
in the presence of the supernatant for 3 or 2 days, respectively. Cyto-
kine levels were assessed as described in Materials and methods (b).
The results are expressed as the level of orally administered mice
minus the level of normal mice. The results are shown as the mean +
SE in triplicate. Data are representative of two separate experiments.

detected (Fig. 5b). These results demonstrate that the
oral administration of OVA plus CT induces mucosal
IgA and Th2-type systemic immune responses.

Although OVA antigens in the blood were sufficiently
detected at 1 week after the oral administration of
100 mg of OVA plus CT, they were remarkably reduced
at 2 weeks and subsequently remained reduced (Fig. 6),
while OVA-specific systemic IgGl and mucosal IgA were
produced (Fig. 4). On the other hand, in mice orally
administered with 100 mg of OVA, OVA antigens were
detected every week. When 1 mg of OVA or the same
dose of OVA plus CT was orally administered, OVA anti-
gens were undetectable in the blood (Fig. 6).

These results show that in immunized mice, mucosal
anti-OVA IgA may bind OVA antigens in the gastrointes-
tinal tract and block OVA from entering into the mucosal
tissues. Furthermore, OVA antigens may be caught by
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Figure 6. OVA antigens become undetectable after oral administra-
tion of OVA plus CT. C57BL/6 mice were orally administered with 1
or 100 mg of OVA or the same dose of OVA plus CT once weekly
for 4 weeks. Peripheral blood was collected from the mice 30 min
after oral administration every week. OVA antigens in plasma were
assessed by ELISA. The data are expressed as the mean + SE of three

mice.

anti-OVA IgG and immune complexes might be undetec-
ted in ELISA.

Oral administration of intact OVA suppresses
OVA-specific immune responses whereas intraportal
or intravenous injection cannot induce
immunological suppression

The results indicate that OVA antigens appear in the
blood from mice in which oral tolerance is induced,
although they are markedly reduced in mice in which
OVA-specific immune responses are induced. Therefore,
we attempted to induce immunological tolerance against
OVA by the intravenous injection of OVA. Mice were
orally administered or injected into the portal or per-
ipheral vein with 2-5 mg or 25 mg of OVA, and then
i.p. immunized with OVA plus alum. OVA-specific sys-
temic immunoglobulin production and DTH response
were assessed in the mice.

The oral administration of a high dose of intact OVA
significantly suppressed DTH response against OVA
(P < 0-005), compared with that in the oral treatment of
PBS (Fig. 7a). The DTH response, however, was not signi-
ficantly suppressed by the intraportal or intravenous injec-
tion of intact OVA (Fig. 7b, c¢). When control PBS was
injected into ears, DTH response was not induced (Fig. 7).

Oral administration of OVA also significantly sup-
pressed the production of anti-OVA immunoglobulins
(Fig. 8a), whereas the production was significantly enhan-
ced rather than suppressed at 1 week after the intraportal
or intravenous injection of OVA (Fig. 8b, c). All immu-
noglobulin subclasses, IgG1, IgG2a, IgG2b, IgM and IgE,
were significantly suppressed by the oral administration
of OVA (Fig. 8a). On the other hand, in mice injected
with OVA intraportally or intravenously, anti-OVA IgGl

© 2006 Blackwell Publishing Ltd, Immunology, 119, 167-177
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Figure 7. OVA-specific DTH response is suppressed by oral adminis-
tration of intact OVA, but not by intraportal or intravenous injection
of intact OVA. BDF, mice were orally administered (a) or injected into
the portal (b) or peripheral vein (c) with 2-5 mg or 25 mg of OVA or
PBS, and then ip. immunized with OVA plus alum twice. DTH
response was assessed 2 weeks after the second immunization of OVA
plus alum. Ear thickness was measured 24 h after challenge of OVA or
PBS into the ear. The data are expressed as the mean + SE of five to six
mice. The value represents statistical significance (P <) compared with
control mice treated with PBS in the same way.

at 1 week, IgG2a, IgG2b and IgM were significantly enhan-
ced, although IgGl at 4 weeks and IgE were suppressed
(Fig. 8b, ¢).

The data clearly show that the injection of intact OVA
into the portal or peripheral vein cannot induce immuno-
logical tolerance but rather enhances part of immune
responses against OVA.

The injection of intact OVA into the lower intestinal
tract is less effective in terms of OVA-specific
tolerance induction

We therefore investigated whether the modification of
intact OVA by gastrointestinal digestion was essential
to induce oral tolerance. Mice were orally administered
or injected into the guts, stomach, duodenum, ileum,
or colon, with 25 mg of intact OVA. OVA-treated and

© 2006 Blackwell Publishing Ltd, Immunology, 119, 167-177

untreated mice were i.p. immunized with OVA plus alum
twice, and then OVA-specific plasma immunoglobulin
and DTH response were assessed.

OVA-specific immunoglobulin production was remark-
ably suppressed by the oral administration of intact OVA,
whereas immunoglobulin was sufficiently produced in
untreated mice (Fig. 9a). The injection of intact OVA
into the stomach, duodenum, ileum, or colon signifi-
cantly enhanced OVA-specific immunoglobulin produc-
tion (P < 0-05), compared with the oral administration of
intact OVA (Fig. 9a). DTH response against OVA was
also significantly enhanced in mice injected with intact
OVA into the ileum or colon (P < 0-05 or 0-005, respec-
tively), compared with the oral administration of OVA
(Fig. 9b). Levels of OVA-specific immunoglobulins and
DTH responses were higher in mice injected with intact
OVA into the lower intestinal tract.

The results demonstrate that the appropriate digestion
of intact OVA in the gastrointestinal tract is crucial for
the induction of oral tolerance against OVA.

Discussion

In this study, we showed that after the oral administration
of OVA, OVA antigens were absorbed via the small intes-
tines, transferred into the liver via the portal vein, and cir-
culated in the bloodstream. This suggests that digestive
enzymes do not completely digest OVA to amino acids
and small peptides that do not have antigenicity, and OVA
antigens can cross the intestinal surface.

M cells that exist over PPs uptake soluble macro-
molecule proteins.'®'? OVA antigens may be taken up by
M cells at the intestinal surface and then they may be
processed and presented by immature DCs in PPs, which
are shown to be inductive sites for oral tolerance where T
cells secreting regulatory cytokines, IL-10*" and TGF-B,**
are induced. DCs may capture OVA antigens, present
antigen epitopes to naive T cells, and induce regulatory T
cells in PPs. M cells are shown to also exist in small intes-
tinal villi,”” suggesting that antigens may be taken up by
M cells apart from PPs. Moreover, DCs may send dend-
rites between epithelial cells and acquire OVA antigens
over epithelia. Thus, some of the OVA antigens that cross
the intestinal surface are captured by DCs in these intesti-
nal mucosal tissues.

A protein antigen is digested by digestive enzymes to
amino acids and small peptides.” They are absorbed via
epithelial cells, and enter the portal vein through capillary
vessels in the small intestine. After the oral administration
of OVA to mice, OVA antigens are detected in peripheral
blood.”®*" Furthermore, our results clearly showed that
OVA antigens, 45 000 MW of proteins, enter the portal
vein and then the bloodstream after the oral administra-
tion of OVA. OVA antigens taken up by M cells, or
using other routes, may enter the portal vein via capillary
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Figure 8. Production of anti-OVA immunoglobulins is suppressed by the oral administration of intact OVA, but not by intraportal or intraven-

ous injection of intact OVA. BDF; mice were orally administered (a) or injected into the portal (b) or peripheral vein (c) with 2-5 mg or 25 mg

of OVA or PBS. The mice were i.p. immunized with OVA plus alum 1 and 3 weeks after the first oral administration or injection of intact OVA.

Orally treated mice were additionally i.p. immunized with OVA 5 weeks after the first oral administration. Peripheral blood was collected at var-

ious weeks. Anti-OVA immunoglobulins in plasma were assessed by ELISA. Data are expressed as the mean of OD (415 nm) + SE of five to six

mice. Each value represents statistical significance (P <), compared with control mice treated with PBS in the same way.

vessels in the small intestine. Some allergens have been
shown to cross the mucosal barrier by the disruption of
tight junctions.”®>® Notably, it has been shown that sol-
uble protein antigens are rapidly pinocytosed by entero-
cytes and co-localized with major histocompatibility
complex (MHC) class II in a vesicular compartment.*’
Bland et al. proposed that intestinal epithelial cells (IECs)
presented antigens on their surface to local T cells*! and
induced suppressor T cells.** Recently, it has been repor-
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ted that tolerosomes, which have an exosome-like struc-
ture and carry MHC class II with antigens, were released
from IECs into serum.*’ It has also been shown that tol-
erosome from mouse serum 1 hr after the oral adminis-
tration of OVA-induced oral tolerance and this induction
was MHC class IT dependent.** Hereafter, it is necessary
to examine whether the 45 000 MW OVA antigens detec-
ted are free antigens or are included in exosomes in
mouse serum.

© 2006 Blackwell Publishing Ltd, Immunology, 119, 167-177
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Figure 9. Less effective induction of immunological tolerance by
injection of intact OVA into lower intestinal tract. BDF; mice were
orally administrated or injected into the guts with 25 mg of OVA.
OVA-treated and untreated mice were i.p. immunized with OVA
plus alum 1 and 3 weeks after OVA treatment. Peripheral blood was
collected 1 week after the second immunization of OVA plus alum.
Plasma anti-OVA immunoglobulin was assessed by ELISA (a). DTH
response against OVA was assessed 6 weeks after the second immun-
ization (b). Data are expressed as the mean + SE of 3-9 mice. Each
value represents statistical significance (P <), compared with mice
orally administered with OVA.

It has been demonstrated that CD25-positive cells are
crucial to immunological suppression by the transfer of
serum after the oral administration of OVA.>* The liver
has been shown to contribute to tolerance induction
because the intraportal injection of allogeneic cells*»** eggs
of a parasite’® or insoluble protein®” induces immuno-
logical tolerance against the antigen. It is reported that
liver endothelial cells endocytose OVA by a mannose
receptor, CD206,*>*® and antigen presentation by cells
induces T-cell tolerance against OVA.* In this study, how-
ever, the injection of intact OVA into the portal or periph-
eral vein did not induce immunological tolerance but
rather enhanced part of OVA-specific antibody produc-
tion. As mannose receptors are also expressed on macro-
phages in red pulp in the spleen*” intact OVA may be
captured by macrophages in the spleen after intravenous
injection. In our experimental system, these antigen-
presenting cells (APCs) in the liver and spleen may not
induce immunological tolerance when they endocytose
intact OVA.

The uptake of intact antigens untreated with digestive
enzymes may lead to immunological enhancement such
as allergy. Ileal injection of BSA treated with pepsin indu-
ces immunological tolerance against BSA, whereas ileal
injection of intact BSA enhances anti-BSA responses.*®
Correspondingly, in this study, the injection of intact
OVA into the ileum or colon significantly enhanced both
OVA-specific antibody production and DTH response.
Induction of oral tolerance was more difficult when intact
OVA was injected into the lower intestinal tract. It is

© 2006 Blackwell Publishing Ltd, Immunology, 119, 167-177

reported that the impairment of gastric digestion of caviar
extracts significantly enhanced caviar-specific 1gG1, 1gG2a,
and IgE levels in mice.*’ In addition, cod proteins treated
with pepsin show reduced IgE-binding capability and
reduced histamine release from human basophils.”® In the
previous study, we demonstrated that oral tolerance
against sheep red blood cells (SRBCs) was induced in
young mice but rather SRBC-specific antibody response
was enhanced in aged mice by the oral administration of
SRBC.”" Digestive and absorptive capacity is decreased in
elderly people.”® Reduced digestive capacity in aged mice
might result in the failure of oral tolerance induction. In
this report, it was shown that the absolute gastrointestinal
ingestion of OVA via the upper gastrointestinal tract is
crucial for oral tolerance induction. As macromolecular
OVA antigens but not digested antigen fragments are
detected in tolerant-mice serum, not only digestion but
also some modification of macromolecular OVA in the
gastrointestinal tract may be essential for oral tolerance
induction.

The detection of OVA antigens has been shown in
mouse serum 1 hr after the oral administration of OVA,
and serum transfer induced significant suppression of
OVA-specific immune responses.’’ Recently, it was shown
that tolerosomes including MHC class II are produced by
IEC at 1 hr after the oral administration of OVA, and tol-
erosomes induce oral tolerance.** Also in our results,
OVA antigens were remarkably detected at 30 min and
1 hr after the oral administration of OVA.

In this study, it was clearly demonstrated that the abso-
lute gastrointestinal ingestion of OVA via the upper
gastrointestinal tract is crucial to the establishment of oral
tolerance. Although macromolecular OVA antigens are
detected after the oral administration of OVA in tolerant-
mouse serum, the injection of intact OVA cannot induce
tolerance. Therefore, some modification of macromolecu-
lar OVA in the gastrointestinal tract and ingestion may
be essential for oral tolerance induction.
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