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Kinetic Analysis of Oral Tolerance: Memory Lymphocytes Are
Refractory to Oral Tolerance1

Yeonseok Chung, Sun-Young Chang, and Chang-Yuil Kang2

Oral administration of soluble Ag before immunization induces peripheral tolerance and is effective in suppressing animal models
of autoimmune diseases. Although tolerance induction in primed animals is more clinically relevant, it is not well studied. There-
fore, this study was designed to examine the feeding effects on different phases of the immune response. We observed that feeding
a single high dose (250 mg) of OVA to OVA-primed BALB/c mice could induce OVA-specific suppression in the Ab production
and T cell proliferation only at the naive and the activation phases of the immune response, whereas multiple high doses (100
mg/feed for 10 days) were effective at the effector phase. OVA-specific IL-4 production in culture supernatant was also suppressed
in the tolerized groups. However, when the mice had resting memory lymphocytes, even multiple feeding regimens were not
effective in tolerance induction, although multiple low doses (1 mg/feed for 10 days) partially suppressed Ab production. This
phenomenon was confirmed by adoptive transfer study. Nevertheless, the reactivated memory response was suppressed partially
by multiple high doses. Our findings have an important implication for understanding the mechanism of oral tolerance and for
the therapeutic applications of oral tolerance to autoimmune diseases.The Journal of Immunology,1999, 163: 3692–3698.

I mmunologic tolerance is a state of unresponsiveness specific
for a particular Ag. Oral administration of Ags is a classical
method of inducing Ag-specific systemic immune tolerance

(1, 2). It is well documented that a single high dose of Ag induced
a state of tolerance characterized by clonal anergy or deletion,
whereas multiple low doses induced a state of tolerance charac-
terized by active suppression (3–6). Many studies have shown that
orally fed relevant Ags before systemic immunization suppressed
immune response and inflammatory diseases, such as experimental
autoimmune encephalitis (7–10), experimental autoimmune uveo-
retinitis (11, 12) and collagen-induced arthritis (13–15). Further-
more, clinical trials based on the concept of oral tolerance are
being applied to humans for multiple sclerosis and rheumatoid
arthritis (16–18). These autoimmune diseases occur when a spe-
cific adaptive immune response is mounted against self-Ag (19).

The adaptive immune response can be divided into four phases,
which are naive, activating, effector, and memory phase (20, 21).
When the memory lymphocytes meet the same Ag, they lead the
secondary immune response characterized by more rapid kinetics,
isotype switching, and higher amount of Ag-specific Ab, thus ef-
fectively eliminating the Ag (22, 23). Most studies of oral toler-
ance are the case that oral administration of Ag is followed by
systemic immunization (5–15). In this case, naive lymphocytes
met orally administered Ag. However, in the disease state the im-
mune system has already met the causing Ag and established the
immune response to the Ag. Hence, tolerance induction in the

primed animals is more clinically relevant. A few studies have
reported the effect of Ag feeding after immunization (24–28);
however, the results were controversial. For example, it was re-
ported that feeding after immunization with low doses of Ag led to
worsening of experimental autoimmune uveoretinitis (26). Simi-
larly, it was also reported that orally Ag was not effective in de-
creasing ongoing clinical experimental autoimmune encephalitis
(27). But, another study reported that feeding Ag 7 days after im-
munization produced dose-dependent suppression of T cell re-
sponse, although serum IgG levels were unaffected (28). Despite
mixed results, most groups showed that proximal feeding after
immunization was more effective in tolerance induction. Although
there are so many studies investigating oral tolerance, no study has
shown clearly the feeding effects on different phases of the immune
response.

The present study was designed to show whether single or mul-
tiple feeding regimens could induce Ag-specific unresponsiveness
in primed animals. The results of this study indicate that the early
phases of the immune response could be tolerized by orally ad-
ministered Ag. However, we also found that once the immune
system established memory to a certain Ag, feeding Ag is not
effective in inducing tolerance to the Ag.

Materials and Methods
Mice

Female BALB/c mice (5–8 wk of age) were obtained from Charles River
(Tokyo, Japan). The mice housed at Seoul National University until use
and kept in a specific pathogen-free condition in a germ-free isolator
(Techniplast, Buguggiate, Italy) during the experiments.

Induction and assessment of oral tolerance

For feeding a single high dose of Ag, mice were immunized i.p. with 20mg
of OVA (grade V; Sigma, St. Louis, MO) emulsified in CFA (Sigma). Mice
were given a single feed of 250 mg of OVA or PBS as a control at 2 days
before or 0, 1, 2, 3, 5, 7, 14, 20, 30, and 50 days after immunization,
respectively. Three weeks after feeding, the mice were boosted i.p. with 20
mg of OVA in incomplete Freund’s adjuvant (IFA;3 Sigma). Abs in serum
were measured 7 days after boosting. Eight days after boosting, spleens
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were removed for assessment of proliferation and for cytokine assays. In
some experiments, groups of mice were immunized i.p. with 20mg of type
II collagen (Sigma) and fed 250 mg of OVA or PBS 1 day after the
immunization.

For feeding multiple doses of Ag, mice were immunized i.p. at day 0
and fed daily 1 mg or 100 mg of OVA or PBS during days 5–14 or days
30–39, respectively. In memory reactivation experiment, mice were im-
munized i.p. twice at day 0 and day 21, and fed daily 1 mg or 100 mg of
OVA or PBS during days 21–30. Three days after the last feeding, the mice
were boosted i.p. and tested as described above.

ELISA for Ag-specific IgG quantification

Microtiter plates (Maxisorp F96; Nunc, Roskilde, Denmark) were coated
overnight at 4°C with 100ml/well OVA (5 mg/ml) in PBS (pH 7.4) or type
II collagen in 0.05 M acetate buffer. After washing with PBS, the plates
were blocked with 150ml/well with 1% BSA (Sigma) for 30 min at room
temperature. Serially diluted serum samples were added to the wells and
incubated for 3 h at room temperature. Alkaline phosphatase-conjugated
goat anti-mouse IgG (Pierce, Rockford, IL) diluted in PBS/0.1% BSA/
Tween 20 (1:2000) was added and incubated for 2 h atroom temperature.
The plates were washed, and then 100ml of phosphatase substrate (p-
nitrophenyl-phosphate in a carbonate buffer, pH 9.6) was added to each
well. The absorbance was read at 405 nm using a Emax microplate reader
(Molecular Devices, Menlo Park, CA). Ab concentrations in tested serum
were determined from standard curves constructed using immuno-affinity
purified anti-OVA IgG.

Splenocyte proliferation assay

Single cell suspensions were prepared from spleens placed in RPMI 1640
(BioWhittaker, Walkersville, MD) and erythrocytes were depleted. After
three washes, the cells were resuspended in RPMI 1640 containing 10%
FBS, 100 U/ml penicillin, and 100mg/ml streptomycin (Life Technologies,
Gaithersburg, MD). Cells were plated at 53 105 spleen cells per well in
96-well round-bottom microtiter plates (Nunc). Cells were cultured for 4
days with 20mg/ml OVA (grade V) or alone in 200ml of medium. After
96 h of incubation, including a final 22 h pulse with [3H]thymidine (0.5
mCi per well), the cultured splenocytes were harvested using an automatic
harvester (Skatron, Sterling, VA), and incorporation of label was measured
using a liquid scintillation counter (Wallac, Turku, Finland).

Cytokine assay

Single cell suspensions were prepared as described above. Cells were
plated at 83 106 cells per well in a 1 mlaliquot in a 24-well tissue culture
plate (Nunc). Cells were cultured for 72 h with 20mg/ml OVA or alone.
Supernatants were harvested and frozen at220°C until assayed.

Culture supernatants were tested for the presence of IFN-g and IL-4
using sandwich ELISA. Purified rat anti-mouse IFN-g mAb (clone R4-
6A2), biotinylated rat anti-mouse IFN-g mAb (clone XMG1.2), and re-
combinant mouse IFN-g were purchased from PharMingen (San Diego,
CA). For determination of IFN-g production, 96-well microtiter plates
were coated with capture Ab (2mg/ml in sodium phosphate buffer) at 4°C
overnight. After washing, the plates were blocked with 1% BSA for 30 min

at room temperature. Serial dilution of recombinant mouse IFN-g and sam-
ple were added to wells and incubated overnight at 4°C. Biotinylated de-
tection Ab was diluted in 1% BSA/Tween 20 to 1mg/ml and added to wells
for 1 h at room temperature. The plates were washed, and 100ml/well
streptavidin-HRP (Pierce), diluted to 1:1000, was added. After incubation
for 30 min, 3,39,5,59-tetramethylbenzidine peroxidase substrate (Sigma)
was added and incubated until color development. The color reaction was
stopped by adding 100ml of 0.2 M H2SO4, and the plates were read at 450
nm using a Emax microplate reader (Molecular Devices).

For the IL-4 assay, the mouse IL-4 Minikit was used (Endogen, Cam-
bridge, MA). IL-4 concentration was assayed according to manufacturer’s
recommendations. Cytokine concentrations in test supernatants were de-
termined from standard curves constructed using serial dilutions of appro-
priate recombinant cytokines.

Adoptive lymphocyte transfer

BALB/c mice were immunized i.p. with 20mg of OVA in CFA. Thirty
days after immunization, the mice were sacrificed and their spleens har-
vested. After depletion of erythrocytes, single-cell suspensions of whole
splenocytes from OVA-immunized mice were transferred i.v. via tail vein
to groups of five or six naive recipient mice at doses of 107 splenocytes per
transfer (200ml). The recipient mice were fed 100 mg, 1 mg of OVA, or
PBS for 10 days and then boosted i.p. with 20mg of OVA in IFA 4 days
after the last feeding to determine whether immunologic memory response
was transferred and whether multiple feeding regimens were effective to
tolerance induction in this system. For negative control, groups of mice of
the same age as recipient mice were immunized with OVA in IFA in a
similar fashion to the last step of the cell transfer study described above.
Sera were obtained 5, 10, and 15 days after immunization, and OVA-
specific Ab was quantified using ELISA.

Results
A single high dose feeding effects different stages of the immune
response

We first investigated whether a single feeding of high dose of Ag
at different stages of the immune response could induce immuno-
logic tolerance. Groups of mice were immunized i.p. with OVA in
CFA. The mice were then fed 250 mg of OVA or PBS as a control
in a single dose at different days and boosted i.p. with OVA in IFA
(Fig. 1B). To compare the naive state with the postimmunized state
in our system, a day22 group was added (Fig. 1A). In the day22
group, mice were fed 2 days before primary immunization. One
week after boosting, these mice were bled and the sera from each
group of mice were tested for anti-OVA IgG by ELISA. The effect
of a single high dose feeding of Ag was also investigated in cel-
lular responses. Splenocytes were obtained from the same mice
and tested by an in vitro proliferation assay.

As shown in Fig. 2, a single high dose feeding of OVA on days
22, 0, 1, or 2 suppressed almost completely both anti-

FIGURE 1. Experimental schedules. Groups of mice were treated as indicated above. Mice were immunized i.p. with 20mg OVA in CFA and boosted
i.p. with the same amount of OVA in IFA. InA andB, mice were fed 250 mg of OVA or PBS as a control. InC andD, mice were fed 100 mg, 1 mg of
OVA, or PBS as a control, respectively.
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OVA-specific IgG response (p , 0.01) and splenocytes prolifer-
ation (p , 0.01). On the contrary, when the collagen-primed mice
were fed 250 mg of OVA at 1 day after immunization, the colla-
gen-induced humoral response was not inhibited (Table I). Thus

the observed suppression was OVA-specific. To analyze whether
the tolerance was induced by quenching the primary response or
by just reducing secondary response, we measured OVA-specific
IgG in the sera of another day 1 group obtained without boosting.

FIGURE 2. Feeding effects of single high dose of OVA on Ab production and T cell proliferation in primed mice. All experiments were performed as
described in Fig. 1,A andB. The described days indicated the feeding day after primary immunization. The obtained sera were quantified for OVA-specific
IgG by ELISA. The 53 105 splenocytes per well were cultured with OVA for 96 h, and [3H]thymidine incorporations were measured. Results for individual
mice are indicated, and the crossbars show the average of each group. The data were analyzed by Student’st test and shown asp values. The formula used
was: % suppression5 (PBS2 OVA) 3 100/PBS.
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It was shown that the primary anti-OVA IgG response was sup-
pressed significantly by feeding (Table I). Hence we concluded
that the suppression was caused by quenching the ongoing primary
response. Feeding on days 3 or 5 also suppressed the anti-OVA-
specific IgG response, although the suppression was moderate
(;40%) and not statistically significant. On the other hand, oral
OVA on days 3 or 5 failed to induce suppression in the cellular
response. Feeding on days 7 or 14 suppressed IgG response more
profoundly (;60%) than that of days 3 and 5, and these suppressed
responses were significant (p , 0.01). However, suppression was
not observed in the cellular response. In contrast, suppression was
not induced by feeding on days 20, 30, or 50, both in the humoral
response and in the cellular response.

Overall, these data suggested that a single high dose feeding
induced Ag-specific suppression in the humoral and the cellular
response only at the naive (day22) and activation (days 0, 1, and
2) stage of the immune response; at the effector stage (days 3–14),
this feeding only partially suppressed the humoral response. How-
ever, a single high dose feeding failed to induce Ag-specific un-
responsiveness at the memory stage (days 20, 30, and 50).

We also examined the production of IFN-g and IL-4, which
were used as the indicator of Th1 and Th2 response, respectively.
Culture supernatants of splenocytes were obtained after 72-h in-
cubation, as described above. As showed in Fig. 3, IFN-g produc-
tion was not affected in day22 group. However, IFN-g production
was increased significantly in all the other groups fed OVA re-
gardless of suppression of humoral and cellular response. In con-
trast, a different pattern of IL-4 production was observed. There
was almost complete suppression of IL-4 in days22, 0, 1, and 2
groups OVA-fed compared with PBS-fed groups. From the day 3
group, however, the suppression was broken gradually. Finally, in
the day 14 group, the amount of IL-4 was near the OVA-fed group
and PBS-fed control group. Collectively, the results indicated that
in those groups that IL-4 production was inhibited, and the in vitro
proliferation of splenocytes was also suppressed.

Multiple feeding effects on different stages of the immune
response

A similar protocol was used to examine the effects of multiple
feeding of high or low dose OVA at the time in which a single dose
feeding could not induce tolerance (Fig. 1C).

OVA-specific IgG response was suppressed profoundly by mul-
tiple high dose feeds from day 5 to 14 (Fig. 4A, p , 0.001). How-
ever, multiple low dose feeds at this period did not suppress IgG
response. The cellular response was suppressed profoundly at high
dose feeds (p , 0.01), whereas low dose feeds induced moderate
suppression (p , 0.1). These data indicated that systemic Ag-
specific unresponsiveness could be induced at the effector stage of
immune response by a multiple high dose feeding regimen.

High dose feeds of OVA from day 30 to 39 did not suppress Ab
production and splenocyte proliferation. Moreover, multiple high
doses at this period somewhat increased Ab production. Interest-
ingly, low dose feeds at this period suppressed IgG Ab response
moderately (p , 0.005), but not in the cellular response (Fig. 4B).
A similar result was also found in the mice fed OVA from day 50
to 59 (data not shown). The amount of IL-4 produced in culture
supernatant was significantly suppressed in all groups fed multiple
doses of OVA. In contrast, IFN-g production was increased in all
groups (see Fig. 6). These cytokine profiles were consistent with
those of single high dose feeding studies demonstrated in Fig. 3.
Collectively, it was concluded that once the immune system es-
tablished a resting memory state, these feeding regimens were not
effective in systemic T cell tolerance induction, although feeding a
multiple low dose of Ag partially suppressed production of Abs.

Multiple feeding effects on the memory reactivation

We also examined the effect of multiple feeds on reactivated mem-
ory response. Groups of mice were immunized on days 0 and 21,
and then fed 10 times with 1 mg, 100 mg OVA, or PBS as a control
(Fig. 1D). Three days after the last feeding, these mice were
boosted with the same Ag, and ELISA and proliferation assays
were performed as described above.

The OVA-specific Ab amount was decreased moderately (37%)
in the 100 mg fed group (p , 0.05). Ag-specific proliferation was

Table I. OVA-specific tolerance was caused by quenching primary
immune responsea

Immunization Feeding
Collagen-Specific
IgG (OD405)

b,c
OVA-Specific
IgG (mg/ml)c

Collagen PBS 0.6346 0.057
Collagen OVA 0.6906 0.030
OVA PBS 22.26 6.7
OVA OVA 4.2 6 0.9

a Sera were obtained at day 10 without boosting from the mice fed PBS or OVA
1 day after immunization, and then assayed by ELISA.

b The 1:50 diluted sera were used.
c Results are mean6 SE.

FIGURE 3. Feeding effects of single high dose of OVA on cytokine
production. All experiments were performed as described in Fig. 1,A and
B. The 83 106/ml splenocytes were cultured with 20mg/ml OVA, and the
supernatants were harvested after 72 h. Each cytokine was quantified using
sandwich ELISA. These values were averaged and are presented as the
mean6 SE.
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also decreased (48%) in the 100 mg fed group. In the 1 mg fed
group, Ag-specific immune response was suppressed slightly in
both humoral and cellular level (Fig. 5, 22% and 33%, respective-
ly). IL-4 production was almost completely suppressed by multiple
high doses of OVA while suppressed partially by multiple low
doses. On the other hand, IFN-g production was increased only in
high doses fed group (Fig. 6). Thus we concluded that the reacti-
vated memory response could be suppressed partially by multiple
feeds.

Adoptive lymphocyte transfer study

Because single or multiple feeding regimens could not induce Ag-
specific unresponsiveness after establishment of memory, we next
examined whether these phenomena were dependent on the num-
ber of OVA-specific memory lymphocytes using an adoptive
transfer model. In preliminary experiments, we determined the
minimal cell number to evoke memory response in the recipient
mice. When various number of total splenocytes, obtained 30 days

after immunization, were transferred i.v. into naive recipient mice,
107 cells per transfer appeared to be the minimal cell number to
evoke memory Ab response to OVA while 106 cells did not (data
not shown). Therefore we used 107 cells per transfer in the fol-
lowing experiment. Donor mice were immunized with OVA, and
30 days after immunization a single splenocyte suspension was
prepared from donor mice. A total of 107 cells were transferred i.v.
into each recipient mouse, and 4 days after the transfer recipient
mice were fed 100 mg, 1 mg, or PBS as control for 10 days, and
then these mice were boosted and bled. Again, 107 cells per mouse
were sufficient to evoke memory response in recipient mice (Fig.
7). We could observe the characteristics of memory response most
significantly in sera obtained at day 10. Compared with the results
of the primary response, the kinetics was more rapid, the isotype
was switched from IgM to IgG (data not shown), and the amount
of OVA-specific IgG was 26 times higher (at day 10). As shown
in Fig. 7, however, these memory responses were not inhibited by
multiple feeds. On the contrary, the Ab response was somewhat
enhanced by high dose feeds. At 5 days after immunization, com-
pared with other groups, there was a remarkable increase in the
amount of Ab in the high dose fed group, indicating that these
feeds activated the immune system. At day 10, no apparent dif-
ference in the level of Ab production was observed among those
three recipient groups. Taken together, these data confirmed that
once the immune system established memory to a certain Ag, tol-
erance to the Ag could not be induced by oral administration of the
Ag, even when the number of memory cells were reduced to the
least measurable level.

Discussion
The results presented here show that feeding Ag after immuniza-
tion can suppress only the early stage of the immune response. The

FIGURE 4. Multiple feeding effects on Ab production and T cell pro-
liferation in the effector or memory phase of the immune response. All
experiments were performed as described in Fig. 1C. The data of mice fed
OVA daily from days 5 to 14 were shown inA, and those of mice fed OVA
from days 30 to 39 were shown inB. Results for individual mice are
indicated, and the crossbars show the average of each group. The data were
analyzed by Student’st test and shown asp value. The formula used was:
% suppression5 (control 2 fed)/control.

FIGURE 5. Multiple feeding effects on the Ab production and T cell
proliferation in the reactivated memory immune response. All experiments
were performed as described in Fig. 1D. Results for individual mice are
indicated, and the crossbars show the average of each group. The data were
analyzed by Student’st test and shown as ap value. The formula used was:
% suppression5 (control 2 fed)/control.

FIGURE 6. Multiple feeding effects on cytokine production in the
primed mice. All experiments were performed as described in Fig. 1,C and
D. The splenocyte culture supernatants were harvested after 72-h culture.
Each cytokine was quantified using sandwich ELISA. These values were
averaged and are presented as mean6 SE.
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extent of tolerance in primed mice was dependent largely on the
time at which Ag was fed after immunization, the frequency of
feeding, and the dose of Ag fed. Once immune system established
memory to the Ag, however, feeding of the Ag could induce tol-
erance in neither the humoral response nor the cellular response.

Tolerance induction in naive animals after oral administration of
an Ag has been well documented by many groups (3–6). Our
previous study has shown that the state of tolerance established by
prior feeding of high dose of Ag was maintained after 26 wk (29).
Furthermore, several studies have demonstrated the effectiveness
of oral tolerance in animal models of autoimmune disease (7–15).
However, attempts to induce tolerance by oral Ag after immuni-
zation have yield mixed results. In this regard, we have investi-
gated the effect of oral Ag administration on different stages of the
immune response. Initially we performed experiments to examine
whether single feeding of high dose of Ag could induce tolerance
at each stage of the immune response in BALB/c mice. Feeding a
single high dose of OVA suppressed production of anti-OVA IgG
and in vitro proliferation of splenocytes completely when OVA
was fed at 0, 1, or 2 days after immunization, respectively. It
seemed that the remaining fed OVA in circulation did not affect
our assays because the half-life of the fed OVA was less than 12 h
in BALB/c mice (data not shown) and there was no apparent dif-
ference in proliferation in the absence of Ag between OVA-fed
groups and PBS-fed groups. The observed OVA-specific suppres-
sion was caused by quenching the ongoing primary response. The
degree of suppression was similar to that of group fed before im-
munization. Thus it was concluded that at activation stage of im-
mune response, a single high dose of Ag could induce profound
Ag-specific tolerance. However, such a tolerance was not induced
in mice fed OVA 3 days after immunization. Furthermore, T cell
proliferation was not affected by feeding in this group. Feeding Ag
to the mice at 7 days or 14 days after immunization (day 7 and day
14 group, respectively) induced slightly stronger suppression in Ab
production than day 3 and day 5 group. We have repeated the same
experiment and obtained similar results. At 7 days after immuni-
zation, Abs were produced vigorously in primed animals. Thus it
seems likely that Ab produced by immunization and Ag adminis-
tered formed immune complexes, which bound to FcRg on B cells
and regulated Ab production in T cell-independent manner (30,

31). These observations indicated that feeding single high dose of
Ag could partially suppress the B cell response at the effector
phase.

It is now widely accepted that multiple feeding is more effective
in tolerance induction than single feeding (24, 32). Actually, feed-
ing multiple high doses of OVA suppressed the effector phase of
the immune response. The degree of suppression was profound for
both Ab production and T cell proliferation. However, once an
immune system establishes memory to the Ag, neither single nor
multiple feeding regimens induced Ag-specific unresponsiveness.
Interestingly, multiple feeding of a low dose of Ag to the memory
stage of mice showed partial suppression of Ab production. On the
other hand, at the memory reactivation stage of the immune re-
sponse, multiple feeding induced partial suppression. Because the
immune response in this condition could be induced by both newly
generated naive cells and previously formed memory cells, we
interpret the partial suppression of the OVA-fed mice was mainly
due to the suppression of newly generated OVA-specific naive
cells. We finally asked if the number of Ag-specific memory cells
were decreased to the least measurable level, tolerance could be
induced by multiple feeding. A total of 107 cells per transfer
(;10% of donor splenocytes) were the minimal cell numbers to
evoke memory response in our system. Neither high doses nor low
doses were effective in recipient mice. Thus, we conclude that the
refractory phenomenon of memory cell to orally administered Ag
is due to qualitative characteristics rather than quantitative. We
have another piece of evidence compatible with this idea. When
primed mice were treated by other methods for tolerance induc-
tion, such as i.v. or i.p. tolerization, these mice failed to induce
tolerance to the Ag, moreover they produced about twice more
large amount of Ag-specific Ab than control mice (our unpub-
lished data). It will be interesting to dissect the underlying cellular
and molecular mechanism for this phenomenon.

Based on our observations, the immune response could be di-
vided into two steps: one is the feeding-susceptible step that in-
cludes the naive, activating, and effector phases, and the other is
the feeding-resistant step that includes the memory phase. Thus at
the feeding-susceptible step, the feeding regimen by multiple high
dose could induce complete tolerance to the Ag, and at the feeding-
resistant step the feeding regimen by multiple low dose could sup-
press partially only the production of Abs. We speculate that mul-
tiple low doses might induce suppressor T cells to OVA and
suppress Ab production by means of active suppression as reported
by several groups (5, 7). However, this mechanism may not be
applicable when there were so many Ag-specific effector lympho-
cytes in blood circulation at the effector phase of the immune
response.

It was also notable that feeding OVA to OVA-primed mice el-
evated the production of IFN-g in splenocytes culture. There is
good evidence that IFN-g can mediate immune suppression (33).
It has been reported that IFN-g led lymphocytes to anergy state
and induced tolerance (34, 35). In parallel to this report, IFN-g null
mice failed to induce tolerance at a high dose of Ag, thus indicat-
ing that IFN-g-producing T cells are essential for the suppression
of the systemic immune response (36). Furthermore, this cytokine
led to the reduction of IL-4 in the tolerized mice in our study.
However, IFN-g production does not seem to be the unique con-
dition to lead anergy. It is likely that the phase of the immune
response, the nature of administered Ag, and the property of Ag-
presenting cell are also important (2, 37, 38).

Understanding the mechanisms that underlie these overall ob-
servations is important because manipulation of immune responses
at disease states through oral Ag administration may provide a

FIGURE 7. Adoptive transfer of immunologic memory for OVA and
multiple feeding effect on Ab production in the recipient mice. BALB/c
mice were immunized i.p. with OVA, and 30 days later 107 splenocytes
were transferred i.v. into groups of naive recipient mice. The recipient mice
were immunized i.p. 4 days later with OVA. In control group, naive mice
in the same age with the recipient mice were immunized i.p. without adop-
tive transfer. The OVA-specific IgG in serum was measured at 5, 10, and
15 days after immunization using ELISA. These values were averaged and
are presented as mean6 SE.
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novel therapeutic strategy for the control of autoimmunity and al-
lergy. Many studies have shown that oral administration of Ag was
effective in suppressing immune response and inflammatory dis-
ease. Weiner et al. (17) have reported that a trial of oral tolerization
with myelin Ags to individuals with early relapsing multiple scle-
rosis showed some therapeutic effect. In contrast, some studies
have reported that oral administration of Ag was able to activate
immune response to the Ag. For example, Blanas et al. (39) have
reported oral administration of autoantigen in mice induced a cy-
totoxic T lymphocyte response that could lead to the onset of au-
toimmune diabetes. Furthermore, several studies reported that
feeding after disease induction was not effective, and low doses of
Ag led to worsening of mild disease. These mixed results of the
oral tolerance in primed animals might be dependent on the time,
the dose, and the frequency of Ag administration. To our knowl-
edge the results in this study are the first to show that once the
immune system established memory to the Ag, complete tolerance
was not induced by Ag feeding. Our findings have an important
implication not only for understanding the mechanisms of oral
tolerance, but also for the therapeutic applications of oral toler-
ance. Considering our results, multiple or continuous feeding of
the causing Ag would ameliorate the autoimmune diseases by
tolerizing newly generated naive cells. However, our most surpris-
ing observation was that the resting memory lymphocytes could
enhance the immune response to the Ag rather than induce toler-
ance by oral administration of Ag. Thus feeding Ag can cause
stronger immune response at a certain condition, which suggests
that feeding regimens should be cautious when applying this ap-
proach to the treatment of human autoimmune diseases.
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