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Potentiation of immunological tolerance
induction in adult mice by co-administration
of pooled normal IgG and oral tolerogens:
a potential therapeutic approach for autoimmune
diseases
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Summary Oral tolerance can be defined as the inability of an adult animal to produce specific antibodies or cellular
immune responses upon conventional immunization, after oral antigenic administration. Recently, the oral
administration of antigens has gained renewed interest because of the possibility of inducing tolerance in
nonimmunized adult animals and, consequently, opening up the theoretical possibility of preventing or treating
diseases caused by malfunction of the immune system. This strategy has been proven to be useful in the prevention of
allergic and autoimmune diseases in rodents, as well as in the amelioration of certain autoimmune diseases in humans.
Although there is experimental and clinical evidence for the usefulness of oral tolerance in medical practice, the
mechanisms responsible for this phenomenon are still poorly understood, and the results obtained are not always
satisfactory. Herein, we show that the thymus is required for the induction and maintenance of oral tolerance,
providing evidence that it is not a pure form of clonal deletion-based peripheral tolerance. Oral tolerance could
therefore depend on the formation and release to the periphery of regulatory T cells, such as cd or ab T cells, by the
thymus. This finding may have profound implications for the treatment of autoimmune diseases, since most of them
are associated with thymic hypofunction. On the other hand, due to so far unknown mechanisms, the intraperitoneal
co-administration of normal IgG to mice orally treated with tolerogen leads to a sustained and intense immunological
tolerance, both in euthymic and thymectomized mice, including those of the lupus erythematosus-prone NZB · NZW
lineage. This approach for inducing and maintaining tolerance in thymus-deficient conditions is discussed and put forth
herein as a new evidence-based proposition for the therapy of autoimmune diseases.
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Oral tolerance and autoimmune diseases

The oral administration of antigens has been used
to the ameliorate autoimmune disorders in rodents
and humans in order to re-establish tolerance to
self components [1]. Clinical trials have shown that
human autoimmune diseases such as multiple scle-
rosis, uveitis, and arthritis can be treated with rel-
ative success, using this approach [2]. Most
importantly, such trials reveal the absence of ma-
jor side effects [1]. However, the overall results
of many clinical trials have not been as promising
as originally predicted [3]. The discrepancy be-
tween the excellent results in the prevention of
autoimmune diseases in animal models and the
treatment of human autoimmune pathologies prob-
ably reflects the influence of several factors,
including those discussed below:

(a) Contrasting to the experimental induction of
oral tolerance, which is usually carried out in
normal animals, in the treatment of autoim-
mune pathologies in humans it is attempted
to re-establish tolerance when the immune sys-
tem is already commited to an autoimmune
state and/or is otherwise malfunctioning [4].

(b) The schedule of antigen administration and
doses are well established for rodents, but
not for humans [1].

(c) The mechanisms by which oral tolerance is
induced and maintained in humans are still
unclear [1].

(d) The age of the subject at the time of oral toler-
ogenic treatment [5] may be comparatively
higher in human patients than in experimental
animals.

(e) The nature of the antigens used to induce oral
tolerance in experimental animals and human
patients may differ [6].

In addition, autoimmune diseases may have dis-
tinct pathological mechanisms, and many of them
may not be suitable to treatment by the induction
of oral tolerance.

Currently, the oral administration of antigens is
a promising way of treating autoimmune diseases.
However, new insights into the mechanisms
responsible for oral tolerization and the develop-
ment of new protocols or the association of proto-
cols are required so as to improve the clinical
results.

In this article, we will discuss the development
of the immune system, the interplay among lym-
phocytes and the results that show an unexpected
role of the thymus in the acquisition and mainte-
nance of oral tolerance, through the release of spe-
cial thymic emigrant cells. Finally, we propose an
association of two protocols for the treatment of
autoimmune diseases.
T Lymphocyte deletion

Clonally distributed receptors known as T cell
receptors (TCRs) and immunoglobulins (Igs) are
expressed on T and B cells, respectively [7]. TCRs
and Igs are essential for the development of
mature T and B cells since the lack of their
expression results in the absence of mature T or
B lymphocytes [8]. The expression of MHC mole-
cules on thymic epithelial cells is also crucial for
the maturation/differentiation of T cells since
animals unable to express MHC molecules do not
develop mature T lymphocytes [9]. Thus the
expression of TCRs and of MHC molecules on thy-
mic stromal cells are required for the appearance
of mature T cells. The TCR recognizes peptides
bound to MHC molecules [10]. A strong interaction
between an immature T cell and a MHC-peptide-
presenting cell in the thymus results in the death
of that particular T cell with a given specificity
(negative selection). A weak interaction rescues
immature T cells from apoptosis and sustains the
progression of the maturation/differentiation pro-
cess of a particular T cell that leaves the thymus
to peripheral lymphoid tissues (positive selection).
A third situation and, probably the most frequent,
involves a T cell carrying a particular rearranged
TCR which prevents any possible interaction with
the array of MHC-peptides expressed by the thy-
mic stromal cells at a given time. In such a case,
the thymocytes perish by neglect [11]. The end
result of the selection process is the shaping of
a T cell repertoire by the elimination of T cells
that have high or no avidity for a given combina-
tion of MHC-peptide-presenting cells in the thy-
mus. This phenomenon enhances the
maturation/differentiation of peptide-MHC-inter-
active T cells with a low/intermediate avidity
for MHC-peptide-expressing thymic cells [11]. This
model implies that every mature T cell in periph-
eral lymphoid organs was positively selected in
the thymus by a given array of MHC-peptides
(probably of self nature) in the context of a given
MHC haplotype [12]. Positive selection is an intri-
cate process [13] in that a given TCR may be pos-
itively selected by a balance of a given array of
quantitatively or qualitatively different peptides
or a given peptide may positively select a



Figure 1 BALB/c nu/nu mice reconstituted with spleen
cells from orally tolerant BALB/c nu/+ mice are unable to
sustain the state of tolerance. BALB/c nu/nu mice were
reconstituted with 5 · 107 spleen cells from BALB/c nu/+
mice submitted to three consecutive gavages of PBS or 5
mg (low dose) or 20 mg (high dose) of OVA in PBS.
Reconstituted BALB/c nu/nu mice were immunized (i.p.)
with 100 lg of OVA in alumen (1 mg/animal) on the day
of the transfer (booster 1) and with 100 lg of soluble OVA
on day +14 (booster 2) and +135 (booster 3). Sera were
collected 15 days after each booster and assayed for the
antibodies (all isotypes) specific to OVA using a quanti-
tative ELISA. The concentration (mg/ml) of antibodies to
OVA in each serum sample was calculated from a
standard curve generated with known amounts of OVA-
specific, affinity-purified antibodies from OVA-hyperim-
munized BALB/c nu/+ mice. The columns represent the
mean ± SD (n = 4–6 mice). BALB/c nu/+ mice orally-
tolerized with low or high amounts of OVA remained
tolerant for at least 7 months as their total amount of
OVA-specific antibodies was always below 0.3 mg/ml
during this period. *p 6 0.01 (Mann–Whitney).
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repertoire of certain complexity [14]. These
observations suggest that most peripheral T cells
are autoreactive to some extent, thus implicating
autoreactivity in the existence and survival of T
cells in peripheral lymphoid organs [15]. This con-
clusion does not necessarily imply the existence of
suppressor and/or regulatory T cells, as any
potentially deleterious autoimmune responses
could still be controlled by increasing the ratio
of the peripheral negative selection of autoag-
gressive T cells. This would be achieved by
increasing the overall avidity between T cells
and antigen-presenting cells under microenviron-
mental conditions with supra optimal antigen pre-
sentation [13]. A high concentration of self or
non-self antigens would, therefore, cause central
and peripheral deletion of T cell-reactive clones,
thus resulting in tolerance [16]. Indeed, there is
evidence that the oral administration of high con-
centrations of antigens may lead to partial dele-
tion of responder T cells[17]. However, we show
herein that the transfer of splenic cells from orally
tolerant BALB/c mice to athymic BALB/c nu/nu
recipient mice produces a transient state of toler-
ance that can be interrupted by successive anti-
genic boosters. The period required for the
recipient mice to recover the immune response
varied from 30 days (donor mice tolerized with
low doses of antigens) to 5 months (donor mice
tolerized with high doses of antigen) after transfer.
Control euthymic mice that were made tolerant by
gavaging with high- or low-doses of ovalbumin
(OVA) remained tolerant for at least 7 months
(Fig. 1). These findings argue against the hypothe-
sis that clonal deletion is the sole mechanism
responsible for oral tolerance. They also suggest
that high doses of antigens could determine a more
stable state of oral tolerance.
The thymus is required for the
establishment of oral tolerance

The long duration of oral tolerance seen in euthy-
mic mice is particularly interesting since thymic
emigrant T cells are continuously released from
the murine thymus at a rate of approximately one
million cells per day [18]. Since these new T cells
have not undergone tolerization, it would be rea-
sonable to assume that they would produce normal
immune responses upon conventional immuniza-
tion. Yet, in orally tolerized mice, tolerance per-
sists, as shown herein, for at least 7 months after
gavage, a period in which about 200 million new
T cells were introduced in the periphery. This
observation suggests that other mechanisms,
besides clonal deletion, are operating to maintain
the state of oral tolerance.

To evaluate the role of the thymus in the induc-
tion and maintenance of oral tolerance, one exper-
iment was performed. Fig. 2 shows that DBA/2
mice thymectomized 2 months before gavage with
high doses of OVA developed tolerance at the level
of specific antibody production. However, unlike
euthymic mice, and similarly to athymic nu/nu
mice, thymectomized mice were unable to sustain
oral tolerance for a long period of time. In another
series of experiments, thymectomized F1 (C57Bl/
6 · BALB/c) mice underwent gavage with high
(three gavages with 5 mg/gavage) or low doses
(three gavages with 0.5 mg/gavage) of OVA.



Figure 2 Thymectomized DBA/2 mice do not sustain
oral-induced tolerance for long periods of time. DBA/2
mice underwent one gavage of PBS or 20 mg of ovalbumin
2 months after thymectomy. The mice were then
immunized (i.p.) with 100 lg of OVA in alumen (1
mg/animal) 7 days after gavage and with 100 lg of
soluble OVA on day +21 (booster 1) and +35 (booster 2).
Sera were collected 15 days after each booster and
assayed for the amount of antibodies (all isotypes)
specific to OVA using a quantitative ELISA. Control groups
included aged-matched euthymic and thymectomized
DBA/2 mice submitted to gavage with PBS or OVA and
immunized as described above. The columns represent
the mean ± SD (n = 5–8). *p 6 0.01 (Mann–Whitney).
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Control imunized mice in these experiments pro-
duced 3.1 ± 0.5 mg/ml of anti-OVA specific anti-
bodies in the secondary immune response. Mice in
which oral tolerance was induced with a low dose
of OVA were poorly tolerized (1.9 ± 0.4 mg/ml of
anti-OVA specific antibodies in the secondary im-
mune response) compared to those tolerized with
a high OVA dose (0.5 ± 0.1 mg/ml of anti-OVA spe-
cific antibodies in the secondary immune re-
sponse). Tolerance in both groups was not
sustained for longer than 5 months (data not
shown). These results suggest that the thymus is
an important organ either in the induction (low
antigenic doses) or in the maintenance (low and
high antigen doses) of oral tolerance.

Recent studies have suggested that the thymus
may have amajor role in the normal immune system
functioning in adult mammals. Thus normal thymic
activity may maintain an output of ‘‘virgin’’ T cells
as well as minor T cell subpopulations with impor-
tant functional activities in adults. In this case,
the thymus serves as an important source of regula-
tory T cells in the early and late phases of ontogeny
[19]. It has been seen that CD4+CD45RBhigh,
CD4+CD25+, NK1.1+ab+ and cd+ T cells, which are
among thymic emigrant T cells, have regulatory
functions either in the generation of memory or in
the induction of tolerance [20–25].
cd T cells as regulatory cells in the
induction and maintenance of oral
tolerance

cd T cells show distinct functional patterns and
are involved either in the induction and mainte-
nance of tolerance or in the upregulation of
immune responses. ab+ CD4+ T cells from cd T
cell-depleted mice show increased levels of IL-2
production and thymidine incorporation when cul-
tured with syngeneic filler cells [26]. Hepatic cd T
cells from mice made tolerant by the transfer of
spleen cells from minor histocompatibility-mis-
matched mice induced tolerance in naı̈ve recipi-
ents [27]. cd T cells can also down-regulate the
helper activity of ab+ CD4+ T cells by suppressing
IgE production in vivo [28]. Splenic cd T cells from
Trypanosoma cruzi-infected mice can block mixed
lymphocyte reaction proliferation and the produc-
tion of IFN-c by ab+ T cells in vitro [29]. The latter
cd T cell suppressor activity was recently shown to
be thymus dependent [24]. In this model, non-
specific suppression of the antibody response
could be reversed by in vivo cd T-cell depletion.
Furthermore, we have demonstrated that cd T
cell-depleted mice are not susceptible to the
induction of oral tolerance with OVA and that,
once established, oral tolerance could be termi-
nated by depleting cd T cells [30]. The latter re-
sults have been confirmed and extended in d
knockout mice [31]. In addition, insulin inhalation
can delay or prevent diabetes in NOD mice, an
effect mediated by cd T cells[32]. Also, a positive
regulatory influence of cd T cells on ab T cells has
also been demonstrated [33].

cd T cells of thymic origin are short-lived [34]
and consist of CD3+, CD28+, CD40-ligand+, Fas+,
FccR+ cells [35]. In fact, we have detected low per-
centages of cd+ Fas+ cells after thymectomy
(6 ± 2.8% of Fas+ cd+ T cells among splenic cd+ T
cells) and an increase in their levels after the injec-
tion of thymocytes into thymectomized mice
(14.8 ± 4.7% of Fas+ cd+ T cells among splenic cd+

T cells). In addition, it was recently described that
a subpopulation of Vc1+ cd T cells are able to kill
activated macrophages via Fas–Fas–L interaction
[36]. This study is of particular interest as it may
contribute to the understanding of the mechanism
by which a subset of cd T cells could control the
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activation of conventional ab+ T cells, albeit in an
indirect way by diminishing the numbers of poten-
tial activated antigen-presenting cells. Other stud-
ies support the idea that cd T cells have, or
acquire, different effector functions, depending
on their interactions with the microenvironment
[37]. The studies and results discussed herein
strongly suggest the participation of the thymus
in the induction and maintenance of oral tolerance
in normal animals through positive selection of one
or more T cell lineages.
Figure 3 Purified normal mouse IgG potentiates the
induction of oral tolerance in mice. Two-month-old
F1(C57Bl/6 · BALB/c) or F1(NZB · NZW) mice were
either injected i.p. with 1 mg of protein-A purified
normal IgG from pooled sera or PBS every other day,
starting 1 week before the initial gavage procedure and
continuing for up to 15 days post-gavage (days �7, �5,
�3, �1, +1, +3, +5, +7, +9, +11, +13, +15). The mice also
underwent to three gavages with PBS or 0.5 mg or 2 mg of
OVA for F1(C57Bl/6 · BALB/c)/F1(NZB · NZW) mice
respectively, on days 0, +1 and +2. Mice were then
immunized (i.p.) with 100 lg of OVA in alumen (1 mg/
animal) 7 days after the initial gavage and with 100 lg of
soluble OVA on day +14. Sera were collected 14 days
after the secondary immunization and specific antibodies
to OVA quantified by ELISA (see Fig. 1). The columns
represent the mean ± SD (n = 4–7 mice).
Immunoglobulins and oral tolerance

Although B cells are not fundamental for the
induction of tolerance [38], they may be impor-
tant in the regulation of immune responses. For
instance, B cells may work as regulatory cells in
certain experimental autoimmune diseases [39]
or in the maintenance of T cell anergy [40]. The
mechanism by which B cells exert these effects
is not yet understood. However, a recent report
has shown that animals which do not express the
Fc gamma receptor because of a gene target
mutation are highly susceptible to the induction
of arthritis upon collagen immunization [41].
These results indicate that Fc receptors and
immunoglobulins are involved in the regulation
of immune responses, as previously suggested
[42]. Indeed, the administration of large quanti-
ties of human immunoglobulins to patients with
different types of autoimmune disease has been
shown to improve their clinical condition [43].
Thus B cells, through their major product (immu-
noglobulins), could theoretically be important in
the regulation of oral tolerance. In fact, euthymic
F1(C57Bl/6 · BALB/c) mice intraperitoneally (i.p.)
injected with protein-A purified IgG from pooled
normal mouse sera and subjected to oral toleriza-
tion with low doses of antigen become highly tol-
erant, indicating a potentiation of the classical
protocol by the administration of normal immuno-
globulins. The same type of experiment was done
in young F1(NZB · NZW) mice. These mice are to-
tally resistant to the induction oral tolerance by
the use of relatively low doses of antigen. How-
ever, the administration of pooled normal IgG
(i.p.) and antigen by the oral route renders
NZB · NZW mice completely tolerant at the level
of the specific humoral response (Fig. 3). These
results strongly suggest that the co-administration
of pooled normal IgG potentiates the induction of
oral tolerance in normal or autoimmune prone
mice strains.
Lymphopenia and autoimmune diseases

Autoimmune diseases are in general associated to
T-cell lymphopenia [44]. Lymphopenia may be
due to deficient thymic function and/or periphe-
ral T cell loss due to terminal differentiation,
recruitment to inflammatory sites and death
[45,46]. In addition, in many autoimmune dis-
eases the thymic function is severely reduced,
both in rodents and in human beings [47–50]. In
fact, thymic hypofunction might be one of the
causes of autoimmune diseases [44]. More impor-
tantly, as we discussed above, a functioning thy-
mus is required for in the induction and/or
maintenance of oral tolerance in normal animals.
These observations might account for the modest
results found in many clinical trials that use oral
tolerance as a principle to reestablish self-toler-
ance. Therefore, therapies aiming at treating
autoimmune diseases might consider the correc-
tion of T cell lymphopenia by means of restoring
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thymic function (production and/or export of reg-
ulatory T cells) or, alternatively, to be based in
strategies for inducing peripheral tolerance that
do not require normal thymic function. In Fig. 4
we show that either thymectomized F1(BALB/
c · C57Bl/6) or autoimmune prone thymectomized
F1 (NZB · NZW) could be rendered extremely tol-
erant at the level of antibody production to low
doses of antigen (OVA), administered by the oral
route when polyclonal IgG was given i.p., con-
comitantly. Also, these thymectomized animals
remained tolerant for more than 6 months (data
not shown). These experiments show that the
combination of the oral tolerance protocol with
the co-administration of normal pooled IgG by-
passes the requirement for a functional thymus
Figure 4 Oral tolerance induction to low doses of
antigen is potentiated by coadministration of normal
pooled IgG in thymectomized mice. Four-month-old
thymectomized F1(C57Bl/6 · BALB/c) or F1(NZB · NZW)
mice were either injected i.p. with 1 mg of protein-A
purified normal IgG from pooled sera or PBS every other
day, starting 1 week before the initial gavage procedure
and continuing for up to 15 days post-gavage (days �7,
�5, �3, �1, +1, +3, +5, +7, +9, +11, +13, +15). The mice
also underwent to three gavages with PBS or 0.5 mg or 2
mg of OVA for F1(C57Bl/6 · BALB/c)/F1(NZB · NZW)
mice respectively, on days 0, +1 and +2. Mice were then
immunized (i.p.) with 100 lg of OVA in alumen (1
mg/animal) 7 days after the initial gavage and with 100 lg
of soluble OVA on day +14. Sera were collected 14 days
after the secondary immunization and specific antibodies
to OVA quantified by ELISA (see Fig. 1). Mice were
thymectomized 2 months before the beginning of the
experiments. The columns represent the mean ± SD
(n = 5–9 mice). All the protocols used in this study were
approved by the Committee for Ethics in Animal Exper-
imentation of the University of São Paulo. All protocols
involved in this study are committed to promoting and
ensuring the well being of animals.
and therefore, might be of extremely importance
in the treatment of some autoimmune diseases.
Concluding remarks

1. A functioning thymus seems to be crucial for
the induction and/or maintenance of oral toler-
ance by exporting regulatory/suppressor cells
in normal animals.

2. Thymic function is decreased in autoimmune
diseases.

3. The induction of oral tolerance in normal or
autoimmune prone strains of mice is extremely
potentiated by the co-administration of pooled
IgG from normal mice.

4. Oral tolerance to low doses of antigen can be
induced and maintained in thymus-less animals,
having normal or autoimmune genetic back-
grounds, that received normal IgG. Therefore,
the mechanism underlining this biological
effect might be, purely, peripheral.

5. Treatments aiming the amelioration of auto-
immune diseases could combine both proto-
cols (oral tolerance and intravenously
administration of Ig (IV-Ig) as it may be more
effective, without important predictable side
effects.
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