A.M.C. Faria, S.M. Ficker,
E. Speziali, J.S. Menezes,
B. Stransky, B.A. Verdolin,
W.M. Lahmann,

V.S. Rodrigues and N.M. Vaz

Correspondence

A.M.C. Faria

Departamento de Bioquimica e
Imunologia, ICB, UFMG

Av. Antdnio Carlos, 6627
31270-901 Belo Horizonte, MG
Brasil

Presented at the International
Meeting on Cytokines, Angra dos
Reis, RJ, Brasil, November 24-28,
1996.

Research supported by FAPEMIG
(No. 2501/96), PRPq and CNPq
(No. 53.0349/93-0).

Received September 4, 1997
Accepted November 6, 1997

Brazilian Journal of Medical and Biological Research (1998) 31: 35-48
ISSN 0100-879X

Aging and immunoglobulin
isotype patterns in oral tolerance

Departamento de Bioquimica e Imunologia, Instituto de Ciéncias Bioldgicas,
Universidade Federal de Minas Gerais, Belo Horizonte, MG, Brasil

Abstract

In the present review we address oral tolerance as an important
biological phenomenon and discuss how it is affected by aging. Other
factors such as frequency of feeding and previous digestion of the
antigen also seem to influence the establishment of oral tolerance. We
also analyze immunoglobulin isotypes of specific antibodies formed
by tolerant and immunized animals of different ages submitted to
different conditions of oral antigen administration. Isotypic patterns
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were studied as a parameter for assessing the pathways of B and T cell

interactions leading to antibody production.

Feeding and immunological activities

Feeding is the major and most frequent
occasion on which the organism contacts
foreign proteins and, potentially, the major
source of triggering immunological activi-
ties. Through idiotype-anti-idiotype connec-
tions, events initiated in the gut may influ-
ence all immunological phenomena, regard-
less of their origin. For example, effective
vaccination against trachoma has been re-
cently achieved by oral exposure to an anti-
idiotypic antibody (1), showing that the gut
provides a direct and effective access to the
immune system by a physiological route.

Two misconceptions cause this evidence
to be pratically ignored. First, ingested anti-
genic molecules are thought to be totally di-
gested and thus devoid of immunological rel-
evance. This is simply incorrect and is contra-
dicted by many experimental observations (2).
Second, and more importantly, the immune

system has been conceptually divided into two
systems. Secretory IgA immunoglobulins
(slgA) present on mucosal surfaces react with
germs and viruses and may hinder the absorp-
tion of antigenic macromolecules. sIgA is
mainly produced in local mucosal-associated
lymphoid tissues but lymphocytes stimulated
at a local mucosal site migrate to other sites of
the same mucosa and also to other mucosae
(3,4). This suggests the operation of a web of
intermucosal cell traffic independent of a more
“systemic” immune circuitry. Thus, the organ-
ism is seen as doubly protected from antigens
in the gut: by digestion and by a “secretory
immune system” or “common mucosal im-
mune system” (5).

Neither argument is correct: there is a
continuous penetration of antigenic material
through the gut, mainly during and after feed-
ing (2) and there is a complex interplay of
“systemic” and “mucosal-associated” im-
mune phenomena (6-8).
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Different outcomes of oral
contacts with antigens

Although different immunological out-
comes may result from oral exposure to anti-
gens, a basic pattern may be understood.
Depending on several factors, related to the
antigen and/or the organism, oral contacts
with antigens may result either in oral toler-
ance or in its reverse: “local” and/or “sys-
temic” immunization, i.e., circulating anti-
body formation (9-14). Intermittent feeding
of mature or older mice with ovalbumin
(Ova), depending on the antigen/strain com-
bination (11), tends to result in serum anti-
body formation (12,15). However, natural
feeding of mice has been shown to result
preferentially in oral tolerance to dietary
components, especially to proteins repeat-
edly ingested on several consecutive occa-
sions (10,16).

Oral tolerance is defined as a suppression
of'the specific immune response to parenteral
injections of the antigen previously presented
by the oral route (7,17-19). This phenome-
non has been reported in a number of animal
species, including mice (20), hamsters (21),
rats (22), guinea pigs (23), rabbits (24), and
humans (25) and can be measured as a de-
crease in delayed type hypersensitivity (DTH)
reaction to the antigen (26) as well as a
suppression in specific IgE and IgG produc-
tion (27).

Several reports indicate that antigen/strain
combination, the nature and dose of antigen
(28), the immunological status of the animal
(29), genetic factors linked or not to MHC
(11,14), age at first oral contact (15,30,31),
frequency of exposures and interval between
them (10,12) are all factors determining the
outcome of oral contacts with antigens.

Herein, we review past evidence and pres-
ent data on the influence of aging and the
rate of antigen intake on oral tolerance. We
also analyze the isotypic patterns associated
with oral tolerance at different ages and
under different experimental conditions.
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Immunoglobulin isotypes, aging
and oral tolerance

Maturation of mice of different inbred
strains to young adulthood - a period arbi-
trarily defined between 8 and 24 weeks of
age - coincides with a marked decrease in
their susceptibility to the induction of oral
tolerance and a parallel (consequent?) in-
crease in their susceptibility to systemic oral
immunization following repeated (intermit-
tent) oral exposures to antigens (12,15,32,33).

Moreau and Gaboriau-Routhiau (34) re-
cently reported induction of oral tolerance to
Ova in 20-month-old C3H/He mice. How-
ever, in other studies using the parenteral
route for tolerance induction, a decrease in
ease of tolerance induction in aged BALB/c,
C57BL/6 and CBA/Cal mice (35,36) and a
relative inability to induce tolerance in adult
NZB and (NZB X NZW) F1 mice (37) have
been described. The impairment of tolerance
induction seems to affect both B and T cell
populations in 6-month-old BALB/c mice
(38,39).

As shown in Figure 1, there is a marked
decrease in the titers of anti-Ova antibody
immune responsiveness to Ova (saline-fed
groups) of 70-week-old mice when com-
pared to 8- or 25-week-old mice.

The maintenance of oral tolerance is not
altered by aging (Table 1). B6D2F1 mice
received 20 mg Ova by gavage at 8§ weeks of
age and were allowed to rest for 62 weeks
after which (at 70 weeks) they were tested
for serum anti-Ova antibodies. They were
then re-immunized with Ova in Al(OH);,
boosted with 10 pg Ova after 21 days and
bled after 7 days. Animals in all groups
increased their anti-Ova antibody titers after
the booster but a significant difference be-
tween immune and tolerant mice was main-
tained. Therefore, it seems that aging influ-
ences the induction of oral tolerance but not
its maintenance. If antigen has already been
presented in early adult life, the same ani-
mals are able to either respond with high
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titers of anti-Ova antibodies or to recall their
previous tolerance status.

Several changes in immunological pa-
rameters are observed during aging. B and T
lymphocytes change in phenotype and rep-
ertoire. The ratio of activated T cells
(CD45RO) to resting T cells (CD45RA) in-
creases. In mice and humans, the patterns of
cytokines secreted by activated T cells change
significantly, with a reduction of IL-2, IL-3,
and GM-CSF and an increase of IL-4, IL-5,
IFN-y, IL-6 and IL-10 (40-43). Macrophage
production of IL-1 and TNF also changes
(44). There is a depression in early signal
transduction as well as a reduction in cal-
cium fluxes (45-48) in activated B and T
lymphocytes in old animals. The levels of
dimeric IgA produced in gut lamina propria
as well as the number of CD4™ T cells in
Peyer’s patches are significantly reduced in
old animals (49,50).

All of these aging-associated changes can
potentially interfere with the operation of the
immune system as a whole and systemic
phenomena such as tolerance are expected
to be altered by senescence. We believe,
however, that the discussion on the effect of
aging on oral tolerance invokes the very
mechanisms responsible for its induction
and maintenance (33).

Suppression vs anergy in oral
tolerance

The mechanisms underlying oral toler-
ance induction and maintenance are still elu-
sive but two proposals have been enthusias-
tically discussed in the recent literature: clonal
anergy and suppression by the differential
production of cytokines by specific T cell
clones.

Clonal anergy and clonal deletion are
concepts derived from the notion that im-
mune events are necessarily destructive and
require mechanisms of contention to cir-
cumvent immunological self-destruction. The
original suggestion that self-tolerance relies
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Table 1 - Maintenance of oral tolerance is not affected by aging.

B6D2F1 mice were fed either saline (normal and immune group) or 20 mg Ova
(tolerant group) by gavage 7 days before the primary immunization and booster. The
normal group was not immunized. The animals were classified as normal, tolerant and
immune, and then, allowed to rest for 62 weeks before being boosted again with 10 ug
Ova ip, 10 ug Ova + 1 mg Al(OH)3 and 10 ug Ova 7 days apart. Sera were collected 7
days after the last immunization and antibodies were measured by ELISA. ELISA
scores and significant differences between tolerant and immune groups were calcu-
lated as shown in the legend to Figure 1. *P<0.001 compared to the normal group.

Bleedings Normal Tolerant Immune
Pre-booster 163 + 24 189 + 62* 3224 + 265
Post-booster 154 + 45 4921 + 363* 11386 + 304
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on the deletion of self-reactive (forbidden)
lymphocyte clones was supported by the
experiments of Brent, Billingham and
Medawar on tolerance to allografts (51) and
formed the backbone of the clonal selection
theory of antibody formation created in the
1960°s by Burnet (52). These initial studies
showed that tolerance to allografts could
only be achieved early during the neonatal
period, suggesting that susceptibility to tol-
erance is a characteristic of immunologi-
cally immature hosts.

A whole array of findings in the last 30-
35 years have shown these convictions to be
basically incorrect. The original Brent,
Billingham and Medawar experiments them-
selves have been repeated (53) and have
shown that tolerant animals, far from delet-
ing alloreactive clones, maintain in their bod-

Figure 1 - Immune responses of
normal and orally tolerant B6D2F1
mice of different ages. Mice were
fed by gavage with either saline or
20 mg ovalbumin (Ova) 7 days be-
fore primary ip immunization with
10 pug Ova + 1 mg AI(OH)3. All ani-
mals were boosted ip with 10 pg
Ova 14 days later and sera were
collected 7 days after the booster.
Anti-Ova antibodies were meas-
ured by ELISA and the numbers
represent the running sum of ab-
sorbance ranging from 1/100 to 1/
3200 in one group (N = 6-8). Signifi-
cant differences between Ova-fed
and saline-fed groups were calcu-
lated by the two-tailed Student t
test. A significant difference
(P<0.001) between groups was ob-
served only in 8-week-old mice.

Braz ) Med Biol Res 31(1) 1998



38

Braz ) Med Biol Res 31(1) 1998

ies a large collection of these clones acti-
vated and coexisting with alloantigenic do-
nor cells throughout life.

The phenomenon of oral tolerance repre-
sents further strong evidence against these
ideas since its induction is diametrically op-
posite to allograft tolerance. Neonatal mice
are not susceptible to oral tolerance (54) but
may become susceptible if adoptively trans-
ferred with syngeneic lymphocytes from adult
donors (55). Thus, this is an active process
requiring some degree of systemic organiza-
tion.

Quite distantly from the neonatal period,
the susceptibility to oral tolerance induction
also wanes. Maturation to 20-25 weeks of
age reduces and living one to one-and-a-half
years (50-70 weeks) profoundly impairs the
ability of mice to become orally tolerant
(12,15). Some of these findings are discussed
here (Figure 1). These protracted changes
show that immunological activities comprise
an ongoing epigenesis which extends far
beyond the early phases of ontogenesis (56).

The clonal selection theory tried to ex-
plain tolerance based on three main prin-
ciples: a) immune activity is clone specific;
b) tolerance, as opposed to the immune re-
sponse, represents the absence of such spe-
cific immune activity, and c) tolerance, as a
negative event, should take place in early life
when immunocompetence is not yet com-
pleted.

Several recent reports still insist that tol-
erance must be achieved by the elimination
of specific lymphocyte clones but the prob-
lems raised by oral tolerance remain to be
solved. Anergy is a convenient mechanism
for the clonal theory since it provides an
explanation for how tolerance, as a clonal
negative event, may occur throughout life
and not only early in ontogenesis.

Clonal anergy has been described as op-
erative in the thymus as well as at the periph-
ery (57). Apparently, T cell receptor (TCR)
occupancy alone, in the absence of a second
costimulatory signal provided by antigen-
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presenting cells (APC), renders mature thy-
mic and peripheral T lymphocytes anergic
(58). This has been shown in normal or
cloned T cells stimulated with peptides pre-
sented by chemically modified APC (59),
purified MHC class Il molecules incorpo-
rated into planar lipid membranes (60), stim-
ulation with concanavalin A in the absence
of APC (61), or immobilized anti-CD3 anti-
body (62). In the anergic state, T cells are
rendered refractory to restimulation with APC
and Ag, and are unable to secrete IL-2 (58).
It has been suggested that oral tolerance
could also be a result of clonal anergy of
specific T cell clones, mostly Thl cells
(63,64). According to these reports, high
doses of orally administered antigen result in
systemic antigen presentation after antigen
passes through the gut and enters the sys-
temic circulation either as intact protein or
antigen fragments. Induction of clonal an-
ergy would occur by defective presentation
of the protein to the specific T lymphocytes.
Evidence supporting the anergy model in-
cludes the fact that spleen cells or lympho-
cytes isolated from rats made tolerant with
myelin basic protein (MBP) did not transfer
tolerance to naive recipients. In vitro cell
mixing studies have shown that the prolif-
eration of lymphocytes from MBP-sensitized
donors was not inhibited by the addition of
lymphoid cells from tolerant donors (64).
Other reports using Ova as antigen showed
that lymphocytes from Ova-tolerant mice
did not produce IL-2 or express IL-2R in
response to Ova stimulation in vitro (65).
The present results, obtained using a “high
dose” feeding protocol (20 mg Ova), again
argue against any subtractive mechanism un-
derlying oral tolerance establishment. Sus-
ceptibility to oral tolerance may completely
disappear in 70-week-old B6D2F1 mice
which are among the most susceptible strains
to ovalbumin tolerance induction when tested
at 7-10 weeks of age. Furthermore, the adop-
tive transfer of syngeneic spleen cells from
young B6D2F1 donors to old recipient mice
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may partially restore their susceptibility to
oral tolerance and, reciprocally, adoptive
transfer of cells from old donors to young
recipients decreases their susceptibility to
tolerance. On the other hand, transfer of
syngeneic spleen cells from young or neo-
nate (10 days old) BALB/c donors, which
are refractory to tolerance induction, to old
recipient mice fails to alter the lack of sus-
ceptibility to oral tolerance (66).

Therefore, the induction of oral tolerance
probably depends on a configuration of cells
and molecules present in young but not in
old mice (67,68). This configuration trans-
ferred by spleen cells seems to provide the
plastic connectivity between antibodies and
the lymphocytes that animals need to incor-
porate novel antigens into their immunologi-
cal activities. Transfer of susceptibility to
oral tolerance induction in our model rules
out the possibility of any negative mech-
anism such as anergy or clonal deletion as an
operative explanation for oral tolerance.

Interestingly, old mice receiving cells
from young mice and orally treated for toler-
ance induction have an isotypic profile closer
to that of young mice and different from that
of old mice. This observation suggests that
spleen cells were able to transfer not only the
susceptibility to oral tolerance induction pres-
ent in young mice but also its isotypic profile
(69).

Suppression does not imply a
differential activation of Th1
and Th2 clones

Another hypothesis indicates active sup-
pression by specific T lymphocytes as a
mechanism of oral tolerance establishment.

Early studies have associated the induc-
tion of oral tolerance with the activation of
suppressor T cells (20,29,70-72), but the
nature and the properties of such cells are
now disputed. Initially, CD8" T cells were
pointed out as the putative suppressor cells
(72). Many recent articles still suggest that

oral tolerance is due to the activation of
CD8" suppressor T cells (73,74). These re-
ports demonstrate that CD8" lymphocytes
can play a regulatory role in a number of
immune activities either through classical
cytotoxic effects on APC or via the produc-
tion of cytokines such as IFN-y and TGF-B.
However, other authors have shown that in
vivo depletion of CD8" cells at the time of
feeding had no effect on the induction of oral
tolerance, whereas depletion of CD4* cells
completely abolished the suppression of DTH
and the antibody response (75,76). It has
been suggested that cytokines secreted by
special subsets of CD4" T cells (Thl and
Th2) are involved. Cells belonging to the
Th1 subset appear to be more susceptible to
the induction of tolerance in vitro than Th2
cells (77) and Thl-mediated effector re-
sponses in vivo are more easily suppressed
than those requiring Th2 cells (78). Thus,
tolerance induced by feeding low doses of
antigen would reflect the preferential activa-
tion of Th2 cells with subsequent down-
regulation of Th1-dependent, cell-mediated
immune responses by Th2-derived cytokines
such as IL-4 and IL-10 (79).

However, Garside et al. (80) claim that
both Th1 and Th2 type responses are equally
susceptible to high dose oral tolerance in-
duction since oral administration of ovalbu-
min to BALB/c mice can suppress [FN-y as
well as IL-4 production by peripheral lymph
node cells. Moreover, an antigen-specific
unresponsiveness state can be induced in IL-
4~ mice that have a defective Th2 response.
Russo et al. (81) also reported oral tolerance
induction for a Th2 type response in an
experimental model of asthma. The new
murine model described consists of immu-
nizing mice with small fragments of solidi-
fied hen egg white injected into the subcuta-
neous tissue. After challenge, the animals
develop an intense and persistent lung eosi-
nophilia and histopathological findings that
resemble human asthma. Mice treated by the
oral route before immunization showed a
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Figure 2 - Oral tolerance drasti-
cally reduces the magnitude of
anti-ovalbumin (Ova) immune re-
sponses, but preserves the
isotypic profile of the antibodies
formed. Mice were treated as
described in the legend to Fig-
ure 1. The numbers above the
pies denote the global ELISA
score for the group. Each sec-
tion of the pie represents the
percentage of each isotype in
the overall antibody titer. Note
that IgG1 and IgG2a antibodies
are equally suppressed in the
tolerant group.
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decrease in eosinophilic infiltration in the
lungs as well as in serum IgE and IgGl
antibody production.

The present results support the data pub-
lished by Garside et al. (80). If differential
activation of Th2 clones occurred during
oral tolerance induction, it would imply a
selective suppression of the IgG2a isotype
and a change in the pattern of anti-Ova anti-
bodies produced by tolerant mice. However,
as shown in Figure 2, the isotypic patterns of
anti-Ova antibodies in 8-week-old tolerant
and immune mice are the same, indicating
that [gG1 and IgG2a are both suppressed in
mice rendered tolerant by gavage with a high
dose of antigen. The same result is illustrated
in Figure 3 where mice rendered tolerant
when young maintain their tolerant state and,
in addition, show a similar isotypic pattern
ofanti-Ova antibodies when challenged with
Ova when old. In the 70-week-old immune
control group, the anti-Ova antibody titers
continued to be higher throughout the ex-
periment (about one year) and they still con-
sisted predominantly of IgG1. After all chal-
lenges (Figure 3), normal and immune mice
kept their isotypic patterns but, in the toler-
ant group, there was a dramatic change in the
isotypic pattern of anti-Ova antibodies. A
shift in the proportion of antibodies pro-
duced from IgM to IgG (IgG1, IgG2a, 1gG2b,
IgG3) and IgA occurred in this group. There-
fore, after challenge, although tolerant mice
presented a low titer of anti-Ova antibodies,
their isotypic pattern was similar to that of
the immune control group. These data indi-
cate that tolerance maintenance as well as its
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induction result in the suppression of all
isotypes.

In conclusion, the data presented here do
not support the hypothesis of a differential
activation of cells belonging to the Th2 sub-
set as a mechanism to induce the suppres-
sion described in oral tolerance experiments,
nor do they support the idea of a subtractive
process such as anergy or deletion. They
indicate, on the contrary, that an active mech-
anism must be involved in oral tolerance
induction and, although an activation of Th2
cells cannot be regarded as a mechanism,
they do not rule out the possibility of regula-
tory cells being triggered by antigen feeding.
The ways by which these regulatory cells
would induce suppression might involve both
idiotypic interaction and cytokine release.
There are some reports on the secretion of
cytokines such as GM-CSF and IFN-y by
mesenteric lymph node cells from mice fed
ovalbumin 24 h before (82). It has also been
shown that oral tolerance to myelin basic
protein in rats is due to activation of CD8" T
cells which down-regulate Th-cell function
through the release of TGF-B (74,83). Many
reports also indicate that idiotypic connec-
tivity is involved in tolerance induction.

Mechanisms of tolerance/aging
and idiotypic connectivity

There are a series of experiments dis-
proving the idea that immunological toler-
ance is a negative process. For instance, in
mice made tolerant to allografts during the
neonatal period, the suppressed alloreactive
lymphocytes belong to a population of large
activated lymphocytes (53). This possibility
also applies to self-tolerance (84,85), sug-
gesting that tolerance depends on the addi-
tion of certain types of activated lympho-
cytes rather than on their subtraction.

If the development of oral tolerance is
similar to tolerance to self components, it
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might depend on the inclusion of specific
activated lymphocyte precursors into self-
maintained idiotypic lymphocyte circuits. In
young animals, these endogenous circuits
would be plastic enough to change upon
contact with new elements in the diet. In this
case, plasticity may depend on the use of V-
gene families which allow a loose connec-
tivity of the lymphocytes (68). In older ani-
mals, tighter connections resulting from im-
munological experience would be a hin-
drance to this plasticity. Mouse strains which
display abnormal patterns of idiotypic con-
nectivity when young are susceptible to au-
toimmune defects and tend to be refractory
to oral tolerance induction (12,15,37,84).
Aging is associated with a progressive de-
cline in antibody responsiveness (see Figure
1) to foreign antigens, such as bacterial pro-
teins, and SRBC, paralleled by a progressive
rise in the production of self-reactive (auto)
antibodies (67,86,87). Accordingto Weksler
et al. (67), most of the auto-antibodies pro-
duced by old mice react with each other and
their rise with aging results, at least in part, in
an increased connectivity of the immune
system. Studies on the auto-anti-idiotypic
antibody response in young and old mice
support this hypothesis (84,88,89), indicat-
ing that aging represents a cross-wiring of
the reactivities within the system and, conse-
quently, an inevitable loss of ability to react
with novel antigens.

Therefore, changes in immune activity
with aging may be related to changes in the
patterns of idiotypic connectivity among lym-
phocytes. Our results are consistent with this
hypothesis. Both oral tolerance and immuni-
zation against a novel antigen are impaired
in old mice (Figure 1) whereas the mainte-
nance of these two kinds of immune activi-
ties is preserved for antigens already pre-
sented to the animal in early life (Table 1).
Possibly, induction of oral tolerance requires
incorporation of novelty into the dynamics
of the immune system whereas its mainte-
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nance represents the recursion of already
established circuits.

Oral tolerance and the rate of
antigen intake

A factor known to be important for the
establishment of oral tolerance is the rate of
antigen intake. The most efficient way to
induce oral tolerance is the continuous ad-
ministration of the antigen at small doses.
Experiments in mice (10) and guinea pigs
(23) demonstrated that ingestion of Ova for
several consecutive days was able to sup-
press the delayed hypersensitivity and serum
antibody responses to a subsequent injection
of the antigen in complete Freund’s adju-
vant. On the other hand, the animals were
anaphylactically sensitized if the antigen was
introduced in their diet all at once.

According to Stokes et al. (90), tolerance
induction is related to a gradual and continu-
ous absorption of the antigen. These authors
showed that administration of 25 mg Ova to
CBA and SWR/J mice by the intragastric
route for 14 days did not induce tolerance
but if the antigen was voluntarily ingested
throughout the day in the same amounts, the
animals could be rendered tolerant. Thus,
continuous contact with the antigen appears
to be necessary to trigger the tolerance cir-
cuits.

We tested oral tolerance induction by
two different protocols: a single gavage of
20 mg Ova or voluntary ingestion of 4 mg/ml

41

Figure 3 - Isotypic pattern of anti-
Ova antibodies in 70-week-old
mice orally treated when 8
weeks old and boosted after 52
weeks. Mice were treated as de-
scribed in the legend to Table 1.
The numbers above the pies de-
note the global ELISA score of
the groups. Note that the
isotypic profile of tolerant mice
is closer to that of normal mice
before the booster and re-
sembles the profile of the im-
mune group after the booster.
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Figure 4 - Voluntary ingestion of
antigen on consecutive days is
more effective than a single ga-
vage for oral tolerance induction.
B6D2F1 mice of different ages
were treated either by a single
gavage administration of 20 mg
ovalbumin (Ova) or by voluntary
ingestion of a solution of 4 mg/
ml Ova in drinking water for 5 to
10 days. The animals were im-
munized 7 days after the last oral
treatment and boosted 14 days
thereafter. ELISA scores and sig-
nificance were calculated as de-
scribed in the legend to Figure
1. Only 8-week-old (P<0.001)
and 25-week-old mice (P<0.025)
could be made tolerant by a
single gavage administration of
Ova, whereas voluntary inges-
tion was effective for all groups
treated with Ova (P<0.001).
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Ova solution for 5 or 10 days (the normal
daily drinking volume of a mouse is approxi-
mately 5 ml, so the animals ingest approxi-
mately 20 mg Ova per day). As expected, 5-
day voluntary ingestion of Ova was signifi-
cantly more efficient for oral tolerance in-
duction than a single feeding of 20 mg Ova
(Figure 4). In 8-week-old B6D2F1 mice,
both protocols were highly effective in in-
ducing oral tolerance but the serum antibody
titers after voluntary ingestion of Ova were
even lower than after the single feeding pro-
tocol. Voluntary ingestion of Ova for 5 days
induced tolerance in 25-week-old B6D2F1
mice whereas a single feeding procedure did
not. Furthermore, 70-week-old B6D2F1
mice, which are totally refractory to oral
tolerance induction by a single gavage of
Ova (Figure 1), can be rendered tolerant by
voluntary ingestion of Ova. Ingestion for 5
days resulted in moderate suppression and
ingestion for 10 days was highly effective.

Different antigen-presenting cells and
cytokines may be triggered by differ-
ent ways of antigen ingestion

The difference between the two proto-
cols may be due to the way the antigen is
processed and presented by mucosal anti-
gen-presenting cells (APC). The first and
obvious distinction is the antigen loading.
When a high dose of antigen enters the mu-
cosal lymphoid tissue at once, probably all
APC available are recruited to process and
present the protein, whereas when the same
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amount of protein is gradually administered
in small doses, only the most efficient APC
(dendritic cells) are mobilized. This differ-
ential presentation may trigger different path-
ways of T cell activation resulting, for in-
stance, in a distinct profile of cytokine re-
lease.

Alternatively, the two protocols may lead
to a distinct degree of antigen luminal diges-
tion. In a voluntary ingestion regimen, anti-
gen administered in continuous small a-
mounts would be more exposed to digestive
enzymes present in the intestinal lumen than
a large amount of protein fed as a bolus. The
result of a more extensive luminal process-
ing of antigen may be a decrease in the
requirements for processing by APC in the
gut and differences in T cell responses, inas-
much as different epitopes may be displayed.

Several groups have recently focused on
APC in the gut as potential regulators of
mucosal immune responses. There are anum-
ber of cell types that can process and present
antigens in the intestinal lymphoid tissue:
macrophages, dendritic cells, B cells present
in Peyer’s patches and lamina propria as
well as the intestinal epithelial cells (91,92).
Antigen-presenting cells in the lamina pro-
pria and Peyer’s patches use the classical
class I or class Il presentation pathway de-
pending on whether the antigen gains access
to the cytoplasm or to the endosomic com-
partments of the cell (93). Intestinal epithe-
lial cells, however, seem to take up soluble
antigens and transport them by the endolyso-
somal route but they do not use class [l MHC
as restriction elements for peptide presenta-
tion. Instead, products of antigen processing
within gut epithelial cells seem to associate
with CD1b molecules and the antigen pres-
entation process is very inefficient (94). The
preferential subpopulation of T cells acti-
vated by these APC are CD8" (95) although
it is not clear yet which other molecules are
involved in cell-to-cell interactions. There-
fore, several data support the idea that anti-
gen presentation in gut lymphoid tissue may
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have unusual characteristics depending on
the way the antigen is absorbed (95).

Our hypothesis that antigen uptake by
voluntary ingestion would result in recruit-
ment of APC distinct from that triggered by
single gavage was tested in two experiments.
First, we measured the isotypic profile of the
anti-Ova antibodies induced in tolerant mice
by the two protocols assuming that B cells
become committed to producing different
isotypes depending on the cytokines released
by T helper cells. On the other hand, T-cell
commitment to patterns of cytokine secre-
tion could be altered by the way these cells
are activated by different antigen-presenting
cells. Second, we tested a protocol of toler-
ance induction using intravenous (iv) injec-
tion of Ova cleaved by cyanogen bromide
(CNBr-Ova) and measured the isotypic pro-
file of antibodies produced by this protocol.
This alternative iv procedure was designed
to investigate the role of previous digestion
of antigen in tolerance induction.

Figure 5 shows the isotypic pattern of
anti-Ova antibodies in 8-week-old mice
treated by the oral route with a single gavage
of saline, a daily gavage of 20 mg Ova or
voluntary ingestion of 4 mg/ml Ova in water
for 5 days. All mice were challenged with
Ova in adjuvant 7 days after the last oral
exposure and sera for antibody testing were
collected 7 days after the booster. As previ-
ously shown in Figure 2, oral tolerance in-
duction by a single gavage induced a sup-
pression of all isotypes. However, the volun-
tary ingestion protocol resulted in differen-
tial suppression of IgG1 and a compensatory
increase in the proportion of I[gM antibodies.
These results suggest not only that continu-
ous feeding is a more efficient protocol for
oral tolerance induction, but also that it trig-
gers different pathways of T and B cell acti-
vation.

Observing the low levels of anti-Ova an-
tibodies induced in mice made tolerant by
voluntary ingestion of Ova, one can argue
that the antibody titers are so low that they
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represent only natural IgM antibodies pres-
ent in normal serum and that the isotypic
profile simply shows the total absence of B
cell activation by ovalbumin. In the follow-
ing experiments, however, we confirm the
present data under different conditions.

B6D2F1 mice injected iv with 500 pg
CNBr-Ova 7 days before ip immunization
with Ova in adjuvant showed a significant
decrease in anti-Ova antibody titers as com-
pared to a control group injected iv with
saline (Figure 6). On the other hand,iv injec-
tion of the same dose of native ovalbumin
did not suppress the immunization to the
protein. This result indicates that cleavage of
the antigen, such as the degradation of pro-
teins in the intestine, may have an important
role in tolerance induction.

Curiously, the isotypic pattern of anti-
Ova antibodies from mice rendered tolerant
by iv injection of CNBr-Ova shown in Fig-
ure 6 is closely similar to the voluntary-
ingestion-tolerance pattern. There is a clear
suppression of IgG1 antibodies and a rela-
tive increase in IgM levels. Mice made toler-
ant by a single gavage of 20 mg Ova again
show suppression of all isotypes as com-
pared to the control immune group. Injection
of 500 ug Ovaivdid not induce tolerance but
triggered a change in the pattern of antibod-
ies produced.

The levels of serum antibodies in mice

43

Figure 5 - Mice treated by ga-
vage and voluntary ingestion
of ovalbumin (Ova) show a dif-
ferent pattern of suppression
of their anti-Ova immune re-
sponse. B6D2F1 mice at 8
weeks of age were treated
with either salinene by ga-
vage, one gavage of 20 mg
Ova, voluntary ingestion of 4
mg/ml Ova for 5 days, or b
consecutive daily gavages of
20 mg Ova. All mice were im-
munized as described in the
legend to Figure 1. All oral
treatments induced oral toler-
ance (P<0.001) while volun-
tary ingestion and 5 gavages
of Ova induced a preferential
suppression of IgG.
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Figure 6 - Previous cleavage of
the antigen influences tolerance
induction. Eight-week-old B6D2
F1 mice were treated with 20
mg ovalbumin (Ova) by gavage
or by intravenous injection of
500 pg native Ova or 500 g of
cyanogen bromide-treated Ova
(CNBr-Ova) 7 days before jp im-
munization. All mice were im-
munized as described in the leg-
end to Figure 1. The numbers
above the pies indicate the glo-
bal ELISA score of each group.
Both oral treatment with Ova
and ivinjection of CNBr-Ova in-
duced oral tolerance (P<0.001)
but cleavage of the antigen led
to a preferential suppression of
IgG.
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rendered tolerant by iv injection of CNBr-
Ova shown in Figure 6 are not as low as
those illustrated in Figure 4, although we
observed an equivalent alteration in the
isotype profile. This result suggests that an
interference with the presentation of anti-
gen, in this case by its cleavage, may result in
a different activation of the B cells reactive
to the antigen. It also reinforces the possibil-
ity that the isotypic changes triggered by the
voluntary ingestion protocol (Figure 5) do
not represent a numerical artifact.
Therefore, our data indicate that the rate
of antigenic intake could alter not only the
efficiency but also the pathway of tolerance
induction. In addition, the experiments re-
ported here suggest that both the loading of
APC and the partial digestion of the antigen
are plausible hypotheses to explain the effi-
ciency of the voluntary ingestion protocol.
Experiments performed with slow intra-
venous antigen infusion indicate that the rate
of antigenic entry into the circulation per se
is neither relevant for the efficiency nor de-
terminant for the occurrence of oral toler-
ance. Using Harvard infusion pumps and
Alzet osmotic pumps, which deliver antigen
iv for 1 h and ip for 24 h, respectively,
Stransky (96,97) demonstrated that slow
parenteral infusion of Ova is not sufficient to
induce tolerance in 8-week-old B6D2F1
mice. We were thus left with the hypothesis
that the rate of antigen entry was a funda-
mental requirement in the oral route. Con-

A.M.C. Faria et al.

tact through mucosal tissues may involve
other important factors such as previous di-
gestion of the antigen, interaction with sev-
eral lymphoid and non-lymphoid popula-
tions only present there, typical cytokines,
and a number of other unique molecules
about which little information is available.

In order to test this hypothesis, we de-
signed a protocol comparing voluntary in-
gestion of ovalbumin and consecutive
gavages as regimens for oral tolerance in-
duction in susceptible B6D2F1 mice. Ani-
mals were treated for 5 consecutive days
either by a daily gavage of 20 mg Ova or by
voluntary ingestion of 4 mg/ml Ova in their
drinking water. We analyzed the efficiency
of these treatments in inducing oral toler-
ance and the isotypic profile of antibodies
produced always comparing them with the
single gavage protocol.

Figure 5 shows that, at least for young
mice, 5 daily consecutive gavages are as
efficient as voluntary ingestion of the same
dose of ovalbumin for 5 days for oral toler-
ance induction as compared to the single
gavage protocol. Further experiments, using
old mice, will help elucidate whether re-
peated gavages would be able to replace
continuous feeding as an efficient method to
induce oral tolerance in these refractory ani-
mals.

The isotypic profile of anti-Ova antibod-
ies induced by a 5-gavage protocol is shown
in Figure 5 along with the profiles of volun-
tary ingestion, single gavage and saline pro-
tocols. The pattern of isotypes induced by
the 5-gavage protocol is similar to that in-
duced by the voluntary ingestion regimen.

Results from these last experiments dem-
onstrate that, in young mice, a multiple feed-
ing protocol leads to a suppression compa-
rable to that achieved by a continuous feed-
ing of the same antigen.

We know from previous studies in adult
and old mice (12,32) that intermittent expo-
sures to an antigen by oral route do not
induce tolerance but may lead to systemic
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immunization. On the other hand, consecu-
tive contacts with the same dose of antigen
do not induce oral immunization. Therefore,
episodic oral exposures appeared to be ideal
for oral immunization whereas both repeti-
tive and continuous oral contacts with a
protein, such as in our daily meals, are suffi-
cient to trigger the circuits responsible for
oral tolerance induction.

The cellular and molecular components
involved in the suppression observed as the
oral tolerance phenomenon probably depend
on reiterated stimulation, either because their
action is of short duration (such as cytokine
activities) or because they are quickly re-
newed (such as surface molecules).

Conclusion

The formation of antibodies as well as
the class of immunoglobulin produced is a
process dependent on T cell stimulation of
the B cells. A large amount of evidence
indicate that the B-T cell interaction and
cytokines released by T cells are determi-
nant for the immunoglobulin class switch
(98-100). Since we were using the suppres-
sion of specific antibody production as a
parameter for studying oral tolerance, we
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