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Oral administration of a soluble protein leads to immu-
nological tolerance to this antigen [1, 2]. This can be dem-
onstrated experimentally by feeding a protein antigen and
testing the immune response against the same antigen fol-
lowing parenteral sensitization [3]. Suggested mechanisms
to explain antigen-driven tolerance include clonal deletion
[4, 5], clonal anergy [6, 7] and active suppression [8–10].
In the last case, suppressor cells can be triggered through
an antigen-specific mechanism, but their effect may act in
a nonspecific manner by the release of certain cytokines
such as interleukin (IL)-10 or transforming growth factor-
β (TGF-β) [8, 11]. Such production of antigen nonspecific
suppressive cytokines can also result in diminished res-
ponses to an unrelated antigen in the close vicinity, known
as bystander suppression [12]. Bystander suppression has
been demonstrated in several autoimmune disease models,
including suppression of experimental allergic encephalo-
myelitis by feeding myelin basic protein [11, 13] or oval-
bumin [12], suppression of antigen-induced arthritis by
type II collagen [14, 15] and suppression of virus-induced
diabetes by insulin [16]. In a rat model of focal cerebral
ischaemia, tolerance to myelin basic protein decreased stroke
size [17]. Initial human trials using oral administration of
antigen have shown positive results in patients with multi-
ple sclerosis and rheumatoid arthritis, and a phase III trial

of oral myelin in multiple sclerosis patients as well as
phase II trials of orally administered type II collagen in
rheumatoid arthritis, S-antigen in uveitis and insulin in type
I diabetes are in progress [18]. Theoretically, bystander
suppression can be a promising approach to treat allergic
diseases, especially if the disease-inducing antigen is not
known or several antigens are synergizing in the patho-
genesis of the disease.

Trimellitic anhydride (TMA) is a hapten, capable of in-
ducing occupational asthma [19]. Animal models using
TMA have shown increased levels of immunoglobulin (Ig)
E and IgG anti-TMA antibodies after sensitization [20]
as well as increased airflow obstruction, plasma exudation
and eosinophilic inflammation in the airways after antigen
challenge [21, 22]. In studies evaluating bystander sup-
pression in animals made tolerant by ingestion of antigen,
the bystander antigen has been a protein in most cases [10,
12, 23]. The availability of a clinically relevant and re-
producible model of asthma, using a hapten antigen, pro-
mpted the investigation of whether bystander suppression
affects the response to the hapten TMA. It was hypothe-
sized that bystander suppression has the capacity to atten-
uate the response to the hapten and that such attenuation is
also accompanied by reduced airway eosinophilia after
aerosolized antigen challenge.
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ABSTRACT: Feeding a soluble antigen to an animal is known to cause a state of
unresponsiveness against this antigen. If this antigen is given together with another
antigen during the sensitization procedure, impairment of the response to the new
antigen can also be seen, a phenomenon referred to as bystander suppression. The
induction of tolerance against ovalbumin (OvA) and the effect of bystander suppres-
sion on the response to the hapten trimellitic anhydride (TMA), a cause of occupa-
tional asthma, were studied in Brown-Norway rats.

Rats were fed either OvA-containing pellets or standard diet for 16 days before
sensitization with the mixture of TMA and OvA. The animals were followed for 6
weeks after sensitization.

Animals made tolerant to OvA showed a significantly suppressed delayed-type
hypersensitivity (DTH) reaction against both OvA and TMA compared with the non-
tolerized control group at 5 weeks after sensitization, implying bystander suppres-
sion. By contrast, immunoglobulin (Ig)E and IgG antibody levels were suppressed
only against OvA, whereas anti-TMA antibody levels were not affected. Airway eosi-
nophilia after a single aerosol challenge at 6 weeks after sensitization using TMA con-
jugated to rat serum albumin, correlated with IgE anti-TMA levels in the group made
tolerant to OvA and was not affected by OvA ingestion.

In conclusion, suppressive factors released in ovalbumin-tolerant rats when they
are challenged with ovalbumin, can suppress the response to trimellitic anhydride and
this suppression is more pronounced for T-helper1-type responses.
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Materials and methods

Animals and study design

Experimental design of the study is shown in figure 1.
Twenty 7–8 week old male Brown Norway rats (Harlan
UK, Oxon, UK), weighing 150–195 g, were divided into
two study groups (n=10 in both groups). To induce toler-
ance to ovalbumin (OvA), one group was fed OvA-con-
taining pellets (AnalyCen, Lidköping, Sweden), in which
half of the standard protein content had been replaced with
equal parts of egg protein and milk whey protein [24], for
16 days, a period used effectively for induction of oral tol-
erance in other studies [8]. The control group received
standard diet for the same period. From day 17 all rats
were given a standard diet. Six days after the removal of
the OvA-pellets (3 weeks after the beginning of the study),
all rats were sensitized with a mixture of 300 µg of OvA
and 300 µg of TMA in 100 µL of corn-oil and 100 µL of
Freund's complete adjuvant (FCA), given as two intrader-
mal injections 24 h apart on each side of the back of the
animal. The rats were then followed for 6 weeks, during
which period repeated blood samples were taken and de-
layed-type hypersensitivity (DTH) was evaluated as des-
cribed below. Nine weeks after the beginning of the study
(6 weeks after sensitization) rats were challenged with 0.3%
of aerosolized TMA conjugated to rat serum albumin (TMA-
RSA) for 15 min in a chamber. Aerosol was generated by
a nebulizer (Maxin MA2; Clinova Medical AB, Malmö,
Sweden). Twenty-four hours after the challenge final blood
samples were collected and lungs were removed from the
thoracic cavity and fixed in formalin for making histology
samples.

Delayed-type hypersensitivity

DTH response was evaluated 5 weeks after sensitiza-
tion, because high levels of anti-TMA antibodies have
previously been detected at that time point [20]. The DTH
response to OvA and TMA was evaluated by intradermal
injection of 20 µL of 0.3% of OvA in phosphate-buffered
saline (PBS) in one ear and 20 µL of 0.3% of TMA in
olive oil in the other ear. The ear thickness was measured
in a blinded fashion before and 24 h after injection, using
a micrometre calliper (Oditest; Kröplin, Hessen, Germany).
The DTH response was expressed as the increase in ear
thickness.

Enzyme-linked immunosorbent assay for assessment of spe-
cific immunoglobulin E and G antibodies

Blood samples for the evaluation of IgE and IgG anti-
body levels were collected by tail bleeding before induc-
tion of tolerance, before the sensitization and 1.5, 3, 4 and
6 weeks after sensitization. To evaluate IgE and IgG anti-
OvA and anti-TMA antibody levels, microtitre plates (Corn-
ing Glass Works, Corning, NY, USA) were coated with 5
µg·mL-1 of OvA or TMA-RSA in PBS coating buffer (PBS
with 0.05% Tween-80), covered with plastic wrap and in-
cubated overnight at 4°C in a humid atmosphere. Serum
samples in double dilutions starting from 1:20 for IgE and
from 1:100 for IgG were then added to the plates and
incubated at 4°C overnight or at room temperature for 2h,
respectively. Bound anti-OvA and anti-TMA antibodies
were detected by incubating the plates with sheep anti-rat
IgE antibodies (epsilon chain) (1:4,000; ICN Biomedicals,
Aurora, Ohio, USA) or rabbit anti-rat IgG antibodies
(1:10,000; Zymed Laboratories, San Francisco, CA, USA),
followed by incubation with alkaline phosphatase-conju-
gated ligands, affinity-purified rabbit anti-sheep IgG anti-
bodies (1:10,000; ICN) or goat anti-rabbit IgG antibodies
(1:10,000, Sigma Chemical Co., St Louis, MO, USA), res-
pectively. Finally, a chromogen p-nitrophenyl phosphate
substrate (PNPP) (Sigma) dissolved in diethanolamine buf-
fer pH 9.8 (1.0 mg of PNPP in 1.0 mL buffer) was added
to visualize the bound ligand and the absorbance was read
at 405 nm using a spectrophotometer (Labsystems Multi-
scan Multisoft; Labsystems Oy, Helsinki, Finland). Bet-
ween every incubation the plates were washed four times
with PBS with 0.05% Tween-80. The antibody levels are
expressed as arbitrary ELISA units calculated by compar-
ing absorbance values of different dilutions of the test sera
with a standard curve from hyperimmune rat serum using
a computer program written by U. Dahlgren.

Histology for airway eosinophilia

Slides for histology were cut from formalin-fixed lungs
and stained with haematoxylin and eosin. Eosinophils in the
bronchial mucosa were counted under a light microscope
(Olympus BH-2; Olympus Optical Co., Tokyo, Japan)
at magnification 40× in 40 high-power field areas along
the airway, from the lobar bronchi to the terminal bronchi-
oli for each sample.

Data analysis

Results are presented as mean±SEM. The statistical com-
parisons between the groups were performed using the
Mann-Whitney U-test. To evaluate the production of anti-
OvA and anti-TMA antibodies during the post-sensitiza-
tion period, the area under the curve (AUC) from before
sensitization until week-4 post-sensitization, was calcu-
lated by combining individual measured time-points. The
latter time-point of week-4 was chosen to avoid interfer-
ence from re-exposure to antigens during DTH reaction.
Spearman rank correlation was used for evaluation of cor-
relation between airway eosinophilia and IgE anti-TMA anti-
bodies. A p-value <0.05 was considered to be significant.

OvA feeding (n=10)

Ordinary food (n=10)

Time point  weeks
-3 -1 0 1.5 3 4 5 6

Airway
eosinophilia

Sensitization
0.3% OvA + 0.3% TMA
+ adjuvant DTH Challenge

Fig. 1.  –  Experimental design of the study. Arrows indicate time points
of taking serum samples. OvA: ovalbumin; TMA: trimellitic anhydride;
DTH: delayed-type hypersensitivity.
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Results

Delayed-type hypersensitivity

The DTH reaction, evaluated 24 h after antigen injection,
was significantly weaker in animals made tolerant to OvA
than in control animals against both OvA (mean increase
in ear thickness, expressed as µm×10, 4.1±0.9 versus 10.9±
1.7, p=0.005) and TMA (40.7±3.6 versus 53.6±3.8,
p=0.03) (fig. 2), indicating tolerance against OvA and
bystander suppression of the T-helper (Th)1 response
against TMA in OvA-fed rats.

One rat from the group made tolerant to OvA was ex-
cluded from the analysis after TMA injection in the ear,
because a marked haematoma developed at the injection site.

Immunoglobulin E and G antibody levels

Anti-OvA and anti-TMA antibodies were undetectable
at baseline (figs. 3 and 4). After 16 days of OvA feeding

all OvA-fed animals produced low levels of IgG anti-OvA
antibodies (510±140 enzyme-linked immunosorbent assay
(ELISA) units), but not IgE anti-OvA antibodies. These
IgG anti-OvA antibody levels were significantly higher than
in the control group (p<0.001), in which levels of both
IgG and IgE anti-OvA antibodies were undetectable (fig. 4).

Following sensitization with TMA and OvA, five out of
10 rats made tolerant to OvA and eight out of 10 control
rats produced detectable levels of IgE anti-OvA antibod-
ies 1.5 weeks after sensitization, while all rats produced
detectable levels of IgE anti-TMA antibodies at the same
time point (fig. 3). For statistical evaluation of antibody
levels, the AUC from before sensitization until week 4
post-sensitization was calculated. The levels of IgE anti-
OvA antibodies were significantly lower in animals made
tolerant to OvA than in the control group (AUC 290±
110 versus 1,800±430 ELISA units·week, respectively, p=
0.003), indicating tolerance against OvA in OvA-fed rats.
However, the levels of IgE anti-TMA antibodies were not
significantly different between the two study groups (AUC
2,410±390 in rats made tolerant to OvA versus 1,640±230
in the control group), implying that bystander suppression
in rats made tolerant to OvA was not present for the Th2
response. DTH evaluation, performed at week 5 after sen-
sitization, was followed by a sharp increase in IgE anti-
body levels in both groups. However, this challenge did
not alter the established patterns of antibody levels. The
final levels for IgE anti-OvA antibodies were 770±130
ELISA units in OvA-tolerized versus 7,100±1,250 in the
control group (p<0.001) and for IgE anti-TMA antibod-
ies 33,500±8,050 versus 18,800±4,750 (p=0.17), respec-
tively.

Following sensitization with OvA and TMA all rats pro-
duced both IgG anti-OvA and anti-TMA antibodies, mea-
surable from 1.5 weeks post-sensitization and onwards
(fig. 4). During 4 weeks following sensitization the re-
lative increase in IgG anti-OvA antibodies above pre-
sensitization levels was significantly lower in rats made
tolerant to OvA than in the control group (AUC above
presensitization levels 7,200±1,710 versus 17,300±4,370
ELISA units·week, p=0.049), although there were no dif-
ferences in overall IgG anti-OvA levels between the two
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Fig. 2.  –  Delayed-type hypersensitivity reaction against a) ovalbumin
(OvA) and b) trimellitic anhydride (TMA) measured as an increase in
ear thickness 5 weeks after sensitization with a mixture of OvA and
TMA. Each symbol represents one rat.        : indicates the mean of the
group. +: p=0.03; #: p=0.005.
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Fig. 3.  –  Immunoglobulin (Ig) E antibodies in serum against a) ovalbumin (OvA) and b) trimellitic anhydride (TMA) at different time points.        : rats
made tolerant against OvA by ingestion before sensitization (BS);         : nontolerant rats (n=10 in both groups). The area under the curve from before
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(p=0.003), but not for IgE anti-TMA antibodies. The data are shown as means±SEM. ND: not detectable; ELISA: enzyme-linked immunosorbent assay;
BF: before feeding. ↓: delayed-type hypersensitivity at 5 weeks. ***: p<0.001.
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groups (AUC for total levels of IgG anti-OvA antibodies
9,200±1,670 versus 17,300±4,370, p=0.13). The levels of
IgG anti-TMA antibodies were not significantly different
between the two study groups (AUC 9,600±950 versus
7,400±1,710). This confirmed the presence of tolerance
against OvA in OvA-fed rats but lack of bystander sup-
pression against TMA for the Th2 response. Again, there
was a sharp increase in the antibody levels after DTH
evaluation, the final levels for IgG anti-OvA antibodies
being 8,900±1,350 ELISA units in rats made tolerant to
OvA versus 55,500±11,200 in the control group (p<0.001)
and for IgG anti-TMA antibodies 39,100±10,100 versus
28,400±4,470 (p=0.65), respectively.

Airway eosinophilia

There were no differences in the number of eosinophils
in bronchial mucosa 24 h after challenge with TMA-RSA
between the two groups (74.1±21.1 eosinophils per count-
ed area in rats made tolerant to OvA versus 62.5±19.7
eosinophils in the control rats). The airway eosinophilia
correlated with the IgE anti-TMA antibodies, measured at
the same time point, in the group made tolerant to OvA
(r=0.67, p=0.044), but not in the control group (r=0.21).

Discussion

In the present study the presence of bystander suppres-
sion to the hapten allergen TMA was demonstrated in
OvA-tolerant rats. Both the DTH reaction (marker of Th1
involvement) and the levels of IgE and IgG antibodies
(Th2) were suppressed to OvA. However, the response to
TMA was suppressed only for the DTH reaction, while
the IgE and IgG anti-TMA antibodies and airway eosi-
nophilia after a single allergen exposure were unaffected.

Previous studies demonstrating bystander suppression
have, in most cases, used foreign proteins as bystander
antigens [10, 12, 23]. The present study was able to show

that bystander suppression also influences the response to
a hapten, known to be immunogenic only upon binding to
a protein carrier, in this case probably a self-protein. It has
previously been shown that TMA induces an immune
response after forming a link with a lysine residue of auto-
logous proteins and that the antibody response in that case
is directed against new antigenic determinants which are
formed upon conjugation of the hapten with the protein
[25]. Thus, the response to a hapten-modified self-protein
is also affected by bystander suppression.

In animal models bystander suppression has been shown
to attenuate both Th1 and Th2 responses, the latter gener-
ally being evaluated by suppressed IgE antibody levels
[23]. The present authors wanted to assess the involve-
ment of another Th2 marker, development of airway eos-
inophilia after allergen challenge. Possible attenuation of
airway eosinophilia might have clinical importance, since
some previous studies have found that airway eosinophilia
is closely related to increased bronchial hyperreactivity
[26], although this is not a constant finding [27]. However,
infiltration of eosinophils into the airways 24 h after aero-
sol challenge with TMA-RSA was not attenuated in the
group made tolerant to OvA in the present study. The data
do not exclude that a simultaneous challenge with tolerance
inducing and bystander antigens might give a different re-
sult, as for the development of eosinophilic inflammation
in animals made tolerant by ingestion.

Previous studies using antigen feeding as means of gen-
erating peripheral oral tolerance have shown that tolerance
preferably occurs on the Th1 level [28–30], while the Th2
response often appears to be intact. Similar difficulties in
generating Th2 tolerance were seen in experimental mod-
els in which tolerance was induced by the i.p. administra-
tion of soluble antigen [31, 32]. It has been suggested that
this is due to a rapid physiological clearance of proteins or
protein fragments from the circulation by glomerular fil-
tration [33], so that they cannot provide an adequate signal
for the induction of Th2 tolerance; Th2 are known to be
more resistant to tolerance than Th1 lymphocytes [34]. Thus,
it has been shown that a single high dose of OvA induces
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Th1-tolerance [30], which can be extended to include Th2-
type responses by increasing the length of administration
of soluble antigen to 20 days [35]. In the present study,
suppression of IgE anti-OvA antibody production could
be induced with 2 weeks of continuous feeding of high
doses of OvA before sensitization. However, the same
feeding regimen did not alter the development of IgE anti-
bodies against the bystander TMA antigen, implying that
it is even more difficult to induce Th2 suppression on a
bystander level.

A critical point in induction of bystander suppression is
the method of sensitization. Thus, it has been demon-
strated that in rats, made tolerant to OvA by ingestion, the
suppressed T- and B-cell response to an unrelated antigen,
human serum albumin (HSA), was present only if sensiti-
zation was performed with a mixture of OvA and HSA.
When rats were sensitized to OvA and HSA on two se-
parate sites on the back of the animal, there was no dif-fer-
ence in the response to HSA in rats made tolerant by
ingestion and nontolerant rats [23]. The latter finding also
excluded the possibility of shared epitopes between the
two antigens. The importance of the sensitization site was
further stressed by MILLER et al. [12], demonstrating that
bystander suppression can be induced even if the two anti-
gens were injected 8 h apart, but at the same site. Thus, the
same injection site for sensitization seems to be a more
important determinant in the induction of bystander sup-
pression than a similar time-point for sensitization. In the
present protocol, the sensitization to OvA and TMA was
performed using the mixture of these two antigens in the
same syringe and this can, therefore, not account for the
failure to induce bystander suppression of IgE.

In summary, these data provide evidence that feeding a
soluble antigen can induce tolerance to a bystander hapten
antigen if these antigens are administered together during
the sensitization and that this suppression preferably af-
fects T-helper 1-type responses.
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