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SUMMARY

The prevalence of food allergic diseases is rising and poses an increasing clinical problem.

Peanut allergy affects around 1% of the population and is a common food allergy associated

with severe clinical manifestations. The exact route of primary sensitization is unknown

although the gastrointestinal immune system is likely to play an important role. Exposure of the

gastrointestinal tract to soluble antigens normally leads to a state of antigen-specific systemic

hyporesponsiveness (oral tolerance). A deviation from this process is thought to be responsible

for food-allergic diseases. In this study, we have developed a murine model to investigate

immunoregulatory processes after ingestion of peanut protein and compared this to a model of

oral tolerance to chicken egg ovalbumin (OVA). We demonstrate that oral tolerance induction

is highly dose dependent and differs for the allergenic proteins peanut and OVA. Tolerance to

peanut requires a significantly higher oral dose than tolerance to OVA. Low doses of peanut are

more likely to induce oral sensitization and increased production of interleukin-4 and specific

immunoglobulin E upon challenge. When tolerance is induced both T helper 1 and 2 responses

are suppressed. These results show that oral tolerance to peanut can be induced experimentally

but that peanut proteins have a potent sensitizing effect. This model can now be used to define

regulatory mechanisms following oral exposure to allergenic proteins on local, mucosal and

systemic immunity and to investigate the immunomodulating effects of non-oral routes

of allergen exposure on the development of allergic sensitization to peanut and other food

allergens.
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INTRODUCTION

Oral tolerance is defined as a state of antigen-specific sys-
temic hyporesponsiveness induced by oral exposure to a
specific antigen. Oral tolerance can be considered the phy-
siological or default immune response to food antigens; its

effectiveness highlighted by the fact that a majority of the
population have lifelong clinical and immunological toler-
ance both to food antigens and to their gut flora.1 However,

an increasing incidence of adverse reactions to ingested

foods is being reported, which may reflect a failure of oral

tolerance induction or a breakdown of its maintenance.
Peanuts appear to consist of particular potent allergenic
proteins and the prevalence of peanut allergy is rising in
both children and adults, making it one of the most com-

mon food allergies in the UK and US.2–4 In addition,
peanut is more persistent than most other food allergies and
accounts for the majority of fatal and near-fatal food-

related anaphylaxis in all age groups.5 Immunologically,
only immunoglobulin E (IgE)-mediated Type I allergic
reactions are known for certain to play a major role in food

allergy.6 However, the mechanisms by which the normal
immune system responds to food allergens, and the mech-
anisms involved in food allergy and ⁄or peanut allergy
remains essentially unresolved. Maturity of the animal and

the dose of antigen administered is known to play a role in
the induction of oral tolerance.1 Babies may be sensitized
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in utero or by oral exposure to peanut in infancy from
breast milk, formula milks made with peanut oil, vitamin
supplements and weaning foods that contain peanut or
peanut oil with small amounts of peanut protein.

Oral administration of soluble proteins is normally an
effective way of inducing specific systemic immunological
hyporesponsiveness and several experimental animal mod-

els of oral tolerance has been developed. Oral tolerance has
been demonstrated after feeding of many different proteins,
although the total number of antigens used experimentally

is limited, and no model of oral tolerance to peanut pro-
teins has been reported. In addition, most studies investi-
gating oral tolerance use single, highly purified proteins and

only few have studied the effects of feeding a mixture of
proteins.7 Requirements for tolerance induction may differ
for single purified antigens and for the more physiologically
relevant exposure to antigenic mixtures. Given the severity

and persistence of peanut sensitization the possibility of
human testing is limited and potentially dangerous, which
highlights the need for the judicious use of animal models

to study responses to oral allergens.
In this study, we describe the development of a novel

murine model of sensitization and oral tolerance to whole

peanut protein extract. Mucosal, local and systemic
immune responses to oral and systemic administration of
peanut protein were analysed and both the cellular and
humoral arm of the immune system explored. Emphasis in

the current study is directed to the down-stream effects of
gastrointestinal exposure to food allergens, i.e. the response
to secondary antigen challenge. We demonstrate that

induction of oral tolerance is highly dose dependent and
differs for the proteins in peanut and ovalbumin (OVA).
Low doses of peanut protein induce sensitization upon

secondary challenge. Oral tolerance is shown to be antigen-
specific and involves suppression of both T helper 1 (Th1:
interferon-c (IFN-c) and IgG2a) and Th2 (interleukin-4

(IL-4), IgG1 and IgE) responses while levels of transform-
ing growth factor-b (TGF-b) are enhanced.

MATERIALS AND METHODS

Mice
BALB ⁄c mice were bred and maintained on a special diet
free of peanut, OVA, soy and cows’ milk. They were kept

under specific pathogen-free conditions and provided the
special diet and water ad libitum. Female mice aged
6–8 weeks were used in this study in accordance with Home

Office regulations.

Protein antigens

Partly defatted peanut flour was obtained from the Golden
Peanut Company (Alpharetta, GA). A concentrated peanut
protein extract was prepared using a modification of the

method described by de Jong et al.8 In brief, the flour was
defatted with hexane five times and then extracted with
0Æ1 m NH4HCO3. The supernatant was removed and pre-

cipitated with 60% (NH4)2SO4 for 2 hr at 4�. The precipi-
tate was centrifuged, dissolved in a minimum volume of
phosphate-buffered saline (PBS) and dialysed extensively

against PBS. The dialysed peanut extract was filtered
through 0Æ2 lm filters, frozen at )70� and lyophilized. This
method uniformly yielded 85–90% pure peanut protein.
OVA grade V was purchased from Sigma (Poole, UK).

Oral feeding and immunization procedure

Animals were fed by gavage using a 20-gauge, 30 mm
cannula. Each mouse received a single intragastric feed of
antigen dissolved in sterile PBS at doses varying from
0Æ02 mg to 100 mg per mouse (0Æ001 mg to 5 mg per gram

bodyweight). Control mice were sham-fed with PBS.
Seven days after the feeding, animals were immunized at
the base of the tail with 100 lg of antigen emulsified 1 : 1

with complete Freund’s adjuvant (CFA). Three weeks later
animals were given a recall immunization with 100 lg
antigen in sterile PBS in the left hind footpad. For analysis

of T-cell, cytokine and antibody responses to the immun-
izing protocol, animals were killed after 1 further week and
para-aortic lymph nodes (PLN), mesenteric lymph nodes

(MLN), spleen and blood was collected.

Delayed type hypersensitivity (DTH) responses in vivo

To elicit an antigen-specific DTH response, mice were
challenged 3 weeks after subcutaneous immunization with
CFA by injection of 100 lg peanut protein or OVA in PBS

into the left hind footpad. Net footpad swelling was
measured using a microcalliper (Mitutoyo, Kanagawa,
Japan) 24 hr after challenge.

Cell proliferation and cytokine production
Spleen and lymph node cell suspensions were obtained by

mechanical disaggregation, and 2 · 105 cells cultured in
96-well flat-bottom plates in a total volume of 200 ll
RPMI-1640 medium supplemented with 10% fetal calf

serum, 50 lm 2-mercaptoethanol and 5 lg ⁄ml gentamicin.
OVA or peanut protein were added at concentrations
ranging from 5 to 450 lg ⁄ml. Control responses to the
irrelevant antigen (peanut protein or OVA, respectively) at

50 lg ⁄ml or concanavalin A (Con A) at 1 lg ⁄ml were also
determined. Cultures were incubated at 37� for 90 hr and
pulsed with 1 lCi of [3H]-thymidine (Amersham Pharma-

cia, Amersham, UK) for the last 16 hr of culture. Cells were
harvested and thymidine incorporation determined by
liquid scintillation counting on a Trilux MicroBeta (Wallac,

Perkin-Elmer, Beaconsfield, UK). Supernatants were
assayed by enzyme-linked immunosorbent assay (ELISA)
for TGF-b, IL-10, IL-4 and IFN-c using antibodies from
PharMingen (San Diego, CA), according to the manufac-

turer’s protocol. Human TGF-b and recombinant mouse
IL-10, IL-4 and IFN-c from PharMingen were used as
standards. The detection limit of the assays was 5 pg ⁄ml for

IL-4 and 40 pg ⁄ml for TGF-b, IL-10 and IFN-c.

Antibody responses

At the end of each experiment, mice were bled by cardiac
puncture and sera prepared for specific antibody deter-
minations. For antigen-specific IgG, IgG1 and IgG2a

antibodies, 96-well Maxosorb plates (Nunc, Roskilde,
Denmark) were coated with peanut or OVA protein at
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250 lg ⁄ml in carbonate bicarbonate buffer (CBB) at 4� over
night. 100 ll of sera diluted in PBS were added and the
plates incubated at 37� for 90 min. After washing, alkaline
phosphatase conjugated polyclonal goat anti-mouse IgG Fc

(Sigma), rat monoclonal antibody to mouse IgG1 (Zymed,
San Francisco, CA) or rat monoclonal antibody to IgG2a
(PharMingen) were added for 1 hr at 37�. The alkaline

phosphatase substrate p-nitrophenyl phosphate (pNPP)1

(Sigma) was then added and absorbance measured at
405 nm. Total and antigen-specific IgE was measured by an

IgE capture method.Maxisorb microtitre plates were coated
with 1 lg ⁄ml of rat monoclonal anti-mouse IgE (Phar-
Mingen) in CBB at 4� overnight. Optimally diluted experi-

mental sera were added in a volume of 100 ll and incubated
at 4� overnight. Following several washes biotin conjugated
monoclonal rat anti-mouse IgE (PharMingen) was then
added at 1 lg ⁄ml for measurement of total IgE and biotin-

conjugated peanut or OVA protein were added at a con-
centration of 100 lg ⁄ml for measurement of antigen-specific
IgE. Plates were incubated for 2 hr at 37�. After washing,

alkaline phosphatase streptavidin (PharMingen) was added
for 1 hr and the plates developed with pNPP substrate.

Statistical evaluation
The statistical significance of difference between experi-
mental groups in regard to DTH responses, serum antibody

levels and cytokine secretion was determined using a two-
tailed Student’s t-test for unpaired data. Statistical signifi-
cance in T-cell proliferation between experimental groups

over the entire dose–response curve was determined by a
two-tailed t-test on the slopes of straight-line fits to the
data, equivalent to a one-way anova on two groups. If the

slopes were not significantly different, the intercepts were
compared also using a two-tailed t-test and equivalent to an
analysis of covariance on two groups.9 Differences were
regarded as significant when P < 0Æ05.

RESULTS

Dose of oral antigen determines priming or suppression

of DTH responses upon challenge

DTH responses to peanut protein and OVA were meas-
ured as an index of cellular immunity in vivo. Mean DTH
responses were significantly enhanced in animals fed

either 0Æ02 mg peanut protein or 0Æ02 mg OVA compared
to their saline-fed controls (Fig. 1a). Animals fed 0Æ2 mg
peanut protein also showed enhanced footpad increments
upon peanut challenge that were significantly different

from sham-fed animals (Fig. 1b). In contrast, DTH
responses in animals fed 0Æ2 mg OVA was indistinguish-
able from the saline-fed control group (Fig. 1b). Feeding

a dose of 2 mg peanut protein per animal elicited no
difference in footpad swelling compared to controls, while
a dose of 2 mg OVA induced a significant reduction in

the DTH response (Fig. 1c). Increasing the fed dose to
20 mg per animal gave similar results; there was no dif-
ference in the DTH response between peanut-fed animals
and saline-fed controls, but a significant reduction in the

mean footpad increment was induced in animals fed
20 mg OVA (Fig. 1d). At the largest dose of 100 mg
antigen, both orally fed peanut protein and OVA signi-
ficantly reduced the DTH response compared to the

saline-fed controls (Fig. 1e).

Oral antigen dose effects cell proliferation following

immunization with CFA

Antigen-specific proliferation by cells from PLN draining
the tailbase immunization site, MLN draining the gut

and from the spleen were measured by incorporation of
[3H]-thymidine.

High levels of antigen-specific proliferation were seen in

cells from PLN after a saline feed and peanut protein or
OVA immunization with CFA and recall immunization. A
feed of 0Æ02 mg peanut protein or OVA prior to this
immunization further significantly enhanced the antigen-

specific cell proliferation compared to the saline-fed
controls (Fig. 2a). Proliferation was similarly significantly
elevated after a feed of 0Æ2 mg of peanut protein per animal,

but proliferation of cells from animals fed 0Æ2 mg OVA was
equivalent to saline-fed controls (Fig. 2b). Proliferation by
PLN cells from animals fed 2 mg peanut protein was no

different from control animals, whereas proliferation of
cells from animals fed 2 mg of OVA was significantly
reduced compared to the saline-fed animals (Fig. 2c).
A very similar pattern was seen at the next dose of 20 mg

peanut protein or OVA fed per animal. PLN cells from
peanut-fed animals proliferated strongly and equally to the
saline-fed controls, while OVA fed animals displayed a

highly significant reduction in antigen-specific cell prolif-
eration (Fig. 2d). Feeding 100 mg peanut protein per ani-
mal resulted in a significant reduction of the proliferative

response to peanut and a near total abrogation of
[3H]-thymidine incorporation compared to saline-fed con-
trols (Fig. 2e). Feeding 100 mg OVA per animal also

resulted in a profound reduction of the specific cell prolif-
eration (Fig. 2e), in the same way to that observed after
feeding 2 mg or 20 mg of OVA.

Similar proliferative patterns as shown by cells from

PLN in Fig. 2 were observed with cells from MLN and
from the spleen, although the response by MLN cells was
routinely lower (results not shown). This suggests that the

enhanced or reduced level of antigen-driven cell prolifer-
ation observed following feeding of specific doses of antigen
was a systemic phenomenon. No significant proliferation

was observed to an irrelevant control antigen in any group,
but all groups proliferated strongly and equally to the
mitogen Con A (data not shown).

Dose of oral peanut protein alters the cytokine profile

of antigen-specific T cells

The effect of feeding a priming or a tolerogenic dose of

peanut protein on cytokine production by T cells from
PLN, MLN and spleen were measured by reactivating
2 · 106 cells with either peanut protein, control antigen

(OVA) or Con A in vitro for 24–168 hr.
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PLN T cells from animals fed 0Æ2 mg peanut protein or
sham-fed saline prior to immunization with peanut protein
in CFA and recall immunization with peanut protein
produced and secreted large amounts of IFN-c, IL-4 and

IL-10 upon reactivation with peanut protein in vitro. PLN
T cells from the animals fed 0Æ2 mg peanut protein con-
sistently secreted slightly higher amounts of both IFN-c,
IL-4 and IL-10 than the saline-fed controls, although this
did not reach statistical significance (Fig. 3a–c). In con-
trast, animals initially fed 100 mg of peanut protein

showed significantly reduced IFN-c, IL-4 and IL-10 pro-
duction by PLN T cells compared to the saline-fed con-
trols and to the animals fed 0Æ2 mg peanut protein

(Fig. 3a–c). TGF-b production by PLN T cells showed a
reverse pattern from that of the other cytokines in relation
to the initial oral dose of peanut protein. PLN T cells
from animals fed saline or 0Æ2 mg peanut protein secreted

approximately 800–900 pg TGF-b ⁄ml, while a feed of
100 mg peanut protein resulted in TGF-b levels of around

1500 pg ⁄ml after 96 hr stimulation with peanut protein
in vitro (Fig. 3d). The increase in TGF-b secretion fol-
lowing a 100 mg peanut-protein feed was, however, not
statistically significant (P ¼ 0Æ071), but this tendency of

increased TGF-b production was observed in every
experiment (n ¼ 4).

The kinetics of the cytokine production and release were

similar for the 0Æ2 mg peanut-protein fed groups, the saline-
fed groups and the 100 mg peanut-protein fed groups; only
the amount of secreted cytokine seemed to differ between

the groups (Fig. 3 left column). All cytokines increased
in the supernatant over time and plateaued between 96
and 120 hr. Similar results to those shown in Fig. 3 were

obtained from splenocytes. The patterns of cytokine secre-
tion between the 0Æ2 mg peanut-fed groups, the saline-fed
groups and the 100 mg peanut-fed groups were identical,
but the overall amounts of cytokines were slightly lower.

Cytokine secretion by MLN cells was negligible (data not
shown).
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Figure 1.DTHresponse topeanut protein andOVA.Animalswere fed peanutproteinorOVAat doses of 0Æ02 mg (a), 0Æ2 mg (b),

2 mg (c), 20 mg (d) or 100 mg (e) and DTH responses were measured following immunizations. Results are expressed as mean

footpad increment+1 SEM (n ‡ 6). Individual experiments were repeated between 2 and 10 times with similar results. SPP:

saline-fed, immunized with peanut in CFA, challenged with peanut; PPP: peanut-fed, immunized with peanut in CFA,

challenged with peanut; SOO: saline-fed, immunized with OVA in CFA, challenged with OVA; OOO: OVA fed, immunized

with OVA in CFA, challenged with OVA.
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Dose of oral antigen determines the level of induced specific

antibody responses following antigen challenge

Experimental animals fed saline prior to immunization with

peanut protein or OVA in CFA and challenge with peanut
protein or OVA gave strong antigen-specific antibody
responses of IgG, IgG1, IgG2a and high levels of total IgE.
A feed of 0Æ02 mg peanut protein per animal prior to an

identical immunization protocol enhanced the antibody
response with a significant increase of peanut-specific IgG,
IgG1, IgG2a and of total IgE (Fig. 4a). An oral dose of

0Æ02 mg OVA significantly enhanced the OVA-specific IgG,
IgG1 and total IgE levels, but no difference in the level of

OVA-specific IgG2a was seen compared to the saline-fed
controls (Fig. 5a). Feeding a larger dose of 0Æ2 mg peanut

protein resulted in similar antibody levels as observed after
the 0Æ02 mg dose. The levels of peanut-specific IgG immuno-
globulins were significantly enhanced compared to the sal-

ine-fed controls and the level of total IgE in the serum was
also significantly elevated (Fig. 4b). A feed of 0Æ2 mg OVA
made no difference to the levels of OVA-specific IgG, IgG1,
IgG2a or total IgE (Fig. 5b).

An oral dose of 2 mg or 20 mg peanut protein induced
no difference in levels of either peanut-specific IgG, IgG1,
IgG2a or total IgE between the peanut-fed groups and the

saline-fed control groups (Fig. 4c, d). Specific antibody
levels after feeding of 2 mg of OVA were also indistin-
guishable from controls. In contrast, feeding 20 mg of OVA

per animal significantly reduced both OVA-specific IgG,
IgG1, IgG2a and total IgE production (Fig. 5c, d). Feeding
the highest oral dose of 100 mg peanut protein per animal

resulted in a highly statistical significant reduction of both
peanut-specific IgG, IgG1 and IgG2a as well as a reduction
of total IgE levels compared to the saline-fed control ani-
mals (Fig. 4e). Similarly, a feed of 100 mg OVA per animal

resulted in an inhibited OVA-specific IgG antibody
response as well as a reduction of total IgE (Fig. 5e).

In most experiments the level of antigen-specific IgE

was also determined. The patterns of antigen-specific IgE
responses were similar to those shown for total IgE (data
not shown). Naı̈ve mouse serum from BALB ⁄c mice of the

same colony tested negative for peanut- or OVA-specific
IgG, IgG1 and IgG2a immunoglobulins as well as peanut-
or OVA-specific IgE in all assays (data not shown). The

levels of total IgE in serum of naı̈ve mice were below the
4 ng ⁄ml detection limit of the total IgE assay.

By comparing the oral dose–response relationship for the
cellular and the humoral responses in Figs 2 and 5 it could

be noted that at an intermediate dose of 2 mg OVA fed per
animal, the proliferative cellular response was inhibited but
the level of OVA-specific IgG was not. These data suggest

that a higher oral dose is needed to inhibit antibody syn-
thesis than to inhibit specific T-cell proliferation.
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Figure 2. Antigen-specific T-cell proliferation. Peanut-specific (left

column) and OVA-specific (right column) proliferation by PLN T

cells were measured from animals fed peanut protein or OVA at

doses of 0Æ02 mg (a), 0Æ2 mg (b), 2 mg (c), 20 mg (d) or 100 mg (e)

prior to tailbase immunization with peanut protein or OVA in

CFA and challenge. Specific T-cell proliferation was measured after

90 hr in vitro reactivation with peanut or OVA. Cells were pooled

from n ‡ 6 mice per group and results are expressed as the mean

c.p.m. of triplicate cultures ± 1 SEM. Background proliferation

when no antigen was present has been subtracted. Squares repre-

sent proliferation to a control antigen. All groups proliferated

with similar c.p.m. to the mitogen Con A. Individual experiments

were repeated between 2 and 10 times with near identical results.

m: Saline-fed, immunized with peanut in CFA, challenged with

peanut; n: peanut-fed, immunized with peanut in CFA, challenged

with peanut; d: saline-fed, immunized with OVA in CFA, chal-

lenged with OVA; s: OVA fed, immunized with OVA in CFA,

challenged with OVA.2
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Induction of oral tolerance to peanut is antigen specific

In the present model of oral tolerance to peanut protein it
was observed that in the effector phase, no T-cell prolifer-

ation or cytokine production occurred when cells were

reactivated with a control antigen (OVA). This indicated
antigen specificity at the effector phase, but whether the
induction of oral tolerance to peanut protein could be
induced by feeding high doses of any protein remained

unanswered. To address this question animals were fed
either saline, 100 mg peanut protein or 100 mg OVA by
intragastric gavage prior to identical immunizations with

peanut in CFA and challenge with peanut.
Animals fed either saline or OVA prior to peanut pro-

tein immunization mounted a strong DTH response to

peanut protein as demonstrated by mean footpad incre-
ments of 24Æ4 and 22Æ2 (mm · 10)1), respectively. In con-
trast, animals fed peanut protein did not mount a DTH

response and mean footpad swellings were significantly
reduced compared to both the saline-fed and the OVA-fed
group (Fig. 6a). A similar pattern was demonstrated when
peanut-specific T-cell proliferation was measured in PLN

and spleen cells. PLN T cells from saline-fed and OVA-fed
animals proliferated vigorously to reactivation with peanut
protein in vitro, while the response by T cells from peanut-

fed animals was significantly lower than both the saline-fed
and the OVA-fed animals (P < 0Æ001) (Fig. 6b). Similar
results were obtained with splenocytes (results not shown).

Additionally, PLN cells from animals fed saline or OVA
and immunized with peanut protein produced large and
equal amounts of IFN-c, IL-4 and IL-10 but little TGF-b
on in vitro stimulation with peanut. Conversely, PLN cells

from animals fed 100 mg peanut protein prior to peanut
immunizations produced much lower levels of both IFN-c,
IL-4 and IL-10 compared to the saline- or OVA-fed groups

but they produced higher levels of TGF-b (results not
shown).

High levels of peanut-specific IgG, IgG1, IgG2a and IgE

were detected in serum from animals fed either saline or
OVA prior to peanut protein immunizations, but as
expected feeding 100 mg peanut protein prior to similar

immunization inhibited the antibody response to peanut
(Fig. 6c). Feeding OVA had no effect on the peanut anti-
body response and there were no significant differences in
the levels of peanut-specific IgG, IgG1, IgG2a or IgE

between the saline- and OVA-fed groups. In contrast, levels
of peanut-specific IgG, IgG1, IgG2a and IgE were all sig-
nificantly reduced in animals fed peanut protein compared

to both saline- and OVA-fed animals (all P < 0Æ01 and in
most cases P < 0Æ0001). In all experimental groups, total
IgE levels in serum closely matched levels of peanut-specific

IgE (results not shown).
Taken together, the above experiments (Fig. 6) show

that feeding 100 mg OVA prior to immunization with
peanut protein has no effect on T- or B-cell responses to

peanut. Only when animals were fed 100 mg peanut protein
was tolerance to peanut observed. This suggests that the
induction of oral tolerance is antigen specific.

DISCUSSION

We present a novel model of sensitization and oral toler-

ance to peanut protein and report the characterization of
induced cellular and humoral responses. The induction of
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Figure 3. Peanut-specific IFN-c, IL-4, IL-10 and TGF-b secretion.

IFN-c (a), IL-4 (b), IL-10 (c) and TGF-b (d) production by PLN T

cells from animals fed saline, 0Æ2 mg peanut protein or 100 mg

peanut protein followed by immunization with peanut protein in

CFA and challenge with peanut. Cytokine production was ana-

lysed following reactivation with peanut protein in vitro between 24

and 120 hr (left column) or routinely for 96 hr (right column). Cells

were pooled from n ‡ 6 mice per group and analysed in triplicate.

Results are expressed as the mean cytokine secretion + 1 SEM of

two (PPP 0Æ2 mg) to seven (four for TGF-b) (SPP and PPP 100 mg)

individual experiments. The horizontal dashed line indicates the

limit of detection for the cytokine assays, though this is close to the

x-axis in (a, c). None of the cytokines were released in response to a

control antigen or when cells were not reactivated. SPP (d): Saline-

fed, immunized with peanut in CFA, challenged with peanut; PPP

0Æ2 mg (h): Fed 0Æ2 mg peanut, immunized with peanut in CFA,

challenged with peanut; PPP 100 mg (n): Fed 100 mg peanut,

immunized with peanut in CFA, challenged with peanut.3
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oral tolerance with single feeds is shown to be highly dose
dependent. Systemic hyporesponsiveness to peanut protein
was only successfully induced by feeding a ‘high dose’ of
100 mg peanut protein per animal. Oral administration of

20 mg or 2 mg peanut protein, which are commonly
reported tolerizing doses, did not induce tolerance. Gastro-
intestinal exposure to 0Æ2 mg or 0Æ02 mg peanut protein

induced significant priming upon secondary peanut chal-
lenge. Both orally induced hypo- and hyper-responsiveness
were antigen specific in the effector phase as suggested by

the fact that cell proliferation and cytokine production were
only observed in response to stimulation with peanut pro-
tein and not to the control antigen OVA. Furthermore, the

induction of oral tolerance to peanut protein was also
shown to be antigen specific as feeding of 100 mg OVA
prior to peanut protein immunization did not attenuate
the response to a subsequent challenge with peanut.

Only feeding of peanut protein suppressed specific DTH
responses, cell proliferation, cytokine responses and
immunoglobulin synthesis. Our model of oral tolerance to

peanut protein thus appear to be antigen specific, which
confirms findings from other models of oral tolerance10 and
the general consensus that oral tolerance is specific to the

fed antigen.1,11

Oral administration of 100 mg peanut protein extract
significantly suppressed responses of both the cellular and
the humoral arm of the immune response but did not

completely abolish it. Peanut-specific cell proliferation was
significantly reduced, while the overall cell proliferative
capacity remained unaffected as demonstrated by vigorous

responses to Con A. Peanut-induced secretion of IFN-c,
IL-4 and IL-10 was also significantly reduced in fed ani-
mals. In contrast, secretion of TGF-b was consistently

enhanced although it did not reach statistically significant
levels compared to controls (P ¼ 0Æ071). This may be a
result of limited number of animals (n ¼ 24) undergoing

TGF-b analysis (n ¼ 4 experiments) or it may be that
TGF-b does not play a significant role in the maintenance
of tolerance to peanut. The role of TGF-b in the induction
and ⁄or maintenance of oral tolerance has been much

debated, with many reports suggesting an important role
for TGF-b12,13 whereas others find no evidence of TGF-b
involvement in oral tolerance.14 IL-10 is additionally an

important immuoregulatory cytokine, which has been
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Figure 4. Antibody response to peanut. Peanut-specific IgG, IgG1

and IgG2a as well as total IgE were measured in serum from ani-

mals fed peanut protein at doses of 0Æ02 mg (a), 0Æ2 mg (b), 2 mg

(c), 20 mg (d) and 100 mg (e) prior to immunizations with peanut

protein. Sera were diluted 1000 times for peanut-specific IgG and

IgG1, 200 times for IgG2a and 10 times for total IgE measure-

ments. Results are expressed as mean antibody levels + 1 SEM of

n ‡ 6 animals per group. The individual experiments were repea-

ted between 2 and 10 times with identical antibody patterns

between the saline- and peanut-fed groups. SPP: saline-fed,

immunized with peanut in CFA, challenged with peanut; PPP:

peanut-fed, immunized with peanut in CFA, challenged with

peanut.
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implicated in peripheral tolerance to the normal intestinal
flora in the severe combined immunodeficiency inflamma-
tory bowel disease model15,16 and the induction of low-dose
oral tolerance to autoantigens.12 IL-10 does not appear to

be directly involved in the maintenance or effector phase of
tolerance to peanut protein, which supports findings in
other models of oral tolerance to OVA.17 An obligatory

role of IL-10 in the induction of oral tolerance is also
uncertain as oral tolerance can be induced in IL-10– ⁄–

mice.18

Oral administration of 100 mg peanut protein had a
significant effect on antibody production. It reduced the
level of peanut-specific IgG and IgE, as well as the IgG

subclasses IgG1 and IgG2a. Levels of all peanut-specific
antibodies were decreased with no Th1 or Th2 bias, which
was consistent with the decrease in the production of both
IFN-c and IL-4 and IL-10. When oral tolerance to peanut

protein was successfully induced it thus suppressed both
Th1 and Th2 responses, and does therefore not support
the notion that feeding antigen preferentially suppresses

Th1 responses.19 Similar conclusions as presented here
have been reached in models of oral tolerance to
OVA where both Th1 and Th2 type responses were

suppressed.17

In peanut-sensitive animals, most of the proteins in
peanut evoked specific IgG binding, although the highest
level of specific IgG-binding to known allergenic peanut

proteins was shown for Ara h1 and Ara h2, as demon-
strated by immunoblotting techniques (data not shown).
Sera from all peanut-sensitive mice showed antibody

binding to these major allergenic proteins, which are
recognized by over 95% of human peanut allergic sub-
jects.20,21 Food-specific IgG antibodies are also found in

healthy human subjects22,23 where they may participate in
the safe clearance of circulating food antigens. The rele-
vance of food-specific IgG antibodies in allergy and whe-

ther a high level of specific IgG or specific IgG with an
abnormal epitope-recognition pattern can induce immune
pathology remains unknown. IgE-mediated reactions are
the only mechanisms known for certain to play a major role

in food allergy6 and so it was of interest that induction of
oral tolerance to peanut in the present mouse model sig-
nificantly reduced the induction of total and peanut-specific

IgE.
Primary sensitization to protein allergens is clearly a

key step in the pathogenesis of food allergic diseases. It is
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Figure 5. Antibody response to OVA. OVA-specific IgG, IgG1 and

IgG2a as well as total IgE were measured in serum from animals

fed OVA at doses of 0Æ02 mg (a), 0Æ2 mg (b), 2 mg (c), 20 mg (d)

and 100 mg (e) prior to immunizations with OVA. Sera were

diluted 1000 times for OVA-specific IgG and IgG1, 200 times for

IgG2a and 10 times for total IgE measurements. Results are

expressed as the mean antibody levels + 1 SEM of n ‡ 6 animals

per group. The individual experiments were repeated between one

and three times with similar results. SOO: saline-fed, immunized

with OVA in CFA, challenged with OVA; OOO: OVA fed,

immunized with OVA in CFA, challenged with OVA.
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unknown whether primary systemic sensitization to food
allergens occurs through gastrointestinal exposure or
via other routes. Gastrointestinal exposure to soluble

protein antigens is a powerful way to induce systemic
hyporesponsiveness, but as shown here, primary oral
exposure to protein antigens does not always lead to tol-
erance. Oral administration of peanut protein in doses of

0Æ2 mg or 0Æ02 mg induced systemic hyperresponsiveness
upon re-exposure to peanut protein. This supports the
notion that small doses of orally administered antigen can

prime an animal for subsequent systemic and local
responses, as shown for oral administration of OVA.24

Oral doses of either 0Æ2 mg or 0Æ02 mg peanut protein

significantly enhanced peanut-specific cell proliferation,
without affecting the proliferation to mitogenic stimuli
such as Con A. Enhanced secretion of the cytokines IFN-c,
IL-4 and IL-10, but reduced production of TGF-b,
was shown from PLN and spleen cells from animals fed
these sensitizing doses of peanut protein. Analysing the
antibody response in individual animals fed either 0Æ2 mg or

0Æ02 mg peanut protein demonstrated significantly elevated
levels of peanut-specific IgG and IgE antibodies. The
observation that oral exposure to small amounts of peanut

protein enhances IL-4 secretion and significantly raises
levels of peanut-specific IgE upon re-exposure to peanut
may be of clinical relevance in explaining primary allergic

sensitization. Control animals used in this study were
made hypersensitive to peanut protein by subcutaneous
immunization with peanut protein in CFA and recall
immunization with peanut. The additional priming of ani-

mals through feeding of small doses of peanut protein
highlights the powerful immunoregulatory effects gastro-
intestinal exposure to protein antigens has on systemic

immunity.
The immunochemical and physiochemical properties

that account for a proteins allergenicity are poorly

understood, but the nature of the antigen is clearly
important for the induction of tolerance11,25 and in
directing the Th1 ⁄Th2 deviation.26 This study permitted a

direct comparison between responses following oral
administration of peanut protein and OVA. Results
showed that approximately 50-fold larger doses of peanut
protein compared with OVA were required to induce

suppression of specific T-cell responses. This observation
may not solely be explained by the peanut extract being a
mixture of many proteins with concentrations of any

given protein below that of the single OVA protein when
administered. Immunoblots demonstrated that sensitized
mice in the present model mainly reacted to Ara h1 and

Ara h2, which in a quantitative analysis of different
peanut varieties around the world were found to account
for between 12 and 16% and 5Æ9–9Æ3% of the total
protein content, respectively.27 If directly compared on a

weight to weight basis, induction of tolerance to Ara h1
should thus only require between six and eight times
higher dose than that of the purified OVA. The different

dose requirements for peanut and OVA in the induction
of oral tolerance may reflect differential immune mecha-
nisms for the induction of tolerance to individual anti-

gens and to antigenic mixtures, or may reflect differences
in immunogenicity of OVA and peanut. The present
study demonstrates that peanut protein has a potent
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Figure 6. Effect of feeding peanut protein or OVA on subsequent

peanut-specific responses. Animals (n ¼ 6 ⁄group) were fed saline,

100 mg peanut protein or 100 mg OVA prior to immunization with

peanut protein in CFA and challenge with peanut. (a) DTH

responses 24 hr after challenge in the footpad. Results are expressed

as themean footpad increments + 1 SEM. (b) Peanut-specific T-cell

proliferation inPLNcell cultures after 90 hr in vitro reactivationwith

peanut protein. Cellswere pooled from sixmice per groupand results

are expressed as the mean c.p.m. of triplicate culture ± 1 SEM.

Background proliferation without antigen has been subtracted.

Squares show proliferation to a control antigen. All groups prolif-

erated with similar (c.p.m.) to ConA stimulation. (c) Peanut-specific

IgG, IgG1, IgG2aand IgE levels in serum7 days after challenge. Sera

werediluted 1000 times for IgGand IgG1, 200 times for IgG2aand10

times for IgE measurements. Results are expressed as the mean

antibody levels + 1 SEM of six individual animals per group.

SPP (d): Saline-fed, peanut immunized and peanut challenged;

PPP (n): Peanut-fed, peanut immunized and peanut challenged;

OPP (e): OVA fed, peanut immunized and peanut challenged.4
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sensitizing effect and primes animals for a subsequent
exposure more readily and at higher doses than OVA.
Peanut protein reproducibly caused larger DTH
responses than OVA and sensitized animals showed vig-

orous specific cell proliferation at lower doses of peanut
protein and with a steeper dose–response slope than
animals sensitized to OVA. This suggests that peanut

proteins may be more immunogenic (or allergenic) than
OVA and that peanut protein may induce hypersensitivity
more effectively. It might also suggest that some proteins

in the peanut protein mixture may have direct immuno-
modulatory or stimulatory effects. The sensitizing effect
of peanut proteins was similarly shown in a murine

model of cholera toxin-induced peanut anaphylaxis,
where sensitization to peanut protein required fewer
doses and a shorter sensitizing period than sensitization
to cows milk.28 These conclusions reflect findings in

human food-allergic subjects and strongly suggests that
the nature of the antigen plays an important role in
determining the immunological outcome of an allergen

encounter.
The developed model of sensitization and oral tolerance

to peanut protein presented here demonstrates that toler-

ance to peanut can be successfully induced experimentally,
but that gastrointestinal exposure to peanut protein can
also initiate potent sensitization with high levels of IL-4 and
specific IgE. This sensitization was initiated solely through

gastrointestinal mucosal exposure without the use of addi-
tional adjuvants. The described model can now be used to
further define the regulation of specific immune responses

following intestinal mucosal exposure of proteins with dif-
ferent allergenic potential. It is additionally well suited to
explore the modulatory effects of concomitant non-oral

routes of peanut exposure on the development of systemic
tolerance or allergic sensitization to peanut and other
allergens.
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