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Abstract

Background: The purpose of this work was to investigate
the effects of early low-level exposure to either antigen or
antibody alone on subsequent immune responses in entire-
ly immunologically naive animals. This is impossible in spe-
cies with a permeable placenta such as rodents or humans,
where both antigen and antibody can be transferred in ute-
ro. It is, however, possible in pigs, due to the impermeable
placenta of the sow. Thus, neonatal piglets were used for this
study. Methods: Newborn piglets were exposed to ovalbu-
min (OVA) at dosages similar to those used in rodents to sen-
sitise, as well as to serum containing anti-OVA antibodies.
Results: Both single low doses of OVA (10 and 1,000 mg per
animal) induced classical oral tolerance following a systemic
challenge: both doses reduced specific systemic IgG re-
sponses and tertiary in vitro recall proliferative responses by
splenocytes and especially by mesentericlymph node (MLN)
cells. Additionally, dietary challenge had phenotypic effects
on helper T cells in MLN, which could be reversed by OVA at
birth. In contrast, giving antibody as serum collected from
hyperimmune or orally tolerant pigs had no functional ef-

fects. Conclusions: Overall, our data support the hypothesis
that contrary to previous work in rodents, very early expo-
sure of neonatal pigs to a single small dose of antigen can
reduce subsequentimmune responses. This may have impli-
cations for human health. However, although these data
point to a reducing/regulatory effect of low doses of antigen
in very young animals, they cannot be extrapolated directly

to aIIergy. Copyright © 2009 S. Karger AG, Basel

Introduction

There is evidence that the number of individuals suf-
fering allergic reactions to food is increasing [1, 2]. Much
effort has been put into identifying the factors responsi-
ble for induction of, and susceptibility to, food allergy.
Whilst it is established that there is a strong genetic com-
ponent to food hypersensitivity [3], it is not yet sufficient-
ly clear what additional contribution environmental fac-
tors in early life may make on the subsequent develop-
ment of an inappropriate immune response, although the
beneficial effects of maternal antibodies to pathogens are
well established. The type of antigen, antigen dose and
age at first exposure are all thought to play a part [4-8] in
the subsequent immune response. Based mostly on ex-
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perimental work in rodents, it was generally thought that
premature exposure to novel dietary antigens may pre-
dispose to allergic reactions and advice had been issued
that weaning infants onto solids should be delayed. The
recommendations in 1998 by the Department of Health,
Committee on Toxicity of Chemicals in Food, Consumer
Products and the Environment, that atopic mothers may
wish to avoid dietary antigens such as egg white and nuts
during pregnancy and lactation, follows a similar line of
reasoning. However, recent results indicate that avoid-
ance of such dietary components has not had the desired
result [9, 10]; instead, initial exposure via inflamed skin
has been suggested as a trigger for hypersensitivity [11,
12]. The opposite hypothesis has been put forward re-
cently. Guidelines issued by many national and interna-
tional allergological and paediatric associations do not
recommend such dietary restrictions in the weaning pe-
riod any more. Our studies support the view that early
introduction of antigen into the diet of humans may be
the key to inducing oral tolerance and may also prevent
atopic reactions to food antigens [13, 14] in later life.

There is a clear need to dissect the immunological ef-
fects of both antigen and antibody very early in life/in
utero, not just in rodents, but also in other species. Are
any effects due to the antigen, antibody or a combination
of both? It is not possible to expose animals with a perme-
able placenta, such as rodents, to one without the other.
Our study in colostrum-deprived, neonatal pigs provides
a challenging model in this context, allowing us to inves-
tigate in isolation various environmental effects acting at
the same time in humans in utero. We have tried to an-
swer the questions of the long-term effects of a single dose
of antigen as well as that of allergen-specific antibody.

Additionally, this study added to our understanding
of some of the immunological processes involved by dem-
onstrating effects on cellular composition, in particular
effects on memory T cells in mesenteric lymph nodes
(MLN).

However, unfortunately there is as yet neither an anti-
body to porcine IgE nor a reliable experimental model of
allergy in the pig, reducing its power to investigate aller-
gic effects. Instead, the system of oral tolerance induction
accompanied by the study of IgG responses, specific T-
cell proliferation and phenotypic changes in total T-cell
populations was used. Thus, our model system has both
inherent strengths as well as weaknesses in comparison
to rodent models investigating factors implicated in the
immune responses to dietary antigen and susceptibility
to food allergies in the human infant.

Early Dietary Antigenic Experience and
Immune Development

OVA at birth (day 0)

0 10 mg 1,000 mg 0 10 mg 1,000 mg
f l i |
Mucosal challenge Day 16 Systemic challenge

(10% egg white in diet continuously) (1 x 2 mg OVA and Quill A i.m.)

Sacrifice on day 26

Fig. 1. Diagram showing the design for experiment 1.

Materials and Methods

Animals

Piglets were caught as born and transferred to a warmed, ster-
ile box with a HEPA-filtered air supply on a commercial pig farm
20 miles from the University. On reception at the University facil-
ity, piglets were washed in a detergent bath (Virkon) and trans-
ferred to a specified pathogen-free isolation unit. By stomach
tube, piglets were given 50 ml of Haemaccel, a colloid solution
designed for intravenous infusion to replace blood volume (Inter-
vet UK, Milton Keynes, UK).

Husbandry

Six piglets were recovered from each of two separate sows; one
piglet from each sow was allocated to one of six experimental
treatment groups. This was repeated four times. For both experi-
ments, numbers ranged between 6 and 8 pigs/treatment group,
due to some losses. Piglets were given daily prophylactic broad-
spectrum antibiotic therapy [enrofloxacin, (Baytril), at 5 mg/kg
i.m. daily, from Bayer, Animal Health Division, Newbury, UK], to
minimise the risk of opportunistic bacterial infection. An auto-
matic feeding system delivered calibrated hourly amounts of a pig
milk substitute at 200 g/1 in water, free of ovalbumin (OVA) and
porcine immunoglobulins (Piggi-Milk; Parnutt Foods, Sleaford,
UK). A fluid replacement solution (Lectade) was provided for the
first week to assist the animals in maintaining their hydration
status. Pigs were maintained at 28°C, housed individually and fed
the milk replacement solution hourly.

Experimental Design

Antigen/Antibody Exposure at Birth

In experiment 1, piglets were orally dosed by stomach tube
with either: 1,000, 10 or 0 mg of OVA, pre-mixed with 50 ml of
Haemaccel (Intervet UK) and given immediately upon transfer to
the pig unit. As the mean body weight at birth was approximately
1.5 kg, this represents an approximate dosage of 0.667 and 0.007
mg/g body weight, respectively. In experiment 2, 5 ml of serum
from donor pigs were given by stomach tube, derived from hyper-
immune, tolerised or control pigs of the same ancestry. These sera
were raised as described below.

Antigen Challenge on Day 16
On day 16, the piglets were challenged either systemically
(1 ml of 1 mg/ml OVA plus saponin delivered intraperitoneally)
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Fig. 2. Antibody titres on the y-axis are given in arbitrary units
(AU) of anti-OVA IgG relative to a previously prepared high-titre
hyperimmune reference serum with anti-OVA IgG titre of AU =
10,000. a Anti-OVA IgG responses in three groups of serum do-
nors. Time course of antigen exposure and corresponding anti-
OVA IgG responses in peripheral blood. Hyperimmune animals
were injected with OVA and Quill A at the age of 3 and 4 weeks;

or mucosally (10% egg white was introduced into the diet and fed
continuously from that point in time). The single largest protein
constituent of egg white is OVA, it constitutes about 90%.

On day 26, piglets were sacrificed (10 days after challenge) and
tissues were taken for subsequent analysis as described. The de-
sign for experiment 1 is shown in figure 1, the experimental de-
sign for experiment 2 followed a similar layout, administering
antibody-containing sera instead of OVA at birth (not shown).

Preparation of Hyperimmune or Tolerised Serum for

Experiment 2

In order to obtain sera containing antibodies to OVA, we had
to raise antiserum in two pig groups, a hyperimmune group in-
jected intraperitoneally with OVA and saponin and a tolerised
group fed a diet supplemented with egg white.

Thirty piglets from a local, commercial pig farm were selected
at random subsequent to weaning at the age of 21 days from a
group of eight litters that had been allowed to mix freely on the
sows. The piglets were housed in groups of 10 in three pens and
fed a standard commercial weaner diet. Hyperimmune serum
was raised by two injections of 1,000 mg OVA i.p. in Quill A when
piglets were 3 and 4 weeks old. Tolerised serum was raised by
supplementing their standard diet with 10% egg white for a pe-
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tolerised animals were fed an egg-white-containing diet from
weeks 3-6. Control animals were age-matched but untreated.
b Anti-OVA IgG responses in three further age- and treatment-
matched validation groups of pigs; the hyperimmune group was
injected OVA and Quill A at the age of 3 and 7 weeks, tolerised
and control groups received injections at the age of 7 weeks. All
animals were sacrificed aged 8 weeks.

riod of 3.5 weeks, withdrawal of egg white for the final half week
was in order to allow OVA to clear from the circulation. Half of
each group of piglets were sacrificed aged 7 weeks, the other half
used as ‘validation animals’, by challenging them with an injec-
tion of 1,000 mg OVA i.p. in saponin and sacrificing them after a
further 7 days. However, the second intraperitoneal injection in
the validation animals was given at the age of 7 instead of 4 weeks.
The rational for this different time course was the need to keep
the frequency of injections the same for donors and validation
animals, to allow the titre to maximise in the donor animals and
to test the immune status of the validation animals at the point of
donor sacrifice. The protocols for OVA exposure as well as the
corresponding IgG responses are shown in figure 2. This protocol
for demonstrating the hyperimmune or tolerised status has been
used by this group on several previous occasions [15-17]. Sera
were pooled and stored at —20°C until use.

ELISA

The humoral immune response was determined by anti-OVA
IgG-specific ELISA. Briefly, ELISA plates (Labsystems) were coat-
ed with pre-optimised concentrations of OVA (5 pg/ml, Sigma,
grade V) overnight at 4°C. Plates were blocked with PBS-Tween
supplemented with 5% skimmed milk powder (Marvel) for 1 h

Haverson/Corfield/Jones/Kenny/Fowler/
Bailey/Stokes/Miller



Table 1. Monoclonal antibodies and their source

Specificity Antibody Isotype Donor

CD45 K252.1E4 IgG, authors

CD3 STH 164 IgG,, Dr. M. Shimizu, Kyoto Biken

Laboratories Inc., Kyoto, Japan

CD4 MIL17 IgG,,  authors

CDS8 MILI2 IgG,,  authors

CD25 K231.3B2 IgG, authors

CD45RC  MIL15 IgM authors

and trebling dilution series of test sera and reference sera were ap-
plied. Binding of antibody was detected with a polyclonal goat
anti-pig IgG antiserum, conjugated to alkaline phosphatase (Sig-
ma, A1418) at optimal dilution in PBS-Tween. Finally, pNPD (Sig-
ma 104 phosphatase substrate) in carbonate buffer was added and
optical density read at 405 nm. A hyperimmune reference porcine
serum, which had been raised previously by three injections of
1,000 mg OVA in Quill A in another animal, was assigned an ar-
bitrary value of 10,000 antibody units and used to construct a
standard curve. The quantity of antibody in test sera was deter-
mined by interpolation of optical density values from all dilutions
falling within the straight section of the reference curve. All an-
tibody values were expressed relative to the standard.

Other Ig responses such as IgA or IgM were not investigated,
as we have shown previously that the dominant Ig response to di-
etary protein in pigs is IgG [15-17]. However, we cannot rule out
that other Ig classes may have played a role in this system.

Cell Isolation

Leucocytes for flow-cytometric characterisation and in vitro
culture were isolated from four tissues. MLN and spleen cells were
isolated by tissue disruption in Hank’s balanced salt solution
(HBSS) with or without Ca and Mg and filtered through a cell
strainer to obtain single cell suspensions. Splenocytes were ob-
tained similarly and then isolated over a Ficoll/Hypaque density
gradient; most remaining erythrocytes were lysed by hypotonic
shock with Trizma-buffered ammonium chloride (4.5 g ammo-
nium chloride, 1 g Trizma base Sigma 6066 in 1 litre H,0) for
6 min. Peyer’s patch cells were isolated by excising Peyer’s patches
from the remaining gut tissue, gently scraping off the mucosal
cells and mechanically disrupting them by vigorous pipetting.
This suspension was centrifuged and re-suspended in collagenase
medium (RPMI Dutch Modification, Life Technologies, cata-
logue No. 22409-015), containing 100 units/ml of collagenase
(collagenase grade V, Sigma, catalogue No. C9263), and shaken at
37°C for 1 h. The suspension was then passed through a cell
strainer to obtain a single cell suspension, washed in HBSS twice
and re-suspended. Jejunal lamina propria cells were isolated by a
method similar to the one described previously [18]. Briefly, three
inverted inflated gut sacs from proximal, mid and distal jejunum
were incubated with 1 mM EDTA in calcium- and magnesium-
free HBSS at 37°C on a shaking platform. Epithelial cells were
removed by repeated incubations, for a total period of approxi-
mately 3 h. The tissue was then digested in collagenase medium
as used for Peyer’s patches for 2 X 45 min. Cells were washed,

Early Dietary Antigenic Experience and
Immune Development

pelleted and suspended in a 40% Percoll in HBSS solution, and
underlain with a 75% Percoll solution. Cells were isolated from
the interface and washed in HBSS.

In vitro Antigen-Specific Cell Proliferation

The development of OVA-reactive memory cells in spleen,
MLN, Peyer’s patches and jejunal lamina propria was determined
by the degree of antigen-specific cell proliferation in isolated cell
populations. 2 X 10° leucocytes/ml, quantified by counting in a
haemocytometer in white cell counting fluid (I ml H,O + 99 ml
glacial acetic acid) to exclude remaining erythrocytes, were cul-
tured in DMEM (Life Technologies) supplemented with 100 mM
glutamine, sodium pyruvate, penicillin/streptomycin, 2-mercap-
toethanol, 2% normal pig serum and 0.1 mg/ml OVA for 4 days.
In order to check cellular viability, cells were also activated with
5 pwg/ml concanavalin A and cultured for 3 days. All cultures were
incubated with a final pulse of tritiated thymidine for 8 h and
counted in an LKB Wallac beta counter. The stimulation index
was calculated as the ratio of counts in the presence of OVA/
counts in the absence of OVA.

Flow-Cytometric Analysis

T cells from all four tissues were analysed by multi-colour flow
cytometry as follows. CD3+ T cells were assessed as a proportion
of CD45+ lymphocytes. Additionally, the proportions of CD4+
and CD8a+"" cells as well as their memory and activation status
were also assessed, using antibodies characteristic for this status.
Although the expression of the same cell surface molecule may
not necessarily imply the same cellular function in different spe-
cies, it is generally accepted that the surface molecules CD3,
CD45, CD4, CD8a, CD25 and CD45RC are functionally analo-
gous in pigs to those in other species [19-24]: CD4 is indicative of
Th cells, high levels of CD8a without CD4 indicate Tc cells, and
CD25 is the IL2R and is found on activated T cells. CD45RC is
present on naive T cells and lost following activation. Antibody
cocktail 1 contained antibodies to CD45 and CD3, and cocktail 2
antibodies to CD4, CD8a, CD25 and CD45RC.

In one respect, however, T-cell subsets in pigs are somewhat
unusual [25-31]. In addition to the classical CD4+CD8- cells
and the CD4-CD8a+B+ cells of other species, pigs have
CD4+CD8a+°"B-, CD4-CD8a'*"B- and CD4-CD8- T cell
subsets. Although Th and Tc are no longer considered accurate
ways of referring to CD4+ and CD8+ T cells, the complex nature
of CD4/CD8 co-expression in the pig made us continue to use
these terms as ‘shorthand’. When CD8a is expressed on cells at
high intensity on lymphocytes which lack CD4, these cells have
been referred to as Tc cells. Both CD4+CD8a- and CD4+CD8a+
cells have been referred to as Th cells. As mentioned, CD4+ Th
cells in pigs can express low levels of CD8a (the so-called double-
positive or CD4+CD8a+ subset) and this expression is indicative
of antigenic experience [19], justifying the inclusion of CD8« ex-
pression on CD4+ Th cells as a memory marker. CD25 was never
found on CD4-CD8a+"8" Tc cells and is therefore not shown for
Tc. Table 1 lists all monoclonal antibodies and their sources used
in this study.

1 X 10®leucocytes counted as above were suspended in 50 .l
of phosphate-buffered saline containing 0.2% sodium azide (PBS-
A) and incubated for 1 h with optimised concentrations of the
antibody cocktails and isotype-matched controls in a total vol-
ume of 50 pl PBS-A. Cells were washed in PBS-A and incubated
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with 50 pl of corresponding conjugate-fluorochrome cocktails of
pre-titrated isotype-specific affinity-purified goat anti-mouse
antisera. Fluorochromes were FITC, phycoerythrin, biotin
(Southern Biotechnology, Birmingham, Ala., USA) and Tricolor
(Caltag-Medsystems, Claydon, UK) for 1 h. After a wash in PBS-
A, the fourth fluorochrome was added in the form of SA-PE-TR
(Caltag). Cells were washed in PBS-A. All steps were carried out
at 4°C. Fluorescence was quantified using an EPICS XL flow cy-
tometer (Coulter Electronics, Luton, UK). Isotype-matched pure
mouse immunoglobulins were used to determine non-specific
fluorescence of controls.

Statistical Analysis

Statistical analysis was carried out on log-transformed data,
after applying the Shapiro-Wilk W test for normal data, for the
serum IgG and cellular proliferation. Flow-cytometric data were
analyzed untransformed. Data were then analyzed by ANOVA
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(Bonferroni) with post hoc analysis by two-sample t test with
equal variance. One-sample t tests for the serum IgG and cellular
proliferation data were also done to test if individual groups were
significantly different from 1.

Results

Experiment 1

Serum IgG Responses

OVA exposure at birth in experiment 1 induced clas-
sical functional oral tolerance, as evidenced by a reduced
systemic IgG antibody response on day 26 to the chal-
lenge with intraperitoneal OVA on day 16 (fig. 3b). Inter-

Haverson/Corfield/Jones/Kenny/Fowler/
Bailey/Stokes/Miller
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estingly, this reduced antibody response was also ob-
served and of a similar magnitude when piglets were
challenged with an egg-white-containing diet (fig. 3a).
Both the 10-mg as well as the 1,000-mg dose had a sig-
nificant effect, although the effect of the high dose was
more extensive.

In vitro T-Cell Proliferation

There were also clear effects of OVA exposure at birth
on cellular function. However, these differed between
challenge groups, even though they were accompanying
a similar pattern of specific antibody production.

MLN cells and splenocytes from OVA-naive animals
challenged on day 16 via the intraperitoneal route re-
sponded with high in vitro antigen-specific proliferation
10 days later. The 1,000-mg dose of OVA exposure at
birth effectively abrogated this in both spleen (fig. 3f) and
MLN (fig. 3d). The smaller 10-mg dose also abrogated the
proliferative responses of MLN (fig. 3d) but not of splen-

Early Dietary Antigenic Experience and
Immune Development

@® CD25+ (activated) Th cells
B CD45RC+ (naive) Th and Tc cells

O CD8a+ (memory) Th cells

ic cells (fig. 3f). Piglets challenged with an egg-white-
containing diet showed no in vitro OVA-specific cell pro-
liferation 10 dayslaterin MLN (fig. 3¢c) and spleen (fig. 3e).
Therefore, antigen exposure at birth could not lead to any
further reduction; it did not lead to any increase either.

No antigen-specific proliferation was seen for cells
from the lamina propria or Peyer’s patches in any exper-
imental group (not shown), although cells were viable, as
shown by proliferation to concanavalin A.

Cellular Composition and T-Cell Status in vivo

There were no effects of any of the experimental treat-
ments on the proportion of CD3+ T cells within the CD45+
lymphocyte gate nor on the relative proportions of Th and
Tc subsets in any of the tissues studied (not shown).

MLN - CD4+ Th Cells
However, we observed the effects of various experi-
mental treatments on the activation and memory status of
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T cells in MLN (fig. 4a, b). Th cells (fig. 4a) of OVA-naive
animals (0 mg OVA at birth, 1st data points) exposed to
the egg-white-containing diet on day 16 had relatively
high numbers of activated CD25+ and CD8a+ Th cells
and, conversely, few naive CD45RC+ Th cells. A compar-
ison of these OVA-naive piglets with those exposed to ei-
ther 10 (2nd data points) or 1,000 mg (3rd data points)
OVA atbirth and then challenged with the egg diet showed
that Th-cell activation and progression towards the
CD45RC- phenotype was significantly reduced by OVA
at birth. This effect was dose dependent. p values for the
comparison between OVA-naive animals and those given
1,000 mg OVA at birth were p < 0.05 for CD25+ Th cells,
p < 0.01 for CD8a+ Th cells and p < 0.05 for CD45RC+
Th cells. Animals given 10 mg OVA at birth still had sig-
nificantly fewer CD8a+ Th cells (p < 0.05) than the OVA-
naive controls. The differences for CD25 and CD45RC
expression just failed to reach statistical significance.
Thus oral antigen experience at birth prevented the in-
crease in memory Th cells observed when OVA-naive an-
imals were challenged later by an OVA-containing diet.

All three groups of piglets without dietary exposure to
egg white, but challenged with a single intraperitoneal
OVA injection on day 16, had Th in MLN (fig. 4a; 4th, 5th
and 6th data points) with a similar memory/activation
status. Thus oral antigen exposure at birth had no effect
on the number of memory Th cells when animals were
challenged later by intraperitoneal injection. Oral OVA
exposure at birth had left no obvious phenotypic effects
on Th cells in these 26-day-old piglets, in spite of the
functional differences.

Additionally, there was a significant effect of the chal-
lenge type on Th cellsin MLN. The proportions of CD25+
and CD8a+ Th cells were significantly higher (p < 0.01
and p < 0.001, respectively), and those of CD45RC+ Th
and Tc cells were significantly lower (p < 0.001 and p <
0.05, respectively) in the 0-mg OVA group subsequently
challenged by diet (fig. 4a; 1st data points) in comparison
to all of the piglets challenged with intraperitoneal OVA
(fig. 4a; 4th, 5th and 6th data points). Piglets exposed to
10 and 1,000 mg of OVA and challenged by diet had pro-
portions of Th cells intermediate between those with
0 mg OVA at birth and challenged by diet and all three
groups which had been challenged intraperitoneally.
Thus, the Th-cell status of piglets with OVA experience
at birth and exposed to OVA in the diet was more similar
to the intraperitoneally challenged animals, i.e. they did
not show the same increase in activated/memory T cells
as their counterparts which were OVA naive at the point
of dietary exposure.
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MLN - CD8a+CD4- Tc Cells

The experimental effects on Tc in MLN (fig. 4b) were
different from those observed on Th cells. There was no
significant effect of OVA given at birth on CD45RC ex-
pression, i.e. on the memory status of Tc cells in MLN.
There was only a significant effect of the challenge type
(dietary versus intraperitoneal injection): the proportion
of naive Tc in MLN in the three dietary groups was sig-
nificantly lower than in the intraperitoneally challenged
piglets. In other words, dietary exposure led to increased
numbers of memory Tc cells.

Spleen - Th and Tc Cells

The effect on splenocytes (fig. 4c, d) was less pro-
nounced. Unlike in MLN, there was no effect of OVA ex-
posure at birth in the spleen. Only the type of challenge
led to significant effects; as in MLN, dietary challenge ap-
peared to lead to more CD8a+ memory Th cells than in-
traperitoneal challenge (fig. 4c). Although a comparison
of each of the dietary groups with all three intraperitone-
ally challenged groups just failed to reach statistical sig-
nificance, a comparison of all three dietary groups to-
gether with all three intraperitoneally challenged groups
was significant (p < 0.05). We observed no significant ef-
fects on splenic Tc (fig. 4d).

Jejunum and Peyer’s Patches

There were no significant phenotypic effects on T cells
isolated from the jejunum or Peyer’s patches (not
shown).

Experiment 2

In experiment 2, we investigated the effect of giving
antibody to OVA at birth, taken from donor pigs, both as
anti-OVA from donor pigs in the form of hyperimmune
as well as in the form of tolerised serum, as described in
the Materials and Methods section.

Immunological Status of Serum Donors

In order to obtain anti-OVA antibody, it was necessary
to rear donor animals under ‘hyperimmunising’ and
‘tolerising’ conditions. Thus, hyperimmune animals were
repeatedly injected with OVA and Quill A. Tolerised an-
imals were fed an egg-white-containing diet. A third age-
matched control group was also reared. Figure 2a shows
IgG titres for the three groups of serum donor animals.
Antibody titres were also followed in three more parallel
‘validation” groups, used not as donors but in order to
verify the immune status of their donor counterparts at
the point of donor sacrifice (fig. 2b). Their second OVA
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challenge was at the time point when the donor animals
were sacrificed, i.e. week 7. The validation animals were
sacrificed 1 week later and antibody titres were deter-
mined. Thus these validation groups were shown as clas-
sically ‘orally tolerant’ (no rise in antibody titre after in-
traperitoneal OVA at 7 weeks), hyperimmune (rise in an-
tibody titre after second intraperitoneal OVA at 7 weeks)
or antigen-naive (rise in antibody titre after first intra-
peritoneal OVA at 7 weeks). It is apparent that the hyper-
immunised and tolerised donor groups had IgG respons-
es which were largely comparable in magnitude. How-
ever, antibody increases in the hyperimmunised donor
animals were more rapid after the second boost and about
twice as high at the point of sacrifice in comparison to the
dietary group.

We have reported previously that in spite of a similar
magnitude, the affinity of antibody responses by oral
versus systemic exposure differs and may thus have dif-
ferent functional effects [15]. In fact, this previous obser-
vation was responsible for the use of antibody donors
which had acquired IgG titres to OVA via the oral as well
as via the systemic route. Figure 2b shows that hyperim-
mune animals responded to a secondary intraperitoneal
challenge with an approximately tenfold rise in antibody
titre. Antigen-naive animals also responded to intraper-
itoneal challenge with increased titres. Tolerised animals
did not show any increase in IgG titre at all, but main-
tained the IgG levels observed at the point of intraperi-
toneal challenge. We could thus show that in these ‘vali-
dation’ animals, which were challenged with intraperi-
toneal OVA at the same time point when donor animals
were sacrificed, the diet group showed no rise in anti-
body titre (i.e. tolerance) after 1 week, in contrast to a
responsive status of control and intraperitoneally primed
donor animals. As the titre of the hyperimmune serum
pool was somewhat higher (approximately 220% of that
of the tolerised serum), tolerised serum was diluted with
control serum until the same antibody titre was achieved
for both pools.

Serum IgG Responses

The administration of these three sera to neonatal pig-
lets had no effect on subsequent immune responses. After
the in vivo challenges on day 16, most piglets in the six
recipient experimental groups showed variable serum
IgG responses to dietary (fig. 5a) and intraperitoneal
challenge (fig. 5b). Such variability is often characteristic
of a primary response [17]. Although mean responses
were higher in the systemically challenged animals in
comparison to those on the egg diet, there were no sig-

Early Dietary Antigenic Experience and
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nificant differences within challenge groups due to the
neonatal administration of antibody. Unlike antigen, ad-
ministering these antibody-containing sera at birth had
no effects on IgG responses to a later systemic or dietary
challenge.

In vitro T-Cell Proliferation

Tertiary in vitro proliferative responses of MLN cells
were also similar in all groups (fig. 5c, d). Finally, al-
though the intraperitoneally challenged groups had high-
er mean in vitro proliferative responses of splenocytes
than the dietary ones (fig. 5e, f), the administration of
antibody to OVA at birth had no effect on these in vitro
proliferative responses of splenocytes: all three groups
were similar after the intraperitoneal challenge (fig. 5f).
Thus, none of the functional tests showed any effects
which were due to the antibody experience at birth.

Cellular Composition and T-Cell Status in vivo

MLN - Th Cells. Interestingly, in spite of a lack of any
functional effects, there was one phenotypic difference in
MLN after administering the different sera. Again, the
three groups undergoing a systemic intraperitoneal chal-
lenge had similar Th (fig. 6a) cell populations. However,
although comparisons within the three dietary challenge
groups showed no significant differences between the
control group and those given hyperimmune or tolerised
sera (fig. 6a), a direct comparison of CD4+CD8a+ mem-
ory Th cells of piglets given tolerised with those given
hyperimmune serum showed significantly fewer such
memory cells in those animals given the tolerised serum.
Additionally, the status of Th cells of piglets given toler-
ised serum and challenged by diet was comparable to Th
cells of the three intraperitoneally challenged groups.
However, piglets given hyperimmune serum and chal-
lenged by diet had significantly higher numbers of
CD4+CD8a+ memory Th cells compared to the intra-
peritoneally challenged groups.

MLN - Tt Cells. Again, as in experiment 1, the pres-
ence of antibody at birth appeared to have little effect on
Tc cells (fig. 6b). As in experiment 1, an effect of the diet
on Tc cells was also obvious in the form of significantly
lower numbers of CD45RC+ naive (i.e. more memory) Tc
cells for all intraperitoneally challenged animals com-
pared to those challenged by diet.

Spleen - Th and Tc Cells. There were no effects of the
anti-OVA sera or of the type of challenge on the pheno-
type of splenocytes (fig. 6¢, d).
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Discussion

The phenomenon where oral antigenic exposure leads
to reduced systemic antibody and memory T-cell re-
sponses to a later systemic challenge has been used fre-
quently to explore the mechanisms involved in the im-
munological responses to food and other harmless anti-
gens in the healthy normal rodent and has been termed
‘oral tolerance’. However, in humans, oral tolerance may
also refer to tolerance of the oral exposure to an antigen
irrespective of the immunological answers. Thus, using
this term may be confusing. When referring to classical
‘oral tolerance’, this work is referring to the reduced an-
tibody and T-cell responses caused by an earlier oral ex-
posure following a secondary systemic challenge in the
rodent and pig model. This reduction is only in compar-
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ison to antigen-naive or systemically primed animals and
does not imply a total absence of such responses. The fact
that antibody responses to dietary exposure continue to
occur over a prolonged period is clearly demonstrated by
the presence of such antibodies in our serum donor ani-
mals.

The link between classical oral tolerance and lack of
atopy, with a corresponding link between sensitisation
and atopy, is by no means fully explored. Nevertheless,
experiments in rodents have been partially responsible
for the dietary advice to atopic mothers to avoid prema-
ture exposure of human infants to potential allergens.
Our results, demonstrating that the exposure of neonatal,
immunologically naive pigs to a protocol likely to induce
sensitisation in neonatal rodents induced classical oral
tolerance, as defined by reduced IgG and memory T-cell
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responses in this species, may throw further doubt on the
validity of this advice.

We also believe that it was important to demonstrate
an immunologically unresponsive state and other ac-
companying phenomena after the two very different
challenges 16 days later. The systemic challenge is the
method used in classical oral tolerance experiments, but
the oral challenge is clearly the most physiologically rel-
evant one. However, an effect on the latter has been dif-
ficult to demonstrate as the oral challenge itself leads to
a rapid loss of response, thus depriving the researcher of
an important readout: antigen-specific cellular prolifera-
tion and antibody response.

The dosages per body weight used in this experiment
as well as the antigen type were chosen to be as similar as
possible to those used routinely in rodents as a sensitisa-

Early Dietary Antigenic Experience and
Immune Development

@ CD25+ (activated) Th cells
B CD45RC+ (naive) Th and Tc cells

80 + " =
'L o ; .
5 o % MLN
& ) 40 +
*¥%
20
e [ )
T T T 1 0 T T T T T T 1
5 ¢ 3 ° ¢ 3 © 2 Z Antiserum
£ 5 @ £ 3 @ £ 3 9 i
é E E § E E § E & at birth
= Ig = ,9 = .9
[ [ [
o o Q
> > >
N N N
OVAi.p. b Egg diet OVAi.p.
%
80 *
g 60A§ % i % %
g % 40 Spleen
20
° °
T T S T 1 0 T T T T T T 1
5 ¢ 37 ° ¢ 3 ©° 2 J Antiserum
£ 3 @ £ 3 @2 £ 3 @ i
§ E B é E & § E B at birth
= I2 = I2 = |9
[ [ [
ey a8 ey
> > >
T T T
OVAi.p. d  Eggdiet OVAi.p.

O CD8a+ (memory) Th cells

tion protocol. In older rodents, a single dose of OVA cor-
responding to our high (1,000 mg) dose lies at the lower
end of a tolerogenic protocol, reported to be >0.5 mg/g
body weight [8], yet would sensitise neonates. A dose cor-
responding to our low (10 mg) dose would be expected to
sensitise even older rodents and would certainly be ex-
pected to sensitise neonatal mice. Another factor which
might account for the observed species differences could
be the amount of intact IgG transported across the gut
wall. However, very similar values for this have been re-
ported for pigs and rodents [32, 33]. Thus, we conclude
that the colostrum-deprived status, the dosage and the
timing of our experiment appear to fulfill the conditions
which in rodents would lead to sensitisation.

To generalise our results, we could show that this work
was similar to previously published work on the effect of
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soya protein given to piglets at birth, where such neonatal
exposure reduced IgG responses in response to a soya-
containing diet [15]. However, the response to a systemic
intraperitoneal challenge with soya had failed to reach
significance in the previous experiment [15]. The differ-
ence between the extent of tolerance induction may be
due to different antigenicities of soya and OVA. Alterna-
tively, there may have been confounding effects of anti-
body/antigen derived via colostrum and milk: in the ear-
lier experiment, piglets had been reared conventionally
on the sow, and thus had obtained both soya protein and
soya antibody via the sow’s colostrum and milk, whereas
the present experiment dealt with piglets reared without
any maternally derived factors. Nevertheless, in both ex-
periments, giving relatively low doses of antigen orally to
neonatal piglets reduced rather than augmented second-
ary responses.

It may also be of interest to mention that anti-OVA ti-
tres in the donor animals fed an egg-white-containing
diet had continued to rise over the whole experimental
period of 4 weeks, in contrast to a complete lack of IgG
antibody rise in the experimental neonatal animals after
the dietary challenge 16 days later. Thus, in spite of dem-
onstrating tolerance defined by a lack of IgG response to
intraperitoneal injection of OVA, these donor animals
had increased their IgG titre in response to dietary OVA
up to this point in time. This difference may be due to the
different ages or different immunological maturity: a sin-
gle OVA dose given to the OVA-naive neonatal animals
appeared to have a more profound tolerising effect than
the continuous dietary exposure of 3-week-old weaner
pigs.

A more detailed look at the cellular mechanisms in-
volved revealed that the classical definition of ‘oral toler-
ance’, i.e. reduced IgG antibody responses to a later sys-
temic challenge, was accompanied by other differences,
compatible with previously described phenomena re-
ported to accompany oral tolerance. The tertiary anti-
gen-specific in vitro proliferative response (generally ac-
cepted to be due to antigen-specific memory T cells) also
showed evidence of tolerance induction. However, this
differed depending on the route of the antigenic chal-
lenge: only T cells from piglets challenged by intraperito-
neal OVA proliferated after a subsequent in vitro anti-
genic stimulation. This proliferation was reduced/abro-
gated by OVA exposure at birth. The tissue which showed
this effect most clearly was the MLN. Both 10 and 1,000
mg of OVA at birth resulted in an almost total lack of an-
tigen-specific cellular responses in MLN, whereas spleen
cell proliferation was only reduced by the higher OVA
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dose. Thus, the reduced systemic antibody response was
paralleled by reduced proliferative memory T responses
in MLN and to a lesser extent in the spleen.

The piglets receiving oral OVA at birth or later egg
white in the diet showed no consistent OVA-specific T-
cell proliferation in any of the tissues studied. Neverthe-
less, 26-day-old piglets which had experienced the novel
diet for 10 days did show phenotypic evidence of T-cell
activation and progression towards a memory status.
This was partially abrogated for those given OVA at birth.
No polyclonal phenotypic differences in T cells have been
reported previously in animals challenged systemically.
We assume that the measurable increase in memory Th-
cell numbers prevented by the single low dose of OVA at
birth seen in this experiment is due to the prolonged na-
ture of the dietary challenge, as well as to a relatively low
background number of other memory cells in these ani-
mals which were totally antigen-naive at birth and had
beenreared inasterile environment. Interestingly, where-
as both Tc and Th showed evidence of memory induction
by diet, only Th-cell phenotypes were affected by the ex-
perience of OVA at birth. This suggests that the exposure
to OVA-containing egg white in the diet resulted in both
memory Tc and Th cells in the local lymph nodes, but
neither of them capable of OVA-specific in vitro prolif-
erative recall responses 10 days later. Cytotoxic T cells are
generally thought to be involved in responses to intra-cel-
lular viral pathogens and not to dietary antigens, their
involvement in this system investigating the immune re-
sponse to dietary antigen is therefore surprising and not
clear. It is however possible that these memory Tc cells
may not be specific for OVA.

The role of CD4+ cells in the induction and mainte-
nance of oral tolerance has been demonstrated [34-36];
our work supports the view that these cells are mainly
induced in the lymph nodes draining the mucosa. This
work also confirms that they do not respond with anti-
gen-specific in vitro proliferation 10 days later. The phe-
notypic evidence further suggests that they do not re-
spond in vivo to a second oral challenge either. We may
postulate that the single dose of OVA given orally at birth
had led to the production of similar activated/memory
but unresponsive CD4+ cells in MLN, just as it had in the
older pigs fed with the egg-white-containing diet, but that
this change had been too small or too transient to be de-
tectable in the 26-day-old animals. It may have been fol-
lowed by the permanent loss by apoptosis or emigration
into ‘anergic sites’ such as the mucosa. The parallel re-
duced proliferation in spleen caused by the high but not
the low dose suggests that this anergy or cellular loss is

Haverson/Corfield/Jones/Kenny/Fowler/
Bailey/Stokes/Miller



system wide but the extent dose dependent. It is most
clearly seen in local lymph nodes. The lack of OVA-re-
sponsive CD4+ cells almost certainly accounted for the
lack of systemic IgG responses, too.

Early but transient responses followed by tolerance in
response to oral antigen have been shown before [37].
There is considerable evidence that memory cells specif-
ic for dietary antigen are induced in MLN by dendritic
cells from the mucosa [38, 39], become memory cells [40]
and return to and are sequestered in the diffuse mucosal
tissues, but in an anergic state which responds to in vitro
challenge by apoptosis [20, 41, 42]. We failed to find sup-
porting phenotypic evidence for their appearance in the
mucosa; there were no obvious changes in cellular com-
position in the jejunum. However, given the size of the
mucosal cell compartment, it is perhaps not surprising
that measurable changes in the small local lymph nodes
are blurred in this much larger cell pool. Given the lack
of OVA-specific cell proliferation in either mucosal tis-
sue, we can state that active (responsive) memory cells
were not found in mucosal sites in either group.

In contrast to the clear and profound effects of anti-
genic experience immediately after birth, the effect of an-
tibody uptake from hyperimmune or tolerised serum was
much less obvious. Neither of the functional tests in the
form of serum IgG responses or of in vitro T-cell prolif-
eration showed differences between experimental groups.
The phenotypic differences found when comparing the
proportion of memory CD4+ cells between the three
groups of piglets challenged by diet showed fewer mem-
ory CD4+ cells in the presence of tolerised and more such
cells in the presence of hyperimmune serum. However,
without supporting functional evidence, we cannot ex-
clude at this stage that this may have been due to
chance.

It appears that the effect of giving the sera at birth had
already caused a degree of immunological activation, as
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could be answered by repeating the above experiments
with the pig model for peanut allergy used by Helm et al.
(43].

Acknowledgements

The funding of this work by the Food Standards Agency (proj-
ect No. TO 7026) is gratefully acknowledged. All co-authors
would also like to pay tribute to Dr. Gaynor Corfield, and her high
work standards and ethics, who sadly died during the course of
this project and who would under normal circumstances have
been the first author.

1 Grundy ], Matthews S, Bateman B, Dean T, 4 Strobel S, Ferguson A: Immune-responses to

Early Dietary Antigenic Experience and
Immune Development

Arshad SH: Rising prevalence of allergy to
peanut in children: data from 2 sequential
cohorts. J Allergy Clin Immunol 2002;110:
784-789.

Broadfield E, McKeever TM, Scrivener S,
Venn A, Lewis SA, Britton J: Increase in the
prevalence of allergen skin sensitization in
successive birth cohorts. ] Allergy Clin Im-
munol 2002;109:969-974.

Sicherer SH, Furlong TJ, Maes HH, Desnick
RJ, Sampson HA, Gelb BD: Genetics of pea-
nut allergy: a twin study. ] Allergy Clin Im-
munol 2000;106:53-56.

fed protein antigens in mice. 3. Systemic tol-
erance or priming is related to age at which
antigen is 1st encountered. Pediatr Res 1984;
18:588-594.

Peng HJ, Turner MW, Strobel S: The kinet-
ics of oral hyposensitization to a protein anti-
gen are determined by immune status and
the timing, dose and frequency of antigen
administration. Immunology 1989;67:425—
430.

Int Arch Allergy Immunol 2009;150:192-204 203



10

11

12

13

14

15

16

17

Strid J, Thomson M, Hourihane J, Kimber I,
Strobel S: A novel model of sensitization and
oral tolerance to peanut protein. Immunol-
ogy 2004;113:293-303.

Strobel S: Understanding primary oral toler-
ance induction: the end of the beginning.
Monatsschr Kinderheilkd 2003;151:510-
S1e6.

Strobel S: Immunity induced after a feed of
antigen during early life: oral tolerance v.
sensitisation. Proc Nutr Soc 2001;60:437-
442.

Hourihane JO, Aiken R, Briggs R, Gudgeon
LA, Grimshaw KEC, DunnGalvin A, et al:
The impact of government advice to preg-
nant mothers regarding peanut avoidance on
the prevalence of peanut allergy in United
Kingdom children at school entry. J Allergy
Clin Immunol 2007;119:1197-1202.

Palmer DJ, Makrides M: Diet of lactating
women and allergic reactions in their in-
fants. Curr Opin Clin Nutr Metab Care 2006;
9:284-288.

Fox AT, du Toit GL, Syed H, Sasieni P, Lack
G: Risk of peanut allergy associated with
high household exposure to peanut in infan-
cy. ] Allergy Clin Immunol 2006;117:S35.
Strid J, Hourihane J, Kimber I, Callard R,
Strobel S: Epicutaneous exposure to peanut
protein prevents oral tolerance and enhances
allergic sensitization. Clin Exp Allergy 2005;
35:757-766.

Calder PC, Krauss-Etschmann S, de Jong
EC, Dupont C, Frick JS, Frokiaer H, et al:
Early nutrition and immunity - progress
and perspectives. Br ] Nutr 2006;96:774—
790.

Du Toit G, Katz Y, Sasieni P, Kaluski DN,
LivneII, Lack G: Different prevalence of pea-
nutallergyin children in Israel and UKis not
due to differences in atopy. J Allergy Clin
Immunol 2006;117:533.

Bailey M, Miller BG, Telemo E, Stokes CR,
Bourne FJ: Altered immune response to pro-
teins fed after neonatal exposure of piglets to
the antigen. Int Arch Allergy Immunol 1994;
103:183-187.

Bailey M, Haverson K, Miller B, Jones P, Sola
L, Enjuanes L, et al: Effects of infection with
transmissible gastroenteritis virus on con-
comitant immune responses to dietary and
injected antigens. Clin Diagn Lab Immunol
2004;11:337-343.

Bailey M, Miller BG, Telemo E, Stokes CR,
Bourne FJ: Specific immunological unre-
sponsiveness following active primary re-
sponses to proteins in the weaning diet of
piglets. Int Arch Allergy Immunol 1993;101:
266-271.

18

19

20

21

22

23

24

25

26

27

28

29

30

Bailey M, Hall L, Bland PW, Stokes CR: Pro-
duction of cytokines by lymphocytes from
spleen, mesenteric lymph node and intesti-
nal lamina propria of pigs. Immunology
1994;82:577-583.

Saalmiiller A, Werner T, Fachinger V: T-
helper cells from naive to committed. Vet
Immunol Immunopathol 2002;87:137-145.
Bailey M, Plunkett F, Clarke A, Sturgess D,
Haverson K, Stokes C: Activation of T cells
from the intestinal lamina propria of the pig.
Scand ] Immunol 1998;48:177-182.
Pescovitz MD, Aasted B, Canals A, Domin-
guez ], Vizcaino JS, Pospisil R, et al: Analysis
of monoclonal antibodies reactive with the
porcine CD4 antigen. Vet Immunol Immu-
nopathol 1994;43:233-236.

Saalmiiller A, Aasted B, Canals A, Domin-
guez J, Goldman T, Lunney JK, et al: Analy-
ses of mAb reactive with porcine CD8. Vet
Immunol Immunopathol 1994;43:249-254.
Zuckermann FA, Peavey C, Schnitzlein WM,
Schabacker D, Husmann R], Yang H, et al:
Definition of the specificity of monoclon-
al antibodies against porcine CD45 and
CD45R. Vet Immunol Immunopathol 1998;
60:367-387.

Haverson K, Stokes CR, Bailey M: T cell pop-
ulations in the pig intestinal lamina propria
- memory cells with unusual phenotypic
characteristics. Immunology 1999;96:66—
73.

Saalmiiller A, Maurer S: Major histocompat-
ibility antigen class IT expressing resting por-
cine T lymphocytes are potent antigen-pre-
senting cells in mixed leukocyte culture.
Immunobiology 1994;190:23-34.
Saalmiiller A, Reddehase M]J, Bithring HJ,
Jonji¢ S, Koszinowski UH: Simultaneous ex-
pression of CD4 and CDS8 antigens by a
substantial proportion of resting porcine
T lymphocytes. Eur J Immunol 1987;17:
1297-1301.

Summerfield A, Rziha HJ, Saalmiiller A:
Functional characterization of porcine
CD4*CD8" extrathymic T lymphocytes.
Cell Immunol 1996;168:291-296.

Yang H, Parkhouse RME: Differential ex-
pression of CD8 epitopes amongst porcine
CD8-positive functional lymphocyte sub-
sets. Immunology 1997;92:45-52.

Yang H, Parkhouse RME: Phenotypic clas-
sification of porcine lymphocyte subpopula-
tions in blood and lymphoid tissues. Immu-
nology 1996;89:76-83.

Zuckermann FA, Gaskins HR: Distribution
of porcine CD4/CD8 double-positive T lym-
phocytes in mucosa-associated lymphoid
tissues. Immunology 1996;87:493-499.

204

Int Arch Allergy Immunol 2009;150:192-204

31

32

33

34

35

36

37

38

39

40

41

42

43

Zuckermann FA: Extrathymic CD4/CD8
double positive T cells. Vet Immunol Immu-
nopathol 1999;72:55-66.

Morris B, Morris R: The digestion and trans-
mission of IgG by rat enterocytes; in Hem-
mings WA (ed): Protein Transmission
through Living Membranes. Amsterdam,
Elsevier/North Holland Biomedical Press,
1979, pp 159-169.

Mehrazar K, Gilman-Sachs A, Kim YB: In-
testinal absorption of immunologically in-
tact macromolecules in germfree colostrum-
deprived piglets maintained on total par-
enteral nutrition. JPEN ] Parenter Enteral
Nutr 1993;17:8-15.

Garside P, Steel M, Liew FY, Mowat AM:
CD4* but not CD8" T cells are required for
the induction of oral tolerance. Int Immunol
1995;7:501-504.

Barone KS, Jain SL, Michael JG: Effect of in
vivo depletion of CD4* and CD8* cells on the
induction and maintenance of oral toler-
ance. Cell Immunol 1995;163:19-29.
Verhasselt V, Milcent V, Cazareth J, Kanda
A, Fleury S, Dombrowicz D, et al: Breast
milk-mediated transfer of an antigen induc-
es tolerance and protection from allergic
asthma. Nat Med 2008;14:170-175.

Stokes CR, Newby TJ, Bourne FJ: The influ-
ence of oral immunization on local and sys-
temic immune responses to heterologous
antigens. Clin Exp Immunol 1983;52:399-
406.

Bilsborough J, Viney JL: Gastrointestinal
dendritic cells play a role in immunity, toler-
ance, and disease. Gastroenterology 2004;
127:300-309.

Viney JL, Mowat AM, O’Malley M, Wil-
liamson E, Fanger NA: Expanding dendritic
cells in vivo enhances the induction of oral
tolerance. ] Immunol 1998;160:5815-5825.
Strobel S, Mowat AM: Oral tolerance and al-
lergic responses to food proteins. Curr Opin
Allergy Clin Immunol 2006;6:207-213.
Bailey M, Plunkett FJ, Rothkotter HJ, Vega-
Lopez MA, Haverson K, Stokes CR: Regula-
tion of mucosal immune responses in effec-
tor sites. Proc Nutr Soc 2001;60:427-435.
Bailey M, Haverson K: The postnatal devel-
opment of the mucosal immune system and
mucosal tolerance in domestic animals. Vet
Res 2006;37:443-453.

Helm RM, Furuta GT, Stanley JS, Ye JH,
Cockrell G, Connaughton C, et al: A neona-
tal swine model for peanut allergy. J Allergy
Clin Immunol 2002;109:136-142.

Haverson/Corfield/Jones/Kenny/Fowler/
Bailey/Stokes/Miller



