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Modulation of intestinal and systemic immune
responses to a fed protein antigen, in mice
S STROBEL AND ANNE FERGUSON

From the Gastro Intestinal Unit, Western General Hospital, Edinburgh, and University of Edinburgh,
Edinburgh

SUMMARY Feeding of a protein antigen to normal adult mice results in systemic immunologic
hyporesponsiveness (oral tolerance). Local mucosal cell mediated immunity is not usually
elicited. The objectives of these experiments were to abrogate the induction of oral tolerance and
concomitantly to induce a local mucosal cell mediated immune response in mice; and thereby to
establish which facets of intestinal physiology or immunology are relevant to the induction of
normal, mainly suppressor immune responses to a fed antigen. Protein antigen (ovalbumin) was

fed to animals in whom immune status had been modulated by intraperitoneal injection of
N-acetyl-muramyl dipeptide (MDP), by induction of a graft versus host reaction, or naturally, by
virtue of immaturity. The induction of oral tolerance was prevented in all treatment groups. In a

second series of experiments mice were orally immunised as before, rested for four weeks, and
then challenged with ovalbumin in their drinking water for 10 days. Jejunal architecture was not
altered by the antigen challenge, but MDP treated and immature animals which had been
sensitised to ovalbumin and later re-exposed to the same antigen had significantly higher
intraepithelial lymphocyte counts than appropriate controls. Factors which may lead to
abrogation of oral tolerance and induction of intestinal hypersensitivity are discussed in relation
to food allergic diseases in man.

Induction of systemic immunological hyporespon-
siveness by the feeding of antigen (oral tolerance) is
well documented in animals'-3 and probably also
occurs in man.4 Immune responses within the gut
associated lymphoid tissues (GALT) have been
extensively studied, and the associated cellular
events examined by in vitro techniques,> ) but
comparatively little is known about intestinal
mucosal cell mediated immunity and its regulation
in vivo.
There are as yet no methods for direct measure-

ments of a mucosal cell mediated immune response
but we") 1 and others'2 13 have shown that an
increased count of intraepithelial lymphocytes,
elongation of the crypts, increase in crypt cell
proliferation, and a reduction in villus length,
provide indirect evidence of a mucosal cell mediated
immune response in experimental animals 14 and
man. '5 Of these features, the intraepithelial lympho-
cyte count is the most sensitive index.'6
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In our earlier experiments on the induction of
immune responses by the feeding of antigen, we
found that modulation of the immune status of mice
(by cyclophosphamide treatment) before antigen
administration partially reversed oral tolerance'7
and induced a state of local cell mediated
immunity.'4 These results led us to hypothesise that
abrogation or breakdown of the normal gut immune
responses such as oral tolerance may be the under-
lying pathogenesis of food allergic diseases, includ-
ing the food protein sensitive enteropathies. In
order to test this hypothesis in other states of
aberrant immunity, we have examined immune
responses to a fed protein antigen, ovalbumin, in
animals immunomodulated by means of a graft
versuts host reaction; by injection of the synthetic
adjuvant N-acetyl-muramyl dipeptide (MDP); or in
animals which are naturally immunologically inex-
perienced by virtue of their age. We here present
evidence that immunomodulation prevented the
induction of oral tolerance in mice, and was associ-
ated with a rise in intraepithelial lymphocyte counts
on antigen re-exposure, suggesting active immunisa-
tion for mucosal cell mediated immunity.
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Table Experimental protocols

The day of antigen or saline fecding was taken as day 1.

Systemic imnmnunaitv or tolerantce

Immunomodulation:

OVA or saline feed:
Systemic immunisation:

Test serum antibodies, DTH:

Mucosal itnonutiit
Immunomodulation:

OVA or saline feed:
OVA or water refeed:
Test for mucosal changes:
(IEL count, villus and crypt length, CCPR)

day -12, inducc GvHR
day 1, give MDP
day 1
day 7 for GvHR and MDP groups
day 28 for neonatal and control mice (age 28 days)
21 days later

day -12, induce GvHR
day 1, give MDP
day 1
days 28-37
day 38

GvHR=graft versus host reaction. MDP=N-acetyl-muramyl dipeptide. IEL=intraepithelial lymphocytes.
OVA=ovalbumin. DTH=delayed type hypersensitivity. CCPR=crypt cell proliferation rate.

Methods

EXPERIMENTAL PROTOCOL

The Table provides a general outline of the pro-
tocols used for the assessment of systemic and local
immunity.

ANIMALIS
Female (C57BL6/JxDBA2)F, (BDF,), and BALB/c
mice, of both sexes and aged six to 10 weeks, were

used. There were six to 10 mice per group. The mice
were bred in the Animal Unit of the Western
General Hospital, Edinburgh. Neonatal animals
were fed antigen 18-36 hours after birth.

ANTIGEN

Ovalbumin (Sigma Chemical Company, Poole,
UK), five times crystalised, was dissolved at
100 mg/ml in 0-15 M saline. The dose used in adult
mice and in neonates was 1 mg/g bodyweight.

FEEI)ING TECHNIQUE
Adult animals were intubated with a 19 gauge
stainless steel feeding tube, neonatal animals with 00
flexible nylon intravenous tubing (Portex) attached
to a 26 gauge needle stock. Full details have been
published elsewhere. Ix

SYSTEMIC IMMUNISATION
Mice were immunised with 100 [.g ovalbumin in

complete Freunds adjuvant into the left hind foot-
pad at seven days (adults) or four weeks (neonatal
experiments) after the initial sensitising feed. Syste-
mic immunity was measured three weeks after
immunisation.

MEASUREMENT OF SYSTEMIC IMMUNITY

Antibody responses
Serum IgG antibody was measured by using an
ELISA test. 8 Microtitre plates were coated with
0.1 mg ovalbumin dissolved in 0-03 M carbonate
buffer pH 9 6 for two hours at 37°C. Sera were
added at a dilution of 1/100 (five hours at room
temperature) and alkaline phosphatase conjugated
goat anti-mouse IgG antiserum (Northeast Biome-
dical) added at a dilution of 1/1000 (16 hours at
room temperature). The substrate, p.-nitro-phenyl-
phospate (Sigma Chemical) was added at 1 mg/ml in
10% diethanolamine buffer pH 9-8 and the colour
development monitored at 405 nm with an automa-
tic microelisa reader (Dynatech Limited). Serum
samples were assayed in triplicates, and appropriate
control sera were included into each assay to correct
for day to day variations. Results are given as
individual absorbance readings. Intraassay variation
was 599% and interassay variation 10-4%.

Systemic delayed type hypersensitivity responses
Mice were tested for delayed type hypersensitivity
by measuring the specific footpad swelling 24 hours
after an intradermal injection of 100 sg of antigen in
0 05 ml of 0(15 M saline into the plantar side of a
non-immunised rear footpad. Measurements were
made with microcalipers (POCOTEST-A, Caro-
bronze Limited, UK). Control mice were either
immunised with complete Freunds adjuvant and
saline and tested with antigen, or were immunised
with antigen in complete Freunds adjuvant and were
tested with 0(05 ml of 0( 15 M saline.

830 Strobel and Ferglison
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Modulation of intestinal and systemic immune responses to a fed protein antigen, in mice

INTESTINAL MORPHOLOGY AND EPITHELIAL CELL

KINETICS
Intraepithelial lymphocyte counts
Pieces of jejunum (10 cm beyond the pylorus) were

fixed in 10% buffered (pH 7T0) formalin, paraffin
embedded, cut at 4 ,um and stained with haematoxy-
lin and eosin. A differential cell count was made
under oil immersion (x 1000 magnification) of the
cells within the epithelium covering the villi and
intraepithelial lymphocytes counts were expressed
as numbers of intraepithelial lymphocytes/100
epithelial cells.

Villi and crypts
Lengths of villi and crypts, and crypt cell production
rates, were measured by the metaphase arrest and
microdissection techniques first described by Clarke
(1970) and routinely used in our laboratory.'9 2() All
groups of animals were given 7-5 mg colchicine
(BDH) per kg bodyweight and killed by cervical
dislocation at intervals of 20-120 minutes afterwards
to allow accumulation of metaphases in intestinal
crypts. Pieces of jejunum (10 cm beyond the
pylorus) were fixed in 75% ethanol/25% glacial
acetic acid for six hours and then stained in
bulk - after acid hydrolysis at 60°C - with the mod-
ified Feulgen stain (Schiff reagent; Difco).
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Villus and crypt lengths are expressed in ,um and
the crypt cell production rate as the rate of
accumulation of metaphases/crypt/hour in a particu-
lar experimental group.

IMMUNOMODULATION TREATMENTS
Fifty micrograms N-acetyl-muramyl-dipeptide (Ad-
juvant dipeptide, MDP; Sigma) in 0.2 ml of 0-15 M
saline was injected intraperitoneally immediately
(<1 minute) before oral intubation of BDF1 mice.

Graft versus host reaction
A graft versus host reaction was induced 12 days
before the antigen feed, by the intraperitoneal
injection of 6x 107 C57BL6/J spleen cells into BDF,
mice. Controls were injected with BDF, spleen
cells. Spleen cell suspensions were made with RPMI
1640 medium (Flow Laboratories) and the viability
as assessed by 2% Trypan blue exclusion was greater
than 80%. For documentation of graft versus host
reaction at the time of feeding. some animals of each
experimental group were killed at day 12, their body
and spleen weights measured, and Simonsen's
spleen index2' was calculated (this is obtained by
dividing the relative spleen weight (mg/g body
weight) in the graft versus host reaction group, by
the relative spleen weight in controls).
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Treatment Saline ip MDP ip RPMI GVHR Adult Neonatal
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Fig. 1 IgG anti-ovalbumin antibody levels after an ovalbumin feed and systemic immunisation in three experimental
groups ofmice, with appropriate controls. Left: 50 Fg N-acetyl-muramyl dipeptide ip. Centre: Graft versus host
reaction (12 days before feed) Right: Immaturity (neonatal feed). All control groups demonstrate significant suppression
ofsystemic immunity (p<OOJ). Immunomodulation with N-acetyl-muramyl dipeptide and a graft versus host
reaction prevented the induction oftolerance. After neonatal antigen exposure induction of tolerance was also prevented
and some animals exhibited signs ofpriming (p<O.I =NS). MDP=N-acetyl-muramyl dipeptide. GvHR=graft versus
host reaction.
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Strobel and Ferguson

Intnatlurity
Neonatal BALB/c mice, of both sexes, were fed
ovalbumin on the first day after birth (age 18-36
hours) and were kept under normal animal housing
conditions thereafter.

EXPERIMENTAL PROTOCOL FOR STUDY OF ORAI,

TOI ERANCE
Adult mice, immunomodulated and controls, were
parenterally immunised seven days after the antigen
feed. Neonatally fed animals were parenterally
immunised at four weeks of age. In all animals blood
was collected three weeks later and IgG anti
ovalbumin antibody measured by ELISA. At the
same time the footpad swelling test for delayed type
hypersensitivity was performed. Wilcoxon's rank
sum test was used to compare the results of ELISA
tests ih the various groups, and the t-test for delayed
type hypersensitivity responses. Suppression of anti-
body and delayed type hypersensitivity responses
was calculated thus:

(response in experimental animals)
1- ~~~~~~~x100

1'response in control animals)
=% suppression

EXPERIMENTAL PROTOCOL FOR MUCOSAL CEI,I
MEDIATED IMMUNITY
All groups of mice were rested for four weeks after
the initial sensitising feed, and then challenged for
10 days with 01I mg ovalbumin/day in their drinking
water. On the 10th day they were given colchicine as
described above, killed, and the presence or absence
of intestinal cell mediated immunity inferred from
intraepithelial lymphocytes counts and mucosal
architecture measurements. Crypt cell production
rates were calculated by linear regression and
analysis of covariance was used to compare the
slopes of the best fit curves. The t test was used for
comparison of villus and crypt lengths.

gated suppression for humoral IgG antibody re-
sponses and also reversed tolerance for delayed type
hypersensitivity and these responses were not signi-
ficantly different from those of saline fed, MDP
injected control groups (29% suppression) (Figs 1
and 2).
The successful induction of a graft versus host

reaction was confirmed by easily visible sple-
nomegaly in the relevant animals confirmed by a
spleen index for the group of 1 74. An ovalbumin
feed on day 12 of this semi-allogeneic graft versus
host reaction did not induce suppression of systemic
immunity, whereas this occurred, as predicted, in
medium injected control animals. Again, prevention
of oral tolerance was more complete for humoral
than for delayed type hypersensitivity responses
(Figs 1 and 2).
A unique feature, which we have already de-

scribed in detail,'8 is seen when ovalbumin is fed to
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Results

ATTEMPTS TO MODUL'ATE ORAI1T11ERAN('F
Systemic antibody and delcayed type hypersensitivity
responses in all of the groups of animals are shown
in Figures I and 2. For all of the treatment regimes,
the relevant, immunologically normal, control
groups show significant suppression (p<0()(l) of
systemic immunity to ovalbumin after antigen feed-
ing when compared with saline fed controls- that
is. there is oral tolerance.

Intraperitoneal injection of 5() [tg MDP im-
mediately before an ovalbumin feed totally abro-

Fig. 2 Systemic delayed type hypersensitivity after an
ovalbumin feed and systemic immunisation in three
experimental groups ofmice, with appropriate controls.
Left: 50 [tg N-acetyl-muramyl dipeptide ip. Centre: Graft
versus host reaction (12 days beforefeed) Right: Immaturity
(ueontiattiee(l). All contlrol.s exlihit a sigllnificant reduction
of(lelaye(l tiype hpv(r.sens.itilitx respon.ses (p<0-01) after atn
ov,albuinin fced. fhe slight redluction ofJ delaved type
h vperwsnsitil';ity in the N-aceivl-mnuramlnl dip(eptide atid grali
versus ho.st reaction group.s was nOtosignificant (MDP 29':o;
GvHR 20%()). Neonatallv fed animals (right) (lid not show
aniV.sign.s of sY.stemic .suppression but demnollstrated 25',
cnillianceitment (priming) (p =005). OVA =ovalbumin.
D) 7I = delax'led tV)e hIypersensiti itWY.
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Modulation of intestinal and systemic immune responses to a fed protein antigen, in mice

healthy, otherwise untreated neonatal mice. The
expected suppression of systemic immunity is pre-

vented for both limbs of the immune system and
there is evidence of priming for antibody and
delayed type hypersensitivity responses. This does
not quite reach statistical significance (36% en-

hancement for antibody and 25% for delayed type
hypersensitivity p<O 1) (Figs 1 and 2), but has been
present in five further, similar experiments.

INDUCTION OF MUCOSAL CELL MEDIATED
IMMUNITY

Subjective examination of routine histological sec-

tions (formalin fixed, haematoxylin and eosin
stained 5 sim sections) did not reveal abnormalities
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in any of the three treatment groups. The results of
microdissection studies of jejunum from animals in
the three immunomodulation studies are summa-
rised in Figures 3, 4, and 5. There were no
significant differences from controls in any of the

treatment groups. By the time the experiment came
to an end the graft versus host reaction mice were at
50 days after induction of the reaction, and, as
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Fig. 4 Graft versus host reaction and induction of local
cell mediated immuntiity to ovalbumnin: Gastrointestinal
morphology. Thle graft versus host reaction did not lead to
ainx abtnormialities of gastrointestinal morp)hology at 50 daYs
after induction. Crypt and villus lengths as well as crypt cell
production rates were similar in all groups of mice,
regardless of the treatmnent conditionis.
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Fig. 3 Graft versus host reaction and induction of local
cell mediated immunity to ovalbumin: Intraepithelial
lymphocytes. Controls (RPMI injected animals) showed an

intraepithelial lymphocyte count of8-51100-11 71100
epithelial cells. Ovalbumin challenge in controls did not
further increase intraepithelial lymphocyte counts. All grafi
versus host reaction groups exhibited an intraepithelial
lymphocyte count of 16.2-20 41100 epithelial cells,
regardless of whether the groups were lefi untreated,
challenged only or enterically primed and challenged.
The difference in intraepithelial lymphocyte counts between
the RPMI groups and graft versus host reaction groups
is highly significant (p<0-001). IEL =intraepithelial
lymphocytes. RPMI=medium injected controls.
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Fig. 5 Gastrointestinal morphology and intraepithelial
lymphocyte infiltration after a neonatal ovalbumin feed
and challenge. Left: morphology. There were no

differences in villus or crypt lengths or crypt cell production
rates in any of the treatment groups. Right: Intraepithelial
lymphocytes. There is a significant rise in intraepithelial
lymphocyte counts in the group ofatiimals which have been
fed on day 1 of life and challenged with ovalbumin after
4 weeks (p<001) (8.2-10-61100 epithelial cells versus
124-18 21100 epithelial cells).
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Fig. 6 Gastrointestinal morphology and intraepithelial
lymphocyte infiltration after immunomodulation with
N-acetyl-muramyl dipeptide and enteral sensitisation to
ovalbumin. Left: morphology. There was no effect on

gastrointestinal morphology as measured by villus and crypt
length or crypt cell production rates. Right: intraepithelial
lymphocytes. N-acetyl-muramyl dipeptide pretreatment
and a single ovalbumin feed before an ovalbumin challenge
lead to a highly significant increase in intraepithelial
lymphocyte counts (p<OOJ).

shown in Figure 4, there were no mucosal abnorma-
lities at this time in the graft versus host reaction
mice.

Positive findings were obtained in the studies of
intraepithelial lymphocyte infiltration of the mu-

cosa. All experimental groups in which prevention
of oral tolerance had been achieved by immunomo-
dulation, also had high intraepithelial lymphocyte
counts after ovalbumin challenge (Figs 3, 5, and 6).
Differences between immunomodulated and control
groups (all ovalbumin fed and later challenged by a
10 day refeed) were significant at the p<O0OO1 level
for MDP and immaturity groups. Mice which had
been fed saline on day 12 of a graft versus host
reaction still had high intraepithelial lymphocyte
counts at 50 days and there was no additional
increment in those which had been fed ovalbumin at
the same stage of a graft versus host reaction.

Discussion

When the first encounter with an antigen is via the
gut, several different immune responses may evolve,
not only in the GALT, but also systematically apart
from secretory antibodies,23 the general trend is for
a down regulation of subsequent immune responses
to the antigen concerned - oral tolerance for serum

antibody and systemic delayed type hypersensitivity
responses, and absence of mucosal delayed type
hypersensitivity. It is not yet known if mucosal
delayed type hypersensitivity responses are actively
suppressed or if there is simply an absence of any
immunological effect in terms of induction or
suppression.
A considerable body of information has been

accrued on factors which influence and induce oral
tolerance. 1 6 10 13 17 24 25 The main objectives of the
work described in this paper were to examine a
range of techniques which are likely to abrogate the
state of oral tolerance, and concomitantly to investi-
gate whether mucosal delayed type hypersensitivity
can be induced. By three quite different techniques,
oral tolerance has been abrogated, and in two of the
situations, changes suggestive of intestinal delayed
type hypersensitivity were also produced after anti-
gen challenge via the gut.

In earlier work, investigating mechanisms which
regulate systemic and local immune responses after
feeding, we and others have shown that pretreat-
ment with cyclophosphamide, and oestrogen ther-
apy, lead to partial or complete prevention of oral
tolerance and at the same time induce local mucosal
immune responses in the small intestinal mucosa,
(as measured by a lymphocyte migration technique,
and by jejunal crypt hyperplasia and raised in-
traepithelial lymphocyte counts after antigen
refeeding). 13 17 The mechanisms of immunomodula-
tion differ in these two systems. Cyclophosphamide
acts at the T suppressor cell level whereas oes-
trogens activate the reticuloendothelial system and
increase antigen presenting activity of
macrophages. 13 6

In the experiments described in this paper we
have disturbed the equilibrium between helper and
suppressor cells by using MDP, a substance which
acts via macrophage activation in cooperation with
T helper cells.27 28 N-acetyl-muramyl dipeptide
administration can lead to either immunostimula-
tion or immunosuppression, depending on the
length of time between administration of MDP and
antigen exposure. The mode of action ofMDP when
given according to the protocol in our work, is
immunostimulant, probably via macrophage activa-
tion and increased antigen presenting activity
(Mowat and Strobel, unpublished). Such an inter-
pretation is in keeping with the data of several
authors who have proposed that induction of toler-
ance by parenteral administration of antigen reflects
the function of the reticuloendothelial system.2 26

Features of jejunal histology after a 10 day
antigen challenge have been used as indirect indices
of mucosal cell mediated immunity in the MDP
treated mice, and also in mice of the other immuno-
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Modulation of intestinal and svstemic itmmunilete responses to a fied proteini aititigemi, in mice83
modulated groups. In the experiments described
above we did not succeed in producing crypt
hyperplasia or villus atrophy. As assessed by a
significantly increased intraepithelial lymphocyte
count, however, positive results, indicative of a cell
mediated immune reaction, were obtained. It has
been our impression that the small intestine of the
mouse is relatively resistant to the induction of villus
atrophy. Furthermore, although in some experi-
ments we have managed to produce crypt hyperpla-
sia in association with cell mediated immunity
reactions, this has not always been the case. For
example cyclophosphamide treatment followed by
antigen sensitisation and challenge, led to crypt
hyperplasia with intraepithelial lymphocyte infil-
trate in some experiments'4 but in others only an
increase in the intraepithelial lymphocyte count was
produced." The phenomena reported in this paper
are certainly consistent with local mucosal delayed
type hypersensitivity to ovalbumin, but it will be
important to repeat the work in rodents which are
more susceptible to crypt hyperplasia and villus
atrophy, for example rats, or mice within the first
two weeks of life.

In MDP treated animals, the induction of a state
of delayed type hypersensitivity in the GALT, and
absence of oral tolerance, are similar findings to
those in oestrogen treated mice. '3 This indicates that
antigen handling by the reticuloendothelial system is
relevant to the regulation of mucosal immune
responses as well as to systemic immunity.
Mice undergoing a graft versus host reaction have

a generalised state of immune stimulation, which
includes the presence of active mucosal cell medi-
ated immunity in the small intestinal mucosa. S 2()
We have published elsewhere the results of experi-
ments on the prevention of oral tolerance induction
in mice undergoing a graft versus host reaction,22
and there is evidence that this also relates to
enhancement of antigen presentation by antigen
presenting cells. There are reports that graft versus
host reaction animals have suppressed systemic,
humoral and cell mediated immune responses-3" but
enhancement of these responses has also been
demonstrated during the early phase of a graft
versus host reaction.31 Thus systemic immune re-
sponsiveness after feeding ovalbumin during a graft
versus host reaction appears to be dependent on the
state of activation or suppression of the immune
system. In a separate series of experiments into the
time course of this phenomenon we have shown that
the capacity for induction of oral tolerance changes
during a graft versus host reaction and that this
correlates with changes in antigen presenting capaci-
ties of a spleen cell population. 2
We hoped to increase the allogeneically induced

mucosal immune responses by induction of an
additional cell mediated immune response to the
protein antigen ovalbumin. This attempt failed. In
the present series of experiments, even on the 50th
day after induction of the graft versus host reaction
there remained a rise in the mucosal intraepithelial
lymphocyte count, which was not further influenced
by re-exposure to antigen. It seems likely that in this
particular circumstance, in vitro techniques for the
demonstration of effector T cells within the GALT
would be preferable to in vivo challenge where one
is seeking changes in intraepithelial lymphocyte
counts or in villus and crypt architecture, additional
to those already produced by the injection of the
semi-allogeneic cells.
An observation which may have some clinical

relevance was that a feed of ovalbumin given to a
neonatal mouse has immunological effects which are
the opposite of those observed in mature animals.
Neonatal feeding of antigen does not lead to
systemic hyporesponsiveness. 8 32 The animals
showed signs of enhanced immune reactivity for
humoral and cell mediated immune responses.
Although this did not reach statistical significance, it
has been a consistent observation in many experi-
ments and in a detailed investigation of this phe-
nomenon we found statistically significant priming
when antigen was 'fed' to mice the day before birth,
by intra amniotic injection. ' We now show that
mucosal immunity is also influenced by a single feed
of ovalbumin on the first day of life, since these
animals, if re-exposed to antigen at the age of four
weeks, respond with an increased intraepithelial
lymphocyte count in the jejunum.
The mechanisms responsible for neonatal syste-

mic priming and mucosal sensitisation are not yet
defined. There is dispute as to whether these
concern only B cells,3 or whether TDTFI effector
cells are responsible,'8 and the role of antigen
handling by the neonate is yet to be examined.
There are several ways, both immunological and
digestive, in which immaturity of the gut could
contribute to the neonatal patterns of immune
responsiveness. Absence of the capacity to digest
ovalbumin within the lumen is unlikely to play an
important role as systemic hyporesponsiveness in
adult animals can be achieved by colonic instillation
of antigen." Although the neonatal intestinal tract
and GALT undergo rapid changes during early
development, gut 'closure' is not likely to be the
mechanism accounting for our observations, at least
with regard to oral tolerance or priming, because
mice are able to be tolerised on the 14th day of life,
several days before gut closure.33 Immaturity of
immunoregulatory T cell circuits is, in our view, the
most likely explanation.
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836 Strobel and Fergiuson

Immune responses to fed antigen are complex.
Enteral exposure may produce systemic tolerance or
less frequently, as described here, immunisation and
delayed type hypersensitivity in the intestinal mu-
cosa which may ultimately cause villus atrophy.
Several diseases in man, and particuilarly in infants,
are associated, with hypersensitivity or intolerance
to food antigens for example, milk protein sensitive
enteropathy and infantile colitis.13 "3 Our experi-
ments in animals indicate that oral tolerance re-
quires processing of antigen by the gut and activity
of T suppressor cells, and that induction of oral
tolerance may fail to occur when there is activation
of macrophages with enhanced antigen presenta-
tion. Animals thus treated also have intestinal
changes after antigen re-exposure which are likely to
be caused by a local cell mediated immune response.
Further experiments should allow us to establish the
mechanism by which the normal down regulation of
immune responses fails to occur when neonatal mice
are fed protein antigen.
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