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SUMMARY

Guinea-pig dams and their litters were raised on either a cow’s milk protein-containing diet (MCD)
or a milk-free diet (MFD). At 8 weeks of age all litters were challenged i.p. with 50 ug milk whey-
protein concentrate (V67) and 100 mg A1(OH); in saline. The immune response was estimated 2
weeks later as the serum IgG antibody titres against V67, f-lactoglobulin (8-LG) and a-lactalbumin
(a-LA) using enzyme-linked immunosorbent assay (ELISA) and the tracheal Schulze-Dale response
to these antigens. Feeding milk protein antigen to dams from birth and during pregnancy induces
antigen-specific hyporesponsiveness (tolerance) in their offspring, despite no direct contact between
the offspring and the milk proteins. Tolerance seems to be induced by the antigen itself since
withdrawal of the MCD 10 days before delivery reduced tolerance in the offspring. No tolerance was
produced in the offspring of dams fed the antigen from 3 months of age (adult). f-LG appears to be a
major antigen in milk whey while a-LA is a minor one since there was almost no antibody or tracheal
response to a-LA in any of the animals tested. The results indicate that maternal antigen experience
and antigens present during pregnancy are important for the subsequent immune response to these

antigens in offspring.

INTRODUCTION

It is essential for the immune system to be able to discriminate
between ‘harmless’ and potentially ‘harmful’ antigens. The
gastrointestinal tract is exposed to numerous antigens to which
an actively enhanced or suppressed immune response is main-
tained. Antigens presented orally have been shown to induce a
state of antigen-specific immunological hyporesponsiveness
(tolerance) in many different species. It has been shown in
neonates (Filipp 1965; Hanson et al., 1977; Heppel & Kilshaw,
1982) and in adults (Coombs, Devey & Anderson, 1978;
Swarbrick, Stokes & Soothill, 1979; Strobel er al., 1983;
Kagnoff, 1978; Thomas & Parrot, 1974; Stokes, Swarbrick &
Soothill, 1983). Oral tolerance is suggested as being a result of an
active suppression maintained by antigen-specific T suppressor
cells (Richman, Chiller & Brown, 1978; Ngan & Kind, 1978;
Waters, 1979; Mowat et al., 1982, Ferguson, Mowat & Strobel,
1983) and includes both cellular and humoral immune re-
sponses. A certain degree of maturation of the immune system
seems to be necessary to achieve T-cell tolerance since it is not
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LG, B-lactoglobulin; MCS, cow’s milk protein-containing diet; MFD,
milk-free diet; OVA, ovalbumin.
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possible to tolerize mice before a few days of age (Hanson, 1981;
Strobel & Ferguson, 1984).

Guinea-pigs are easily tolerized when fed an antigen early in
life, but tolerance is more difficult to produce with increasing age
(Coombs et al., 1978; Heppel & Kilshaw, 1982), while in adult
guinea-pigs sensitization by the oral route is a well-known
phenomenon (Devey et al., 1976, Coombs et al., 1978).

There have been few reports on maternal antigen experience
and the subsequent response in the offspring. Halsey &
Benjamin (1976) showed that tolerance was induced in mice
born to a mother injected with human gamma globulins.
Pathriana et al. (1981) showed tolerance induction to soya
protein in the offspring of rabbits fed soya, and Peri & Rothberg
(1981) showed tolerance induction to bovine serum albumin.

In the present study, the immune response to cow’s milk
proteins (CMP) in the offspring of guinea-pig dams fed milk-
containing diet from early in life, was studied.

MATERIALS AND METHODS

Animals and experimental protocol

Eight female guinea-pigs of the Dunkin Hartley strain were
delivered by caesarian section at 63 days of fetal age (2-3 days
before normal delivery) with a mean weight of 76 +8 g. They
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Table 1. Grouping of offspring

Experimental
group n  Littersfed Dams fed
A 5 MFD MCD (until delivery, then MFD)
B 2 MCD MCD
C 6 MCD MFD
D 4 MFD MCD (until 10 days before delivery,
then MFD)
E 4 MFD MFD (until 3 months of age,
then MCD until delivery)
Controls 10 MFD MFD

were kept with four different lactating foster mothers and were
raised to become the dams. Four of these were fed 4 ml/100 g
body weight/day for 2 days of a cows milk whey-protein
concentrate (V67; Semper, Stockholm), 50 mg/ml in saline, by
stomach tube. From their first day of life they had ad lib access
to a pelleted experimental milk-containing diet (MCD) made
from normal guinea-pig diet (K 1; Ewos, Sodertilje) but with the
fish protein replaced with V67 which made up 70% of the total
protein content. Another four females were fed saline by
stomach tube as above and had ad lib access to normal milk-free
diet (MFD). One additional female (fed MFD from birth) was
shifted from MFD to MCD at 3 months of age. At 6 months of
age these nine females were mated and their offspring were
divided into six different groups based on their own and their
dams diet (A—E and controls) according to the protocol in Table
1. All groups had access to their diet until the end of the
experiment.

At 3 months of age all animals in the second generation
(group A-E and controls) were challenged by an i.p. injection of
50 ug V67 plus 100 mg A1(OH); in 0-5 ml of saline, mixed 1 hr
before injection. Two weeks after injection the animals were
killed using CO,, blood was taken by cardiac puncture and the
trachea was dissected out. The blood was centrifuged at 3000 g
and the serum was saved at —20° until analysis.

Assay

Specific IgG, IgM and IgA titres to V67, bovine f-lactoglobulin
(B-LG; no. L-2506, Sigma, St Louis, MO) and bovine a-
lactalbumin (x-LA; no. L-4379, Sigma) were estimated using an
enzyme-linked immunosorbent assay (ELISA) (Engvall, 1980).
Chicken ovalbumin (OVA; no. A-5503, Sigma) was used as a
negative control. Microtitre plates (Immunoplatte 1; Nunc,
Roskilde, Denmark) were coated with antigen (I ug/ml) in
carbonate solution (pH 8:3) in a humid chamber over night at
room temperature (RT). After washing with phosphate-buf-
fered saline containing 0-05% Tween 20 (PBS+Tween) the
samples were serially diluted to a final dilution of 1/390625 or 1/
10935 and the plates were then incubated at +4° for 16 hr. After
washing either rabbit anti-IgG (diluted 1/20000 in
PBS 4 Tween), IgM (1/2000) or IgA (1/2000) (nos 65-119, 64—
322-1, 64-323-1, Miles, Slough, Berks, U.K.) were added and
the plates were incubated at RT for 90 min. After washing
peroxidase-conjugated swine anti-rabbit 1gG (no. P217, Dako,
Copenhagen, Denmark) diluted 1/1000 in PBS+Tween and
containing 1% normal pig serum was added. After incubation
for 2 hr at RT the plates were washed and substrate solution
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Figure 1. The specific serum IgG titre (log)o) against V67 (a) and -LG
(®) in guinea-pigs 2 weeks after i.p. challenge with 50 ug of V67 and 100
mg A1(OH); in saline. Group A, MFD-fed born to dams fed MCD from
birth; B, MCD-fed born to dams fed MCD from birth; C, MCD-fed
born to dams fed MFD from birth; control, MFD-fed born to dams on
MFD from birth; D, MFD-fed born to a dam fed MCD from birth until
10 days before delivery and then MFD; E, MFD-fed born to a dam fed
MCD from 3 months of age.

(2.2’azinobis 3-ethylbenzthiazoline sulphonic acid; no. A-1888,
Sigma), 1 mg/ml, was added. After 60 min the optical densities
(OD) were recorded in an ELISA scanner (Titertek multiscan;
Flow Lab., Solna, Sweden) at 405 nm. The titres were expressed
as an end-point titre where the OD value differed 0-1 units from
the background value of a normal guinea-pig serum.

The tracheal reponse to the antigens was recorded by an in
vitro challenge using a slightly modified Schultz-Dale set-up
(Schultz, 1910; Dale, 1913) and the response was related to that
of histamine (no. H-7250, Sigma), 10~3 mg/ml, according to the
following formula:

1
antigen deflection in mm
1
histamine deflection in mm

x antigen conc. mg/ml

x 103 mg/ml

RESULTS

Guinea-pigs born to mothers fed the MCD (group A) showed a
significantly reduced IgG titre (Fig. 1) and tracheal responsive-
ness (Fig. 2) to the whole skimmed milk powder V67, as well as
to the individual protein S-LG (P < 0-05) compared to controls
born to mothers on the MFD. Feeding both the mothers and the
offspring the MCD (group B) or by feeding just the offspring
MCD from birth (group C) gave the same result.

Changing the mothers diet from MCD to MFD 10 days
before delivery caused an intermediate antibody response in the
offspring (group D) and the titres to V67 and B-LG were
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Figure 2. The in vitro tracheal response to V67 (a) and -LG (®) as
related to the response to 10~ mg/ml of histamine in guinea-pigs, 2
weeks after i.p. challenge with 50 ug of V67 and 100 mg A1(OH); in
saline. Groups as in Fig. 1.

significantly (P <0-05) lower than the controls (Fig. 1). Three
out of four animals in this group showed tracheal response (Fig.
2).

Introducing the MCD to adult (3-month-old) mothers did
not significantly alter the IgG response in the offspring (group
E) compared with the controls, and all animals showed a
tracheal response although slightly reduced compared to the
controls (Fig. 2).

The response to f-LG alone was almost identical to that of
the whole milk whey (V67) in all animals, while no response to a-
LA was seen in the Schulz-Dale test of any of the animals. Only
very low titres of IgG antibodies were found in four of the
controls (data not shown).

Specific IgM antibodies were only detected in a few of the
control animals and in two of the animals from group E, but in
low titres not exceeding 1/4000 (data not shown). Serum IgA
antibodies to milk proteins were not detected in any of the
animals from the different groups.

DISCUSSION

The results of the present investigation clearly show that by
including protein antigens in the mother’s diet it is possible to
alter the immune response to these antigens in the offspring. The
offspring show a decreased serum IgG titre and tracheal
response after challenge despite no direct contact earlier with the
antigens. The results indicate that the tolerant state is produced
by the antigen itself, since withdrawing the antigen 10 days
before delivery markedly reduces the tolerance seen in the
offspring (group D). The results in group C show that feeding

the MCD to guinea-pigs from birth makes them tolerant to milk
proteins, which implies that the dams fed MCD from birth also
are tolerant to V67. This was, however, not tested. Since feeding
the MCD to a dam from adulthood did not tolerize her offspring
(group E) it seems to be crucial how the dam herself has been
exposed to and handled the antigen. This observation was only
made in the offspring of a single dam and should therefore be
interpreted with some caution.

There has been no attempt to discriminate between the IgG
and the IgE responses, but since the IgG levels and the Schulz-
Dale response show the same pattern we assume that the
tolerance seen also includes the suppression of a possible IgE
response.

Despite a-LA comprising approximately 35% of the total
whey protein (V67) fed, little or no serum antibody could be
detected. This is consistent with the findings of other investiga-
tors (Ratner et al., 1958; Devey et al., 1976) and could be due to
similarities with the homologous a-LA found in guinea-pig
milk. B-LG, on the other hand, produced a vigorous response
equal to that of the whole preparation (V67), indicating that -
LG is a major antigen in V67. -LG was only found in ungulate
milk and the lack of a homologous protein in guinea-pig milk
might explain its immunogenicity in guinea-pigs. In clinical
studies of cow’s milk protein intolerance, f-LG has been shown
to be a major allergen (Freier et al., 1969; Kuitunen et al., 1975).

Assuming that it is the presence of the antigen itself that
produces the tolerance in the offspring, it is interesting to
speculate on what route the antigen takes. Observations made in
our laboratory show that by a single feed of CMP to pregnant
guinea-pigs it is possible to detect small amounts of immunolo-
gically reactive milk proteins in the amniotic fluid (unpublished
data). In the pregnant and lactating rat we have been able to
detect CMP in the amniotic fluid (Dahl ez al., 1984) and in the
milk (Telemo et al., 1986) after feeding with CMP. We have also
found that CMP deposited in the amniotic fluid are effectively
absorbed by the fetuses and transmitted into their blood stream
(Telemo, 1986).

Oral tolerance is believed to be an active state and appar-
ently there are several different mechanisms involved in its
induction and maintenance. The nature of the antigen and the
dose administered are important factors (Tomasi, 1980). The
biological age of the organism and hence the maturation of the
immune system seems crucial for the ability to show tolerance
(Hanson, 1981; Strobel & Ferguson, 1984) and it is necessary to
consider the stage of maturation when comparing neonates
from different species. The guinea-pig is relatively mature at
birth and starts to eat solid food in addition to the mother’s milk
almost immediately. If the immune system is to be prepared for
this immediate massive antigen exposure, the ‘schooling” must
take place in utero; this is supported by the present results.

Bruce & Ferguson (1986) found that serum from mice fed
OVA produced a suppressed DTH response when injected into a
recipient mouse, whilst injecting OV A directly failed to produce
this response. The altered rsponse to ‘biologically filtered’
antigens must contribute to the effectiveness of the ‘transfer’ of
tolerance from mother to offspring seen in this study.

With the growing evidences of an active priming of the
offspring via maternal antibodies (idiotypes, anti-idiotypes or
possibly immune complexes) (Rubenstein, Yeh & Bona, 1982;
Stein & S6derstrom, 1984; Jarret & Hall, 1983), it is important
to consider the immune response produced in the dams. It is
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therefore likely that introducing the antigen to an adult guinea-
pig dam produces a different response than feeding her from
birth, as evaluated by the altered response in her offspring seen
in this investigation (group E). The slightly reduced tracheal
response seen in this group might be due to the influence of
maternal antibodies. Maternal IgG has been shown to ‘protect’
the offspring from an IgE response (Jarret & Hall 1983).

In conclusion we propose that maternal antigen experience
is of importance for the immune response to antigens in
offspring. In general, we can speculate that a tolerant mother
gives birth to a tolerized offspring.

ACKNOWLEDGMENTS

This investigation was supported by the Swedish Natural Science
Research Council, Dir A. Pahlsson Foundation and the Swedish
Nutrition Foundation.

REFERENCES

BRUCE M.G. & FERGUSON A. (1986) Oral tolerance to ovalbumin in
mice: studies of chemically modified and ‘biologically filtered’
antigen. J. Immunol. 57, 627.

Coomss R.R.A., DEVEY M.E. & ANDERsON K.J. (1978) Refractoriness
to anaphylactic shock after continuous feeding of cow’s milk to
guinea-pigs. Cli. exp. Immunol. 32, 263.

DaHL G.M.K., TELEMO E., WESTROM B.R., JAKOBSSON I., LINDBERG T.
& KARLSSON B.W. (1984) The passage of orally fed proteins from
mother to fetus in the rat. Comp. biochem. Physiol. TTA 2, 199.

DaLE H.H. (1913) The anaphylactic reaction of plain muscle in the
Guinea pig. J. Pharmacol. exp. Ther. 4, 167.

DEVEY M.E., ANDERSON K.J., CooMBs R.R.A. & HENSCHEL M.J. (1976)
The modified anaphylaxis for cot death: anaphylactic sensitization in
guinea pigs fed cow’s milk. Clin. exp. Immunol. 26, 542.

ENGvALL E. (1980) Enzymeimmunoassay ELISA and EMIT. Meth.
Enzymol. 70, 419.

FERGUSON A., MowaT A. Mcl. & STROBEL S. (1983) Abrogation of
tolerance to fed antigen and induction of cell-mediated immunity in
the gut-associated lymphoreticular tissues. Ann. NY Acad. Sci., 409,
486.

FiLipp, G. (1965) Weitere Untersuchungen zur Frage der Induktion der
Immunotoleranz mittels oral verabreichter Antigenlésungen in der
Neonatalen Lebensperiode. Acta Allergologica, XX, 47.

FREIER S., KLETTER B., GERY 1., LEBENTHAL E. & GEIFMAN M. (1969)
Intolerance to milk proteins. J. Pediatr. 75, 623.

HaLsey J.F. & BenjamiNn D.C. (1976) Induction of immunologic
tolerance in nursing neonates by absorption of tolerogen from
colostrum. J. Immunol. 116, 1204.

HansoN D.G. (1981) Ontogeny of orally induced tolerance to soluble
proteins in mice. 1. Priming and tolerance in newborns. J. Immunol.
127, 1518.

HansoN D.G., Vaz N.M., Maia L.C.S., HORNBROOK M.M., LYNCH
J.M. & Roy C.A. (1977) Inhibition of specific immune responses by
feeding protein antigens. Int. Archs Allergy appl. Immunol. 55, 526.

HEepPPEL L.M_J. & KiLsHAW P.J. (1982) Immune responses of guinea pigs
to dietary protein. I. Induction of tolerance by feeding with ovalbu-
min. Int. Archs Allergy appl. Immunol. 68, 54.

JARRETT E.E. & HaLL E. (1983) IgE suppression by maternal IgG. J.
Immunol. 48, 49.

KaGNoFF M.F. (1978) Effects of antigen-feeding on intestinal and

systemic immune responses. 1. Suppression of delayed-type hyper-
sensitivity responses. J. Immunol. 120, 1509.

KUuITuNEN P., Visakorpi J.K., SaviLaTHI E. & PELKONEN P. (1975)
Malabsorption syndrome with cow’s milk intolerance. Clinical
findings and course in 54 cases. Arch. Dis. Child. 50, 351.

MowaTt A. Mcl., STROBEL S., DRUMMOND H.E. & FERGUSON A. (1982)
Immunological responses to fed protein antigens in mice. 1. Reversal
of oral tolerance to ovalbumin by cyclophosphamide. Immunology,
45, 105.

NGaN J. & KiInND L.S. (1978), Suppressor T-cells for IgE and IgG in
Peyer’s patches of ,mice made tolerant by the oral administration of
ovalbumin. J. Immunol. 120, 861.

PATHRIANA C., GOULDING N.J., GIBNEY M.J., JENNIFER M., GALLAGHER
P.J. & TayLor T.G. (1981) Immune tolerance produced by pre and
postnatal exposure to dietary antigens. Int. Archs Allergy appl.
Immunol. 66, 114.

Per1 B.A. & ROTHBERG R.M. (1981) Specific suppression of antibody
production in young rabbit kits after maternal ingestion of bovine
serum albumin. J. Immunol. 127, 2520.

RATNER B., DWORETZKY M., OGURI S. & AsHHEM L. (1958) Studies on
allergenicity of cow’s milk. 1. The allergenic properties of alfa-casein,
beta-lactoglobulin and alfa-lactalbumin. Pediatr. Sept. 449.

RiciMAaN LK., CHILLER J.M. & BrROWN R.W. (1978) Enterically
induced immunologic tolerance. I. Induction of suppressor T lym-
phocytes by intragastric administration of soluble proteins. J.
Immunol. 121, 2429.

RUBINSTEIN L.J., YEH M. & BoNa C.A. (1982) Idiotype-anti-idiotype
network. II. Activation of silent clones by treatment at birth with
idiotypes is associated with the expansion of idiotype-specific helper T
cells. J. exp. Med. 156, 506.

ScHurTtz W.H. (1910) Physiological studies in anaphylaxis. The
reaction of smooth muscle of the Guinea pig with horse serum. J.
Pharmacol. exp. Therap. 1, 549.

STEIN K.E. & SODERSTROM T. (1984) Neonatal administration of
idiotype or antiidiotype primes for protection against Escherichia coli
K13 infection in mice. J. exp. Med. 160, 1001.

STOKES C.R., SWARBRICK E.T. & SooTHILL J.F. (1983) Genetic differ-
ences in immune exclusion and partial tolerance to ingested antigens.
J. Clin. exp. Immunol. 52, 678.

STROBEL S. & FERGUSON A. (1984) Immune responses to fed protein
antigens in mice. 3. Systemic tolerance or priming is related to age at
which antigen is first encountered. Pediat. Res. 18, 588.

STROBEL S., MowAT A. Mcl., DRUMMOND H., PICKERING M.G. &
FERGUSON A. (1983) Immunological responses to fed protein antigens
in mice. II. Oral tolerance for CMI is due to activation of cyclophos-
phamide sensitive cells by gut-processed antigen. Immunology, 49,
451.

SwaRBRICK E.T., SToKES C.R. & SooTHILL J.F. (1979) Absorption of
antigens after oral immunisation and the simultaneous induction of
specific systemic tolerance. Gut, 20, 121.

TeLemo E. (1986) Intestinal macromolecular transmission and some
immunological implications. PhD Thesis, University of Lund, Swe-
den.

TeLEMO E., WESTROM B.R., DAHL, G. & KARLSSON B. (1986) Transfer
of orally or intravenously administered proteins to the milk of the
lactating rat. J. Ped. Gastroent. Nutr. 5, 305.

THoMAs H.C. & PARROTT D.M.V. (1974) The induction of tolerance to a
soluble protein antigen by oral administration. Immunology, 27, 631.

Towmasi, T.B. (1980) Oral Tolerance. Transplantation, 29, 353.

WATERS C.A., PiLARSKI L.M., WEGMANN T.G. & DIeNer E. (1979)
Tolerance induction during ontogeny. 1. Presence of active suppres-
sion in mice rendered tolerant to human y-globulins in utero
correlates with the breakdown of tolerance. J. exp. Med. 149, 1134.



