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SUMMARY

 

Most studies investigating the induction of oral tolerance (OT) use purified proteins such as ovalbumin
(OVA), bovine serum albumin (BSA) and beta-lactoglobulin (

 

b

 

-LG). Little information is available
regarding the induction of OT to a protein mixture, e.g. cow’s milk. In this study we compared the reg-
ulatory mechanisms induced after the oral administration of a whey protein concentrate (WP) derived
from cow’s milk following immunization with two different adjuvants, complete Freund’s adjuvant
(CFA) and alum. OVA was used as a control antigen. Animals were given a single feed of these proteins
at an equivalent dose of 1 mg/g body weight before they were immunized seven days later with the anti-
gen in Freund’s adjuvant or alum. Delayed type hypersensitivity (DTH) responses were suppressed by
both a feed of WP and OVA after immunization with CFA. However, only OVA feeding suppressed
antigen specific IgG responses. In an attempt to investigate whether WP would tolerize the more sus-
ceptible IgE responses, alum immunization replaced CFA as the adjuvant used for systemic immuni-
zations. WP, after a single feed, significantly primed for DTH and IgE responses indicating oral
sensitization to WP. In contrast, OVA suppressed DTH, IgE and IgG responses. Antigen specific pro-
liferation of mononuclear cells was suppressed in mice fed OVA, but primed in those fed with WP. In
addition cells taken from sensitized mice fed WP up-regulated levels of specific interleukin (IL) -4, -10
and -12 

 

in vitro

 

 whereas these cytokines were suppressed in cultures from tolerant WP fed mice. Global
suppression was obtained in cultures from tolerant OVA fed mice. TGF-

 

b

 

 was not detected in draining
PLN cell cultures of either tolerant or sensitized mice. These data suggest that a whey protein mixture
induces divergent responses following immunization with either CFA or alum despite being fed at an
identical dose. We suggest that that the choice of the adjuvant may determine the immunoregulatory
outcome and this is also reflected by the systemic cytokine profile.
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INTRODUCTION

 

The induction of antigen specific hyporesponsiveness to soluble
proteins by the mucosal route, oral tolerance (OT) is a well-
documented phenomenon and normally both cellular and
humoral responses are suppressed [1]. Antigens used in these
studies can be both dietary in origin such as ovalbumin (OVA),
beta-lactoglobulin (

 

b

 

-LG) and gliadin or auto-antigens as used in
experimental animal models of autoimmune diseases such as

experimental allergic encephalomyelitis (EAE) or collagen
induced arthritis (CIA) [1,2]. A common feature amongst these
antigens is that they are invariably soluble and thymus dependent
so that any immunological response to them is likely to require
the involvement of T cells. In contrast, thymus independent, par-
ticulate proteins such as lipopolysaccharide (LPS) may have a
direct effect on B-lymphocytes and therefore are more likely to
sensitize/prime via the oral route [3].

The quality and longevity of this immunological tolerance has
been shown to be dependent on the time, frequency, dose of the
antigen and the age of the animal [4]. OT is thought to be regu-
lated by three mechanisms, all of which are affected by the feed-
ing regimen. Multiple low doses of fed antigen seem to be more
likely to induce active suppression [5] whereas a single high anti-
gen dose feed (typically 1 mg/g) may result in clonal deletion and/
or anergy [6,7]. Although there is an ongoing debate as to which
tolerogenic mechanism is prevalent at a given dose, it is widely
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accepted that they are not mutually exclusive and could coexist
[1,2,8].

Though specific antibody responses are considered less sus-
ceptible to OT induction, IgE and DTH responses seem to be
equally sensitive to suppression [9].

If OT does indeed provide a mechanism to discriminate
between harmless antigens and potential pathogens, its failure or
breakdown might underlie some food allergies and/or inflamma-
tory diseases. Food allergies are believed to affect 5–6% of the
population at some time during their lives. The prevalence of food
allergic diseases in infancy is estimated to be 2–4% with cow’s
milk being the most common allergen [10,11]. Since the nature of
the antigen is an important factor in OT induction it is interesting
to note that many experimental studies customarily feed single
proteins rather than antigen mixtures such as milk. However, such
mixtures are more likely to be encountered in the gut lumen [1].
As a result several hypoallergenic infant milk formulas have been
proposed as therapeutic aids to alleviate symptoms in cow’s milk
allergic patients, based on the notion that they contain proteins/
peptides of low molecular weight, which are responsible for this
therapeutic effect [12].

Numerous studies, whilst using different milk proteins, such as
whey and caseins, have shown suppression of IgG responses after
feeding [13–15]. The doses fed, though in excess of 1 mg/g body
weight, confirmed a possible difference in susceptibility to sup-
pression of cellular and antibody responses during OT induction.
Few studies have measured IgE responses to milk proteins,
though other studies using OVA have shown that IgE responses
are readily suppressed [1,9,16].

Oral tolerance (OT) induced by a single feed of ‘high dose’
soluble antigen has been attributed to clonal anergy and has been
described in experimental models of autoimmune diseases
[2,6,17–19]. This tolerant state is often characterized by the
absence of antigen specific T cell proliferation, IL-2 production
and increased expression of IL-2 receptors, which are reversed by
exogenous administration of recombinant IL-2 [5,6,19]. Studies
using multiple low antigen feeds to induce tolerance have sug-
gested a role for the immunosuppressive cytokine, TGF-

 

b

 

 [2,20–
22]. This type of tolerance induction suppresses both T

 

H

 

1 and T

 

H

 

2
like immunity [23,24] as opposed to the T

 

H

 

1 subset which seems to
be associated with clonal anergy [5,17].

In the present study we investigated the ability of a cow’s milk
derived whey protein preparation (WP) to induce suppressive
immunoregulatory responses 

 

in vivo

 

 and 

 

in vitro

 

 in naïve animals,
using the adjuvants alum and complete Freund’s adjuvant to anal-
yse specific DTH, IgG, IgE 

 

in vivo

 

 and cytokine responses 

 

in vitro

 

.
We tested the hypothesis that feeding WP antigen mixture would
induce immunosuppression both 

 

in vivo

 

 and 

 

in vitro

 

. The results
presented here suggest that feeding WP at 1 mg/g body weight
lead to opposing regulatory responses and was dependent on the
choice of adjuvant.

 

MATERIALS AND METHODS

 

Animals

 

Female BALB/c mice (H-2

 

d/d

 

) (6–8 weeks old) were purchased
from Harlan Olac and maintained on an egg and milk free diet
(Labsure CRM, Labsure Ltd, Maurea, UK) with water 

 

ad libitum

 

.
The study was approved by the Research Ethics Committee of
ICH according to Animal Welfare Legislation.

 

Antigens

 

Ovalbumin (OVA, Fraction V N

 

∞

 

.5503) was purchased from
Sigma Chemical Co. Lacprodan 80 (WP; Danmark Protein AS,
MD Foods, Skanderborgvej, Denmark); a whey protein concen-
trate was a gift from Nestec Ltd, Lausanne, Switzerland and was
produced by ultrafiltration of acid whey. It comprised 

 

>

 

80% 

 

b

 

-LG
with 

 

a

 

-lactoglobulin, lactoferrin, serum albumin and immunoglo-
bulins. Both antigens were dissolved in PBS to ensure an equiv-
alent protein dose of 1 mg/g body weight at a single feed.

 

Feeding and systemic immunization

 

Animals were fed by gavage using a 20-gauge, 30 mm olive tipped
cannula (Fine Science Tools Inc., North Vancouver, B.C., Canada).
Each mouse received a single feed of antigen at 1 mg/g body weight
dissolved in 0·25 ml PBS, with PBS alone for the control mice.

After 7 days the animals were parenterally immunized in the
left hind footpad with 100 

 

m

 

g of WP or OVA emulsified in 50 

 

m

 

l of
complete Freund’s adjuvant (CFA) (Bacto H37Ra, Difco Ltd,
West Moseley, Surrey, UK). This stage of the protocol was desig-
nated as Day 0 and subsequent times were described in relation to
this time-point.

 

Preparation of alum precipitate for systemic immunization

 

During selected experiments, animals were immunized with anti-
gens adsorbed to 1 mg alum precipitate. Antigens were dissolved
in sterile PBS (10 

 

m

 

g/ml). 4·5 ml of 1 

 

M

 

 NaHCO

 

3

 

 were added to
every 10 ml of antigen solution and the mixtures vortexed thor-
oughly. The resulting solution was then centrifuged at 3000 g for
10 min. After discarding the supernatant, the remaining precipi-
tate was washed three times in sterile PBS and stored in 0·01% w/
v thiomersal/PBS at 4

 

∞

 

C.

 

Measurement of systemic delayed type hypersensitivity (DTH)

 

Three weeks after immunization, the right hind footpad was chal-
lenged intradermally with 100 

 

m

 

g of heat-aggregated (65

 

∞

 

C/
30 min) OVA or native WP in 50 

 

m

 

l of sterile PBS. Footpad thick-
ness was measured using a dial gauge microcaliper (Mituoyo, no.
7301, MFG Co., Tokyo, Japan) both before and 24 h after antigen
challenge. The difference between these measurements was con-
sidered an index of footpad swelling and severity of DTH.

 

Assessment of specific anti-OVA and anti-WP IgG by 
direct ELISA

 

Serum collection by cardiac puncture was performed under non-
recovery anaesthesia.

Briefly, flat-bottomed 96 well Linbro ELISA plates (Flow
ICN Biochemicals Ltd, Rickmansworth, Herts. UK) were coated
with OVA or WP (100 

 

m

 

g/ml) and incubated at 4

 

∞

 

C overnight.
After washing, free sites were blocked with 1% NGS in PBS/
Tween (200 

 

m

 

l/well) for 1 h at 37

 

∞

 

C. After washing, test sera and
standard affinity purified mouse anti-OVA reagents were added
to the plates before incubation for 90 min at 37

 

∞

 

C. The absor-
bance of  a 1/1000  serum  dilution  was  used  as  an  arbitrary
scale for anti-WP IgG determination. After washing, alkaline
phosphatase-conjugated goat anti-mouse IgG antibody at a dilu-
tion of 1/3000 was added to the plates. After 90 min incubation at
37

 

∞

 

C p-nitrophenyl phosphate (pNPP) was added and the colour
reaction stopped by the addition of 25 

 

m

 

l of 3 N sodium hydrox-
ide. Absorbance values were read at 405 nm with an MRX Micro-
plate ELISA reader using Revelation

 

TM

 

 software (Dynatech
Laboratories, Billingshurst, West Sussex, UK).
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Detection of total IgE by sandwich ELISA

 

Flat bottomed Immulon II ELISA plates (Dynatech, Virginia,
USA) were coated with 100 

 

m

 

l of 1·0 

 

m

 

g/ml purified rat anti-mouse
antibody overnight at 4

 

∞

 

C. After blocking, test serum samples and
purified mouse IgE isotype as a standard were incubated overnight
at 4

 

∞

 

C. Biotinylated rat anti-mouse IgE antibody (2 

 

m

 

g/ml) was
then added for 2 h at 37

 

∞

 

C followed by the addition of a 1/1000 dilu-
tion of streptavidin-HRPO for 1 h. Colour was developed with
OPD substrate and the reaction was stopped by the addition of
25 

 

m

 

l 4 N H

 

2

 

SO

 

4

 

 before reading the absorbance at 490 nm.

 

Lymphocyte proliferation assay

 

2 

 

¥

 

 10

 

5

 

 mononuclear cells from draining lymph nodes were cul-
tured in 96 well round bottomed tissue culture plates (Costar,
Cambridge, MA, USA) with 4 

 

¥

 

 10

 

5

 

 irradiated (2500rads) synge-
neic splenocytes from naïve BALB/c mice acting as antigen pre-
senting cells (APC). In addition, aliquots (1 mg/ml) of specific and
control antigen were also cultured with 1 

 

m

 

g/ml of concanavalin A
(Con A) used as a positive control. The cells were then incubated
at 37

 

∞

 

C for 96 h with 1 

 

m

 

Ci of 

 

3

 

H TdR added to all the wells for the
final 16 h. Cells were harvested with a Skatron cell harvester onto
glass fibre mats (Wallac) before being counted in a Wallac 1450
micro betacounter. Results were expressed as cpm 

 

±

 

 1 SD from
quadruple cultures.

 

Specific Cytokine ELISA

 

Mononuclear cells (1 

 

¥

 

 10

 

7

 

) in 1 ml culture medium were cultured
in 24 flat-bottomed well culture plates with irradiated splenocytes
acting as APC (2 

 

¥

 

 10

 

7

 

). After centrifugation cytokines were mea-
sured in culture using a two-site sandwich ELISA after incubation
for 24, 48, 72 and 168 h. Flat-bottomed Immulon IV ELISA plates
(Dynatech, Virginia, USA) were coated with 100 

 

m

 

l of purified rat
anti-mouse cytokine antibody in coating buffer overnight at 4

 

∞

 

C.
After blocking with 200 

 

m

 

l 10% FCS in PBS, neat supernatant
samples and recombinant mouse cytokine as standards were incu-
bated in the plates overnight at 4

 

∞

 

C. Biotinylated rat anti-mouse
cytokine antibody was added for 3 h at 37

 

∞

 

C. This was followed by
amplification with 1/1000 dilution of streptavidin-alkaline phos-
phatase for 1 h at 37

 

∞

 

C. Colour was developed with substrate solu-
tion containing 1 mg/ml p-nitrophenyl phosphate (pNPP; 100 

 

m

 

l/
well). The reaction was stopped with 25 

 

m

 

l 3 N NaOH and absor-
bance read at 405 nm.

Antigen specific TGF-

 

b

 

 was measured with a TGF-

 

b

 

1 E

 

max
TM

 

ELISA kit (Promega) according to the manufacturer’s instruc-
tions. All the results were of bioactive, rather than total, TGF-

 

b

 

and therefore samples were not acidified. Results were corrected
for nonspecific TGF-

 

b

 

 and culture medium containing serum
were used as controls.

 

Antibodies and recombinant cytokine standards

 

Polyclonal goat anti-mouse IgG conjugated to alkaline phos-
phatase (Sigma) was used for specific IgG ELISA. For total IgE
measurements a purified rat anti-mouse IgE (clone LO-ME-3;
Serotec) was used as capture antibody with a biotinylated rat anti-
mouse IgE (clone LO-ME-2; Serotec) used for detection. Purified
mouse IgE, 

 

k

 

 monoclonal isotype (Pharmingen) was used to con-
struct the standard curve.

The following pairs of rat anti-mouse antibodies were used for
cytokine ELISA and were purchased from Pharmingen (San
Diego, CA, USA), unless otherwise stated, and lists capture and
detection antibodies, respectively;

• IFN-

 

g

 

:  anti-IFN-

 

g

 

 purified clone RA-6A2 and biotinylated
clone XMG1·2;

• IL-4:  anti-IL-4 purified clone 11B11 and biotinylated clone
BVD6–24G2;

• IL-10:  anti-IL-10 purified clone JES5–2A5 and biotinylated
clone SXC-1;

• IL-12:  anti-IL-12 purified clone C17·15 (Genzyme) and ham-
ster anti-mouse IL-12:  (p35) Red T (Genzyme).

The following were used as recombinant standards (Pharmin-
gen) and are listed with their specific activities. Murine IFN-

 

g

 

(1 

 

¥

 

 10

 

7

 

 U/mg), murine IL-4 (1 

 

¥

 

 10

 

7

 

 U/mg), murine IL-10
(2 

 

¥

 

 10

 

7

 

 U/mg) and murine IL-12 (p70) (5 

 

¥

 

 10

 

5

 

 U/mg) (Genzyme).

 

Statistical analysis

 

All systemic DTH and antibody responses were expressed as
means 

 

±

 

 1SD and all groups were compared with unpaired two-
tailed Student-

 

t

 

-tests. Cytokine concentrations were expressed
as pg/ml. All statistical comparisons were made between groups
fed antigens and control groups fed PBS unless otherwise
stated.

 

RESULTS

 

Both OVA and WP feeding induces suppression of delayed 
hypersensitivity (DTH)

 

Specific DTH responses to OVA and WP were measured follow-
ing systemic immunization. Mean DTH responses were signifi-
cantly reduced in OVA fed mice when compared with PBS fed
controls (0·09 

 

±

 

 0·05 

 

versus

 

 0·03 

 

±

 

 0·02 mm 

 

P

 

 

 

<

 

 0·01; Fig. 1). Sim-
ilarly, feeding WP to mice also suppressed footpad responses com-
pared with their controls (0·12 

 

±

 

 0·05 

 

versus

 

 0·05 

 

±

 

 0·03 mm

 

P

 

 

 

<

 

 0·01; Fig. 1). The levels of suppression elicited with both anti-
gens were of similar magnitude.

 

Fig. 1.

 

Delayed type hypersensitivity (DTH) responses after feeding
OVA and WP. Mice (7 per group) were fed OVA (

 

�

 

) or WP (

 

▲

 

) at an
equivalent antigen dose of 1 mg/g body weight and immunized with the
corresponding antigen (100 

 

m

 

g) in CFA. Control mice were fed PBS (

 

�

 

,

 

�

 

) before immunization. Twenty days later the mice were challenged with
100 

 

m

 

g of OVA or WP in the footpad and the swelling measured 24 h later.
Horizontal bars represent group means.
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Serum from OVA fed mice contained significantly lower lev-
els of anti-OVA IgG antibodies when compared with PBS fed
controls (347·0 ± 70·9 versus 201·0 ± 40·9 mg/ml P < 0·01; Fig. 2).
In contrast there was no reduction of anti-WP IgG antibody levels
in WP fed mice (0·82 ± 0·13 versus 0·74 ± 0·23; Fig. 2).

Suppression of DTH responses after a WP feed is adjuvant 
dependent
For the analysis of IgE responses, groups of animals were immu-
nized with alum, maintaining all other experimental conditions
identical to the CFA groups. Again OVA significantly reduced
footpad swelling compared with PBS controls (0·08 ± 0·05 versus
0·01 ± 0·03 mm P < 0·01; Fig. 3). In contrast, WP feeding signifi-

cantly increased DTH responses compared to the controls
(0·13 ± 0·06 versus 0·26 ± 0·06 mm; P < 0·001; Fig. 3). This priming
effect after alum adjuvant use is in contrast to the suppression
observed with mice fed WP and immunized with WP in CFA (WP/
WP/CFA).

Specific IgG responses of OVA fed mice were significantly
reduced when compared with controls (118·6 ± 92·6 versus
29·9 ± 8·5 mg/ml P < 0·02; Fig. 2) although the concentrations of
anti-OVA IgG antibodies were generally lower than those seen
with the CFA immunization. There was no significant difference
in the absorbance units observed for the WP and PBS fed groups
(0·57 ± 0·31 versus 0·53 ± 0·13, respectively; Fig. 2).

Alum immunization induced high levels of antigen specific
IgE concentrations above naturally occurring low IgE levels in all
of the groups treated. OVA fed mice had significantly lower total
IgE concentrations than PBS fed controls (20·9 ± 13·3 versus
8·9 ± 3·5 mg/ml P < 0·03; Fig. 4). WP feeding, in contrast, increased
the total IgE antibody levels compared to their respective con-
trols (17·3 ± 12·0 versus 31·8 ± 10·9 mg/ml P < 0·03; Fig. 4).

OVA, but not WP, feeding suppresses antigen-specific 
proliferation of draining lymph node mononuclear cells
We then investigated whether the lack of suppression or priming
of immune responses could also be identified at a cellular level by
cell cultures in vitro. Significantly lower levels of 3H thymidine
(3HTdR) incorporation were observed with PLN cells from OVA
fed mice when compared with cultures from PBS fed controls
(9550 ± 4540 versus 3367 ± 903 cpm and 6250 ± 3880 versus
814 ± 567 cpm for CFA and alum, respectively; P < 0·008 Fig. 5).
The level of 3H TdR incorporation was approx. 50% lower than
that of controls and was comparable to unfed mice immunized
with OVA in CFA, or alum. This suppression was antigen specific.
WP had no effect on cell cultures from either OVA or PBS fed
mice  or  vice  versa.  The  overall  proliferative  activity  of  these
cells remained unaffected and there was no difference in their

Fig. 2. Specific IgG levels were not suppressed in WP fed mice. Mice (7
per group) were immunized with OVA in CFA (�,�), OVA in alum
(�,�), WP in CFA (▲,�) or WP in alum (�,�) after prior feeding with
the corresponding antigen (filled symbols) or PBS (open symbols).
Twenty-four hours after challenge with OVA or WP blood was collected
from the mice by terminal cardiac puncture. Specific IgG levels were
measured by ELISA using alkaline phosphatase conjugated goat anti-
mouse IgG antibody. (a) Anti-OVA IgG antibodies measured in mg/ml.
(b) Specific WP IgG antibodies measured in absorbance units (AU) based
on absorbance readings at 405 nm. Horizontal bars represent group
means.
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Fig. 3. WP feeding fails to suppress DTH responses in mice immunized
with WP in alum. OVA and WP adsorbed to 1 mg alum were used to
systemically immunize mice instead of CFA. Mice (7 per group) were fed
OVA (�) or WP (�) at an equivalent antigen dose of 1 mg/g body weight
and immunized with the corresponding antigen (100 mg) in alum. Control
mice were fed PBS (�,�) before immunization. Twenty days later the mice
were challenged with 100 mg of OVA or WP in the footpad and the swelling
measured 24 h later. Horizontal bars represent group means.
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mitogenic activity compared with those from PBS fed mice after
Con A stimulation.

Mononuclear PLN cell cultures from WP fed mice showed no
WP specific suppression when compared to PBS fed controls and
this was true for both immunization schedules (4523 ± 1389 versus
3657 ± 2655 cpm and 4260 ± 527 versus 3176 ± 121 cpm for CFA
and alum, respectively; P < 0·008 Fig. 6). In addition, mitogenic
proliferation was markedly increased in cells from WP fed mice
since the level of 3H thymidine incorporation was approximately
twice that induced in cells from PBS fed mice (28270 ± 7100 ver-
sus 49900 ± 8098 cpm and 27494 ± 9567 versus 50245 ± 7180 cpm
for CFA and alum, respectively; P < 0·008 Fig. 6).

Only WP suppresses specific immune responses to 
b-lactoglobulin
The major constituent of WP, b-LG, was fed at 1 mg/g body weight
in order to compare its ability to suppress DTH and humoral
responses with the effect of the whole antigen mixture. After chal-
lenge, specific antibodies and paw swelling to b-LG were mea-
sured in mice fed with both b-LG and WP. Surprisingly a single
feed of b-LG was unable suppress any immune responses when
compared with PBS fed controls (0·10 ± 0·05 versus
0·13 ± 0·04 mm P = ns Fig. 7). However, as with specific WP
responses, a single feed of the antigen mixture was able to reduce
significantly the paw swelling of mice challenged with b-LG
(0·07 ± 0·04 versus 0·13 ± 0·04 mm P < 0·0002 Fig. 7). This suppres-
sion did not extend to antibody responses as there was no signif-
icant difference between this group and PBS fed controls.

Differences in systemic cytokine secretion patterns following 
whey protein feeding
As an indicator of the systemic response to oral tolerance induc-
tion, and sensitization, cytokine patterns were analysed in mono-
nuclear cell cultures derived from draining popliteal lymph nodes
(PLN) seven days after immunization. Mononuclear cell cultures

from tolerant mice fed OVA showed reduced levels of antigen
specific IFN-g, IL-4, IL-10 (Fig. 8; P < 0·001) and IL-12 (data not
shown) which all peaked after 7 days in culture. Interestingly, the
secretion of some cytokines was dependent on the adjuvant used.
So  IFN-g  was  only  detected  after  CFA  immunization  whereas
IL-4 and IL-12 were only present with alum. Only IL-10 was
detectable in cultures resulting from immunizations with both
adjuvants. Cells isolated from OVA fed mice when cultured with
WP or without stimulation did not release any measurable
amounts of either cytokine regardless of the immunization sched-
ule suggesting the specificity of the response.

The cytokine patterns for cultures from WP fed mice were
more complex and depended on whether the mice were tolerant
or sensitized and not only on the immunization schedule. WP
feeding, unlike OVA, either reduced or increased specific cytok-
ines. Interleukin-4, 10 and 12 were reduced within cultures from
tolerant mice immunized with CFA while no cytokine suppression
was evident in cultures from orally sensitized alum immunized
mice. In contrast these cells from these sensitized mice exhibited

Fig. 4. Total IgE antibody levels were up-regulated following WP feeding.
Total IgE levels were measured in sera by ELISA. Twenty-four hours after
challenge with OVA (�,�) or WP (�,�) blood was collected from the
mice by terminal cardiac puncture. Total IgE levels in the resulting sera
were measured using biotinylated rat anti-mouse IgE antibody. Absor-
bance was measured at 450 nm after development with streptavidin HRPO
and OPD. Horizontal bars represent group means.
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increased levels of specific IL-4 and IL-10. Cultures from tolerant
mice fed WP did not secrete any detectable levels of specific IL-12
or IFN-g.

There were no detectable levels of bioactive TGF-b in super-
natants from any cultures once the nonspecific TGF-b levels
within the culture media was accounted for (data not shown).

DISCUSSION

In this study WP, a commonly encountered milk antigen, was
assessed for its ability to induce oral tolerance under different
immunization schedules. We demonstrate here that the induction
of oral tolerance to WP was similar to the control tolerogen,
OVA, but only after immunization with CFA as the adjuvant. As
expected, OVA feeding prior to systemic immunization with OVA
in CFA reduced the levels of both cellular and humoral immunity
compared with PBS controls [1,4,25–27]. A suppression of DTH
responses was observed after a feed of WP but overall IgG anti-
body levels were indistinguishable from controls. Earlier studies
feeding high OVA doses (>1 mg/g BW) to BALB/c mice sug-
gested the induction of clonal anergy and suppression of systemic

immunity, which is in general agreement with the findings pre-
sented here. Suppression of specific OVA antibodies (including
IgG1 and IgG2a subclasses) and DTH responses has also been
reported [1,4,8,25,27]. The inability to suppress antibody
responses with WP feeding, as reported here, appears to be in
contrast with other studies using similar milk proteins [13–15,28–
30]. Various mouse strains such as CH3/HeJ, BALB/c (H-2d) and
C57BL/6 (H-2b) fed as1-casein (a milk derived protein) were sus-
ceptible to tolerance induction though effects on antibody
responses were variable [13]. One study described the suppres-
sion of antibody responses to as1-casein after a high antigen dose

Fig. 6. WP specific proliferation of PLN mononuclear cells in vitro. Mice
(3–5 per group) were fed and immunized WP. Seven days after immuniza-
tion PLN were excised and cells (2 ¥ 105 cells) were cultured with irradi-
ated splenocytes (4 ¥ 105cells) stimulated with WP (1 mg/ml). The cells
were cultured for 96 h. The results (stimulated cpm-background cpm) are
expressed as means ± 1SD from quadruple cultures and are representative
of at least three different experiments.
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Fig. 7. Delayed type hypersensitivity (DTH) responses after feeding b-
LG and WP. Mice (7 per group) were fed b-LG (++++) or WP (*) at an
equivalent antigen dose of 1 mg/g body weight and immunized with 100 mg
b-LG in CFA. Control mice were fed PBS (¥¥¥¥) before immunization.
Twenty days later the mice were challenged with 100 mg b-LG. Blood was
collected from the mice fed PBS (�), b-LG (▲) or WP (▼) by terminal
cardiac puncture. Specific anti-b-LG IgG levels were measured by ELISA
using alkaline phosphatase conjugated goat anti-mouse IgG antibody and
were measured in absorbance units (AU) based on absorbance readings
at 405 nm. Horizontal bars represent group means.
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feed. However, the mice were fed 200 mg of antigen over a 14-day
period, more than 100 times greater than the dose used in our
study [28].

Given WP’s inability to suppress specific antibody responses,
the antigen mixture was still a more effective oral tolerogen than
its major constituent protein b-LG, which was unable to suppress

specific DTH responses. This was in contrast to the reports of
other studies using b-LG, incorporated into the diets of BALB/c
mice and administered over a longer period both of which dem-
onstrated suppression of specific antibody responses [14,30].
Again, the administered antigen dose was five to 20 times greater
than the dose employed in our study. Indeed, feeding the mice
over a period of 75 days at this higher dose induced detectable
IgG levels in the absence of immunization, an observation not
normally encountered after single or multiple feeds [14]. Pecquet
and colleagues reported that feeding WP (3 mg/g body weight)
and b-LG (5 mg/g body weight) to BALB/c mice suppressed both
specific DTH and IgE responses while leaving IgA responses
intact [30]. The same group reported suppression of specific IgE
and mast cell degranulation in a rat model, again using antigen
doses that exceeded 1 mg/g body weight [29]. However, we
observed that in mice b-LG, given as a single feed at 1 mg/g/body
weight, was unable to suppress any specific responses whereas WP
suppressed specific DTH, but not antibody responses, to b-LG.
This is an interesting finding since the ability of WP to induce sup-
pression is consistent for both the antigen mixture and its single
major constituent. The inability of b-LG to induce suppression
under these conditions argues against the notion that OVA was a
more potent ‘tolerogen’, because it was a single protein and not an
antigen mixture.

In order to focus particularly on the regulation of total IgE
alum was used as an adjuvant in parallel experiments. OVA feed-
ing suppressed not only specific DTH and IgG levels but also total
IgE levels within the same animal. Our study supports a previous
report of specific IgE suppression with antigen feeding [9] and
yields similar results as reported after intranasal administration of
OVA in rats [31,32]. An unexpected observation was the substan-
tial priming for DTH responses seen after feeding WP and immu-
nization with alum, which was a complete ‘reversal’ of the
suppression induced in mice fed WP and immunization with CFA
(WP/WP/CFA). The priming of total IgE levels mirrored the
enhanced DTH responses. These parameters are often considered
to be equally sensitive to tolerance induction [1] and it seems
from our study that they may also be equally susceptible to prim-
ing. The observation that WP, at an identical antigen dose, can
elicit two contrasting responses depending on the use of the
adjuvant is of great interest. Further studies would be needed to
establish whether the tolerogenic dose of an antigen is also depen-
dent on the adjuvant used.

Several studies investigating tolerance induction by feeding
have compared in vivo responses and clinical scores with the in
vitro proliferation of mononuclear cells taken from the spleen and
draining popliteal lymph nodes [2,17,19,21]. Transfer of spleno-
cytes from orally tolerized mice [26,33] and serum retrieved one
hour after a feed of OVA at 1 mg/g body weight [34–38] were able
to induce suppression of DTH and humoral responses when
injected into naïve recipient animals. In our study, cells isolated
from tolerant OVA, but not WP, fed mice showed a significantly
lower rate of proliferation following antigen specific stimulation.
Stimulation of control cultures by Con A also revealed that cells
from WP fed mice, both tolerant and sensitized, were more sus-
ceptible to nonspecific mitogenic stimulation than cells isolated
from OVA fed mice. Based on these data, one could speculate
that one of WP’s constituents could be responsible for the non-
specific immunomodulatory properties. There is some evidence
that lactoferrin could account for this observation. Lactoferrin
has been implicated in milk’s ability to boost the innate host

Fig. 8. WP feeding fails to suppress specific (a) IFN-g, (b) IL-4 and (c) IL-
10 secretion by popliteal lymph node mononuclear cells in vitro after
immunization with alum. Mice (n = 5/group) were fed and immunized with
OVA. Seven days after immunization PLN were excised and cells (1 ¥ 106

cells) were cultured with irradiated splenocytes (2 ¥ 106cells) from synge-
neic naïve mice in 24 well plates. Each well was seeded with 1 ml of cell
culture and stimulated with either OVA (1 mg/ml) or WP (1 mg/ml) with
cells cultured alone for background controls. The cells were cultured for
24–168 h and the supernatants were measured by sandwich ELISA. Sup-
pression is indicated by ***P < 0·001 whereas priming is denoted by
###P < 0·001. The results are representative of at least three experiments.
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defence mechanism in response to infections [39,40]. Further-
more the oral administration of lactoferrin may restore antibody
responses following lymphocyte depletion with cyclophospha-
mide [41,42] enhance DTH responses [43,44] and reduce inflam-
mation [45,46]. For these reasons it may be tempting to speculate
that the nonspecific immunomodulatory actions observed with
WP could be due to lactoferrin although this has not been proven.
However it has to be emphasized that the demonstration of an
antigen – specific cytokine pattern in our studies does suggest that
the effects seen after oral WP administration are antigen specific.
In addition, tolerant mice fed WP had both suppressed DTH
responses and antigen-specific cytokine levels despite having
enhanced mitogenic stimulation with Con A.

We compared the cytokine profile of mononuclear cells iso-
lated from popliteal nodes of mice fed these two different anti-
gens. A single feed of OVA (1 mg/g body weight) was able to
suppress the secretion of IFN-g, IL-4, IL-10 and IL-12 by mono-
nuclear cells isolated from PLN. Although IFN-g was only
detected in cultures following CFA immunization and IL-4 was
present in cultures where alum was the adjuvant, a consistent pat-
tern of suppression was observed. Our findings are in agreement
with other studies where high dose antigen feeding was shown to
reduce the level of cytokine secretion [47,48]. This suggests that
feeding OVA induces immunosuppression of in vivo and in vitro
responses. However, we failed to detect TGF-b in cultures derived
from popliteal lymph nodes, a cytokine secreted during tolerance
mediated by active suppression and triggered by low dose antigen
feeding. Immune suppression in the absence of TGF-b is consid-
ered to be due to anergy [17,19]. Although we were able to show
the suppression of IL-4 and IL-10 alongside TH1 cytokines with
‘high dose’ antigen feeding, the failure to detect this immunosup-
pressive cytokine could be in keeping with a possible anergic
mechanism.

Cultures from tolerant mice fed WP and immunized with CFA
showed that both IL-4 and IL-10 were suppressed. This secretion
pattern, including the absence of TGF-b closely resembled that
secreted by cells isolated from tolerant OVA fed mice and sub-
stantiated the tolerogenic DTH response observed in vivo. How-
ever, a complete reversal of this immunosuppression was
obtained with this antigen mixture after immunization with alum
since an up-regulation of specific IL-4 and IL-10 secretion was
evident confirming the priming responses in vivo. Furthermore
because WP immunization increased IL-4 secretion, an archetype
TH2 cytokine, we believe it supports the priming observed for IgE
levels in vivo.

In summary, we have shown that immunoregulatory effects
after mucosal antigen exposure are affected by the choice of adju-
vant. At an identical dose, WP feeding induces suppression or
priming of immune responses, depending on the adjuvant used.
Tolerance induction to WP was observed with CFA and a priming
response was observed with alum. This was reflected both in spe-
cific immune responses in vivo and by secretory patterns of anti-
gen specific cytokines in vitro. This adjuvant related pattern of
regulatory responses has to be considered when comparing
results from different studies since the adjuvant of choice may
influence the results.
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