
Cellular Immunology xxx (2015) xxx–xxx
Contents lists available at ScienceDirect

Cellular Immunology

journal homepage: www.elsevier .com/locate /yc imm
Research paper
Hydrolyzed whey protein prevents the development of food allergy
to b-lactoglobulin in sensitized mice
http://dx.doi.org/10.1016/j.cellimm.2015.09.001
0008-8749/� 2015 Published by Elsevier Inc.

Abbreviations: BLG, b-lactoglobulin; IgE, immunoglobulin E; SIgA, secretory
immunoglobulin A; (DCs), dendritic cells.
⇑ Corresponding author at: Departamento de Bioquímica e Imunologia, Instituto

de Ciências Biológicas, Universidade Federal de Minas Gerais, Av. Antônio Carlos,
6627, 31270-901 Belo Horizonte, MG, Brazil.

E-mail address: hosttana@gmail.com (A.C. Gomes-Santos).

Please cite this article in press as: A.C. Gomes-Santos et al., Hydrolyzed whey protein prevents the development of food allergy to b-lactoglobulin
sitized mice, Cell. Immunol. (2015), http://dx.doi.org/10.1016/j.cellimm.2015.09.001
Ana Cristina Gomes-Santos a,⇑, Roberta Cristelli Fonseca a, Luisa Lemos a, Daniela Silva Reis a,
Thaís Garcias Moreira b, Adna Luciana Souza a, Mauro Ramalho Silva b, Marialice Pinto Coelho Silvestre b,
Denise Carmona Cara c, Ana Maria Caetano Faria a

aDepartamento de Bioquímica e Imunologia, Universidade Federal de Minas Gerais, Brazil
b Faculdade de Farmácia, Universidade Federal de Minas Gerais, Brazil
cDepartamento de Morfologia, Universidade Federal de Minas Gerais, Brazil
a r t i c l e i n f o

Article history:
Received 27 April 2015
Revised 1 July 2015
Accepted 2 September 2015
Available online xxxx

Keywords:
Food allergy
b-Lactoglobulin
Hydrolysate
Whey protein
Cytokine
SIgA
a b s t r a c t

Food allergy is an adverse immune response to dietary proteins. Hydrolysates are frequently used for
children with milk allergy. However, hydrolysates effects afterwards are poorly studied. The aim of this
study was to investigate the immunological consequences of hydrolyzed whey protein in allergic mice.
For that, we developed a novel model of food allergy in BALB/c mice sensitized with alum-adsorbed
b-lactoglobulin. These mice were orally challenged with either whey protein or whey hydrolysate.
Whey-challenged mice had elevated levels of specific IgE and lost weight. They also presented gut
inflammation, enhanced levels of SIgA and IL-5 as well as decreased production of IL-4 and IL-10 in
the intestinal mucosa. Conversely, mice challenged with hydrolyzate maintained normal levels of IgE, IL-4
and IL-5 and showed no sign of gut inflammation probably due to increased IL-12 production in the gut.
Thus, consumption of hydrolysate prevented the development of clinical signs of food allergy in mice.

� 2015 Published by Elsevier Inc.
1. Introduction

Food allergy is an adverse immune response to dietary proteins
affecting up to 1–3% of adults and 3–8% of infants in westernized
countries where prevalence rates are currently increasing. Cow’s
milk is introduced into a child’s diet early in life, making allergy
to the milk proteins one of the most common food allergies in early
childhood. Major allergens characterized in cow’s milk are
distributed among the casein and whey fractions and include
aS1-casein and b-lactoglobulin (BLG), respectively [1–3]. Although
immunoglobulin E (IgE) antibodies against all major milk proteins
have been found in blood sera of allergic subjects, BLG is consid-
ered to be the dominant cow’s milk allergen [4].

The pathophysiology of cow’s milk allergy involves
IgE-meditated type I hypersensitivity and T cell-mediated
delayed-type hypersensitivity reactions. Symptoms involve skin,
gastrointestinal and respiratory tracts and even systemic anaphylaxis
may occur [5,6]. There is no cure for food allergies so far. The main
treatment strategy for most food allergies is based on allergen
avoidance, which may present potential adverse nutritional effects
related to inadequate growth, neurological development and
cardiovascular health [7]. Thus, hypoallergenic formulas using
cow’s milk hydrolysates are a good alternative for either infants
at high risk or infants diagnosed with cow’s milk allergy [8].

Hypoallergenic formulas are usually produced by enzymatic
hydrolysis of different protein sources such as bovine casein/whey
followed by further processing such as heat treatment and/or
ultrafiltration. These hydrolyzed formulas are generally catego-
rized as partial and extensive hydrolysates based on the degree
of hydrolysis. Alternatively, they can be based on amino acid mix-
tures. Only pure amino acid mixtures are considered to be nonal-
lergenic and even hypoallergenic products present residual
allergenicity [9]. However, their allergy-preventive potential
seems not only to dependent on the degree but also on the process
of hydrolysis. Both partially and extensively hydrolysed formulas
can be used for primary prevention of allergy in infants at high
atopic risk, while only extensively hydrolysed formulas are indicated
for secondary prevention in patients with manifested cow’s milk
in sen-
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allergy [10]. For safety reasons, it is required that the sensitizing
capacity of hypoallergenic formulas was tested in an animal model
[11,12].

Therefore, the aims of this study were to develop an experimen-
tal murine model of food allergy to the cow’s protein BLG that
mimic the main clinical characteristics of human disease as well
as to examine the allergenic and immunological properties of
extensively hydrolyzed whey proteins using this model. In addi-
tion, we verified the effect of hydrolyzed whey protein in food
aversion. This phenomenon was first described by Cara and
coworkers using BALB/c mice sensitized to ovalbumin adsorbed
in alum. As part of the clinical features of the allergic reaction,
these mice developed aversion to the ingestion of saccharin-
sweetened solutions containing the allergen [13]. The mechanisms
involved in this behavioral change were traced to a strong activa-
tion of emotionally-related brain areas and were shown to be
dependent on serum IgE antibodies [14]. To our knowledge, there
was no information available on food aversion in BLG food allergy
models or in the effects of hydrolyzed whey protein in this behav-
ioral phenomenon.
2. Materials and methods

2.1. Animals

Male BALB/c mice at four weeks of age were obtained from the
university animal facility (ICB/UFMG). Mice received water and
food ad libitum throughout the experimental period. All procedures
were in accordance with the ethical principles in animal experi-
mentation, adopted by the Ethics Committee in Animal Experimen-
tation of our institution (CETEA/UFMG).

2.2. Whey protein hydrolysate

Whey protein hydrolysate was obtained from Arla Food Ingredi-
ents, Denmark (Peptigen IF-3080). The degree of hydrolysis was
29%. Whey protein concentrate was obtained from Alibra, Brazil.
The percentage of protein source in hydrolysate was 81.7% and
from whey protein concentrate was 80%.

2.3. Mice sensitization and oral challenge

Mice from control group were sensitized by an intraperitoneal
(i.p.) injection of 0.2 ml saline (0.9%) containing 1 mg Al(OH)3 as
adjuvant while mice from sensitized groups received i.p. injection
of 0.2 ml saline (0.9%) containing adjuvant and 20 lg BLG (Sigma,
St. Louis, MO, USA). Fourteen later, sensitized mice received an
i.p. booster immunization with saline containing 20 lg soluble
BLG and control mice received only i.p. saline. Seven days there-
after, mice were orally challenged with wither 20% whey protein
solution or 20% whey protein hydrolysate in the drinking bottle
as their only source of liquid for a period of 7 days (Fig. 1A). Solu-
tions were replaced daily.

2.4. Clinical evaluation and tissue collection

Body weight was determined weekly throughout the experi-
ment and daily during allergen challenge. By using disease activity
index (DAI) [15], the body weight and stool were scored every day
after antigen challenge (day 0–7 post challenge) as follows: body
weight score (zero – no weight loss; one – 1–5% weight loss; two
– 6–10% weight loss; three – 11–15% weight loss; four – above
15% weight loss); stool viscosity (zero – normal; two – fluffy; four
– diarrhea); blood presence in stool (zero – normal; two – apparent
blood). During the oral challenge period, whey protein solution
Please cite this article in press as: A.C. Gomes-Santos et al., Hydrolyzed whey p
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consumption was assessed daily by weighting the remaining solu-
tion and comparing it with the weight obtained in the previous
day. Before starting the oral challenge (Day 0) and 7 days there-
after, mice were anesthetized by i.p. injection of 10 mg/kg xylazine
and 100 mg/kg ketamine hydrochloride and blood samples were
obtained from all groups. Mice were then euthanized under deep
anesthesia and epididymal fat as well as small intestine were
collected.

2.5. Serum antibody measurement

Serum samples for measuring anti-BLG IgE antibodies were
obtained from all mice 7 days after the last oral antigen exposure.
Anti-BLG IgE were measured by capture-ELISA using plates coated
with rat anti-mouse IgE. Fifty ll total serum, biotinylated BLG, and
HRP-labeled streptavidin were added to the wells. Reaction devel-
oped by adding H2O2 in the presence of orthophenylenediamine
(OPD, Sigma) as previously described [16]. Results are reported in
arbitrary units using a positive reference serum (1000 U).

2.6. Histological analysis

After 7 days of oral challenge, mice were sacrificed by cervical
dislocation. Tissue samples from the proximal jejunum were taken
for histological analysis. They were fixed in 10% formalin in PBS,
embedded in paraffin and cut into 5 lm thick sections. Sections
were stained with hematoxylin-eosin (HE) and then evaluated by
light microscopy (Olympus BX41). The intestinal mucosa was sub-
mitted to morphometric analysis using the Image J software
(National Institutes of Health, Bethesda, Maryland, USA). Images
were captured using a digital camera coupled to a microscope
(Olympus BX41). Ten fields from HE-stained sections were ran-
domly chosen at 10� (871.392 lm2/field) for villus height and
crypt depth measurement. Data were reported as villus and crypt
size measured in lm. Crypt length was considered as the distance
from the bottom to the opening of crypt with intact columnar
epithelia. Ten fields from HE-stained sections were randomly cho-
sen at 40� (53.333 lm2/field) to count the number of eosinophils,
and data are reported as number of eosinophils/field [17].

2.7. Secretory IgA

Small intestine was rinsed with 10 mL of cold PBS. Intestinal
lavages were centrifuged at 12,000g for 20 min at 4 �C, and levels
of secretory IgA in the supernatants were determined by ELISA as
previously described [18].

2.8. Measurement of proximal jejunum cytokines

Proximal jejunum samples were weighed and homogenized in
PBS containing 0.05% Tween-20, 0.1 mM phenylmethylsulphonyl
fluoride, 0.1 mM benzethonium chloride, 10 mM EDTA and 20
KIU Aprotinin A using a tissue homogenizer (100 mg tissue/ml buf-
fer). Suspensions were centrifuged at 12,000g for 20 min at 4 �C
and the supernatants were transferred to microtubes and stored
at �80 �C until analysis. Concentrations of IL-4, IL-5, IL-10 and IL-
12 were measured by enzyme-linked immunosorbent assay
(ELISA) as previously described [18]. Briefly, supernatants were
added to microtitre plates (Nunc), previously coated with purified
monoclonal antibodies reactive to IL-4, IL-5, IL-10 and IL-12 (BD
Bioscience). Standards and samples were added and incubated
overnight at 4 �C. Biotinylated monoclonal antibodies against
cytokines were added and incubated for 1 h at room temperature,
after which peroxidase-labelled streptavidin (Sigma) was added.
A color reaction was developed at room temperature with
100 lL/well of orthophenylenediamine (1 mg/ml) and 0.04% H2O2
rotein prevents the development of food allergy to b-lactoglobulin in sen-
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Fig. 1. Oral challenge with extensively hydrolyzed whey protein reduced signs of food allergy. (A) Sketch of the experimental protocol used in our study. Mice from
sensitized groups received 0.2 ml saline (0.9%) by i.p. injection with adjuvant and 20 lg b-lactoglobulin (BLG). Two weeks later, sensitized mice received a booster
sensitization by i.p. injection of saline containing 20 lg BLG and mice from control group (non-sensitized) received only saline. One week afterwards, drinking bottles
containing tap water were replaced by bottles containing either 20% whey protein solution (sensitized-Whey) or whey protein hydrolysate (sensitized-h/whey) for a
period of one week. (B) anti-b-lactoglobulin IgE levels were measured in sera of mice after oral challenge. (C) Whey protein solution intake was assessed every day
during oral antigenic challenge and data was represented as percentage of average solution consumption (mL/mice): sensitized group/non-sensitized whey. Dashed
line represents average consumption of mice from the non-sensitized group. (D) Body weight was assessed weekly before antigenic challenge and daily afterwards.
(E) Epididymal fat was collected, weighted and correlated to body weight. All data, except protein intake, were represented as means ± SEM of ten mice per group.
*p < 0.05. **p < 0.01, ***p < 0.001 ANOVA-Tukey.
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substrate in sodium citrate buffer. Reaction was terminated by the
addition of 20 mL/well of 2 N H2SO4. Absorbance was measured at
492 nm by an ELISA reader (Bio-Rad Model 450 Microplate
Reader).

2.9. Statistical analysis

Results were expressed as the mean ± SEM, as indicated in the
figure legends. Kolmogorov–Smirnov test confirmed normal
distribution of samples. Significance was determined by the
ANOVA-Tukey and Student t-tests (for protein intake), with
P < 0.05 defining significance as compared to the control group.

3. Results

3.1. Oral challenge with extensively hydrolyzed whey protein
prevented the development of food allergy signs in b-lactoglobulin
sensitized mice

IgE has a critical role in the allergic response and in the result-
ing avoidance to consume the allergen (aversion phenomenon)
[14]. Continuous ingestion of whey protein in the bottle during
7 days by sensitized mice resulted in a significant increase in
Please cite this article in press as: A.C. Gomes-Santos et al., Hydrolyzed whey p
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specific IgE production when compared to non-sensitized and
sensitized groups. However, oral challenge with hydrolyzed whey
prevented specific IgE production enhancement (Fig. 1B). In order
to follow the development of antigen aversion, analysis of protein
intake was performed daily during the 7 days of continuous oral
challenge. Sensitized mice that were challenged with whey
consumed a lower percentage of protein solution (52.23%) when
compared to non-sensitized mice (dashed line in Fig. 1C)
challenged with whey suggesting that they developed aversion
to the allergen. On the other hand, mice that were challenged
with hydrolyzed whey consumed about 79% of solution
(Fig. 1C). Weight loss is an important clinical feature of experi-
mental food allergy [7]. Four days after allergen ingestion started,
sensitized mice that were challenged with whey continuously lost
weight until day 7. Mice challenged with hydrolysate did not
present any weight loss (Fig. 1D). Similarly, a marked reduction
of epididymal adipose tissue mass in mice challenged with
whey protein solution was observed. Hydrolysate solution also
prevented epididymal adipose tissue reduction (Fig. 1E). In
addition, ingestion of hydrolysate instead of whey solution
protected mice from the development of clinical signs of allergy
as measured by a disease activity index (DAI) that includes
diarrhea, rectal bleeding and weight loss (Fig. 2A).
rotein prevents the development of food allergy to b-lactoglobulin in sen-
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Fig. 2. Oral challenge with extensively hydrolyzed whey protein prevented intestinal inflammation in sensitized mice. (A) Disease activity index (DAI) was scored as detailed
in methods. (B) Representative photomicrographs of hematoxylin–eosin stained proximal jejunum tissue of mice sensitized or not after 7 days of oral challenge. (C) Number
of eosinophils per field. (D) villus/crypt ratio. Data were represented as means ± SEM of ten mice per group. Legend: Whey: whey protein solution or h/whey: hydrolyzed
whey protein solution. ***p < 0.001 ANOVA-Tukey.

Fig. 3. Oral challenge with extensively hydrolyzed whey protein prevented
secretory IgA (SIgA) augment. SIgA levels were measured in small intestine lavage
by ELISA as described in methods. Data were represented as means ± SEM of ten
mice per group. Legend: Whey: whey protein solution or h/whey: hydrolyzed whey

*
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3.2. Oral challenge with extensively hydrolyzed whey protein
prevented intestinal inflammation in b-lactoglobulin sensitized mice

Ingestion of whey solution induced submucosal edema and
increased inflammatory cell infiltration in the gut of sensitized
mice (Fig. 2B). As part of this inflammatory reaction, there was a
10-fold increase in the number of eosinophils in the gut mucosa
of whey-challenged but not of hydrolysate-challenged mice when
compared to control group of non-sensitized mice (Fig. 2C). Size of
villus and crypt is one of the most sensitive parameters to intesti-
nal inflammation and it is altered in children that are allergic to
cow’s milk [25]. Indeed, allergic whey-challenged mice had altered
villus and crypt size whereas hydrolysate-challenged animals had
a size similar to the one found in non-sensitized group (Fig. 2D).
Thus, oral challenge with whey hydrolysate prevented the devel-
opment of intestinal inflammation as well as the local accumula-
tion of eosinophils.
protein solution. p < 0.05, ANOVA-Tukey.
3.3. Oral challenge with extensively hydrolyzed whey protein
prevented the increase in the intestinal levels of secretory IgA (sIgA)

Since sIgA contributes to the barrier function and it is involved
in immunological homeostasis [19], we measured levels of this
immunoglobulin in small intestinal lavage fluids. sIgA levels were
augmented in allergic mice following local inflammation. Oral
challenge with hydrolysate instead of whey protein prevented
such augment (Fig. 3).
Please cite this article in press as: A.C. Gomes-Santos et al., Hydrolyzed whey p
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3.4. Oral challenge with extensively hydrolyzed whey protein
enhanced IL-12 in gut mucosa of b-lactoglobulin sensitized mice

In order to determine whether whey hydrolysate could modu-
late cytokine production in the site of inflammation, we measured
the levels of IL-4, IL-5, IL-10 and IL-12 in proximal jejunum tissues.
Oral challenge with whey protein promoted reduction in the levels
of IL-4 as well as IL-10 and induced an increase in IL-5 production
rotein prevents the development of food allergy to b-lactoglobulin in sen-
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in allergic mice. Whey protein hydrolysate had no effect on the
levels of either IL-4 or IL-5 in sensitized mice. However, production
of the anti-inflammatory cytokine IL-10 diminished and the pro-
inflammatory IL-12 production was increased in mice that ingested
hydrolyzed protein (Fig. 4).
4. Discussion

In this study, we aimed two goals. First we developed a novel
model of food allergy to a common allergen present in whey pro-
teins of cow’s milk that reproduced the main signs of the human
disease [20]. Then, we tested the effects of ingestion of intact ver-
sus hydrolyzed whey in already sensitized mice. Despite the fact
that whey protein concentrate and hydrolyzed whey protein came
from different companies, the amount of protein in the products
were very similar (around 80%). In addition, both were submitted
to microbiological test. Thus, it is plausible to assume that there
was no interference in the results due to the origins of the products
tested.

Our mouse model of food allergy to BLG displayed the main fea-
tures already described for other food allergy models, namely the
one described by Saldanha and coworkers [17] using the heńs
egg protein ovalbumin. Allergic mice sensitized with BLG and chal-
lenged with whey (which contains the sensitized antigen), had
high levels of serum anti-BLG IgE, and presented clinical as well
as histological signs of intestinal inflammation. In addition, they
showed a reduction in length of villus and crypt in the intestine.
One previously work described a significant decrease in the vil-
lus/crypt ratio in jejunal biopsy of children with eczema due to
food allergy [21]. According to this, Gómez-Chávez and colleagues
found partial atrophy of the villi in the jejunal mucosa of children
with allergy to cow’s milk [22]. Thus, our model has inflammatory
parameters similar to the ones found in human disease.

Allergic mice also presented aversion to the allergen, which was
measured by the intake of the antigen-containing solution.
Immunologically induced taste aversion is an important compo-
nent of food allergy as documented before and it is related to IgE
responses [14,23]. In the present study, we showed that sensitized
mice challenged with whey protein concentrate drank 50% less
solution when compared to non-sensitized mice challenged with
whey. Thus, the food aversion phenomenon was observed also in
our model using BLG as an allergen. Mice that were challenged
with hydrolysate drank almost 80% of the solution when compared
to non-sensitized mice challenged with whey protein concentrate.
Thus, reduction in consumption in this group was less prominent
than the one observed in mice from the sensitized and whey-
challenged group. It is noteworthy that the degree of food aversion
(avoidance of antigen consumption) in both groups of sensitized
mice was related to the specific IgE levels found in these mice as
already described by Basso and coworkers using the ovalbumin
model of food allergy [14].

Since BLG is a major allergenic component of cow’s milk, this
protein has been already used for sensitization in mouse models
of allergy. Most of these studies, however, used mice that were
only sensitized with native BLG adsorbed in either alum [24] or
incomplete Freund’s adjuvant intraperitoneally [25] to produce
high levels of IgE. Some studies from the same group have used
challenges with BLG either by intranasal route to evaluate respira-
tory allergic reaction [24,26] or by a single gavage to evaluate
serum inflammatory mediators [24]. However, previous studies
did not examine gut inflammation and food aversion as allergic
inflammatory parameters.

We also demonstrated that extensively hydrolyzed whey pro-
tein displayed hypoallergenic properties during oral challenge.
Oral challenge with hydrolysate maintained the anti-BLG IgE levels
Please cite this article in press as: A.C. Gomes-Santos et al., Hydrolyzed whey p
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similar to the values found in sensitized mice. Therefore, that oral
treatment with hydrolysate did not reduce sensitization, but it
induced a state of stabilization of the specific antibody response.
A previous study by Verdolin and coworkers [27] reported a similar
result of oral administration of ovalbumin to mice that have
been immunized afterwards with ovalbumin adsorbed in alum.
Ovalbumin fed mice had variable levels of specific IgE after
immunization but these levels stayed stable after several boosters
with the same antigen whereas saline fed mice presented
progressively higher levels of IgE during the course of sequential
boosters. Stabilization seems to be a variation of oral tolerance
phenomenon although it is not clear, by this previous study,
whether the mechanisms involved in both events are the same.

Since IL-10 is an important cytokine involved in oral tolerance
induction and in the maintenance of maintain gut homeostasis
[18], local levels of this cytokine were measured in the proximal
jejuna of allergic mice. There was a reduction in IL-10 production
in both allergic and hydrolysate-fed mice.

To test whether the decrease in the Th2 response observed in
hydrolysate-fed mice was associated with a skewed immune
response, the Th1 cytokines IFN-a and IL-12 was evaluated. Levels
of IFN-a were not detected in jejuna from any group of mice, but
we found enhanced levels of IL-12 in proximal jejuna of mice trea-
ted with hydrolyzed protein. IL-12 is an important cytokine for the
differentiation of Th1 cells [28]. Duan and coworkers also found
that hydrolysates of BLG significantly enhanced production of
IFN-a secretion by murine splenocytes of mice orally treated with
hydrolysates before sensitization [29]. Therefore, our data suggest
that hydrolysates prevented the enhancement in IgE production in
sensitized mice and this effect was associated with up-regulation
of Th1 cytokines such as IL-12.

The immunomodulatory properties of different forms of BLG
have been assessed using oral tolerance by intragastric administra-
tion of BLG in a mouse model of food allergy. In these studies,
previous oral treatment of mice with native BLG inhibited more
efficiently allergic sensitization than with hydrolysates of BLG
produced by either by cyanogen bromide (CNBr) or trypsin.
Conversely, synthetic peptides were inefficient for it even if
covering 50% of the BLG sequence, demonstrating that the
immunomodulatory potential requires the presence of all derived
fragments of BLG as in the native protein. Denatured or hydrolyzed
products were less efficient in inducing oral tolerance induction
[24,30]. According to this, Fritsché and colleagues showed that
partially hydrolyzed proteins are able to induce specific oral
tolerance, whereas extensively hydrolyzed proteins are not [31].
In our work, we used extensively hydrolyzed formula, thus the
mechanism seems to be not related to oral tolerance induction.

On the other hand, extensively hydrolysate protein did not
present residual peptides able to elicit an allergic response in
sensitized mice. This could be due to a preferential uptake of
peptides by epithelial cells instead of Peyer’s patches M cells that
deliver antigen directly to the Th2-driving dendritic cells sitting
there [32]. Interestingly, a recent study using a cross-linked form
of b-lactoglobulin (CL-BLG) in a food allergy model in BALB/c
mice showed that cross-linking of BLG reduced its epithelial
uptake but promoted sampling through Peyer’s patches [32].
Differences in endocytosis by dendritic cells (DCs) and in vitro
endolysosomal processing were observed between BLG and
aggregated CL-BLG. Furthermore, CL-BLG primed DCs induced
higher Th2 response in vitro. In addition, oral treatment of
sensitized BALB/c mice with CL-BLG resulted in high levels of
specific IgE. Therefore, it is plausible that hydrolysed BLG may
result in the exact opposite consequences driven by aggregated
BLG inducing immune deviation towards Th1 responses and
preventing elevation of Th2 cytokines as well as IgE production
in sensitized mice.
rotein prevents the development of food allergy to b-lactoglobulin in sen-
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Fig. 4. Oral challenge with extensively hydrolyzed whey protein modulated cytokines in gut mucosa. (A) IL-4 (B) IL-5 (C) IL-10 and (D) IL-12 levels were measured in
proximal jejunum by ELISA as described in methods. Data were represented as means ± SEM of ten mice per group. Legend: Whey: whey protein solution or h/whey:
hydrolyzed whey protein solution. *p < 0.05. **p < 0.01, ANOVA-Tukey.
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IgE binds to mast cells via its high affinity receptor (FceRI) lead-
ing to release of a large number of proinflammatory mediators and
proteases into adjacent tissues [6]. Also, these activated mast cells
produce Th2-type cytokines, including IL3, IL-5, and IL-13, leading
to the accumulation of eosinophils [33]. Indeed, in our model, we
found high levels of IL-5 in the proximal jejuna of allergic mice
but not in mice treated with hydrolysate. Conversely, IL-4 levels
were reduced in the proximal jejuna of allergy mice while the
hydrolysate maintained IL-4 levels similar to the ones found in
control group. Despite the reduction in IL-4 detected in jejuna,
we found enhanced levels of IL-4 in mesenteric lymph node (data
not show). Thus, this could be due to the migration of IL-4-
producing T cells to the lymphoid organs.

In addition, since hydrolysate did not enhance anti-BLG IgE
levels, antigen aversion was also reduced in sensitized mice. Clin-
ical effects of food allergy were also modulated in mice that
ingested hydrolysed whey. Allergic reaction to BLG developed with
weight loss mostly due to loss of fat tissue as described previously
in the ovalbumin-induced food allergy model [17] [34]. Hydroly-
sate prevented weight loss and reduction in adipose tissue mass
improving the clinical signs of food allergy.

Inflammatory cell infiltration with high frequency of
eosinophils was seen after 7 days of oral antigen exposure in
allergic mice. In accordance with the reduced BLG-specific IgE
production, hydrolyzed protein did not present either inflam-
mation or eosinophil infiltration in the gut mucosa. Allergic
mice but not hydrolysate-fed mice had reduced villus/crypt
ratio.
Please cite this article in press as: A.C. Gomes-Santos et al., Hydrolyzed whey p
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In addition to many regulatory mechanisms that maintain gut
homeostasis, SIgA is one of the protective mechanisms that act
by antigen binding and exclusion [35]. In spite of the fact that food
allergy may result in deficiency of several facets of the epithelial
barrier function, including secretory IgA release into the gut lumen
[36], we observed enhanced levels of sIgA in feces of BALB/c mice
sensitized with BLG and challenge with the same antigen. Secre-
tory IgA can also mediate a potent anti-inflammatory function fol-
lowing interaction with SIGNR1 on dendritic cells which induces
immune tolerance via regulatory T cell expansion [37]. Therefore,
this increase in the secretion of a protective immunoglobulin could
be a regulatory mechanism triggered to counteract inflammation
in the gut mucosa due to allergic reaction to BLG. Levels of SIgA
enhanced in allergic mice suggesting that inflammation triggered
this modulatory component of immune response. Oral administra-
tion of hydrolysate, on the other hand, had little inflammatory con-
sequences and therefore was not accompanied by augmented
levels of SIgA.

In this study we showed that hydrolyzed whey protein pre-
vented intestinal inflammation as well as the development of clin-
ical signs of food allergy in sensitized mice. Therefore, it seems that
extensive hydrolysis decreases the ability of BLG to induce allergic
inflammation. On the other hand, extensively hydrolysated pro-
teins did induce the modulatory mechanisms triggered by oral tol-
erance such as regulatory cytokines. Instead, stabilization of IgE
production and reduction in allergic inflammation in sensitized
mice were associated with immune deviation to Th1-like
responses. Oral treatment with hydrolysate also maintained levels
rotein prevents the development of food allergy to b-lactoglobulin in sen-
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of sIgA, IL-4 and IL-5 similar to the ones found in control group.
Therefore, the whey hydrolysate tested was able to prevent not
only the signs of inflammation but also changed immunological
features typical of food allergy pathology. These results suggest
that whey protein hydrolysates can be safely used by already sen-
sitized children.
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