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Summary

Background Cow’s milk allergy is one of the most common food allergies in children and
no treatment is available. Dietary lipid composition may affect the susceptibility to
develop allergic disease.

Objective Assess whether dietary supplementation with long chain n-3 polyunsaturated
fatty acids (n-3 LCPUFA) prevents the establishment of food allergy.

Methods Mice were fed a control or fish oil diet before and during oral sensitization with
whey. Acute allergic skin response, serum immunoglobulins as well as dendritic cell (DC)
and T cell subsets in mesenteric lymph nodes (MLN), spleen and/or small intestine were
assessed.

Results The acute allergic skin response was reduced by more than 50% in sensitized
mice fed the fish oil diet compared to the control diet. In addition, anti-whey-IgE and
anti-whey-IgG1 levels were decreased in the fish oil group. Serum transfer confirmed that
the Th2-type humoral response was suppressed since sera of fish oil fed sensitized mice
had a diminished capacity to induce an allergic effector response in naive recipient mice
compared to control sera. Furthermore, the acute skin response was diminished upon pas-
sive sensitization in fish oil fed naive recipient mice. In addition, the percentage of acti-
vated Th1 cells was reduced by fish oil in spleen and MLN of sham mice. The percentage
of activated Th2 cells was reduced in both sham- and whey-sensitized mice. In contrast,
whey-sensitized mice showed an increased percentage of CD11b+CD103+CD8a- DC in
MLN in association with enhanced FoxP3+ regulatory T cells (Treg) in spleen and intestine
of fish oil fed whey-sensitized mice compared to sham mice.

Conclusions and Clinical Relevance Dietary n-3 LCPUFA largely prevented allergic sensiti-
zation in a murine model for cow’s milk allergy by suppressing the humoral response,
enhancing local intestinal and systemic Treg and reducing acute allergic symptoms, sug-
gesting future applications for the primary prevention of food allergy.
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cell, fish oil, immunoglobulins, long chain n-3 polyunsaturated fatty acids, mast cell, reg-
ulatory T cell, T cell subsets
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Introduction

in a child’s diet early in life, making cow’s milk allergy
one of the most common food allergies in early child-

Epidemiological research has demonstrated a rapid
increase in allergic diseases. In developed countries,
these affect between 15% and 30% of the population
[1]. Allergic sensitization to food proteins occurs in
about 6% of children and 3-4% of the adult population
in westernized countries [2]. Cow’s milk is introduced

hood with a prevalence of 0.3-3.50% among children
under five years of age [3, 4]. Major allergens charac-
terized in cow’s milk are distributed among the casein
and whey fractions and include og;-casein and B-lacto-
globulin respectively [5]. IgE-mediated allergy accounts
for about 60% of the hypersensitivity reactions against
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these proteins in milk [6]. Symptoms involve the skin,
gastrointestinal and respiratory tract and even systemic
anaphylaxis may occur [7]. There is no cure for food
allergies so far, the only possibility is to avoid the cul-
prit food allergen; however, this might affect children’s
growth and health [7]. Although approximately 90% of
children outgrow the disease, most of them are predis-
posed to the development of other food or inhalant
allergies [4, 8]. Therefore, there is a major interest in
interventions to prevent or treat this condition.

The increase in prevalence of atopic disease is
associated with a reduction in the consumption of
long chain n-3 polyunsaturated fatty acids (n-3
LCPUFA) from fatty fish — generally considered anti-
inflammatory — paralleled by an increase in the
intake of margarine and vegetable oils containing
high levels of n-6 PUFA [9-11]. Current developments
in Japan provide additional evidence since the preva-
lence of atopic diseases is rising in parallel with a
reduced ratio of n-3 to n-6 PUFA in the diet [12,
13]. Furthermore, it was observed that reduced n-3
LCPUFA serum levels were associated with allergic
disease in Swedish adolescents [14]. In Finland, atopic
disease prevalence is low in Eastern provinces where
high percentages of n-3 LCPUFA, especially of EPA,
and low percentages of n-6 PUFA are found in serum
[9, 15, 16]. In addition, it has been demonstrated that
increased fish oil consumption by pregnant and lac-
tating woman can reduce the incidence of food
allergy and IgE-associated eczema by more than 60%
in children at risk [17].

Therefore, fish oil, rich in n-3 LCPUFA, eicosapenta-
noic acid (EPA) and docosahexaenoic acid (DHA), may
have a role in the prevention of allergic diseases. In this
study, it is assessed whether dietary supplementation
with fish oil starting early in life, can reduce allergic
sensitization in a murine model for orally induced
cow’s milk allergy.

Materials and Methods

Diets

Semi purified cow’s milk protein-free AIN-93G-based
diets were composed of either 10% soybean oil (con-
trol diet) or 4% soybean oil plus 6% tuna oil (fish oil
diet) at Research Diet Services (Wijk bij Duurstede, the
Netherlands) (Tables 1 and 2) [18]. The ratio n-3 : n-6
PUFA was 1 : 9.5 for the control diet while this ratio
was reduced to 1 : 1 for the fish oil diet. Tuna oil was
a kind gift from Bioriginal, Den Bommel, the Nether-
lands. The fat percentage of AIN-93G was adapted and
extra fat was exchanged for cornstarch. The diets were
stored at —20°C prior to use to prevent fatty acid
oxidation.

© 2013 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 43 : 798-810

Table 1. Dietary composition mouse chow (based on AIN-93G)

Control diet Fish oil diet
(g/kg diey (g/kg diey
Carbohydrates
Cornstarch 367.5 367.5
Dextrinized cornstarch 132.0 132.0
Sucrose 100.0 100.0
Cellulose 50.0 50.0
Protein
Soya 200.0 200.0
Methionine 3.0 3.0
Fat
Soybean oil 100.0 40.0
Tuna oil 0.0 60.0
Others
Mineral mix AIN 93G 35.0 35.0
Vitamin mix AIN 93VX 10.0 10.0
Choline bitartrate 2.5 2.5
Tert-butylhydroquinone 0.014 0.014
Table 2. Fatty acid composition lipid source
Soybean Tuna
Fatty acid oil (%) oil (%)
SFA 15.1 28.9
MUFA 24.9 22.8
PUFA 59.1 44.5
n-6 PUFA 53.1 5.5
C18 : 2 n-6 LA 53.1 1.3
C20 : 4 n-6 AA 1.8
C22 : 5 n-6 1.6
n-3 PUFA 5.6 38.5
C18 : 3 n-3 ALA 5.6 0.5
C20 : 5 n-3 EPA 7.0
C22 : 5 n-3 DPA 1.4
C22 : 6 n-3 DHA 27.8
Minor components 0.9 3.8

SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA,
polyunsaturated fatty acid; LA, linoleic acid; AA, arachidonic acid;
ALA, o-linolenic acid; EPA, eicosapentaenoic acid; DPA, docosapenta-
enoic acid; DHA, docosahexaenoic acid.

Oral sensitization and challenge of mice

Three-week-old specific pathogen free female C3H/He-
OuJ mice (n = 6/group) were purchased from Charles
River Laboratories (L’Arbresle Cedex, France) and fed
either the control or fish oil diet starting two weeks
prior to the first sensitization and continued during the
whole sensitization period until sacrifice (Fig. 1). The
mice were housed in the animal facility at Utrecht Uni-
versity. Animal care and use were approved by and per-
formed in accordance with the guidelines of the Animal
Ethics Committee of Utrecht University (approval num-
ber: DEC2009.111.08.079).
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Fig 1. A schematic overview of the sensitization and challenge protocol and the parameters that are analysed. RBC, red blood cell; mMCP-1,
mouse mast cell protease-1; DC, dendritic cell; MLN, mesenteric lymph nodes; Treg, regulatory T cell.

Mice were sensitized intragastrically (i.g.) using a
blunt needle with 20 mg whey/0.5 mL PBS with 10 ug
cholera toxin (CT) as an adjuvant (DMV International,
Veghel, the Netherlands). Sham mice received CT
(10 pg/0.5 mL PBS). Mice were sensitized once a week
for 5 consecutive weeks as previously described by
Schouten et al. [19]. One week after the last sensitiza-
tion sham and whey-sensitized mice were challenged
intradermally (i.d.) in the ear pinnae of both ears with
10 pg whey in 20 puL PBS to determine the acute aller-
gic skin response (see below). The same day the mice
were challenged i.g. with 50 mg whey/0.5 mL PBS and
18 h after the oral challenge blood samples were col-
lected and centrifuged at 14 000 g for 15 min. Sera
were stored at —70°C. Mice were killed by cervical dis-
location and mesenteric lymph nodes (MLN), spleen and
small intestine were obtained for flow cytometry or his-
tological examination.

Fatty acid composition erythrocytes

Blood was collected in heparin tubes and after centrifu-
gation plasma was removed. Erythrocytes were stored
at —70°C wuntil analysis. Erythrocyte lipids were
extracted as described by Bligh and Dyer [20] and the
membrane fatty acid composition was assessed using
gas chromatography as previously described [21].

Acute allergic skin response

Ear thickness was measured in duplicate for each ear
using a digital micrometer (Mitutoyo, Veenendaal, the
Netherlands) at basal conditions prior to whey challenge
and 1 h after i.d. challenge in the ear. Isoflurane was
used for inhalational anaesthesia during measurements.
The mean basal thickness per ear was subtracted from
the mean thickness measured at 1 h after injection to
express ear swelling as delta pm. Mean of left and right
delta ear swelling were calculated for each mouse.

Plasma PGE, and serum immunoglobulins and mMCP-1

Concentrations of prostaglandin E, (PGE,) in plasma
and mouse mast cell protease-1 (mMCP-1) in serum
were determined using commercially available ELISA
kits (PGE,: Oxford Biomedial Research, Oxford, USA;
mMCP1: Moredun Scientific Ltd., Penicuik, UK) accord-
ing to the manufacturer’s protocol.

Levels of whey-specific IgE, IgG1 and IgG2a were
determined in serum by ELISA. Microlon plates (Greiner,
Alphen aan den Rijn, the Netherlands) were coated with
100 pL whey (20 pg/mL) in carbonate-bicarbonate buf-
fer (0.05M, pH = 9.6) for 18 h at 4°C. Plates were washed
and blocked for 1 h with 0.5% BSA in ELISA buffer
(50 mm TRIS, 137 mM NaCl, 2 mm EDTA and 0.05%
Tween20). Serum samples were incubated for 2 h at
room temperature after which plates were washed and
incubated with biotin-labelled rat anti-mouse IgE, IgG1
or [gG2a (1 ug/mL, BD Biosciences, Alphen aan den Rijn,
the Netherlands) for 90 min at room temperature. After
washing, the plates were incubated with streptavidin
poly horseradish peroxidase (Sanquin, Amsterdam, the
Netherlands) for 1 h, washed and developed with o-phe-
nylendiamine (Sigma-Aldrich-Chemicals, Zwijndrecht,
the Netherlands). The reaction was stopped with 4 M
H,S0, and absorbance was measured at 490 nm on a
Benchmark microplate reader (Bio-rad, Veenendaal, the
Netherlands). Results were expressed as arbitrary units
(AU) composed using a titration curve of pooled sera
from whey-alum i.p. immunized mice as positive refer-
ence serum serving as an internal standard.

Passive sensitization: transfer of dietary intervention
serum

Sera obtained from sham and whey-sensitized mice fed
the control or fish oil diet were transferred intrave-
nously (i.v. 100 pL) using isoflurane anesthesia to naive
recipient mice fed control diet (n = 6/group). Half an

© 2013 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 43 : 798-810
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hour after serum transfer the acute skin response was
measured as described before, starting with measuring
ear thickness at basal conditions prior to whey chal-
lenge followed by assessing ear swelling 1 h after i.d.
challenge.

Passive sensitization: transfer of hyperimmune serum to
fish oil fed recipients

Pooled (‘hyperimmune’) sera from whey-alum i.p.
immunized mice were i.v. transferred (100 pL) to
naive mice fed the control diet or fish oil for two
weeks prior to injection (n = 6/group). After half an
hour, the acute skin response was measured as
described before.

Dendritic cell (DC) and T cell subsets by flow cytometry

After the mice were killed, MLN were removed and
after homogenization incubated with 0.2% collagenase
IV and 2 kU/mL DNAse for 30 min at 37°C, re-sus-
pended and incubated for another 30 min. The enzy-
matic reaction was stopped by adding 0.5 mL FCS
after which the cell suspension was filtered. In addi-
tion, single cell suspensions were prepared from mouse
spleens. All cells were blocked for 20 min in PBS con-
taining 1% BSA and 5% FCS. 5 x 10° Cells were pla-
ted per well and incubated for 30 min at 4°C with
different antibodies (eBioscience, Breda, the Nether-
lands, unless otherwise stated) anti-CD11c-PerCpCy5.5
(1 : 50), anti-CD11b-PE (1 : 50), anti-CD8o-APC or
FITC (1 : 100), anti-CD103-APC (1 : 100), anti-CD4-
FITC or PerCpCy5.5 (1 : 100), anti-CD25-PE (1 : 100),
anti-CD69-APC (1 : 50), anti-CXCR3-PE (1 : 50), anti-
T1/ST2-FITC (1 : 50, MD Biosciences, St. Paul, MN,
USA) and isotype controls were used. Cells were fixed
using 0.5% paraformaldehyde, or permeabilized for
intracellular staining with FoxP3-APC (1 : 50) using
the Foxp3 staining buffer set (eBioscience) according
to the manufacturer’s protocol. Flow cytometry was
performed using FACS Canto II (BD, Alphen aan den
Rijn, the Netherlands) and analysed using FACSDiva
software (BD).

Immunohistochemistry FoxP3+ cells

The small intestine (jejunum and proximal ileum) was
carefully dissected, opened longitudinally and luminal
contents were removed by gently washing in PBS.
The intestine was placed with the mucosal side down
and rolled from the distal to the proximal end. The
Swiss rolls were fixed in formalin (10% v/v solution)
and embedded in paraffin (Leica 1G1150c; Leica Mi-
crosystems, Rijswijk, the Netherlands). Sections (5 pum)
were cut using a microtome (Leica Microsystems) and
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deparaffinized Swiss roll sections were stained for
intracellular FoxP3 expression. In short, after dewax-
ing the sections were boiled in sodium citrate buffer
(0.01 M) for 10 min. Then, sections were blocked with
5% rabbit serum (Dako, Heverlee, Belgium) in PBS
with 1% BSA, followed by overnight incubation at
4°C with rat anti-mouse FoxP3 purified antibody
(final concentration 2.5 pg/mL, eBioscience) or rat
IgG2a isotype (2.5 pg/mL) as a control in 1% BSA.
Then, slides were incubated for 30 min with 3% H,0,
in PBS. The primary antibody was detected with a
biotinylated rabbit anti-rat antibody (2.5 ug/mL in 1%
BSA, Dako) for 1 h at room temperature, followed by
incubation with avidin biotin complex (ABC, Vector)
in 1% BSA/PBS for 1 h. Colour was developed with
3,3'-diaminobenzidine (Sigma) and sections were
counter-stained with haematoxylin, dehydrated and
covered with Pertex mounting medium (Histolab,
Goteborg, Sweden) and a cover glass. FoxP3+ cells
were counted per villus-crypt unit. Per mouse 100
intact villus-crypt units were counted on a slide.

Statistics

All data were analysed using two-way anova (factors diet
and sensitization) or one-way AnovA and post hoc Bon-
ferroni test using GraphPad Prism software (version 5.0)
and SPSS version 15 software. The hypothesis that the
effect of sensitization would differ between the control
and fish oil groups was tested by the interaction term
between sensitization and diet in the two-way ANovA.
Therefore, in the legends the P-value for diet; sensitiza-
tion and diet x sensitization interaction are reported. For
serological data square root transformation was used
before analysis to normalize data distribution. Data are
presented as means + SEM. For serological data, Tukey
box-and-whisker plots were used, represented as median
[25-75% percentiles] in text.

Results

Increased DHA and EPA membrane content upon fish
oil supplementation

Fish oil supplementation more than doubled DHA con-
tent of red blood cell membranes as compared to control
diet fed mice in both sham and whey-sensitized mice
(P < 0.001, Fig. 2a). Also, the percentage of EPA in the
membranes did increase after fish oil treatment
(P < 0.001, Fig. 2b). The incorporation of n-3 LCPUFA
in the cell membrane occurred mainly at the expense of
n-6 PUFA arachidonic acid (20 : 4n-6) (P < 0.001,
Fig. 2c¢) and linoleic acid (18 : 2n-6)(whey-mice
16.3 £ 1.1 vs. 9.6 & 0.4%, P < 0.001) which were
reduced in the erythrocyte membranes. In addition, the
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Fig. 2. N-3 polyunsaturated fatty acids (N-3 LCPUFA) content in erythrocyte membranes was enhanced in mice fed the fish oil diet as shown for
(a) DHA (diet P < 0.001, sensitization P < 0.05, interaction NS) and (b) EPA (diet P < 0.001, sensitization P = 0.06, interaction P = 0.11). Incorpo-
ration occurred at the expense of n-6 PUFA such as (c) arachidonic acid (diet P < 0.001, sensitization NS, interaction NS). In addition, the arachi-
donic acid metabolite (d) prostaglandin E, was reduced in plasma of whey-mice fed fish oil (diet P < 0.01, sensitization NS, interaction NS). (e)
The fish oil diet effectively reduced the whey-induced acute allergic skin response in whey-sensitized mice (diet P < 0.01, sensitization P < 0.001,
interaction P < 0.001). Ear swelling (um) was calculated as the increase in ear thickness induced by whey one hour after challenge. Data are pre-
sented as means + SEM, n = 6/group. *P < 0.05, ***P < 0.001 two-way ANovA followed by Bonferroni’s multiple comparison test. NS, not signifi-

cant.

concentration of PGE, was significantly reduced in
whey-sensitized mice fed the fish oil diet as compared
to control diet fed mice (P < 0.05, Fig. 2d).

Fish oil diet reduces acute allergic skin response in
whey-sensitized mice

One hour after the dermal challenge the acute allergic
skin response was measured to compare the effect of
the control and fish oil diet on ear swelling. The delta
ear swelling in the whey-sensitized mice fed control
diet was significantly enhanced as compared to sham-

sensitized mice (P < 0.001, Fig. 2e). Whey-sensitized
mice fed fish oil diet showed a more than 50% reduced
acute allergic skin response (P < 0.001) compared to
control diet fed whey-sensitized mice.

Reduced whey-specific IgE and IgG1 levels in whey-
sensitized mice fed fish oil diet

Serum levels of whey-specific IgE were increased in
mice orally sensitized with whey compared to sham
mice (P < 0.001, Fig. 3a). The fish oil diet reduced
whey-IgE levels in whey-sensitized mice compared to

© 2013 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 43 : 798-810
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the control fed mice (P < 0.05). Whey-specific IgG1
levels of whey-sensitized mice were enhanced compared
to sham-sensitized mice (P < 0.001, Fig. 3b). Fish oil
prevented the generation of Th2-type whey-IgG1 and
levels were significantly reduced compared to control
diet fed whey-sensitized mice (P < 0.01). In addition,
Th1-type immunoglobulin IgG2a showed the same pat-
tern. Sham-sensitized mice showed lower IgG2a levels
than whey-sensitized mice fed control diet (P < 0.05,
Fig. 3¢), the fish oil diet reduced IgG2a in whey-sensi-
tized mice compared to whey sensitized mice fed con-
trol diet (P < 0.05).

To assess mucosal mast cell degranulation, mMCP-1
was determined in serum 18 h after oral challenge with
whey. Serum mMCP-1 concentrations of whey-sensi-
tized mice fed control diet were enhanced when com-
pared to sham-treated mice (P < 0.05, Fig. 3d). mMCP-
1 was not enhanced in whey-sensitized mice fed fish oil
diet when compared to sham mice. However, fish oil
diet did not significantly reduce mMCP-1 in serum
compared to control diet.

Passive transfer of sera from fish oil fed mice to naive
recipients confirms the humoral response to be
suppressed

In recipient mice receiving sera from whey-sensitized
donor mice fed the control diet a significant ear

3 Control @ Fish oil
()
2000 - Hekk *

1500 T

1000

500 -

Whey-IgE (AU)

e —

0-—

Sham sensitized Whey sensitized

—~
(2)
~

250 - * *
200 T

150 4

100 -

50

0 -

Whey-lgG2a (AU x1000)

Sham sensitized Whey sensitized

swelling was induced as compared to recipients
receiving sera from sham mice (P < 0.001, Fig. 4a).
Sera of whey-sensitized donor mice fed the fish oil
diet elicited a significantly lower whey-induced ear
swelling response in recipient mice compared to
serum of control diet fed whey-sensitized donor mice
(P < 0.001).

Fish oil diet reduces acute allergic symptoms induced by
passive sensitization using whey-hyperimmune sera

N-3 LCPUFA from fish oil diet possibly target the
mast cell directly, which may affect mast cell pheno-
type or degranulation [22, 23]. To assess whether the
fish oil diet itself is capable of suppressing acute
allergic symptoms, hyperimmune serum — high in
whey-specific immunoglobulins after whey-alum i.p.
sensitization — was transferred to naive recipients fed
either the control or fish oil diet, after which the mice
were challenged with whey in both ears. Transfer of
whey-hyperimmune serum resulted in a significantly
enhanced acute allergic skin response in recipient
mice fed the control diet as compared to injection of
nalve serum from non-sensitized mice (P < 0.001,
Fig. 4b). Recipient mice fed the fish oil diet showed a
reduced allergic skin response as compared to control
diet fed recipients transferred with hyperimmune
serum (P < 0.001).
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Fig 3. The effect of fish oil on the humoral response and mouse mast cell protease-1 (mMCP-1). Fish oil reduced whey-specific (a) IgE (diet
P < 0.05, sensitization P < 0.01, interaction P < 0.05) (b) IgG1 (diet P < 0.01, sensitization P < 0.01, interaction P < 0.01) and (c) IgG2a (diet
P < 0.05, sensitization P < 0.05, interaction P < 0.05) as compared to control diet fed whey-sensitized mice. (d) Serum mMCP-1 concentrations
were increased in whey-sensitized mice fed control diet as compared to sham mice (diet NS, sensitization P < 0.01, interaction NS). Data are pre-
sented as box-and-whisker Tukey plots, n = 6/group. *P < 0.05, **P < 0.01, ***P < 0.001 two-way anova followed by Bonferroni’s multiple com-
parison test. Data were square root transformed for analysis. NS, not significant.
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Fig 4. Effect of fish oil on the humoral and effector response (a) Pas-
sive transfer of sera of whey-sensitized mice fed the fish oil diet
resulted in a reduced ear swelling upon i.d. whey challenge in com-
parison with recipient mice transferred with sera of sensitized mice
fed control diet. (b) The acute allergic skin response was diminished
in fish oil fed naive recipient mice injected with whey-hyperimmune
serum as compared to control diet fed recipients. Data are presented
as means + SEM, n = 6/group. ***P < 0.001 one-way anova followed
by Bonferroni’s multiple comparison test.

Fish oil diet alters the DC population and reduces
percentages of Th1 and Th2 cells in MLN and spleen

MLN and splenocytes from whey-sensitized mice fed
the control or fish oil diet were analysed for DC and T
cell subsets. Th1 inducing CD11c+CD11b-CD8a+ lym-
phoid DC [24, 25] were reduced in MLN and spleen by
the fish oil diet in sham-sensitized mice when com-
pared to sham mice fed control diet (P < 0.05 for MLN;
P < 0.01 for spleen, Fig. 5a). In contrast, the percentage
of CD11c+CD11b+CD8a- myeloid DC [24, 25] were
enhanced by the fish oil diet in MLN of both sham and
whey-sensitized mice (P < 0.001 for both sham and
whey mice, Fig. 5a).

Total CD4+ cells are not enhanced by sensitization
with whey and not reduced by the tuna oil diet (Figure
S1). The fish oil diet reduced the percentage of acti-
vated Th1 cells (CD4+CD69+CXCR3+ [26-28]) in spleens
of sham-sensitized mice by 50% (P < 0.001, Fig. 5b).
Dietary fish oil supplementation also significantly
reduced the percentage of splenic activated Th2 cells

(CD4+CD69+T1/ST2+ [29, 30]) in both sham- and
whey- sensitized mice (P < 0.001 for sham; P < 0.05
for whey). Since the effect on the percentage of acti-
vated Th2 cells in spleen was more pronounced this
resulted in an increased Th1/Th2 ratio in fish oil fed
sham-sensitized mice as compared to sham mice fed
control diet (3.3 & 0.5 vs. 1.7 £ 0.1, P < 0.001). Also,
in MLN the percentage of activated Th1 but not acti-
vated Th2 cells was reduced by the fish oil diet in
sham-sensitized mice (P < 0.05, Fig. 5b). This did not
affect the Th1/Th2 ratio in MLN (data not shown). The
fish oil diet exerted a similar tendency for percentages
of total Th1 (CXCR3+ of CD4+) and total Th2 (T1/ST2+
of CD4+) cells in MLN and spleen but effects were less
prominent (Figure S1).

Increase in FoxP3 positive cells in spleen and lamina
propria of whey-sensitized mice fed fish oil diet

FoxP3+  regulatory T cell (Treg) inducing
CD11c+CD11b+CD103+CD8a- DC [31, 32] were
increased in MLN of whey-sensitized mice fed fish oil
as compared to fish oil fed sham mice (P < 0.05,
Fig. 6a). The percentage of FoxP3+ Treg in MLN was
low (data not shown). However, in spleen the percent-
age of FoxP3+ Treg in whey-sensitized mice fed the
fish oil diet was enhanced as compared to sham mice
fed fish oil (P < 0.05, Fig. 6b).

In addition to this systemic compartment an
increased number FoxP3+ cells per villus-crypt unit
was counted locally in the small intestine of whey-sen-
sitized mice fed the fish oil diet as compared to sham-
sensitized mice fed the fish oil diet (P < 0.05, Fig. 6¢).
Isotype control slides were all negative for FoxP3.

Discussion

Fish oil supplementation reduces allergic sensitization
in a mouse model for cow’s milk allergy since the acute
allergic skin response in the fish oil fed mice was
reduced by over 50% combined with low serum whey-
IgE and whey-IgG1 levels. The current study implies
that n-3 LCPUFA can suppress the susceptibility to
develop allergic disease even when provided after birth.

In recent human trials, fish oil supplementation was
able to lower the risk of allergic disease. Since allergic
diseases are determined early in life, or even in uftero,
these trials were performed during pregnancy. Daily
supplementation with n-3 LCPUFA during late preg-
nancy has been shown to reduce the risk of food
allergy, including milk allergy and IgE-associated
eczema in children at risk of atopic disease [17, 33-36].
Furthermore, fewer severe allergic symptoms have been
reported in fish oil treated infants [33]. Results from
our study suggest the possibility for primary prevention

© 2013 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 43 : 798-810
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Fig 5. Effect of the fish oil diet on dendritic cell (DC) and T cell subsets in mesenteric lymph nodes (MLN) and spleen by flow cytometry. (a) Per-
centage of CD11b-CD8a+ lymphoid DC was reduced in MLN (diet NS, sensitization NS, interaction P < 0.01) and spleen (diet NS, sensitization
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test. NS, not significant.
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Fig 6. Effect of the fish oil diet on CD103+ dendritic cells (DC) and FoxP3+ regulatory T cells (Treg) (a) Percentage of CD11b+CD103+CD8c- DC
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intestine (diet NS, sensitization P < 0.01, interaction NS; immunohistochemical staining for FoxP3 (arrows); magnification 200x ; typical example
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significant.

of allergic sensitization when providing fish oil starting
early in life after birth. The Childhood Asthma Preven-
tion Study (CAPS) reported that fish oil supplementa-
tion starting after birth did not prevent the onset of
atopy at age of 5 in high risk children [37, 38]. How-
ever, the study population with a family history of
asthma may be less susceptible to interventions due to
genetic setting. In addition, the dosage aimed at may
have been insufficient to prevent the onset of atopy in
this critical period. Furthermore, the suboptimal adher-
ence to oil capsules (51% for fish oil group) suggests
that the average ingested n-3:n-6 fatty acid ratio was
lower than the 1 :5 aimed at for the fish oil group.
Therefore, the fatty acid ratio of 1 :7 achieved in
plasma by fish oil is considered suboptimal in this
study. Another post-natal intervention study supple-
mented newborns from birth to 6 months of age with

650 mg fish oil and reported lowered allergen-specific
Th2 responses [39].

The n-3:n-6 PUFA ratio of the diets in our study
should be seen in the view of the current human Wes-
tern diet with a ratio of 1 : 10-20 vs. the diet of Inuit’s,
a fish consuming population with low prevalence of
allergic disease consuming a 2.5 : 1 ratio [40-42]. Inuit
plasma phospholipids have a 1 : 1 n-3:n-6 PUFA ratio
[43]. Here, the fatty acid ratio of erythrocytes was
reduced from about 1 : 5 in the control group to 1 : 1
in the fish oil fed mice. In human pregnancy studies,
supplementing with 4-4.5 gram of fish oil daily to pre-
vent allergic outcomes in offspring, ratios about 1 : 1.5
were shown to be effective [33, 34].

IgE and IgG are known to sensitize mast cells and
basophils and immunoglobulin levels correlate posi-
tively with the intensity of the acute allergic skin

© 2013 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 43 : 798-810
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response [44]. Whey-specific IgE and IgG1 levels were
reduced by the fish oil diet in our study, in association
with a reduced acute allergic skin response. The sup-
pressed Th2-type humoral response was further con-
firmed wusing serum transfer suggesting that n-3
LCPUFA have suppressed the sensitization to whey.

Studies report that arachidonic acid metabolite PGE,
promotes IgE production by B cells [45]. Substitution of
arachidonic acid by n-3 LCPUFA did reduce plasma
PGE, concentrations and may indirectly have sup-
pressed immunoglobulin generation. Furthermore, 1L-4
and IL-13 induce IgE isotype switching and production
of these cytokines by Th2 cells as well as mast cells
may be reduced by n-3 LCPUFA [23, 46, 47]. In addi-
tion, DHA was found to reduce IgE production by
human B cells via the IL-4 pathway or via an effect on
CD40 [48]. Animal studies up to now are inconclusive
about the effect of n-3 LCPUFA on IgE production [49].
Mice fed 1% soybean oil plus 10% fish oil tended to
have enhanced OVA-specific IgE levels in serum as
compared to mice fed 1% soybean oil plus 10% sun-
flower oil [50]. Since sunflower oil is very low in ALA,
the requirements for an adequate amount of ALA as
recommended by Reeves et al. are not met in the diet,
which may explain the discrepancy with our results
[18]. Like in our study, Matos et al. reported in addition
to reduced OVA-specific IgE, also reduced OVA-IgG1
levels using a 7% fish oil diet [51]. Furthermore, dietary
intervention with n-3 LCPUFA during pregnancy
showed a tendency to reduce IgE antibody levels in
infants at risk which is in line with our observations
[17].

Our data indicate that n-3 LCPUFA not only target
the humoral response but also may directly target the
effector response. To further investigate this, naive
mice were fed the fish oil diet prior to passive sensiti-
zation with hyperimmune serum high in whey-IgE.
This indicates that dietary fish oil modulates the mast
cell response resulting in less acute allergic symptoms
upon mast cell degranulation. The effects of LCPUFA
on mast cell function have not been fully addressed in
literature and many mechanisms may be involved.
However, it has been proven that n-3 LCPUFA alter
the mast cell phenotype and reduce the formation of
eicosanoids of the 2/4 series which are causatively
involved in inducing oedema and allergic symptoms
[23].

Besides dampening the humoral and effector
response, this study shows n-3 LCPUFA to affect DC
and T cells. The fish oil diet was found to reduce the
percentage of CD11c+CD11b-CD8a+ conventional lym-
phoid DC which are IL-12 producing and therefore Th1
polarizing [24, 25]. This corresponds well with our
observation that the percentage of Thl cells is
diminished in spleen and MLN of sham-sensitized

© 2013 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 43 : 798-810

mice. On the other hand, conventional myeloid DC
(CD11¢+CD11b+CD8a-), which may induce tolerogenic
or Th2 responses [24, 25], were enhanced by the fish oil
diet in MLN. Since the diet reduced the development of
Th2 cells, especially in the spleen, this may imply that
this subset represents a tolerogenic phenotype in the
current setting. Also, in a recent study EPA and DHA
were found to suppress IL-12 secretion by LPS-stimu-
lated DC while regulatory IL-10 production was
enhanced [52]. As the percentage of Th2 cells was
reduced most prominent in our study, the Th1/Th2 ratio
was increased in the sham group fed the fish oil diet
which implicates skewing away from the Th2 pheno-
type. Suppression of both Th1l and Th2 cell subsets
relate to the findings of Dunstan et al. reporting that
neonatal mononuclear cells secreted less Th1 and Th2
cytokines in response to allergen stimulation after fish
oil consumption [33]. Another study showed a reduced
IL-4 production by human peripheral blood mononu-
clear cells after n-3 LCPUFA consumption, enhancing
the Th1/Th2 cytokine ratio [48]. Furthermore, supple-
mentation with high doses of fish oil (3-6 g/day)
reduced IL-2 and IFN-y production [53, 54]. Although
90% of Th1 cells express CXCR3, we cannot exclude
that other CD4+ cells also express this marker and are
included in the analysis [27]. However, serological data
confirm these findings. In our study, the effect of fish
oil on Th1 and Th2 cells was shown most pronounced
for sham-sensitized mice. We hypothesize that this
effect was dampened in whey-sensitized mice due to
the continuous boost of the immune response by the
repeated sensitizations while for sham mice the chal-
lenge is the first contact with whey. Typically, the sup-
pression of Th1 and Th2 cell subsets in both sham and
whey-sensitized mice was most pronounced when the
early activation marker CD69 was taken into account
[55]. This suggests that apart from a minor population
of whey-specific T cells also aspecific or bystander T
cell activation was caused by whey. Intrinsic capacities
of the whey protein fraction may contribute to this [56,
57]. Since percentages of both activated Th1 and Th2
cells were reduced by the fish oil diet in sham mice this
suggests a general suppression of immune activation by
the fish oil diet.

Besides Th1 and Th2 subsets dietary n-3 LCPUFA
were observed to enhance Treg in whey-sensitized mice
fed the fish oil diet both systemically in the spleen as
well as locally in the small intestine. FoxP3+ Treg play
an important role in modulating the immune response
and oral tolerance induction [58, 59]. CD103+ cells
migrate from lamina propria to the MLN and induce
CD4+FoxP3+ Treg via a retinoic acid dependent mecha-
nism [24, 32, 60]. In particular, the CD11b+CD103+
CD8a- DC subset is known to express retinal dehydro-
genase isoform 2 which catalyses the conversion of
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retinal to retinoic acid [31, 32]. This subset was enhanced
in the MLN of fish oil fed whey-sensitized mice. FoxP3+
Treg generated in the MLN, transfer tolerance systemi-
cally and Treg home to the gut lamina propria to main-
tain homeostasis [59]. The fish oil diet was found to
enhance FoxP3+ Treg in spleen and lamina propria of
whey-sensitized mice. There is not much known about
the effects of PUFA on Treg, but it has been suggested
that n-3 LCPUFA support Treg function [61]. Kleemann
et al. reported increased regulatory IL-10 mRNA expres-
sion in Peyer’s patches of fish oil-fed BB rats [62],
whereas Yaqoob et al. supplemented mice with fish oil
and found IL-10 production by cultured spleen cells to
be reduced [63]. Treg may reduce B cell and mast cell
activation whereas they enhance oral tolerance induc-
tion, this may contribute to the reduced sensitization to
whey observed [58].

In this study, we demonstrated the effect of dietary
fish oil supplementation starting early in life, in a

mouse model for cow’s milk allergy. Fish oil reduced
the generation of a whey-specific humoral response by
B cells, leading to attenuated production of Th2-type
immunoglobulins and reduced acute allergic symptoms.
Besides the suppression of allergic sensitization, the fish
oil diet also directly reduced the allergic effector
response. Furthermore, the fish oil diet increased Treg
in both spleen and small intestine thus enhancing toler-
izing capacities of the adaptive immune system.
Together this implicates beneficial effects of fish oil
supplementation in early life for the primary prevention
of atopic diseases such as food allergy.
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Figure S1. Effect of the fish oil diet on total Th1 and
Th2 cell subsets in mesenteric lymph nodes (MLN) and
spleen by flow cytometry. The percentage of CD4+ cells
in MLN (diet NS, sensitization NS, interaction NS) and
spleen (diet P < 0.05, sensitization NS, interaction
P =0.09 for spleen) were not reduced by the fish oil
diet. The percentage of total Th1 cells (CD4+CXCR3+)
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was reduced by the fish oil diet in spleen of sham mice
(diet P < 0.01, sensitization NS, interaction NS). Per-
centages of Th1 cells in MLN showed a similar tendency
(diet P < 0.05, sensitization NS, interaction NS) as well
as the percentage of total Th2 cells (CD4+T1/ST2+) in
spleen (P < 0.01, sensitization NS, interaction NS) and
MLN (diet NS, sensitization NS, interaction NS). Data
are presented as means + SEM, n = 6/group. *P < 0.05
two-way anova followed by Bonferroni’s multiple com-
parison test. NS = not significant.
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