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ABSTRACT: We investigated whether the previously reported pre-
ventive effect of maternal �-3 fatty acid supplementation on IgE-
associated allergic disease in infancy may be mediated by facilitating
a balanced circulating Th2/Th1 chemokine profile in the infant.
Vaccine-induced immune responses at 2 y of age were also evalu-
ated. Pregnant women, at risk of having an allergic infant, were
randomized to daily supplementation with 1.6 g eicosapentaenoic
acid and 1.1 g docosahexaenoic acid or placebo from the 25th
gestational week through 3.5 mo of breastfeeding. Infant plasma was
analyzed for chemokines (cord blood, 3, 12, 24 mo) and anti-tetanus
and anti-diphtheria IgG (24 mo). High Th2-associated CC-
chemokine ligand 17 (CCL17) levels were associated with infant
allergic disease (p � 0.05). In infants without, but not with, maternal
history of allergy, the �-3 supplementation was related to lower
CCL17/CXC-chemokine ligand 11 (CXCL11) (Th2/Th1) ratios (p �
0.05). Furthermore, in nonallergic, but not in allergic infants, �-3
supplementation was linked with higher Th1-associated CXCL11 levels
(p � 0.05), as well as increased IgG titers to diphtheria (p � 0.01)
and tetanus (p � 0.05) toxins. Thus, the prospect of balancing the
infant immune system toward a less Th2-dominated response, by
maternal �-3 fatty acid supplementation, seems to be influenced
by allergic status. (Pediatr Res 69: 259–264, 2011)

Chemokines are small chemotactic factors, produced by
several cell types, macrophages being an important

source (1). Some of them have a crucial role in maintaining
the Th1/Th2 balance in immune responses against foreign
proteins and these chemokines can be detected more easily
than Th1/Th2 cytokines in peripheral blood (2). The chemo-
kines CC-chemokine ligand 17 (CCL17) and CCL22 are
induced by IL-4 and IL-13 and bind to the CCR4 receptor on
Th2 cells (1). Increased levels of CCL17 and CCL22 have
been associated with presence and severity of atopic derma-

titis in children and adults (3,4). Furthermore, high CCL17
and CCL22 levels differentiate asthmatic children from nona-
topic children with chronic coughing (5). On the other hand,
the chemokines CXC-chemokine ligand 10 (CXCL10) and
CXCL11 are induced by IFN�, act chemotactically on Th1
skewed cells, and are associated with Th1-mediated condi-
tions like Crohn’s disease (6). Increased ratios of circulating
CCL22/CXCL10, as a marker for Th2 like deviation, have
been reported at birth in infants developing allergic disease
during the first 2 y of life (2) and increased CCL22 levels in
neonates have been associated to future wheezing (7). Al-
though simplified, the Th1and Th2 model for immune re-
sponses is still valid with the additional consideration of T
regulatory cells and Th17 cells (8). T-cell responsiveness to
common food and inhalant allergens may occur already in the
fetus (9). As Th2-skewed local immune responses have been
suggested to be required for a successful pregnancy (10), the
infant is born with an immune system predestined to Th2-
skewed responses to foreign antigens. Genetic predisposition
to the development of early allergic disease seems to be
related to sustained Th2-skewed immunity during infancy
(11). We have previously found a decreased period prevalence
of IgE-associated disease (i.e. eczema and food allergy, with
concomitant allergic sensitization) up to 1 y of age after
maternal �-3 long chain polyunsaturated fatty acid (LCPUFA)
supplementation during the last trimester of pregnancy and
3–4 mo of lactation (12). We also reported that low maternal
arachidonic acid (AA, 20:4�-6)/eicosapentaenoic acid (EPA,
20:5�-3) ratios were associated with decreased maternal se-
cretion of AA-derived prostaglandin E2 (PGE2), a factor that
is active in the allergic inflammation (13). The most probable
explanation for this is that the �-3 LCPUFA EPA and the �-6
LCPUFA AA compete for the same enzymes, cylooxygenase
and lipooxygenase, in their metabolism (14). The �-3 LCPUFAs
EPA and docosahexaenoic acid (DHA, 22:6�-3) are also vital
structures of the cell membrane (15) and may generate inflam-
mation resolving resolvins and docosatrienes (16,17), thus exert-
ing effects on antigen presenting cells, T-regulatory cells, epithe-
lial cells (18), and monocytes (19). In addition, �-3 LCPUFAs
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have effects on transcription factors that may alter gene expres-
sion in inflammatory cells (20). Through these mechanisms, the
�-3 LCPUFAs might be able to accelerate the postnatal matura-
tion of the Th2-deviated immune system, toward a more bal-
anced immunity (21). Interestingly, the preventive effect of �-3
supplementation on the development of allergy in infants and
decreasing PGE2 synthesis in mothers during the last trimester of
pregnancy were both more pronounced if the mother was not
allergic (12,13). This is in line with previous studies reporting
different biological effects of dietary �-3 LCPUFA in different
individuals or populations (22).

Allergic children have been shown to be intrinsically hy-
poresponsive to vaccines, possibly because of Th2-skewed
immune responses, even though this seems to be overcome by
common vaccination regimens (23). Omega-3 fatty acids have
been shown to enhance the Th1 responses through IL-2 and
IFN� production (18) and may therefore affect vaccine anti-
body responses.

We thus hypothesize that the prophylactic effect of maternal
�-3 fatty acid supplementation in pregnancy and lactation on
the development of allergic disease in infancy is mediated by
facilitating a balanced Th2/Th1 circulating chemokine profile
in the infant predisposed to develop IgE-associated disease,
particularly if the mother is nonallergic. We also hypothesize
that the �-3 fatty acids may enhance the immunological
response to vaccines in allergic and nonallergic infants.

We aimed to measure the circulating Th2-associated che-
mokines CCL17 and CCL22 and Th1-associated chemokines
CXCL10 and CXCL11 in infant plasma throughout the first
2 y of life and relate them to �-3 fatty acid supplementation
and the development of eczema and IgE-associated allergic
disease, both in the whole study group and in the infants of
mothers with and without allergic symptoms separately. The
secondary aim was to measure IgG antibody responses to
tetanus and diphtheria vaccines and relate them to maternal

�-3 fatty acid supplementation in infants of mothers with and
without a history of allergic symptoms, as well as in allergic
and nonallergic infants.

METHODS

Study design and subjects. This study was part of a prospective, double-
blind, placebo-controlled trial in Sweden including 99 families from Linkö-
ping and 46 families from Jönköping. At least one family member had a
history of allergic disease. The mothers started the intake of capsules con-
taining the �-3 LCPUFAs, EPA (1.6 g/d) and DHA (1.1 g/d), or placebo
produced by Pharma Nord, Vejle, Denmark, in the 25th wk of gestation and
continued through the first 3–4 mo of breastfeeding. Twenty-five mothers did
not complete at least 15 wk of supplementation and they were excluded (12).

The infants were followed up at 3, 6, 12, and 24 mo of age with clinical
examinations, allergy testing, and questionnaires regarding symptoms of
allergic disease. Plasma samples for phospholipids fatty acid proportions and
immunological analyses were collected at birth, 3, 12, and 24 mo. All the
analyses were performed at the laboratory of Clinical and Experimental
Medicine at the University Hospital of Linköping. When studying the groups
of subjects with available data at each time point separately, the two inter-
vention groups did not differ regarding potential confounders, such as sex,
birth order, cesarean sections, family history of allergic disease, maternal �-3
fatty acid levels before study entry, breastfeeding at 3 and 6 mo, exposure to
tobacco smoke and/or furry pets up to 24 mo of age, or daycare attendance.
The number infants whose mothers had allergic symptoms and the infant
cumulative incidence of IgE-associated disease are presented in Table 1 for
each intervention group.

The variation in availability of data was due to the fact that chemokines
were analyzed in plasma samples from Linköping only, whereas vaccine-
induced responses were analyzed in plasma/serum samples from both Linkö-
ping and Jönköping. All infants included in the analysis of vaccine-induced
immunity at 2 y of age received one dose of Pentavac or Infanrix containing
tetanus toxoid (�30 IU) and diphtheria toxoid (�40 IU) at ages 3, 5, and 12
mo according to the Swedish vaccination program.

Clinical definitions. Food reaction: gastrointestinal symptoms, hives, ag-
gravated eczema, or wheezing after ingestion of a certain food with recovery
after food elimination and reoccurrence of symptoms after ingestion of the
particular food. Eczema: reoccurring and itching eczematous, lichenified, or
nummular dermatitis (24). Asthma: doctor diagnosed wheezing at least three
times during the first 2 y. Rhinoconjunctivitis: itching and running eyes and
nose in the spring. A child with eczema, food reaction, asthma, or rhinocon-
junctivitis was diagnosed with allergic symptoms. Concomitant sensitization,
i.e. positive skin prick test (SPT) and/or detectable circulating specific IgE
antibodies, defined IgE-associated disease.

Table 1. Number of infants with available chemokine data (A) and data on vaccine-induced responses (B) in the subgroups of infants with
and without maternal history of allergic disease and with or without IgE associated disease up to 2 years of age

Cord Blood 3 mo 12 mo 24 mo

�-3 Placebo �-3 Placebo �-3 Placebo �-3 Placebo
n (%) n (%) p† n (%) n (%) p† n (%) n (%) p† n (%) n (%) p†

A
Infants of allergic mothers‡ 23/32 (72) 27/40 (68) NS 15/22 (68) 12/20 (60) NS 21/30 (70) 22/31 (71) NS 23/31 (74) 18/30 (60) NS
Infants of nonallergic mothers* 9/32 (28) 13/40 (32) 7/22 (32) 8/20 (40) 9/30 (30) 9/31 (29) 8/31 (26) 12/30 (40)
Infants with IgE associated

disease§
5/18 (28) 13/30 (43) NS 3/12 (25) 9/16 (56) NS 5/18 (28) 10/29 (34) NS 6/20 (30) 11/24 (46) NS

Nonallergic infants� 13/18 (72) 17/30 (57) 9/12 (75) 7/16 (44) 13/18 (72) 19/29 (65) 14/20 (70) 13/24 (54)
B

Infants of allergic mothers‡ 31/45 (67) 29/49 (59) NS
Infants of nonallergic mothers* 14/45 (31) 20/49 (41)
Infants with IgE associated

disease§
5/27 (18) 17/37 (46) �0.05

Nonallergic infants� 22/27 (82) 20/37 (54)

* Mothers with no history of allergic symptoms.
† �2 test.
‡ Mothers with a history of allergic symptoms.
§ Children with asthma, eczema, food reactions, or rhinoconjunctivitis and sensitization.
� Children with no allergic symptoms or sensitisation. Some children were not categorized because of sensitization without symptoms or vice versa.
NS, not significant.
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Sensitization. SPTs were performed on the infants at 6, 12, and 24 mo with
milk, egg, wheat, and cat extract. At 24 mo, timothy-grass and birch allergen
extracts were added (ALK-ABELLÓ, Hørsholm, Denmark; Soluprick). A
wheal diameter � 3 mm was considered positive. Specific IgE antibodies
toward egg, milk, wheat, and cat were analyzed in serum samples from the
infants at 12 and 24 mo. At 24 mo, timothy-grass and birch were added to the
analysis. The detection limit was 0.35 kU/L.

Fatty acid analysis. Analysis of phospholipids was performed separating
lipid fractions on a SEP-PAK aminopropyl cartridge (Waters Sverige AB,
Sollentuna, Sweden) according to a method originally described by Kaluzny
et al. (25). Samples were transmethylated in methanolic-HCl-3N (VWR) at
80°C for 4 h. The fatty acid methyl esters were separated by Agilent
Technologies 6890N Network GC System gas chromatograph (Agilent Tech-
nologies, Stockholm, Sweden). C21:0 methyl ester (Larodan, Malmö, Swe-
den) was added as an internal standard, and the fatty acid methyl esters were
identified by comparing the retention times of the peaks with those of a known
standard (Mixture Me 100; Larodan Fine Chemicals AB, Malmö, Sweden).
The levels were expressed as mol% (13).

Chemokine analyses in venous blood. Venous blood was collected from
the umbilical cord and at 3, 12, and 24 mo. It was stored in �70°C as
heparinized plasma until assessment. The chemokines CXCL10/IP10,
CXCL11/I-TAC, CCL17/TARC, and CCL22/MDC were analyzed with an
in-house multiplexed Luminex assay. Before commencing the multiplexed
assay, monoclonal capture antibodies were covalently coupled to carboxy-
lated microspheres (Luminex Corporation, Austin, TX). Five micrograms
antibody per 106 microspheres of monoclonal anti-human CXCL10 (clone
4D5; BD Biosciences, Stockholm, Sweden), CXCL11 (clone 87328), CCL17
(clone 54026), and CCL22 (clone 57226; R&D Systems, Minneapolis, MN)
antibodies were used. Two thousand coupled microspheres of each number
dissolved in 50 �L PBS (Medicago AB) with 1% BSA (Sigma Chemical
Co.-Aldrich, Stockholm, Sweden) were added to each well of a 1.2-�m
pore-size filter plate (Millipore multiscreen; Millipore Corporation, Bedford,
MA). Recombinant human CXCL10, CXCL11, CCL17, and CCL22 (R&D
Systems) were used as standards. Fifty microliters blank and diluted samples
(final dilution 1:2) were also added to the microspheres and incubated over
night at 4°C. After two washes, the microspheres were resuspended in 100-�L
biotinylated anti-human CXCL10 (1000 ng/mL; BD Biosciences, Stockholm,
Sweden), CXCL11 (500 ng/mL BAF320), CCL17 (500 ng/mL, BAF364), and
CCL22 (200 ng/mL, BAF336) antibody (R&D Systems) solution. After 1-h
incubation, the microspheres were washed twice, resuspended, and incubated
in 100 �L of 1 �g/mL Streptavidin R-phycoerythrin conjugate (Molecular
Probes, Eugene, OR) for 30 min. After two washes, the samples were
analyzed on a Luminex (100) instrument (Biosource, Nivelles, Belgium) and
the data were acquired using the StarStation 2.3 software (Applied cytometry
systems, Sheffield, UK). The limit of detection was 6 pg/mL for CXCL10, 14
pg/mL for CXCL11, 2 pg/mL for CCL17, and 2 pg/mL for CCL22. All
samples were analyzed in duplicates, and the sample was reanalyzed if the
coefficient of variance (CV) was � 15%.

Measurements of vaccine specific antibody concentrations. Venous blood
was collected at 24 mo and stored in �70°C as heparinized plasma or serum
until assessment. High-binding ELISA plates (Costar 3590; Life Technolo-
gies, Täby, Sweden) were coated with 100 �L/well of 1 Lf/mL tetanus toxoid
or 1 Lf/mL diphtheria toxoid (Statens Serum Institute, Copenhagen, Den-
mark) and diluted in PBS. The plates were incubated overnight at room
temperature and then blocked for 60 min in room temperature using 100
�L/well of 0.5% BSA in PBS. After washing with PBS-Tween, a standard
curve was added (WHO international standard TE-3, 120 IU//mL or Diphteria
antitoxin Human 00/496, both from the National Institute for Biological
Standard and Control, Hertfordshire, UK) and diluted in PBS-Tween in seven
steps. Hundred microliters per well in duplicates was added of standard and
samples and incubated for 1 h in room temperature. Serum IgG42 (Swedish
Institute for Infectious Disease Control) was used as a control and diluted
1:3000. After washing, 100 �L/well of alkaline phosphatase conjugated
mouse anti-human IgG antibodies (clone A-1543; Sigma Chemical Co.-
Aldrich) diluted in 1:5000 in PBS was added and incubated for 1 h. Two
hundred microliters per well of FAST-pNPP substrate (Sigma Chemical
Co.-Aldrich) was added. After 30 min, the reaction was terminated by 100 �L
NaOH. The optical densities were read at 405 nm in a VersaMax tunable
microplate reader (Molecular Devices, Sunnyvale, CA). The limits of detec-
tion were 16 mIU/mL for diphtheria and 78 mIU/mL for tetanus.

Statistics. The t test and the �2 test were used for comparison of potential
confounders between the placebo- and �-3 supplemented groups. The Mann-
Whitney U test was used to compare levels of nonparametric parameters
(chemokines, anti-tetanus, and anti-diphtheria antibodies) between groups.
Spearman’s correlation was used for correlation of nonparametric variables.
Friedman’s test was used for analysis of repeated measures of CCL17. A

p-value � 0.05 was considered statistically significant. Statistical analyses
were performed using SPSS software 15.0 for Windows (SPSS Inc, Chicago, IL).

Ethics. An informed consent was obtained from both parents before
inclusion. The Regional Ethics Committee for Human Research at Linköping
University approved the study.

RESULTS

Chemokines. Infants with IgE-associated disease, during
the first 2 y, had higher CCL17 concentrations at 12 mo than
infants without allergic symptoms or sensitization. From birth
to 3 mo, the CCL17 levels declined significantly in the
nonallergic group, whereas it seemed to be unchanged in the
allergic group during the first year of life (Fig. 1A). At 3 and
12 mo of age, the CCL17 levels were significantly higher in
the group of infants with eczema regardless of sensitization
during the first 2 y compared with infants without eczema
(Fig. 1B). At 3 mo, the CCL17/CXCL11 ratio was also higher
in the infants with eczema than without [0.22 (0.06–0.80)
versus 0.14 (0.03–0.40); p � 0.05]. There were no significant
differences in CCL17 levels or CCL17/CXCL11 ratios be-
tween infants with food reactions (n � 17) or asthma (n � 10)
regardless of sensitization and infants without allergic symp-
toms, data not shown (dns). No differences were detected in
the levels of CXCL10, CXCL11, and CCL22 between nonal-
lergic and allergic infants at any time point (dns).

Throughout the follow-up, the CXCL10, CXCL11, CCL17,
or CCL22 levels were similar in the �-3 group and the placebo

Figure 1. Circulating CCL17 levels during infancy in relation to allergic
disease. (A) CCL17 levels in infants with IgE-associated disease (white bars,
n � 18, 12, 15, and 17) and infants without allergic symptoms (eczema, food
reaction, asthma, or rhinoconjunctivitis) or sensitization (gray bars, n � 30,
16, 32, and 27). Between cord blood and 3 mo, the CCL17 levels decreased
in the nonallergic group. At 12 mo, the nonallergic group had lower levels of
CCL17 compared with the infants with IgE-associated disease, *p � 0.05,
Mann-Whitney U test; **p � 0.01, Friedman’s test. (B) CCL17 levels in
infants with eczema regardless of sensitization (white bars, n � 17, 11, 14,
and 16) and infants without eczema (gray bars, n � 54, 30, 46, and 45) At 3
and 12 mo, the infants with eczema had higher CCL17 levels compared with
the infants without eczema, *p � 0.05, Mann-Whitney U test. Bars show
median, 10th and 90th percentiles.
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group (Table 2). Maternal EPA and DHA proportions 1 wk
after delivery correlated to CXCL11 levels in the infant at 12
mo (� � 0.28 and � � 0.3; p � 0.05 for both). However, no
other correlations were found between the chemokines and
maternal fatty acid status.

In the group of infants whose mothers did not have a history
of allergic symptoms (see Table 1 for n), infants with eczema
or food reactions, regardless of sensitization, had higher
CCL17 levels and CCL17/CXCL11 ratios at 12 mo compared
with infants without eczema or food reactions during the first
2 y [CCL17: 77 (54 –229) pg/mL versus 28 (7–79) pg/mL and
CCL17/CXCL11: 0.2 (0.1–1.0) pg/mL versus 0.1 (0.03–0.25)
pg/mL; p � 0.01 for both]. Moreover, maternal �-3 fatty acid
supplementation was associated with lower levels of CCL17
at 12 mo [�-3: 27 (7–78) pg/mL versus placebo: 71 (18–230)
pg/mL; p � 0.05] and lower ratios of CCL17/CXCL11 at 3
and 12 mo (Fig. 2) in the group of infants without, but not
with, maternal heredity of allergy. Accordingly, the ratio of
CCL17/CXCL11 at 12 mo correlated inversely to maternal
EPA and DHA status 1 wk after delivery in the infants
without, but not with, maternal history of allergy (Fig. 3).

Within the group of infants without allergic symptoms or
sensitization, the CXCL11 levels were higher in the �-3 supple-
mented group than in the placebo group at birth and at 12 mo
[386 (141–770) pg/mL versus 240 (28–652) pg/mL and 331 (133–
728) pg/mL versus 274 (146–599) pg/mL; p � 0.05 for both], a
difference that was not seen in the group of allergic infants.
Vaccine-induced immune responses. Anti-tetanus and anti-

diphtheria IgG levels were similar in the infants with and
without allergic disease (dns) and also in the placebo and the
�-3 groups (Table 2) regardless of maternal allergic history
(dns). In the group of infants without allergic symptoms or
sensitization, the levels of anti-diphtheria IgG were higher in
the �-3 supplemented group compared with the placebo
group, and there was also a trend toward higher levels of
anti-tetanus IgG (Fig. 4). There were no such findings in the
group of allergic infants.

DISCUSSION

Development of allergic disease in infancy has been related
to prolonged Th2-skewed immune responses toward foreign
antigens (11). Now we report an association between IgE-
associated disease as well as symptoms of eczema during the
first 2 y and increased levels of the Th2 chemokine CCL17
and CCL17/CXCL11 ratios, supporting earlier findings of an
altered Th2/Th1 immunological balance in the allergic child
(2). CCL17 has been associated with allergic disease in sev-
eral studies (3–5) but so has CCL22 (2,4), an association that
was not found in this study.

Maternal �-3 LCPUFA supplementation supposedly influ-
ences the infant immune system toward a balanced Th2/Th1
immune response to prevent allergic disease. Dunstan et al.
(26) found a consistent trend for attenuated infant Th1 (IFN�),
Th2 (IL-5, IL-13) as well as IL-10 responses to allergens after
�-3 supplementation of 89 atopic mothers during pregnancy.
However, the neonates, whose mothers received fish oil, had
significantly lower levels of circulating IL-13 in cord blood
compared with the control group, which may reflect a subtle
cytokine-shift favoring Th1 immunity (27). On the other hand,
we did not see any effect of maternal �-3 LCPUFA supple-
mentation on chemokines when analyzing all infants, although
high EPA and DHA concentrations very early in life were
associated with high levels of the Th1 chemokine CXCL11 in
the infant. Nevertheless, in infants of nonallergic mothers, �-3
supplementation was associated with reduced levels of the
Th2-related chemokine CCL17.

Maternal �-3 supplementation was not related to either
higher IgG antibody levels against tetanus or diphtheria in all
infants. However, when analyzing nonallergic infants, we
found enhanced vaccine-induced immunity in the �-3 supple-
mented group compared with the placebo group, suggesting
Th1 enhancing properties of �-3 LCPUFA in this particular
group. One study in adults with six participants has indicated
that the humoral response from B-cells, including the response

Table 2. Chemokine levels and vaccine-induced IgG titers in the infants whose mothers were randomized to �-3 supplementation or
placebo from gestational wk 25 until 3.5 mo after delivery

Cord blood 3 mo

�-3 Placebo �-3 Placebo

Median Range Median Range p* Median Range Median Range p*

CXCL10
(pg/mL)

21 11–78 21 9–79 NS 63 32–127 46 24–256 NS

CXCL11
(pg/mL)

387 17–770 294 28–901 NS 242 13–60 218 93–1068 NS

CCL22
(pg/mL)

131 11–282 122 7–573 NS 288 139–596 327 118–724 NS

CCL17
(pg/mL)

99 17–500 87 11–485 NS 37 11–292 57 10–183 NS

Anti-tetanus
IgG (mIU/L)

Anti-diphteria
IgG (mIU/L)
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to tetanus toxoid booster, is depressed after consumption of
fish oil, 2.7–6 g daily for 6 wk (28). Given the small sample
size and that the study was performed in adults, those results
might not be valid in our setting. Our results may corroborate
the hypothesis that the �-3 fatty acids skew the immune
system toward more balanced Th2/Th1 responses (18) and
thereby strengthen the antimicrobial response. In line with
this, Prescott et al. (29) found an association between in-
creased Th2 response, i.e. serum IgE, and reduced responsive-
ness to DPT vaccination during infancy.

In the group of infants whose mothers had no history of
allergic disease, low CCL17/CXCL11 ratios were associated
both with �-3 fatty acid supplementation and decreased inci-
dence of eczema or food reactions during the first year of life.
This is consistent with the more pronounced effect in nonal-
lergic than allergic mothers of �-3 supplementation on the
prevention of allergy in the infants (12) and decreasing ma-
ternal PGE2 synthesis in pregnancy (13). Previously, atopy
has been associated with a disturbed fatty acid metabolism in
maternal blood (30) and low �-3 LCPUFA in mature breast

Figure 2. CCL17/CXCL11 in infants whose mothers did not have a history
of allergic symptoms. At 3 and 12 mo, the �-3 group (F) had lower
CCL17/CXCL11 ratios compared with the placebo group (�), *p � 0.05,
Mann-Whitney U test. Bars show median, 10th and 90th percentiles.

Figure 3. Correlations between the CCL17/CXCL11 ratios at 12 mo in the
infants and maternal DHA (A) and EPA (B) proportions 1 wk after delivery.
F, no maternal history of allergic symptoms. A: � � �0.507, p � 0.05; B: � �
�0.546, p � 0.05, Spearman correlation. E, maternal history of allergic
symptoms (NS correlations for A and B).

Figure 4. Vaccine-induced responses in nonallergic infants at 24 mo of age.
Bars show median, 10th and 90th percentiles. The infants in the �-3 group
(n � 22) had higher anti-tetanus (A) and anti-diphtheria (B) titers compared
with the placebo group (n � 20). *p � 0.05, **p � 0.01, Mann-Whitney U test.

Table 2. (Continued)

12 mo 24 mo

�-3 Placebo �-3 Placebo

Median Range Median Range p* Median Range Median Range p*

CXCL10
(pg/mL)

59 26–325 73 17–217 NS 57 30–217 60 4–72 NS

CXCL11
(pg/mL)

289 134–1110 320 6–600 NS 296 146–914 254 25–207 NS

CCL22
(pg/mL)

207 14–376 183 34–576 NS 168 42–343 149 130–948 NS

CCL17
(pg/mL)

31 1–181 43 7–230 NS 30 3–133 25 22–382 NS

Anti-tetanus
IgG (mIU/L)

1024 285–6215 910 106–7071 NS

Anti-diphteria
IgG (mIU/L)

262 8–2335 191 8–2066 0.066

*Mann-Whitney U test.
NS, not significant.
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milk (31). This is supported by reports that atopy has been
linked to the same region in chromosome 11 as the genes
FADS1 and FADS2, coding for the rate limiting LCPUFA
desaturases Delta-5 desaturase and Delta-6 desaturase (32,33)
and influencing breast milk essential fatty acid composition
and plasma phospholipid content during pregnancy (34).

In this study, there were also increased vaccine-induced
responses and levels of the Th1 chemokine CXCL11 in the
�-3 supplemented group compared with the placebo group
within the nonallergic but not within the allergic infants.
Hence, it seems that the allergic predisposition of both the
infant and the mother modifies the effect of the �-3 supple-
mentation in the infant.

To our knowledge, this is the first study assessing circulat-
ing infant Th1 and Th2 chemokines after �-3 fatty acid
supplementation during pregnancy and lactation in relation to
allergic disease. The study was not originally designed to
investigate the effects in the offspring of allergic and nonal-
lergic mothers separately. Nevertheless, the statistically sig-
nificant associations between �-3 supplementation and a less
Th2-dominated immune response were found in infants whose
mothers had no history of allergic disease. Interestingly, in the
group of nonallergic infants, more pronounced responses to
vaccines were seen after �-3 supplementation compared with
placebo, which may also indicate a strengthened Th1 re-
sponse. Our results may encourage future research, designed
to explore this gene-by-environment interaction further and
including genetic analyses.
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