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Developmental programming for allergy: a secondary analysis
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OBJECTIVE: Fetal dysregulation of T helper cell pathways may predispose to
allergy, as high cord blood T helper 2/T helper 1 ratios have been shown to pre-
cede development of allergic diseases. We aimed to determine whether prena-
tal eicosapentaenoic acid and docosahexaenoic acid supplementation reduces
T helper 2 to T helper 1-associated chemokine ratios. We also explored the ef-
fect of mode of delivery on T helper 2/T helper 1 ratios.

STUDY DESIGN: We conducted a secondary analysis of a randomized pla-
cebo controlled trial initially performed to assess the effects of docosahexaenoic
acid or eicosapentaenoic acid supplementation on pregnancy-related depres-
sivesymptomsamong126participants.Cordplasmaspecimens from98new-
bornswereassayed forchemokinesassociatedwithThelper2 (thymusandac-
tivation-regulated chemokine [CCL17], macrophage-derived chemokine
[CCL22], eotaxin [CCL 11]) and T helper 1 (interferon-inducible protein-10
[CXCL 10]) by enzyme-linked immunosorbent assay and Multiplex immunoas-
says. Ratios of log-transformed chemokines macrophage-derived chemokine/
interferon-inducible protein-10 and thymus and activation-regulated chemo-
kine/interferon-inducible protein-10 were compared between groups by
analysesofvariance.Multiple linearregressionwasperformedtoexamineasso-

ciations between treatments and chemokine ratios, adjusting for covariates.
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RESULTS: Afteradjustingforgestationalageatdelivery,birthweight,andmode
of delivery, both omega-3 supplementation groups were associated with lower
macrophage-derived chemokine/interferon-inducible protein-10 ratios than
placebo (eicosapentaenoicacid:coefficient�1.8;95%confidence interval [CI],
�3.6 to �0.05; P � .04; docosahexaenoic acid: �2.0; 95% CI, �3.9 to

0.07; P � .04). Similar associations were found for thymus and activation-
egulated chemokine/interferon-inducible protein-10 (eicosapentaenoic acid:

1.5; 95% CI,�3.0 to 0.06; P� .06; docosahexaenoic acid�2.2; 95% CI,
3.8 to�0.52;P� .01).Cesareandeliverywasassociatedwithhighermac-

ophage-derived chemokine/interferon-inducible protein-10 (1.6; 95% CI,
.01�3.3; P � .049) and thymus and activation-regulated chemokine/inter-
eron-inducible protein-10 (1.5; 95% CI, 0.1�2.9; P � .042) ratios than vagi-
al delivery.

CONCLUSION: Prenatal supplementation with eicosapentaenoic acid
and docosahexaenoic acid resulted in decreased cord blood T helper
2/T helper 1 chemokine ratios. Cesarean delivery was associated with a
pronounced T helper 2 deviation at birth.
Key words: allergy, chemokines, fetal, omega-3, programming
Cite this article as: Romero VC, Somers EC, Stolberg V, et al. Developmental programming for allergy: a secondary analysis of the Mothers, Omega-3, and Mental
u
A llergic diseases have become an im-
portant cause of childhood mor-

bidity in the developed world.1 Because
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a maternal diet relatively deficient in
omega-3 fatty acids (the Western diet)
and cesarean delivery.6,7 One mecha-

ism whereby developmental program-
ing for allergic diseases may take place

s through an imbalance of the T helper
ell 1 and 2 (Th1/Th2) pathways during
etal life.8-10 A plausible mechanism that
xplains how omega-3 fatty acids alter
he T helper balance is through the sup-
ression of interleukin 13 (IL-13) cyto-
ine production, which induces immu-
oglobulin E (Ig E) synthesis in B cells as
ell as Th2 differentiation in T cells.11

Chemokines have a crucial role in estab-
lishing the Th1/Th2 balance and are con-
sider useful markers of immunity.
Higher levels of Th2-associated chemo-
kines as well as higher ratios of Th2- to
Th1-associated chemokines in umbilical
cord blood have been reported to pre-
cede allergy development.12-14

Recent research has focused on pre-
natal dietary supplements as potential
primary preventive interventions that
might decrease risk for allergic diseases.
A recent metaanalysis of trials of prenatal

TABLE 1
Maternal baseline characteristics a
included in secondary analysis (n �

Treatm

Characteristic

EPA-ri
fish oi
(n � 4

Age, y 30.0 �
...................................................................................................................

Gestational age at enrollment, wks 16.1 �
...................................................................................................................

Gravidity 2.4 �
...................................................................................................................

Race/ethnicity
..........................................................................................................

White 33 (82
..........................................................................................................

African American 4 (10
..........................................................................................................

Hispanic/Latina 1 (2.5
..........................................................................................................

Asian 1 (3)
..........................................................................................................

American Indian or Alaska
Native

0 (0)

..........................................................................................................

Native Hawaiian or other
Pacific Islander

1 (2.5

...................................................................................................................

History of allergy (self-reported) 8 (21
...................................................................................................................

Data are expressed as mean � SD or frequency (%).
DHA, docosahexaenoic acid-rich fish oil group; EPA, eicosapen
deviation.

Romero. Developmental programming for allergy. Am J O
supplementation suggested that prenatal
supplementation with the omega-3 fatty
acids eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) might re-
duce risk for asthma and positive skin
prick test to egg.15 Likewise, a large ran-
domized controlled trial (n � 706) of

renatal DHA supplementation with
00 mg daily found that prenatal supple-
entation significantly reduced eczema

nd egg sensitization in the first year of
ife, although there was no overall effect
n Ig E-associated allergic diseases.16

One potential mechanism whereby ma-
ternal omega-3 fatty acid supplementa-
tion may induce these protective effects
in the immune system is by altered ex-
pression of umbilical cord chemokines.
However, no previous studies have eval-
uated whether dietary supplementation
with omega 3-fatty acids during preg-
nancy has an impact on the Th1/Th2 bal-
ance of circulating chemokines at birth.

We performed this study to evaluate
whether Th2- to Th1-associated chemo-
kineratios(macrophage-derivedchemokine
[MDC]/interferon-inducible protein-10
[IP10]) and (thymus and activation-regu-

ong participants
17)

t arm

DHA-rich
fish oil
(n � 37)

Placebo
(n � 40) P value

9 30.2 � 4.7 30.7 � 5.8 NS
..................................................................................................................

6 16.8 � 2.3 16.2 � 2.4 NS
..................................................................................................................

3 2.5 � 1.2 2.6 � 2.06 NS
..................................................................................................................

NS
..................................................................................................................

28 (75.7) 34 (85.0)
..................................................................................................................

5 (13.5) 1 (2.5)
..................................................................................................................

3 (8.1) 2 (5.0)
..................................................................................................................

1 (3) 1 (2)
..................................................................................................................

0 (0) 1 (2)

..................................................................................................................

0 (0) 0 (0)

..................................................................................................................

9 (24) 9 (22) NS
..................................................................................................................

ic acid-rich fish oil group; NS, not significant; SD, standard

t Gynecol 2013.
lated chemokine [TARC/IP10]) are de-
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creased in neonates born to mothers who
received prenatal supplementation with
EPA-rich fish oil and DHA-rich fish oil
compared with those who received soy
oil placebo. We likewise sought to evalu-
ate whether levels of Th2-associated
chemokines TARC (CCL17), eotaxin
CCL11, and MDC (CCL22) are de-
creased in neonates born to supple-
mented mothers. Our secondary aims
were to examine the effect of mode of
delivery on these same chemokine ratios
and to evaluate the effect of supplemen-
tation on Th2 and Th1-associated
chemokines and their ratios in maternal
blood.

MATERIALS AND METHODS
This research study was a secondary anal-
ysis of the Mothers, Omega-3 and Mental
Health Study. The parent study was a
3-arm, prospective, double blind, placebo-
controlled, randomized controlled trial
designed to assess whether omega-3 fatty
acid supplementation during pregnancy
may prevent antenatal and postpartum
depressive symptoms among pregnant
women selected based on risk for depres-
sion. Our analysis used stored samples col-
lected from the parent study. Details of the
overall study design have been published
previously.17

Study population
In the parent study, we enrolled 126 preg-
nant women from prenatal clinics at the
University of Michigan Hospital and
Health Centers and St. Joseph’s Mercy
Hospital/Integrated Health Associates and
followed them prospectively through
pregnancy and up to 6 weeks postpartum.
To qualify for the study, women needed to
be at risk for depression, based on (1) a
history of major depressive disorder, (2) a
history of postpartum depression, or (3)
an Edinburgh Postnatal Depression Score
(EPDS) score between 9 and 19. Partici-
pants were enrolled between 12-20 weeks’
gestation and were randomized to 1 of 3
groups: (a) EPA-rich fish oil supplement
(1060 mg EPA plus 274 mg DHA; con-
tained an approximate 4:1 ratio of EPA to
DHA) (intervention 1); (b) DHA-rich fish
oil supplement (900 mg DHA plus 180 mg
EPA; contained an approximate of 4;1 ra-
m
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(c) a placebo (control arm; contained 98%
soybean oil and 1% each lemon and fish
oil). The aims and primary outcomes of
the study have been reported elsewhere.17

The institutional review boards of the
University of Michigan Hospital (Ann
Arbor, MI) and St. Joseph Mercy Hospi-
tal (Ypsilanti, MI) approved the study
and written informed consent was ob-
tained from all women.

Baseline clinical and demographic char-
acteristics were collected at enrollment.
Maternal allergy history was abstracted by
chart review. Maternal allergy was defined
by any history of asthma or wheezing, ec-
zema, skin allergy or atopic dermatitis, and
allergic rhinitis. Maternal family history of
allergy was also abstracted.

Chemokine analysis was performed
on maternal venous blood samples
drawn at enrollment between 12 and 20
weeks’ gestation, (n � 117), and after
supplementation at 34-36 weeks’ gesta-
tion (n � 112). Participants were al-
lowed to eat a low fat breakfast on the
morning of these study visits; blood was
drawn after a 4-hour fast. Umbilical cord
blood was collected at delivery using
aseptic technique from 98 neonates
whose mothers participated in the trial.
Blood samples were processed within
12 hours and aliquots of plasma were
frozen at �70°C temperatures under
argon until analysis. Blood sample
analyses from the parent study were
performed for baseline, postsupple-
mentation, and cord blood levels of
omega-3 fatty acids.

Chemokine analysis
We performed a secondary analysis of
stored samples for the chemokines of in-
terest in the following manner. The
chemokines TARC (CCL17) and MDC
(CCL22) were measured using commer-
cially available Multiplex immunoassays
kits (pg/mL; Invitrogen Corporation,
Carlsbad, CA; detection threshold 23.46
and 68.3 pg/mL, respectively). Determi-
nation of eotaxin (CCL 11) and IP-10
(CXCL 10) were estimated using en-
zyme-linked immunoabsorbent assay
(ELISA) kits (pg/mL; R&D systems,
Minneapolis, MN; detection thresholds
19.2 and 3.84 pg/mL respectively) ac-

cording to the manufacture’s protocols.

316.e3 American Journal of Obstetrics & Gynecolo
Statistical analysis
Descriptive statistics were computed ac-
cording to treatment arm, and appropri-
ate transformations were made (eg, log
transformation) for variables not follow-

FIGURE 1
Ratios MDC/IP10 chemokines

This figure presents the unadjusted macrophage
tein 10 (IP 10) ratios according to treatment g
docosahexaenoic acid-rich fish oil (DHA), or pla
before and after supplementation and from umb
Romero. Developmental programming for allergy. Am J Obst

TABLE 2
Birth outcomes among neonates w
specimens analyzed in this study (

Treatmen

Variable

EPA-rich
fish oil
(n � 32)

Gestational age at delivery 39.2 �
...................................................................................................................

Birthweight, gm 3480 � 5
...................................................................................................................

Mode of delivery
..........................................................................................................

Cesarean section 8 (25.
..........................................................................................................

Spontaneous vaginal delivery 23 (71.
..........................................................................................................

Operative vaginal 1 (3.1
...................................................................................................................

Data are expressed as mean � SD or frequency (%).
DHA, docosahexaenoic acid-rich fish oil group; EPA, eicosapen
deviation.

Romero. Developmental programming for allergy. Am J O
gy APRIL 2013
ing a normal distribution. For compari-
son of continuous variables between
groups within each study visit, analyses
of variance (ANOVA) or 2-sample t tests
for independent samples were used; for

ived chemokine (MDC)/interferon inducible pro-
, ie, eicosapentaenoic acid-rich fish oil (EPA),
o. Ratios are presented from maternal plasma
l cord blood.

ynecol 2013.

cord blood
98)

m

DHA-rich
fish oil
(n � 32)

Placebo
(n � 34) P value

40.1 � 1.4 39.1 � 1.5 � .01
..................................................................................................................

3749 � 469 3289 � 569 � .01
..................................................................................................................

NS
..................................................................................................................

11 (34.4) 11 (32.4)
..................................................................................................................

21 (65.6) 22 (64.7)
..................................................................................................................

0 (0) 1 (2.9)
..................................................................................................................

ic acid-rich fish oil group; NS, not significant; SD, standard

t Gynecol 2013.
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categoric variables Fisher exact test was
used. Intention-to-treat analysis was
performed. Multiple linear regression
was used to examine the association be-
tween treatment arm and chemokine
levels, although adjusting for covariates
of a priori judgment to be relevant, in-
cluding gestational age, birthweight, and
mode of delivery. Gestational age (GA)
of delivery was considered a potential
confounder because pregnancy appears
to have 3 distinct immunologic phases
characterized by distinct biologic pro-
cesses. There is a unique inflammatory
or antiinflammatory environment char-
acterizing each stage of pregnancy. It has
been described that first and third tri-
mesters are proinflammatory (Th1),
whereas the second trimester represents
an antiinflammatory phase also known
as Th2 environment.18 Mode of delivery
nd birthweight were also included as
ovariates, as both have been reported to
mpact immune function.19,20 A proba-
ility level of � .05 was considered to be

FIGURE 2
Ratios of TARC/IP10 chemokines

This figure presents the unadjusted thymus and
inducible protein 10 (IP 10) ratios according to tre
(EPA), docosahexaenoic acid-rich fish oil (DHA)
plasma before and after supplementation and fr
Romero. Developmental programming for allergy. Am J Obst
tatistically significant. Statistical analy-
es were performed using Stata v12
StataCorp, College Station, TX).

Sample size considerations
This work is a secondary analysis of a
randomized controlled trial of 126 sub-
jects that was designed to detect a 50%
reduction in depression score between
the intervention and control groups. As
such, it was not designed to detect possi-
ble differences in allergic diseases. Con-
sequently, our evaluation of chemokines
and allergic symptoms was exploratory.

RESULTS
Demographics data
Of the 126 women who enrolled in the
parent study, 117 completed the trial and
had available specimens for this ancillary
study. The baseline characteristics of en-
rolled the participants are detailed in this
analysis are detailed in Table 1. No dif-
ferences in maternal age, ethnicity, and
mode of delivery were encountered
among the 3 groups. Prenatal supple-

tivation-regulated chemokine (TARC)/interferon
ent group, ie, eicosapentaenoic acid-rich fish oil
placebo. Ratios are presented from maternal

umbilical cord blood.
ynecol 2013.
mentation with DHA was associated 0

APRIL 2013 Americ
with statistically significant increase in
GA at delivery with a 1-week prolonga-
tion of pregnancy when compared with
the EPA and placebo groups (Table 2);
birthweight was also significantly higher
in the DHA group. There were no differ-
ences in baseline maternal DHA and
EPA levels or in the proportion of partic-
ipants who reported a personal history of
allergic diseases.

Maternal chemokines and
chemokine ratios
No differences in the levels of chemo-
kines (IP-10, MDC, TARC, and eotaxin)
were detected at baseline or after the inter-
vention. There was no significant differ-
ence in the chemokine levels between the
placebo, EPA, and DHA-treated groups.

There were no differences detected in
the unadjusted mean maternal chemo-
kine ratios MDC/IP10 and TARC/IP10
between the DHA, EPA and placebo
groups at each visit (Figures 1 and 2).

Umbilical cord plasma chemokines
and chemokine ratios
Chemokines were assayed from the cord
blood of 98 infants. We found no differ-
ences in cord plasma IP-10, MDC,
TARC and eotaxin between the treat-
ment groups. Ratios of log MDC/lo-
gIP10 were lower in the EPA (4.3 � 1.5)
nd DHA (4.5 � 2.7) arms compared
ith placebo (5.9 � 4.9), a trend that
ordered significance for EPA vs placebo
P � .08). Similarly, ratios of log TARC/
og IP10 were lower in the EPA (3.7 �
.6) and DHA (3.4 � 2.1) groups com-
ared with placebo (4.9 � 4.4), border-

ng on significance for DHA vs placebo
P � .08).

After adjusting for gestational age at
elivery, birthweight, and mode of deliv-
ry, both EPA and DHA arms were asso-
iated with significant reductions in ra-
ios of log MDC/log IP-10 compared
ith placebo (EPA: � � �1.8; 95% con-

fidence interval [CI], �3.6 to �0.05; P �
.04; DHA: �2.0; 95% CI, �3.9 to �0.07;
P � .04). Further, cesarean delivery was
independently associated with increased
log MDC/log IP-10 compared with
spontaneous vaginal delivery, in the
multivariable model (� � 1.6; 95% CI,
ac
atm
, or
om
et G
.01�3.3; P � .049).

an Journal of Obstetrics & Gynecology 316.e4
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Similar associations were found for
TARC/IP-10 ratios in umbilical cord
blood. After adjusting for GA at delivery,
birthweight, and mode of delivery, the
logTARC/logIP-10 ratios in the DHA
group were significantly lower than pla-
cebo (�2.2; 95% CI, �3.8 to �0.52; P �
01) and trended toward significance for
PA (�1.5; 95% CI, �3.0 to 0.06; P �

06). Again, cesarean delivery compared
ith spontaneous vaginal delivery was

ignificantly associated with higher ra-
ios (1.5; 95% CI, 0.05 to 2.9; P � .042)
Table 3).

Umbilical cord levels of DHA and EPA
In infants born to mothers who had re-
ceived DHA-rich fish oil, umbilical cord
serum concentrations of DHA (ex-
pressed as percent of total serum fatty ac-
ids) were significantly higher (7.4 � 2.8)
compared with those from infants born to
mothers who received EPA-rich fish oil
(5.9 � 2.0) and placebo (5.2 � 2.1 arms

� .007). Umbilical cord serum concen-
rations of EPA were higher in the EPA-
ich fish oil group (0.61 � 0.5) than in the
HA (0.56 � 0.4) and placebo (0.55 �

0.5) arms, though these differences did not
reach statistical significance.

COMMENT
The principal finding of this study was
that prenatal EPA-and DHA-rich fish oil
supplementation modulates fetal the
Th2/Th1 balance in cord blood. Simi-
larly, cesarean delivery also has a signifi-

TABLE 3
Ratios of Th2 to Th1 associated ch
for gestational age of delivery, birt

Th2/Th1 associated
chemokines ratios Inte

EPA
..........

log MDC/log IP10 DHA
..........

Ces
...................................................................................................................

EPA
..........

log TARC/log IP10 DHA
..........

Ces
...................................................................................................................

Data expressed as mean � SD.
CI, confidence interval; DHA, docosahexaenoic acid-rich fish o
derived chemokine; NS, not significant; SD, standard deviatio

Romero. Developmental programming for allergy. Am J O
cant effect on Th2/Th1 ratios at birth.
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These findings may help to explain the
results of prior epidemiologic studies
that found that maternal diet and mode
of delivery may significantly increase risk
for allergic disease.6-7

Conversely, our study found no signif-
icant effect of supplementation on ma-
ternal chemokine profiles. This finding is
consistent with the results of a recent sys-
tematic review of the effect of dietary
omega-3 fatty acid supplementation on
inflammatory biomarkers including
chemokines CCL2, CCL3, CCL5, and
CCL11.21 The authors found that sup-

lementation has no effect on these
arkers in healthy volunteers.21

A strength of this study was its ran-
domized, double blind study design, as
well as its analysis by intent to treat. On
the basis of the randomized design, there
were no significant differences between
subjects in the 3 groups in past history of
allergic diseases. The chemokine out-
come measure, although a proxy for risk
for allergic disease, is also free of risk for
recall bias.

A weakness of our study is that it is a
secondary analysis and our subjects were
not selected based on predisposition to
allergic disease. However, our subjects
were selected based on predisposition to
perinatal depressive symptoms, which
other investigators have shown to be as-
sociated with aberrant activation of the
inflammatory response.22 In nonpreg-

ant individuals, Grass-Oliveri et al23

okines in umbilical cord blood after
eight, and mode of delivery

ntion �

�1.8
.........................................................................................................................

�2.0
.........................................................................................................................

n 1.6
.........................................................................................................................

�1.5
.........................................................................................................................

�2.2
.........................................................................................................................

n 1.5
.........................................................................................................................

up; EPA, eicosapentaenoic acid-rich fish oil group; IP10 (CXCL10
RC (CCL17), thymus and activation-regulated chemokine; Th1, T

t Gynecol 2013.
have shown that major depressive disor-

gy APRIL 2013
der and suicidal ideation are associated
with increased levels of the TH2-associ-
ated chemokine, eotaxin. Finally, Mattes
et al24 have shown that mild to moderate
maternal depressive symptoms in mid-
pregnancy (BDI �10) are associated
with a generalized activation of the fetal
(cord blood) immune response. How-
ever, whether maternal depressive symp-
toms predispose the offspring to allergic
diseases is currently unknown.

At present the mechanism whereby
maternal omega-3 fatty acid supplemen-
tation modulates the fetal immune re-
sponse is not known. One potential ex-
planation of how omega-3 fatty acids
may exert the observed effect is through
competitive inhibition with omega-6
fatty acids in the formation of eico-
sanoids.25 In particular, the omega-6
atty acid, arachidonic acid, is the meta-
olic precursor of prostaglandin E2, an
icosanoid that reduces production of
h1-associated cytokines and increa-

es production of Th2-associated cyto-
ines.25 By contrast, EPA and DHA are

the metabolic precursors of antiinflam-
matory eicosanoids.25 EPA and DHA are
lso the metabolic precursors of re-
olvins and protectins, specialized prore-
olving lipid mediators that have been
emonstrated to reduce proinflamma-
ory cytokines in animal models of aller-
ic airway disease.25 However, the effect

of resolvins and protectins on Th2- and
Th1-associated chemokines is unknown

justing

95% CI P value

�3.6 to �0.05 .04
..................................................................................................................

�3.9 to �0.07 .04
..................................................................................................................

0.01–3.3 .04
..................................................................................................................

�3.0 to �0.06 .06
..................................................................................................................

�3.8 to �0.52 .01
..................................................................................................................

0.05–2.9 .04
..................................................................................................................

rferon-inducible protein-10; MDC (CCL22), macrophage-
er 1; Th2, T helper 2.
em ad
hw

rve

......... .........
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No data have been reported on influ-
ence of mode of delivery on the chemo-
kines ratios. Cytokines and chemokines,
in particular those with proinflamma-
tory properties (Th1), play an important
role during labor and full or preterm de-
livery that may alter the immunity of the
fetus/neonate through regulation of
many biologic functions. The mode of
delivery has been thought to be crucial
for establishing the infant’s intestinal
microflora. Cesarean delivery may alter
the immunity of the fetus/neonate be-
cause of lack of intestinal flora leading to
sustained Th2 responsiveness support-
ing the B cell Ig E production.26, 27

Because our study does not have data
regarding clinical outcomes of allergic
diseases in children born to mothers who
participated in our study, more research
is necessary before prenatal omega-3
fatty acid supplementation can be rec-
ommended for primary prevention of al-
lergic diseases. More research is also
needed to explore the molecular mecha-
nisms that underlie the observed modu-
lation of the fetal immune response. f
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