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Abstract
Background: The mechanisms for the association between birth by cesarean section and atopy and asthma are
largely unknown.
Objective: To examine whether cesarean section results in neonatal secretion of cytokines that are associated
with increased risk of atopy and/or asthma in childhood. To examine whether the association between mode of
delivery and neonatal immune responses is explained by exposure to the maternal gut flora (a marker of the
vaginal flora).
Methods: CBMCs were isolated from 37 neonates at delivery, and secretion of IL-13, IFN-γ, and IL-10 (at
baseline and after stimulation with antigens [dust mite and cat dander allergens, phytohemagglutinin, and
lipopolysaccharide]) was quantified by ELISA. Total and specific microbes were quantified in maternal stool. The
relation between mode of delivery and cord blood cytokines was examined by linear regression. The relation
between maternal stool microbes and cord blood cytokines was examined by Spearman's correlation coefficients.
Results: Cesarean section was associated with increased levels of IL-13 and IFN-γ. In multivariate analyses,
cesarean section was associated with an increment of 79.4 pg/ml in secretion of IL-13 by CBMCs after stimulation
with dust mite allergen (P < 0.001). Among children born by vaginal delivery, gram-positive anaerobes and total
anaerobes in maternal stool were positively correlated with levels of IL-10, and gram-negative aerobic bacteria in
maternal stool were negatively correlated with levels of IL-13 and IFN-γ.
Conclusion: Cesarean section is associated with increased levels of IL-13 and IFN-γ, perhaps because of lack of
labor and/or reduced exposure to specific microbes (e.g., gram-positive anaerobes) at birth.
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Background

Methods

According to the Centers for Disease Control and Prevention's National Center for Health Statistics, the rate of
cesarean section rose to 29.1% in 2004 in the United
States (a > 40% rate increase since 1996) [1]. Because
cesarean section has been associated with increased risks
of asthma [2-5] and atopy [6-8], further understanding of
the relationship between mode of delivery and immune
system ontogeny is needed.

Study cohort
Pregnant women were recruited between July 2003 and
November 2005 from three outpatient facilities affiliated
with Brigham and Women's Hospital in Boston at their
24-week prenatal visit. Inclusion criteria were maternal
age between 18 years and 44 years; plans to deliver at
Brigham and Women's Hospital; and maternal ability to
speak English or Spanish. Informed consent was obtained
from participating mothers. The study was approved by
the Institutional Review Board of the Brigham and
Women's Hospital.

Several studies have shown immunological differences
between children with and without atopy at the time of
birth. For example, increased cord blood levels of IL-13
have been positively associated with atopy among children with a family history of atopy [9-11]. Although less
consistent, increased cord blood levels of IFN-γ have been
associated with atopy among children with a family history of atopy [11,12]. In children at risk for atopy,
increased neonatal levels of IL-10 have been associated
with reduced risk of egg allergy[10] but increased risk of
atopic dermatitis [11,12]. Among children unselected for
family history, detectable neonatal IL-10 was associated
with a reduced risk of asthma at age 6 years[13].
We hypothesized that mode of delivery influences neonatal immune responses. Specifically, we examined whether
cesarean section results in neonatal secretion of cytokines
associated with increased risk of atopy and/or asthma in
childhood. We were also interested in exploring potential
mechanisms for any observed association between mode
of delivery and neonatal immune responses.
In murine models [14], oral exposure to lipopolysaccharide (LPS) during passage through the birth canal triggers
gut epithelial cell activation, as measured by production
of the chemokine MIP-2 and activation of the transcription factor NF-κB. In contrast, activation of gut epithelial
cells does not occur in mice delivered by cesarean section.
These findings suggest that microbial exposure during
passage through the birth canal may trigger immune
responses leading to tolerance in mice.
During the natural birthing process of humans, neonates
transition from the sterile environment of the womb to a
nonsterile environment where they are exposed to
microbes originating from their mother and the surrounding environment. Neonates born by vaginal delivery
acquire most of their intestinal flora by swallowing their
mother's vaginal fluid at birth. In contrast, children born
by cesarean section are not exposed to the maternal vaginal flora at birth. We examined whether specific microbes
in the maternal intestinal flora (which is closely correlated
with the maternal vaginal flora) [15-18] has different
influences on neonatal immune responses depending on
mode of delivery.

Questionnaire and review of medical records
A questionnaire was administered to each participating
woman between her 24-week prenatal visit and delivery to
obtain information on demographics, general health, and
history of allergic diseases and/or symptoms in herself
and the father of her child. Information on labor and
delivery (including the white blood cell count of participating mothers) was obtained from review of medical
records.
Isolation of Cord Blood Mononuclear Cells
Cord blood samples were collected by needle/syringe
from the placental side of the umbilical vein after the newborn was delivered but prior to placental delivery. Samples were processed within 24 hours, and cord blood
mononuclear cells (CBMCs) were isolated from umbilical
cord blood by density gradient centrifugation with Histopaque (Sigma-Aldrich, St. Louis, MO).
Cytokine measurements
Aliquots of 4 × 105 CBMCs were incubated in triplicate in
96-well round-bottom tissue-culture plates (Corning,
Acton, MA) at 37°C in 5% CO2. At the start of the culture,
cells were either unstimulated (media) or stimulated with
each of the following antigens: dust mite allergen (Der f 1)
at 30 μg/ml, cat dander allergen (Fel d 1) at 10 μg/ml
(Indoor Biotechnologies, Charlottesville, VA), phytohemagglutinin (PHA) at 10 μg/ml, and LPS at10 μg/ml. Cell
supernatant fluids were harvested 24 hours after stimulation and analyzed in duplicate for cytokine (IL-13, IFN-γ,
IL-10) production by ELISA according to the manufacturer's instructions (Pierce Biotechnology, Inc., Rockford,
IL). The sensitivities of the assays were < 2 pg/ml for IFNγ, < 7 pg/ml for IL-13, and < 3 pg/ml for IL-10.
Stool collection and culture
A stool sample was collected from participating women
between their 24-week prenatal visit and delivery. More
than a gram of stool was collected into a sterile specimen
container and frozen for transport to the laboratory. Samples were weighed, serially diluted (10-2 to 10-7) with sterile phosphate-buffered-saline (PBS) in an anaerobic
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chamber, and plated onto enriched or selective agar
media. Media for recovery of obligate anaerobes included
pre-reduced Brucella base blood agar containing 5%
sheep blood, hemin, and menadione (BMB, PML, Tuluatin, OR), and BMB containing 5% laked sheep blood, 100
mcg/ml of kanamycin, and 7.5 mcg/ml vancomycin
(BKV) for Bacteroides and Prevotella species. Facultative
organisms were isolated with tryptic soy base 5% sheep
blood agar (BAP, PML, Tuluatin, OR), bile esculin azide
agar for Enterococci, MacConkey's agar for Enterobacteriaceae, and Rogosa selective agar for lactobacilli and bifidobacteria.
Following incubation under appropriate atmospheric
conditions and lengths of time, as recommended for the
recovery of the specific groups of microorganisms, colonies were enumerated on the various selective media, and
individual colony types were selected for identification by
gram stain, based on colony morphology. All counts were
recorded as log10 CFU/gram dry weight sample. The lower
limit of detection of the various organisms was 1.5 log10
CFU/gram.
Statistical analysis
The distribution of cytokine levels was skewed, with a significant number of undetectable values; therefore, median
cytokine levels are presented. Differences in the levels of
cord blood cytokines between neonates born by vaginal
delivery and those born by cesarean section were examined by nonparametric two-sample Wilcoxon tests. In
complementary analyses adjusting for potential confounders, we estimated the effect of mode of delivery on
cytokine secretion by CBMCs by stepwise linear regres-

sion. In these analyses, cytokine values were log10-transformed. In addition, we estimated the odds of having
detectable cytokine levels at birth for children born by
cesarean section compared with those born by vaginal
delivery using stepwise logistic regression. In the final
models, we included variables that were significant at P <
0.05 or that satisfied a change in estimate criterion (≥
10%) in the parameter estimate.
The following variables were considered for inclusion in
the multivariate analysis: race/ethnicity, gender, gestational age, birth weight, birth length, Apgar score, maternal age, and maternal history of atopy (a physician's
diagnosis of any of the following: asthma, eczema, hay
fever, or allergy).
In exploratory analyses, we examined whether the maternal gut flora (a close correlate of the maternal vaginal
flora) had different influences on neonatal cytokine production depending on mode of delivery. We calculated
Spearman's correlation coefficients (rs) for the number of
microbes for specific bacterial species in maternal stool
and cytokine levels in cord blood, first in all subjects and
then after stratification by mode of delivery (vaginal vs.
cesarean section). All analyses were performed with SAS
version 8 (SAS Institute, Cary, NC).

Results
Population characteristics
Table 1 shows the characteristics of the 37 participating
mother-child pairs. The mean age of participating women
was 33.3 years (standard deviation [SD] = 6.1 years);
approximately 60% of participating women had a history

Table 1: Characteristics of Maternal-Infant Pairs in Relation to Mode of Delivery

Total (N = 37)

Vaginal Delivery (N = 22)

Cesarean Section (N = 15)

p-value

N (%)
Race/Ethnicity
White
Black
Hispanic
Others
Gender
Male
Female
Maternal history of atopy*
Maternal smoking during pregnancy
NICU admission
Maternal age, years
Neonatal birth weight, kg
Neonatal gestational age, weeks
Neonatal birth length, cm
APGAR at 5 minutes

25 (67.6)
3 (8.1)
8 (21.6)
1 (2.7)

14 (63.6)
2 (9.1)
5 (22.7)
1 (4.6)

11 (73.3)
1 (6.7)
3 (20.0)
0 (0)

0.83

21 (56.8)
16 (43.2)
22 (59.5)
2 (5.4)
1 (2.7)

12 (54.5)
10 (45.5)
14 (63.6)
1 (4.6)
0 (0)

9 (60)
6 (40)
8 (53.3)
1 (6.7)
1 (6.7)

1.00
0.53
1.00
0.41

35.3 (25.8–43.2)
3.6 (3.0–4.4)
39.1 (37.0–41.0)
50.0 (46.0–53.0)
8.4 (1.0–10.0)

0.08
0.03
1.00
0.48
0.98

33.3 (17.9–43.2)
3.4 (2.2–4.4)
39.0 (36.0–41.0)
49.7 (44.0–53.0)
8.7 (1–10)

Mean (range)
31.9 (17.9–40.6)
3.3 (2.2–4.3)
38.9 (36.0–41.0)
49.5 (44.0–53.0)
8.9 (8.0–10.0)

*Atopy = doctor diagnosed asthma, eczema, hay fever, or allergies
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of atopy. Of the 37 participating children, 22 (59.5%)
were born by vaginal delivery. Of the 15 women who had
a cesarean section, (66.7%) had an elective cesarean. Only
one study participant used probiotics during pregnancy.
Maternal infection and/or use of antibiotics were not
exclusion criteria in our study. The mean neonatal gestational age was within normal limits. One neonate had an
Apgar score of 1 at 5 minutes, was intubated, and admitted to the neonatal intensive care unit (NICU); this
neonate was delivered by non-elective cesarean at 37
weeks of gestation. Of note, exclusion of this child did not
appreciably change the results of our analyses; thus,
results are presented for all subjects. There were no significant differences in race/ethnicity, maternal age, maternal
history of atopy, maternal smoking during pregnancy,
neonatal gender, gestational age, birth length, or Apgar
score between children born by cesarean section and
those born by vaginal delivery. Children born by cesarean
section were more likely to weigh more at birth than those
born by vaginal delivery.
Cytokine secretion by mode of delivery
In Figure 1, we show the distributions of cytokines (IL-13,
IL-10, and IFN-γ) produced by neonatal CBMCs at baseline and after stimulation with antigens (Fel d 1, Der f 1,
PHA, and LPS), which were mostly single-tailed. Whereas
IFN-γ had the highest rate of detection by ELISA, IL-10 had

the lowest rate of detection, particularly at baseline and
after allergen stimulation (Table 2).
In bivariate analyses (Table 2), secretion of IL-13 by
CBMCs in response to Fel d 1 and Der f 1 was significantly
higher in neonates born by cesarean section than in those
born by vaginal delivery. Secretion of IL-13 by CBMCs (at
baseline and after stimulation with PHA and LPS) and
IFN-γ (at baseline and after stimulation with antigens and
PHA) was also higher in neonates born by cesarean section than in those born by vaginal delivery, but such differences were not statistically significant. There was a nonsignificant trend for reduced secretion of IL-10 by CBMCs
at baseline in neonates born by cesarean section.
After adjustment for potential confounders in multivariate linear regression analyses (Table 3), birth by cesarean
section was significantly associated with increased secretion of IL-13 by CBMCs after stimulation with allergens,
PHA, and LPS. In this multivariate analysis, cesarean section was also associated with increased secretion of IFN-γ
by CBMCs at baseline and after stimulation with Fel d 1
and PHA. In contrast, cesarean section was associated with
reduced secretion of IL-10 by CBMCs at baseline (p =
0.08). In these multivariate models, maternal atopy was
independently associated with IL-13 secretion by CBMCs
at baseline and after stimulation with allergens and PHA,

Table 2: Association between Cytokine Secretion by CBMCs and Mode of Delivery

Cytokine Levels (pg/ml)

median

Vaginal Delivery (n = 22)
ranges
% with Detectable
Value±

median

ranges

Cesarean Section (n = 15)
% with Detectable
wilcoxon p-value†
Value±

IL-13
Media
Fel d 1
Der f 1
PHA
LPS

0.01*
0.01
0.01
25.18
5.46

0.01–47.58
0.01–66.27
0.01–75.65
0.01–223.54
0.01–565.55

40.9
33.3
40.9
63.6
50.0

3.77
10.40
26.14
39.31
20.19

0.01–32.96
0.01–126.38
0.01–65.61
7.50–246.04
0.01–44.65

57.1
71.4
85.7
100.0
78.6

0.25
0.04
0.01
0.22
0.39

Media
Fel d 1
Der f 1
PHA
LPS

3.69
1.24
8.10
11.10
20.03

0.01–53.02
0.01–52.00
0.01–58.93
0.01–173.58
0.01–218.70

50.0
50.0
59.1
63.6
68.2

6.32
9.22
16.52
23.23
15.21

0.01–39.75
0.01–34.18
0.01–54.95
0.01–866.65
0.01–85.27

85.7
85.7
85.7
85.7
85.7

0.24
0.41
0.43
0.38
0.97

Media
Fel d 1
Der f 1
PHA
LPS

0.01
0.01
0.01
21.50
181.91

0.01–49.96
0.01–355.80
0.01–399.46
0.01–759.45
0.01–787.56

18.2
27.3
36.4
59.1
95.5

0.01
0.01
0.01
0.01
259.11

0.01–0.01
0.01–78.57
0.01–175.30
0.01–367.98
0.01–863.05

0
14.3
28.6
42.9
78.6

0.10
0.37
0.44
0.23
0.65

IFN-γ

IL-10

*Low value of 0.01 was assigned to undetectable cytokine level.
± Percentage of cord blood samples in which cytokine measured by ELISA have detectable values within each category of mode of delivery.
† For comparison of cord blood cytokines between neonates born by vaginal delivery and those born by cesarean section.
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Maternal gut flora and cord blood cytokines by mode of
delivery
We found no significant differences in the numbers of
anaerobic or aerobic bacteria in maternal stool between
women who delivered by cesarean section and those who
delivered vaginally. There was no significant difference in
the composition of the maternal gut flora of atopic and
nonatopic women (data not shown).

In the analysis including all subjects (n = 37), total anaerobic bacteria in maternal stool were positively correlated
with secretion of IL-10 by CBMCs after stimulation with
Fel d 1 (rs = 0.44, p = 0.008) and Der f 1 (rs = 0.36, p = 0.03)
allergens. In addition, gram-positive anaerobes (lactobacilli and bifidobacteria) were associated with increased IL10 secretion in response to Der f 1 (rs = 0.37, p = 0.02),
and gram-negative anaerobes (Bacteroides and Prevotella)
were associated with increased IL-10 secretion in response
to Fel d 1 (rs = 0.40, p = 0.02).

CBMCs 1 of IL-13, IFN-γ, and IL-10 cytokines by neonatal
Secretion
Figure
Secretion of IL-13, IFN-γ, and IL-10 cytokines by neonatal
CBMCs. IFN-γ, IL-10, and IL-13 secretions were measured in
unstimulated supernatants and supernatants after 24 hours'
stimulation with allergens (Der f 1 and Fel d 1), phytohemagglutinin (PHA), and lipopolysaccharide (LPS). The median is
represented by the black bar. The upper and lower boundaries of the box represent the 25th to 75th percentiles of the
data, respectively. Observations < 1.5 times the height of the
box beyond either quartile are displayed within the whiskers.
(•) represents outliers.

Table 4 shows the results of the analysis of the relation
between the maternal gut flora and cytokine secretion by
CBMCs after stratification by mode of delivery. Among
children born by vaginal delivery, total anaerobes and
gram-positive anaerobes in maternal stool were each associated with increased secretion of IL-10 by CBMCs after
stimulation with Fel d 1 and Der f 1. In contrast, gram-negative aerobes (Enterobacteriaceae) in maternal stool were
negatively correlated with secretion of IL-13 (after stimulation with Der f 1) and IFN-γ (at baseline and after stimulation with antigens [Fel d 1, Der f 1, and LPS]).
Among children born by cesarean section, gram-negative
anaerobes in maternal stool were associated with
increased secretion of IL-13 by CBMCs at baseline and
after stimulation with Fel d 1 and LPS, and with increased
secretion of IFN-γ in response to LPS stimulation (Table
4).

and with IFN-γ secretion by CBMCs at baseline and in
response to allergens. There was no association between
maternal atopy and neonatal levels of IL-10.
Our results for the logistic regression analyses of the relation between mode of delivery and detectable cytokine
secretion in neonates were similar to those of the linear
regression analyses shown above. For example, in multivariate logistic regression analyses, cesarean section was
associated with increased odds of having detectable levels
of IL-13 in cord blood (odds ratio [OR] = 26.0; 95% confidence interval [CI] = 2.0, 336.8) and IFN-γ (OR = 30.8;
95% CI = 1.7, 555.9) after stimulation with Fel d 1.
Although not statistically significant, cesarean section was
associated with reduced odds of having detectable IL-10
secretion after stimulation with Fel d 1 (OR = 0.42; 95%
CI = 0.06–2.87).

Discussion
To our knowledge, this is the first study to demonstrate an
association between cesarean section and increased neonatal secretion of IL-13 and IFN-γ. This finding provides a
potential immunologic basis for previous reports of an
association between cesarean section and atopy or asthma
[2-8], as elevation of IL-13 [9-11] and IFN-γ [11,12] at
birth has been associated with asthma and atopy in childhood. In addition, there was a non-statistically significant
trend for an inverse association between cesarean section
and neonatal levels of IL-10 (a cytokine with inhibitory
effects on the secretion of Th1 and Th2 cytokines in vivo)
[19-21]. Although this finding should be further assessed
in larger studies, it suggests that abnormal stimulation of
mechanisms that downregulate both arms of the immune
response (e.g., T regulatory cells [Tregs]) may influence
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Table 3: Association between Cesarean Section and Cytokine
Secretion by CBMCs

β*

Outcome

Adjusted‡
p-value

IL-13
Media
Fel d 1
Der f 1
PHA
LPS

0.9
1.56
1.9
1.82
1.38

0.08
0.007
0.0006
0.002
0.01

Media
Fel d 1
Der f 1
PHA
LPS

1.24
1.23
0.90
1.27
0.76

0.02
0.01
0.07
0.03
0.17

Media
Fel d 1
Der f 1
PHA
LPS

-0.66
-0.51
-0.36
-0.11
-0.19

0.08
0.42
0.60
0.88
0.70

IFN-γ

IL-10

*Change of one log10 pg/ml cytokine level in children born by
cesarean section as compared to children born by vaginal delivery.
‡Foroutcome IL-13, model adjusted for maternal age, maternal atopy,
neonatal birth weight, neonatal gestational age, and neonatal birth
length.
For outcome IFN-γ, model adjusted for maternal age, maternal atopy,
and neonatal birth weight.
For outcome IL-10, model adjusted for maternal age, neonatal
gestational age, and neonatal birth weight.

the pathogenesis of atopy in children born by cesarean
section [22-24].
The observed association between mode of delivery and
neonatal immune responses may be explained by absent
or reduced labor in children delivered by cesarean section.
The process of labor may directly influence neonatal
immune responses, thereby influencing cytokine secretion at birth. Although a relationship between labor and
neonatal secretion of IL-13, IFN-γ, and IL-10 has not been
shown, the stress of labor has been associated with
decreased T lymphocytes and CD4+ helper T cells [25,26],
and increased neutrophils [27,28], natural killer (NK)
cells [26,28], TNF-α [29], and IL-6 [13,29] in cord blood.
In contrast, cesarean section without labor has been associated with increased T lymphocytes and CD4+ helper T
cells [25,26], decreased neutrophils [27,28], natural killer
(NK) cells [26,28], TNF-α [29], and IL-6 [13,29] in
neonates at birth.
Although labor itself may have important immunoregulatory effects on neonates [25-28] and thus partly explain
our findings, it is also plausible that the observed neonatal cytokine profile in children born by cesarean section is
due to their reduced contact with the maternal vaginal

flora at birth. We measured the composition of the maternal gut flora, which is strongly correlated with that of the
maternal vaginal flora.
Our findings with regard to bacterial species in the maternal intestinal flora and neonatal immune responses
should be interpreted with caution because of small sample size and inability to control for confounders such as
maternal diet. However, our preliminary results in children born by vaginal delivery are interesting and suggest
the possibility that exposure to specific microbes in the
maternal vaginal flora during passage through the birth
canal influences neonatal immune responses. In particular, we found that gram-positive anaerobes and total
anaerobes in maternal stool were associated with
increased secretion of IL-10 by CBMCs, and that gramnegative anaerobes and gram-negative aerobes in maternal stool were associated with reduced secretion of IL-13
and IFN-γ by CBMCs.
The observed association between anaerobes in maternal
stool and increased neonatal secretion of IL-10 by CBMCs
(at 24 hours after stimulation with allergens) is consistent
with results of experiments in murine models and in vitro
studies in humans. Stimulation of cord blood lymphocytes with gram-negative bacteria for 24 hours
(including anaerobes such as Bacteroides species) results in
strong secretion of IL-10 [30]. In rodents, peritoneal cells
produce IL-10 after stimulation with the CPC of Bacteroides fragilis [31]. More specifically, PSA from B. fragilis
elicits IL-10 production from a population of murine
Tregs beginning at 24 hours after stimulation [32]. In
murine models, the PSA molecule of B. fragilis is presented to T cells by intestinal dendritic cells (DCs) residing at mucosal surfaces, which then activate CD4+T cells
and elicit appropriate cytokine secretion resulting in a balanced Th1/Th2 immune response [33]. Moreover, DCs
have been shown to mediate the secretion and activity of
Tregs [34,35].
Administration of lactobacilli to atopic children has been
associated with increased production of cytokines produced by Tregs (e.g., IL-10) [36,37]. It is thus plausible
that early modulation of immune responses by specific
bacteria (e.g., anaerobes) during passage of the neonate
through the birth canal [38] results in upregulation of
neonatal Tregs and/or direct downregulation of Th1 and
Th2 immune responses. The effects of labor may further
interact with those of the maternal gut flora on neonatal
immune system development.
The observed association between gram-negative anaerobes and increased secretion of IL-13 (at baseline and
after stimulation with Fel d 1 and LPS) and IFN-γ (after
stimulation with LPS) by CBMCs in children born by
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Table 4: Correlation between Maternal Stool Bacteria and Cord Blood Cytokine Secretion by Mode of Delivery

Vaginal Delivery (n = 22)

Maternal Stool Bacteria

Stimulant

Cesarean Delivery (n = 15)

Cytokines

IL-13

Gram-negative aerobes (Enterobacteriae)
rs*

p-value

r s*

p-value

Media

-0.38

0.08

0.52

0.06

Fel d 1

-0.25

0.27

0.39

0.17

Der f 1

-0.46

0.03

0.25

0.38

PHA

-0.28

0.21

-0.30

0.30

LPS

-0.35

0.11

0.14

0.62

rs*

p-value

r s*

p-value

Media

-0.27

0.22

0.59

0.03

Fel d 1

-0.22

0.34

0.70

0.006

Der f 1

-0.40

0.07

0.49

0.07

PHA

-0.29

0.18

-0.36

0.21

LPS

-0.07

0.77

0.57

0.03

Gram-negative anaerobes (Bacteroides/Prevotella)

IFN-γ

Gram-negative aerobes (Enterobacteriae)
rs*

p-value

r s*

p-value

Media

-0.52

0.01

-0.10

0.73

Fel d 1

-0.53

0.01

0.04

0.90

Der f 1

-0.47

0.03

0.04

0.90

PHA

-0.35

0.11

0.14

0.64
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Table 4: Correlation between Maternal Stool Bacteria and Cord Blood Cytokine Secretion by Mode of Delivery (Continued)

LPS

-0.50

0.02

0.22

0.44

rs*

p-value

r s*

p-value

Media

-0.34

0.13

0.24

0.40

Fel d 1

-0.30

0.17

0.36

0.21

Der f 1

-0.41

0.06

0.45

0.11

PHA

-0.19

0.40

0.49

0.07

LPS

-0.15

0.50

0.58

0.03

Gram-negative anaerobes (Bacteroides/Prevotella)

IL-10

Gram-positive anaerobes (lactobacilli/bifidobacteria)
rs*

p-value

r s*

p-value

Media

0.35

0.11

±

---

Fel d 1

0.43

0.04

0.15

0.62

Der f 1

0.45

0.03

0.30

0.30

PHA

-0.02

0.94

0.23

0.44

LPS

-0.03

0.89

0.23

0.42

rs*

p-value

r s*

p-value

Media

0.26

0.25

±

----

Fel d 1

0.48

0.03

0.12

0.69

Der f 1

0.42

0.05

0.08

0.78

PHA

0.25

0.26

-0.22

0.44

LPS

0.26

0.25

-0.22

0.45

Total Anaerobes

*Spearman's correlations.
± Correlation coefficients were not statistically obtainable due to undectectable IL-10 levels in the media samples (unstimulated CBMCs) among
subjects in the cesarean section group.
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cesarean section is intriguing and unexplained. Although
it may be due to chance or confounding by unmeasured
variables, this association may also be due to poorly
understood effects of the maternal gut flora on the
immune system of mothers not undergoing labor, which
may
ultimately
influence
neonatal
immunity.
Similar to previous studies, we found an independent
association between maternal history of atopy and secretion of IL-13 [9-11] and IFN-γ [11,12] by CBMCs. This
association was not related to maternal gut colonization
or cesarean section delivery, as we did not find evidence
that the maternal stool flora or mode of delivery differed
between atopic and nonatopic mothers. Although the
allergic status of the mother was not confirmed by measurement of serum IgE specific to allergens or by allergy
skin testing, self-reported atopic diseases have been
shown to be correlated with objective markers of atopy in
mothers of children participating in similar studies [39].
The reason for frequently finding the strongest and/or
most statistically significant associations between the
exposures of interest (e.g., cesarean section) and particular
patterns of cytokine secretion by CBMCs after stimulation
with dust mite (Der f 1) and cat (Fel d 1) allergens but not
after stimulation with mitogen or LPS is not clear. It is
plausible that these two inhalant allergens are more
widely distributed in the environment[40] and therefore
maternal exposure to these allergens during pregnancy
result in transplacental transfer of these allergens to the
fetus leading to allergen-specific T cell priming in utero
[41,42].
We recognize several additional limitations to our findings. First (as previously mentioned), the data has to be
interpreted as preliminary because of small sample size
resulting in limited statistical power and inability to adequately control for potential confounders. However, we
found consistent associations between cesarean section
and neonatal secretion of cytokines. Furthermore, we
found consistent correlations between various bacterial
species in maternal stool and specific cytokine patterns in
neonatal cord blood that differed by mode of delivery.
Second, we did not have adequate statistical power to test
whether the pattern of cytokine secretion at birth is different in children born by elective versus non-elective cesarean section. Because a majority of the study participants
who had a cesarean section had it scheduled, elective
cesarean section is likely responsible for our findings.
Third, although we did not select our cohort based on a
family history of atopy, approximately 60% of the mother
reported having a history of atopy which is higher than
reported from the general population; therefore the
results may not be generalizable to the general population. Fourth, we recognize that IL-10 is secreted by cells
other than Tregs (e.g., Th2 cells). However, we found an

http://www.clinicalmolecularallergy.com/content/4/1/13

inverse association between cesarean section and IL-13 (a
Th2 cytokine) and differences in the association between
specific microbes in maternal stool and secretion of IL-13
vs. IL-10 by CBMCs, suggesting that neonatal IL-10 was
likely secreted by Tregs (a major source of this cytokine)
[19-21,43]. Other studies have found increased secretion
of IL-10 and IFN-γ by CBMCs in response to stimulation
with LPS [44], peptidoglycan (a cell wall component of
gram-positive bacteria) [45], and mycobacterial extract
(PPD) [12]. Together with our findings, these results suggest that different microbial stimuli can impact specific
subsets of T cells in the fetal immune system such as Th1
cells and T regulatory cells. Fifth, potential contamination
with LPS may influence the interpretation of cytokine
responses in cord blood. However, the endotoxin contents present in the allergens (Der f 1 and Fel d 1 ) and
mitogen (PHA) samples (≤ 1.23 EU/mg) were 1 × 106
times less than the concentration of LPS stimulus used in
this study. Finally, maternal infection or antibiotic use
around the time of birth was not an exclusion criterion in
our study. However, the white blood cell (WBC) count of
participating mothers at the time of delivery (median = 10
× 109 cells/L) was not significantly associated with secretion of any cytokine by CBMCs (P > 0.20 in all cases). In
addition, there was no significant difference in WBC
count between mothers who had a vaginal delivery and
those who had a cesarean section (P = 0.82).
In conclusion, our findings suggest that cesarean section
leads to abnormal neonatal immune responses (increased
secretion of IL-13 and IFN-γ) that may precede the development of asthma and atopy. In addition, results of our
exploratory analyses suggest that exposure to specific
microbes (e.g., lactobacilli and bifidobacteria) in the
maternal vaginal flora may influence neonatal immune
responses in children born by vaginal delivery. These
hypotheses will need to be examined in future longitudinal studies with large sample size.
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d 1); T regulatory cells (Tregs); capsular polysaccharide
complex (CPC); capsular polysaccharide A (PSA); natural
killer (NK) cells.

Competing interests
Scott T. Weiss received a grant for $900,065, Asthma Policy Study, from AstraZeneca from 1997 to 2003. He has
been a coinvestigator on a grant from Boehringer Ingelheim to investigate a COPD natural history model that
began in 2003. He has received no funds for his involvement in this project. He had been an advisor to the

Page 9 of 11
(page number not for citation purposes)

Clinical and Molecular Allergy 2006, 4:13

TENOR Study for Genentech and has received $5,000 for
2003–2004. He received a grant from Glaxo-Wellcome for
$500,000 for genomic equipment from 2000 to 2003. He
was a consultant for Roche Pharmaceuticals in 2000 and
received no financial remuneration for this consultancy.
None of the other authors of this manuscript has any
competing
interests.

Authors' contributions

http://www.clinicalmolecularallergy.com/content/4/1/13

11.

12.

N.P.L. conducted the data analysis and wrote the manuscript. B.R-P, A.O.T., and D.R.G. performed the cytokine
measurements. A.O., M.L.D., and A.M.D. conducted all of
the microbiologic studies. A.A.L., H.L., and L.R. assisted
and supervised the data analysis.

13.

C.L. and D.L. recruited the participating subjects. S.T.W.
participated in study design and obtained funding. J.C.C.
participated in study design, data analysis, and obtained
funding.

16.

All of the authors participated in drafting the manuscript
and approved its final version.

18.

Acknowledgements

14.
15.

17.

19.

The authors thank the participating families and Linda Steele for her contribution to participant recruitment and data collection.
This work was supported by a grant from the Harvard National Institute of
Environmental Health Sciences Center to J. C. Celedón. N.P.Ly is supported by NIH grant HL07427.

20.

References

21.

1.
2.
3.
4.
5.
6.
7.
8.

9.

10.

Hamilton BE, Martin JA, Ventura SJ, Sutton PD, Menacker F: Births:
preliminary data for 2004. Natl Vital Stat Rep 2005, 54(8):1-17.
Kero J, Gissler M, Gronlund MM, Kero P, Koskinen P, Hemminki E,
Isolauri E: Mode of delivery and asthma -- is there a connection? Pediatr Res 2002, 52(1):6-11.
Bager P, Melbye M, Rostgaard K, Benn CS, Westergaard T: Mode of
delivery and risk of allergic rhinitis and asthma. J Allergy Clin
Immunol 2003, 111(1):51-56.
Hakansson S, Kallen K: Caesarean section increases the risk of
hospital care in childhood for asthma and gastroenteritis.
Clin Exp Allergy 2003, 33(6):757-764.
Xu B, Pekkanen J, Hartikainen AL, Jarvelin MR: Caesarean section
and risk of asthma and allergy in adulthood. J Allergy Clin Immunol 2001, 107(4):732-733.
Salam MT, Margolis HG, McConnell R, McGregor JA, Avol EL, Gilliland FD: Mode of Delivery Is Associated With Asthma and
Allergy Occurrences in Children. Ann Epidemiol 2005.
Eggesbo M, Botten G, Stigum H, Nafstad P, Magnus P: Is delivery by
cesarean section a risk factor for food allergy? J Allergy Clin
Immunol 2003, 112(2):420-426.
Renz-Polster H, David MR, Buist AS, Vollmer WM, O'Connor EA,
Frazier EA, Wall MA: Caesarean section delivery and the risk of
allergic disorders in childhood.
Clin Exp Allergy 2005,
35(11):1466-1472.
Lange J, Ngoumou G, Berkenheide S, Moseler M, Mattes J, Kuehr J,
Kopp MV: High interleukin-13 production by phytohaemagglutinin- and Der p 1-stimulated cord blood mononuclear
cells is associated with the subsequent development of
atopic dermatitis at the age of 3 years. Clin Exp Allergy 2003,
33(11):1537-1543.
Neaville WA, Tisler C, Bhattacharya A, Anklam K, Gilbertson-White
S, Hamilton R, Adler K, Dasilva DF, Roberg KA, Carlson-Dakes KT,
Anderson E, Yoshihara D, Gangnon R, Mikus LD, Rosenthal LA, Gern

22.
23.
24.
25.
26.
27.
28.
29.

30.
31.

JE, Lemanske RFJ: Developmental cytokine response profiles
and the clinical and immunologic expression of atopy during
the first year of life. J Allergy Clin Immunol 2003, 112(4):740-746.
Rowe J, Heaton T, Kusel M, Suriyaarachchi D, Serralha M, Holt BJ, de
Klerk N, Sly PD, Holt PG: High IFN-gamma production by
CD8+ T cells and early sensitization among infants at high
risk of atopy. J Allergy Clin Immunol 2004, 113(4):710-716.
Sharp MJ, Rowe J, Kusel M, Sly PD, Holt PG: Specific patterns of
responsiveness to microbial antigens staphylococcal enterotoxin B and purified protein derivative by cord blood mononuclear cells are predictive of risk for development of atopic
dermatitis. Clin Exp Allergy 2003, 33(4):435-441.
Macaubas C, de Klerk NH, Holt BJ, Wee C, Kendall G, Firth M, Sly
PD, Holt PG: Association between antenatal cytokine production and the development of atopy and asthma at age 6
years. Lancet 2003, 362(9391):1192-1197.
Lotz M, Gutle D, Walther S, Menard S, Bogdan C, Hornef MW: Postnatal acquisition of endotoxin tolerance in intestinal epithelial cells. J Exp Med 2006.
Hill GB, Eschenbach DA, Holmes KK: Bacteriology of the vagina.
Scand J Urol Nephrol Suppl 1984, 86:23-39.
Reid G, Bruce AW, Fraser N, Heinemann C, Owen J, Henning B:
Oral probiotics can resolve urogenital infections. FEMS Immunol Med Microbiol 2001, 30(1):49-52.
Hilton E, Isenberg HD, Alperstein P, France K, Borenstein MT: Ingestion of yogurt containing Lactobacillus acidophilus as prophylaxis for candidal vaginitis.
Ann Intern Med 1992,
116(5):353-357.
Antonio MA, Rabe LK, Hillier SL: Colonization of the rectum by
Lactobacillus species and decreased risk of bacterial vaginosis. J Infect Dis 2005, 192(3):394-398.
Akdis M, J. V, Taylor A, Karamloo F, Karagiannidis C, Crameri R,
Thunberg S, Deniz G, Valenta R, Fiebig H, Kegel C, Disch R, SchmidtWeber CB, Blaser K, Akdis CA: Immune responses in healthy
and allergic individuals are characterized by a fine balance
between allergen-specific T regulatory 1 and T helper 2 cells.
J Exp Med 2004, 199(11):1567-1575.
Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M: Immunologic
self-tolerance maintained by activated T cells expressing IL2 receptor alpha-chains (CD25). Breakdown of a single
mechanism of self-tolerance causes various autoimmune diseases. J Immunol 1995, 155(3):1151-1164.
Sakaguchi S, Toda M, Asano M, Itoh M, Morse SS, Sakaguchi N: T cellmediated maintenance of natural self-tolerance: its breakdown as a possible cause of various autoimmune diseases. J
Autoimmun 1996, 9(2):211-220.
Yazdanbakhsh M, Kremsner PG, van Ree R: Allergy, parasites, and
the hygiene hypothesis. Science 2002, 296(5567):490-494.
Umetsu DT, Akbari O, Dekruyff RH: Regulatory T cells control
the development of allergic disease and asthma. J Allergy Clin
Immunol 2003, 112(3):480-487.
Robinson DS, Larche M, Durham SR: Tregs and allergic disease. J
Clin Invest 2004, 114(10):1389-1397.
Pittard WB, Schleich DM, Geddes KM, Sorensen RU: Newborn
lymphocyte subpopulations: the influence of labor. Am J
Obstet Gynecol 1989, 160(1):151-154.
Samelson R, Larkey DM, Amankwah KS, McConnachie P: Effect of
labor on lymphocyte subsets in full-term neonates. Am J
Reprod Immunol 1992, 28(2):71-73.
Herson VC, Block C, Eisenfeld LI, Maderazo E, Krause PJ: Effect of
labor and delivery on neonatal polymorphonuclear leukocyte number and function. Am J Perinatol 1992, 9(4):285-288.
Thilaganathan B, Meher-Homji N, Nicolaides KH: Labor: an immunologically beneficial process for the neonate. Am J Obstet
Gynecol 1994, 171(5):1271-1272.
Malamitsi-Puchner A, Protonotariou E, Boutsikou T, Makrakis E,
Sarandakou A, Creatsas G: The influence of the mode of delivery on circulating cytokine concentrations in the perinatal
period. Early Hum Dev 2005, 81(4):387-392.
Karlsson H, Hessle C, Rudin A: Innate immune responses of
human neonatal cells to bacteria from the normal gastrointestinal flora. Infect Immun 2002, 70(12):6688-6696.
Gibson FC, Tzianabos AO, Onderdonk AB: The capsular polysaccharide complex of Bacteroides fragilis induces cytokine
production from human and murine phagocytic cells. Infect
Immun 1996, 64(3):1065-1069.

Page 10 of 11
(page number not for citation purposes)

Clinical and Molecular Allergy 2006, 4:13

32.

33.
34.
35.
36.
37.
38.
39.

40.

41.

42.
43.
44.

45.

http://www.clinicalmolecularallergy.com/content/4/1/13

Ruiz-Perez B, Chung DR, Sharpe AH, Yagita H, Kalka-Moll WM,
Sayegh MH, Kasper DL, Tzianabos AO: Modulation of surgical
fibrosis by microbial zwitterionic polysaccharides. Proc Natl
Acad
Sci
U
S
A
2005,
102(46):16753-16758.
Mazmanian SK, Liu CH, Tzianabos AO, Kasper DL: An immunomodulatory molecule of symbiotic bacteria directs maturation of the host immune system. Cell 2005, 122(1):107-118.
Mills KH, McGuirk P: Antigen-specific regulatory T cells--their
induction and role in infection.
Semin Immunol 2004,
16(2):107-117.
Groux H, Fournier N, Cottrez F: Role of dendritic cells in the
generation of regulatory T cells.
Semin Immunol 2004,
16(2):99-106.
Isolauri E, Arvola T, Sutas Y, Moilanen E, Salminen S: Probiotics in
the management of atopic eczema. Clin Exp Allergy 2000,
30(11):1604-1610.
Pessi T, Sutas Y, Hurme M, Isolauri E: Interleukin-10 generation
in atopic children following oral Lactobacillus rhamnosus
GG. Clin Exp Allergy 2000, 30(12):1804-1808.
Hooper LV: Bacterial contributions to mammalian gut development. Trends Microbiol 2004, 12(3):129-134.
Platts-Mills TA, Erwin EA, Allison AB, Blumenthal K, Barr M, Sredl D,
Burge H, Gold D: The relevance of maternal immune
responses to inhalant allergens to maternal symptoms, passive transfer to the infant, and development of antibodies in
the first 2 years of life. J Allergy Clin Immunol 2003, 111(1):123-130.
Ling EM, Smith T, Nguyen XD, Pridgeon C, Dallman M, Arbery J, Carr
VA, Robinson DS: Relation of CD4+CD25+ regulatory T-cell
suppression of allergen-driven T-cell activation to atopic status and expression of allergic disease.
Lancet 2004,
363(9409):608-615.
Jones AC, Miles EA, Warner JO, Colwell BM, Bryant TN, Warner JA:
Fetal peripheral blood mononuclear cell proliferative
responses to mitogenic and allergenic stimuli during gestation. Pediatr Allergy Immunol 1996, 7:109-116.
Holt PG, Macaubas C: Development of long-term tolerance
versus sensitisation to environmental allergens during the
perinatal period. Curr Opin Immunol 1997, 9(6):782-787.
Wahl SM, Vazquez N, Chen W: Regulatory T cells and transcription factors: gatekeepers in allergic inflammation. Curr Opin
Immunol 2004, 16(6):768-774.
Gentile DA, Schreiber R, Howe-Adams J, Trecki J, Patel A, Angelini B,
Skoner DP: Diminished dendritic cell interleukin 10 production in atopic children. Ann Allergy Asthma Immunol 2004,
92(5):538-544.
Schaub B, Campo M, He H, Perkins D, Gillman MW, Gold DR, Weiss
S, Lieberman E, Finn PW: Neonatal immune responses to TLR2
stimulation: influence of maternal atopy on Foxp3 and IL-10
expression. Respir Res 2006, 7:40.

Publish with Bio Med Central and every
scientist can read your work free of charge
"BioMed Central will be the most significant development for
disseminating the results of biomedical researc h in our lifetime."
Sir Paul Nurse, Cancer Research UK

Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central
yours — you keep the copyright

BioMedcentral

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Page 11 of 11
(page number not for citation purposes)

