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Abstract

Background: The process of early gut colonization is ex-
tremely variable among individuals and is influenced by nu-
merous factors. Among these, the mode of birth will strong-
ly shape the early microbial exposure and immune environ-
ment of the neonate. Summary: Here, | review how the
concomitant processes of microbiota and immune system
development are altered by C-section delivery and the ef-
fects of such alterations on long-term health. Key messages:
C-section delivery impinges on microbiota and immune sys-
tem development through various means: (i) if labor is lack-
ing, intrauterine immune responses dependent on this pro-
cess will not occur, affecting theimmune environment of the
neonate; (ii) the lack of exposure to the vaginal and fecal mi-
crobes of the mother will alter the type and diversity of the
microbes that colonize the gut at birth; (iii) the different
starting points in terms of microbial exposure and immune

environment will mark the course of microbiota and im-
mune system development during the first months of life,
generating multiple feedbacks between these 2 processes.
Given that the first months of life represent a crucial time
window in the ontogenesis of the immune system and the
establishment of tolerance, C-section delivery willimpact on
the lifelong risk of developing immune disease.
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Immunological Effects of the Lack of Labor

The type of birth is known to influence the immune
environment of the neonate, as labor induces immune
responses within the uterine cavity that will be absent in
the case of elective C-sections [1]. Intra-uterine concen-
trations of inflammatory cytokines such as interleukin
(IL)-1B, IL-6, IL-8 and tumour necrosis factor-a (TNF-a)
are elevated during the normal course of term labor [2-4].
These cytokines play an important role during delivery,
as they stimulate prostaglandin biosynthesis, thereby in-
ducing myometrium contractility and ripening of the
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cervix [5]. The production of proinflammatory cytokines
in the uterine environment is thought to be responsible
for an activation of the fetal immune system during labor,
reflected in an elevated number of total leukocytes in the
neonate’s circulation, mostly due to increased neutro-
phils, monocytes, and natural killer cells [6]. The stress of
labor, however, has also been associated with decreased T
lymphocytes and CD4+ helper T cells in cord blood [7,
8]. Moreover, labor produces a surge of cortisol, an im-
munosuppressive molecule that inhibits T-cell effector
function, leading to increased cortisol levels in umbilical
cord blood from neonates delivered by spontaneous vag-
inal delivery [9].

Functional differences in cord blood mononucler cells
dependent on delivery mode have also been reported.
Steinborn et al. [10] detected a decreased production of
the proinflammatory cytokine IL-6 by monocytes recov-
ered from cord blood after elective C-section. Ly etal. [11]
observed that C-section was associated with increased se-
cretion by cord blood mononuclear cells of IL-13 and
interferon-y (IFN-y), cytokines that have been positively
associated with atopy among children with a family his-
tory of this condition [12]. However, other studies have
reported contradictory results regarding IFN-y, includ-
ing no differences associated to the delivery mode [1] and
decreased levels in cord blood serum after elective C-sec-
tions [13]. In this last study, serum levels of various cyto-
kines and cytokine receptors implicated in neonatal im-
munity were shown to be altered in C-section infants. In
comparison to neonates delivered vaginally, those deliv-
ered by elective C-section had lower levels of IFN-y, IL-6,
IL-1B, TNF-a and soluble TNF-a RI in umbilical cord
blood, and lower levels of IL-1p, soluble IL-2R, and TNF-a
at day 1 of life, which persisted upto day 4 in the case of
IL-2R and TNF-a.

Altered Exposure to Microbes at Birth and Different
Gut Colonization Patterns

In addition to the effects of the lack of labor-related
immune responses, a C-section delivery will also greatly
affect the exposure of the neonate to microbes at the mo-
ment of birth. These 2 effects will combine to impact on
the development of the gut microbiota and on the onto-
genesis of the immune system in infants born by C-sec-
tion.

Numerous analyses have shown that birth by C-sec-
tion alters the pattern of gut microbiota development rel-
ative to that of vaginally born infants. The very first mi-
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crobial inocula received by the newborn are very different
in each case, as the infants born by C-section are not ex-
posed to their mother’s vaginal and fecal microbiota, and
become initially colonized by skin bacteria, probably ac-
quired from the surrounding environment [14]. Al-
though most vaginal and skin bacteria do not seem to take
hold in the infant gut, their presence may differentially
affect the colonization abilities of other bacteria. Indeed,
a lower gut microbiota diversity during the first week of
life is reported for infants delivered by C-section [15].
Moreover, in surveys performed during the first week of
life and at 1 month of age, infants born by C-section are
much less likely to be colonized by Bifidobacterium and
Bacteroides at both times, whereas the presence of Clos-
tridium difficile at 1 month is enhanced [16-19]. In addi-
tion, Huurre et al. [20] showed that infants born by C-
section harbored lower amounts of total bacteria in their
guts at 1 month of age, mainly due to a reduced number
of bifidobacteria. Underrepresentation of Bacteroides is
also frequently detected in the microbiota of C-section
infants surveyed at 3-4 months of age [16, 19, 21-23].
Longer term studies that have followed microbiota com-
position in infants during the first 2 years of life have con-
firmed an association of C-section with delayed coloniza-
tion of the Bacteroidetes phylum, and with lower total
microbial diversity up to 2 years of age [22, 24]. Further-
more, differences between the microbiotas of C-section
and vaginally born infants have been detected in analyses
performed at 7 years of age [25]. However, other analyses
have concluded that birth mode-related differences in the
relative abundance of different gut microbiota taxa large-
ly subside after the first year [24].

Altered Ontogenesis of the Inmune System

Differences in microbial colonization patterns are im-
portant, not only because of their potential impact on the
final composition of the microbiota, but also because they
will influence the concomitant development of the in-
fant’s immune sytem. The maturation of the intestinal
mucosa and its gut-associated lymphoid tissue is depen-
dent on intestinal colonization. The gut-associated lym-
phoid tissue Peyer’s patches, mesenteric lymph nodes and
isolated lymphoid follicles require signals from the intes-
tinal microbiota for complete development and/or re-
cruitment of a mature complement of immune cells [26].
Furthermore, microbes shape the infant’s incipient im-
mune phenotype by engaging molecular receptors in a
variety of gut immune cells and priming signalling cas-
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cades that direct cell differentiation and control the in-
flammatory status [27]. In this sense, experimental work
in germ-free mice has shown that regulatory T cells (Treg)
and invariant natural killer T cells can only be “educated”
by microbial colonization during a specific postnatal time
window to enable tolerance to later environmental expo-
sures [28, 29]. In other words, the repertoire of immune
cells established at this critical period under the influence
of the gut microbiota is going to affect the host’s lifelong
immune capacities and susceptibility towards disease [26,
30, 31].

Therefore, the disrupted colonization due to C-section
may be reflected in an altered development of the im-
mune system, with potential long-term consequences.
Several studies have addressed the impact of C-section on
the development of T cell responses and the produc-
tion of different cytokines. In the aforementioned study
by Jakobsson et al. [22], the reduced diversity and delayed
Bacteroidetes colonization associated with C-section
were accompanied by reduced Th1 responses during the
first 2 years of life. Experimental work has shown that
Bacteroides can exert strong effects on the immune sys-
tem. In the case of B. fragilis, a surface polysaccharide is
recognized by toll-like receptor 2 (TLR2) in Treg cells and
induces production of IL-10 and other cytokines that af-
fect the Th1/Th2 balance and promote immunotolerance
[32]. Therefore, the absence of Bacteroides may be related
to the reduction of Thl responses detected in C-section
infants.

Several other experimental studies in mice models
have demonstrated associations between C-section, mi-
crobiota development and immunity. Hansen et al. [33]
showed that mice born by C-section had a distinct bacte-
rial profile at weaning and lower proportions of Foxp3+
regulatory T cells and tolerogenic CD103+ dendritic cells
in mesenteric lymph nodes and spleens in adulthood, as
well as a lower expression of the IL-10 gene. This demon-
strates a long-term systemic effect of C-section birth on
the regulatory immune system, even though no micro-
biota differences remained at adulthood. In the same di-
rection, Lotz et al. [34] showed that C-section also affect-
ed the postnatal activation of intestinal epithelial cells
(IECs), which needs to be critically regulated in order to
maintain intestinal homeostasis. At birth, IECs are acti-
vated in response to the binding of bacterial lipopolysac-
charide (LPS) molecules by TLR4, which results in intra-
cellular cell signaling, transcriptional activation, and syn-
thesis and secretion of chemokines. However, LPS
susceptibility of IECs is only transient and is lost hours
after birth, with no detectable proinflammatory effect, in-
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dicating perinatal induction of negative regulatory con-
trol mechanisms of epithelial TLR signaling. This phe-
nomenon of transient postnatal epithelial activation is
likely involved in the up-regulation of host defense mol-
ecules to prepare for subsequent microbial exposure, fol-
lowed by a rapid acquisition of TLR tolerance to facilitate
microbial colonization. This adaptive process, likely to be
crucial to the establishment of gut homeostasis, was im-
paired in mice born by C-section, presumably due to low
bacterial exposure. Human fetal IECs are known to be
suceptible to LPS [35], so that postnatal epithelial activa-
tion might also occur in humans and be disrupted by the
diminished bacterial diversity associated with delivery by
C-section, potentially contributing to impaired tolerance
acquisition and an increased risk of inflammatory condi-
tions.

In accordance, humoral antibody-generating respons-
es have also been found to vary between infants delivered
vaginally or by C-section. Huurre et al. [20] showed that
infants delivered by C-section mount a stronger humoral
immune response throughout the first year of life, with
higher total numbers of immunoglobulin A (IgA)-, IgG-
and IgM-secreting B cells in peripheral blood. This might
reflect decreased tolerance or an excessive antigen expo-
sure that would be consistent with an increased tendency
towards inflammation and the subsequent impairment of
the gut barrier.

Increased Incidence of Imnmune Disease

As one would expect from the series of immune alter-
ations that may follow from birth by C-section, clinical
evidence indicates that children born in this manner ar at
higher risk for immune disorders, including type 1 diabe-
tes and several types of allergies [36]. A large meta-anal-
ysis detected a 19% increase in type I diabetes in children
born by C-section after controlling for confounders such
as gestational age, maternal age, and birth weight [37]. In
the case of allergies, a meta-analysis of 26 studies demon-
strated that C-section is associated with food allergy, ato-
py, allergic rhinitis, asthma, and hospitalization for asth-
ma, but did not find evidence of an association with inhal-
ant atopy and eczema/atopic dermatitis [38]. Further, a
more recent systematic review involving 13 studies
and 887,960 children confirmed that those delivered by
C-section had increased risk of asthma up to the age of 12
[39]. Moreover, infants born after a repeat C-section
without ruptured membranes have a 60% higher risk of
asthma than infants born after an emergency C-section
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with ruptured membranes and/or prior labor, in accor-
dance with their more altered immune environment and
lower exposure to microbes at birth [40]. The increase in
the risk of developing allergy after a C-section birth is
particularly pronounced when there is a family history of
the disease. In a Norwegian birth cohort, children of al-
lergic mothers had a sevenfold increased risk of develop-
ing food allergy to egg, fish or nuts when born by C-sec-
tion, but this was not the case in children whose mothers
were not affected by the disease [41].

Conclusion

Birth by C-section has important effects on the inter-
twined processes of gut microbiota and immune system
development. Furthermore, such effects can result in a va-
riety of negative consequences for immune health, which

are likely to last throughout life. Much further research is
needed to understand all of the complex interactions be-
tween the early gut microbiota and the immune system
and how they are affected by C-section delivery. Impor-
tantly, the impact of a C-section on immune development
will be strongly dependent on whether it is an emergency
or an elective procedure, as events such as membrane rup-
ture and, especially, onset of labor will have important
consequences in terms of immune response and micro-
bial exposure. Elective C-sections impose a greater altera-
tion of the microbial and immune environment of the ne-
onate and will likely have stronger health repercussions,
as has already been seen for asthma risk.
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