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Running headline: Perinatal microbial exposures

Abstract
The increasing prevalence of allergy in affluent countries may be caused by reduced
intensity and diversity of microbial stimulation, resulting in abnormal postnatal immune
maturation. Most studies investigating the underlying immunomodulatory mechanisms
have focused on postnatal microbial exposure, for example demonstrating that the gut
microbiota differs in composition and diversity during the first months of life in children
who later do or do not develop allergic disease. However, it is also becoming increasingly
evident that the maternal microbial environment during pregnancy is important in
childhood immune programming, and the first microbial encounters may occur already in
utero. During pregnancy, there is a close immunological interaction between the mother and
her offspring, which provides important opportunities for the maternal microbial
environment to influence the immune development of the child. In support of this theory,
combined pre- and postnatal supplementation seems to be crucial for the preventive effect
of probiotics on infant eczema. Here, the influence of microbial and immune interactions
within the mother–offspring dyad on childhood allergy development will be discussed. In
addition, how perinatal transmission of microbes and immunomodulatory factors from
mother to offspring may shape appropriate immune maturation during infancy and beyond,
potentially via epigenetic mechanisms, will be examined. Deeper understanding of these
interactions between the maternal and offspring microbiome and immunity is needed to
identify efficacious preventive measures to combat the allergy epidemic.

Keywords: allergy, immune development, infancy, maternal influences, microbiota,
pregnancy.
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Introduction
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Allergic diseases, including atopic dermatitis, food allergy, allergic rhinitis and allergic
asthma, have become a major public health problem in affluent societies, affecting up to onethird of the population [1–3]. These diseases are characterised by inappropriate immune
responses to innocuous foreign proteins, i.e. allergens [3]. Atopy is defined as an inherited
tendency to produce IgE antibodies to allergens after ordinary exposure, i.e. to become
sensitised [3, 4]. Atopic individuals show excessive T helper (Th)2-like responses to
allergens, including production of IgE-inducing IL-4 and IL-13 and eosinophilia-enhancing
IL-5 [5–8]. During the early phase of the IgE-mediated allergic reaction, allergen crosslinking
of IgE antibodies on mast cells triggers release of inflammatory mediators [6–8]. Cytotoxic
mediators from eosinophils play an important role in the late-phase reaction, causing
chronic inflammation [6–8].

Allergic diseases typically manifest in early childhood, with the so-called allergic march
generally beginning with the development of IgE antibodies to food allergens, accompanied
by symptoms of atopic dermatitis and food allergy [3, 9, 10]. The IgE reactivity to food
allergens such as egg and cow’s milk usually declines after infancy when tolerance to these
allergens develops [3, 9, 10]. Later in childhood, inhalant allergen sensitisation develops
together with symptoms of asthma and allergic rhinoconjunctivitis [3, 9, 10]. Sensitised
children with eczema and food allergy are at increased risk of developing airway allergies
[3, 9, 10]. Asthma is the most common chronic disease among children, with a major impact
on the physiological and psychological well-being of young children [11], as well as on
socioeconomic costs due to treatment expenditures, hospital admittance and parental sick
leave [1].

Although genetic factors play an important role in individual susceptibility, changes in the
genotype cannot explain such a rapid increase in the allergy prevalence [2, 9, 12, 13]. Thus,
loss of protective factors or appearance of risk factors in the environment must underlie the
increasing prevalence of these diseases since the middle of the last century [2, 9, 12, 13].
Reduced intensity and diversity of microbial stimulation have been proposed as major
factors promoting abnormal postnatal immune maturation [2, 9, 12, 13]. As early as 1976, the
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Canadian paediatrician John Gerrard and co-workers suggested that allergic disease is the
price for relative freedom from diseases caused by viruses, bacteria and helminths [14]. This
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hypothesis was based on the observation of low allergy prevalence in indigenous
populations in northern Canada, where helminth infection and untreated viral and bacterial
diseases were common, compared with Caucasian Canadians living in urban environments
[14]. It was not until 1989, when the British epidemiologist David Strachan demonstrated an
inverse relationship between the risk of hay fever and the number of older siblings [15], that
the notion that infections early in life might prevent allergy development was generally
considered of interest. ‘The hygiene hypothesis’ was proposed to describe the association
between a high allergy prevalence and reduced infection incidence due to hygienic
conditions. However, to emphasise the role of exposure to non-pathogenic beneficial
microbes, ‘the microbial deprivation hypothesis’ has been proposed as a more appropriate
term [16]. As other immune-mediated diseases such as type 1 diabetes, multiple sclerosis
and Crohn’s disease also show rising incidences in affluent countries [12, 17–21], a theory of
microbial deprivation syndromes of affluence has been proposed [16]. Although most
studies investigating the underlying immunomodulatory mechanisms have focused on
postnatal microbial exposure [2, 22–36], it is becoming increasingly evident that the maternal
microbial environment during pregnancy is also important in childhood immune
programming [9, 12, 13, 37–41]. Here, the influence of microbial and immune interactions
within the mother–offspring dyad on childhood allergy development will be discussed, and
implications for strategies to reduce the high prevalence of allergy will be considered.

Co-evolutionary interdependency of the microbiome and the immune system
No animal has evolved independently of microbial symbionts [42–44]. Microbes were the
pioneers of life and the only life form on Earth for most of its history; in addition,
multicellular life arose in a world dominated by prokaryotes [42–44]. Microorganisms have
played critical roles in the evolution and functioning of all other organisms [42–44].
Intimate, complex and dynamic interactions between animal hosts and microbes have thus
profoundly influenced, and indeed continue to influence, animal evolution [42–46]. Nearly
half a billion years of co-evolution with vertebrates has reciprocally shaped the repertoire of
the microbial symbionts and the immune system [43, 47]. However, our modern and
affluent lifestyle and the declining biodiversity diminish the exposure to microbes with
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which we have co-evolved [48–52]. Thus, our establishment of microbial communities
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differs substantially from that of our ancestors [48–52].

The immune system shapes homeostasis between the host and the microbial symbionts [43,
47, 53, 54]. This allows for a mutualistic partnership, where the microbiota provides
digestive and protective advantages to the host in a sheltered environment with abundant
nutrition, while pathogenic and invasive behaviour of microbes evokes eliminatory
measures [43, 47, 53]. It is likely that our immune system has evolved as much to preserve,
protect and promote beneficial microbes as to defend against pathogens [42, 43, 47, 55].
When the adaptive immune system evolved in vertebrates, the capacity to recognise and
remember beneficial as well as pathogenic microbes and the ability to both suppress and
promote innate inflammatory mechanisms allowed more sophisticated relationships with
increasingly complex microbial communities [42, 43, 47, 54–56]. The mammalian intestine is
the ecological site with the highest density of bacteria on Earth [57]. Encounters between
microbes from this complex ecosystem and immune cells may have profound effects on
immune maturation, particularly during critical time windows of developmental
programming [12, 13, 38, 39, 58–60].

The first microbial encounters
Contrary to previous assumptions of a ‘sterile womb’ paradigm, in which the acquisition of
bacteria first occurs at birth, recent evidence suggests that the first interactions between the
microbiota and the host may be initiated in utero [38, 61–68]. Any microbial presence in utero
was assumed to be a danger for the fetus and intrauterine infection may indeed cause
preterm delivery [65, 69]. However, intracellular bacteria have been histologically visualised
in the placental basal plate at a similar rate in preterm and term pregnancies without overt
infection [69]. The basal plate is the peripheral region of the placenta on the maternal side, in
contact with the uterine wall [69]. Furthermore, bacterial DNA has been detected in amniotic
fluid [63, 70], placenta [62, 63, 66, 70], umbilical cord blood [71] and meconium [63, 72–74]
after ‘sterile’ term elective caesarean section (CS) deliveries following apparently normal
pregnancies without any indication of inflammation or pathology. The microbiota of the
meconium, the neonate’s first stool sample, shared features with the microbiota detected in
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paired amniotic fluid and placental samples collected after term CS deliveries [63].
Moreover, extensive deep sequencing demonstrated a low-abundance but metabolically rich
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placental microbiome, primarily composed of non-pathogenic commensal bacteria from the
Firmicutes, Tenericutes, Proteobacteria, Bacteroidetes, Actinobacteria and Fusobacteria
phyla, in normal healthy pregnancies at term [62]. Importantly, data obtained by 16S rRNA
gene sequencing only demonstrate the presence of microbial DNA, without direct evidence
of viable bacteria. Nonetheless, the presence of microbial DNA in the intrauterine
compartment suggests that the fetus may be in direct contact with microbial components
during gestation [38, 65, 67].

The placental microbiome composition determined in the extensive deep sequencing study
most closely resembled the oral microbiome, when compared with the oral, skin, nasal,
vaginal and gut microbiomes from non-pregnant controls [62]. Although paired microbiota
sampling and characterisation at multiple sites from the same pregnant women,
implementing strict validated collection techniques in order to account for potential
contamination, would be important for further validation, it has been speculated that the
placental microbiome is partially established by haematogenous spread of oral microbiota
[38, 62, 65, 67]. Another hypothesis is that maternal bacteria may reach the placenta via the
bloodstream after dendritic cell-facilitated translocation across the gut epithelium [38, 61, 65,
67]. Maternal to fetal transfer of labelled Enterococcus faecium via the gastrointestinal tract
was demonstrated in mice [71], and enhanced translocation of gut bacteria to mesenteric
lymph nodes has been demonstrated during pregnancy and lactation in experimental
models [38, 65, 67, 75]. In support of an entero-mammary pathway, maternal intestinal
microbes have been detected in immune cells circulating in peripheral blood and in breast
milk in both lactating mice and humans [75].

Do prenatal microbial exposures affect immune programming?
Direct presentation of maternal bacterial components to the fetus has been recognised as a
potential route for immune imprinting [12, 38, 39], as a way to prepare the neonatal immune
system to respond appropriately to the much larger inoculum transferred during vaginal
delivery [31, 61, 64, 74, 76–85] and breastfeeding [61, 64, 81, 86–88]. In line with this
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suggestion, exposure of germ-free mice to bacteria only during pregnancy increased the
numbers of monocytes and group 3 innate lymphoid cells in the intestinal mucosa of the
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offspring [89]. Use of a genetically engineered Escherichia coli strain that can persist in the
intestine for only 3 days unless continuously supplemented allowed for the transient
colonisation (from day 4 to 15 of the 21-day gestation period). It is interesting that the
presence of live bacteria in utero was not required for the immunomodulatory effects in this
model, and transfer of microbial molecules to the offspring during gestation seemed to be
facilitated by maternal antibodies [89]. Microbiota-derived metabolites, such as short-chain
fatty acids and aryl hydrocarbon receptor ligands, may also exert immunomodulatory
effects [41, 89, 90]. Also in support of a role of the prenatal environment in shaping immune
development, treatment of maternal mice with lipopolysaccharide [91, 92] or commensals
such as Acinetobacter lwoffii [93] and Lactobacillus rhamnosus [94] during gestation attenuates
allergic sensitisation and airway inflammation in the offspring.

Whether prenatal exposures to maternal microbial components also exert
immunomodulatory effects in humans is presently not known, but would be in line with
allergy intervention studies demonstrating that a combined prenatal and postnatal
supplementation seems to be important for the preventive effect of probiotics on infant
eczema [37–39, 58, 95] (Table 1). Moreover, maternal exposure to a traditional farm
environment during pregnancy confers stronger protection against allergic disease and
sensitisation than postnatal exposure alone [40]. Furthermore, maternal antibiotic use during
pregnancy has been associated with an increased risk of development of allergic disease [96–
98] and asthma [96, 99–102] in childhood (Table 1). Speculatively, more pronounced effects
of prenatal microbial exposures on adaptive immune responses in humans as compared
with mice may be envisioned, as the immune system matures at a faster rate in humans than
in rodents prior to birth [103, 104]. Thus, whereas mature T cells can be detected in human
fetal peripheral tissues as early as 10–12 weeks of gestation [105] and circulate in significant
numbers by the end of the second trimester [106], they do not fully populate the periphery
in mice until after birth [103, 104]. Furthermore, B and T cells appear in Peyer's patches of
developing intestinal tissue at gestational day 18.5 in mice [107]; this is much later than in
humans [103], with intestinal B and T cells present from 12–14 weeks of gestation [108, 109].
Moreover, functionally active regulatory T cells and regulatory T cell-promoting dendritic
cells have also been demonstrated in human mesenteric lymph nodes at this age [110–112].
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Of interest, at birth, up to 5–10% of neonatal T cells are differentiated into either memory or
effector cells, suggesting activation in utero [113]. Furthermore, somatic hypermutations
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have been observed in the B cell receptor repertoire at gestational week 22 [114]. It is
tempting to speculate that fetal immune priming with maternal microbial products could be
at least partially responsible for this activation [12, 38, 39] (Table 2).

Microbial transmission from mother to offspring during delivery
Maternal to offspring transmission of microbes is an evolutionarily preserved phenomenon
in the animal kingdom, which may play a critical role in evolutionary development by
providing a genetically tailored microbiota and optimal mutualism [48, 61]. In addition, the
microbial transmission may be accompanied by maternal immunomodifying factors, such as
antibodies transferred via placenta and milk (Fig. 1) [41, 54, 115–119]. Vertical transmission
of maternal vaginal and gut microbes to the human neonate occurs during vaginal delivery
[31, 61, 74, 76–85]. CS delivery, which is performed with increasing rates worldwide and
may increase the risk of development of allergy and other immune-mediated diseases [20,
120, 121], thus disrupts these opportunities for the microbiota to be transferred from the
mother to her baby [31, 61, 74, 76–85]. The potential for vertical transmission of ancestral
microorganisms to the next generation is decreased as well, particularly when horizontal
transmission is also diminished for example by antibiotics, antibacterial agents and
decreased family size [48–51].

Vaginally delivered infants, but not infants born by CS, share a significantly higher
proportion of gut microbiota 16S rRNA gene sequences with their own mother than with
other mothers during the first year of life [78, 79, 82]. The importance of maternal gutderived bacteria in early infant gut colonisation is also supported by the findings of a recent
1-month follow-up study in which CS-delivered neonates were inoculated with maternal
vaginal microbes [122]. Thus, the gut microbiota of the infants was not influenced by the
‘vaginal seeding’ to the same extent as their skin and oral microbiota, as maternal gutderived bacteria, which are specialised to thrive in this niche, expanded in the stool samples
of vaginally delivered but not inoculated CS-delivered neonates [122]. Delivery by CS has
been associated with persistent changes in the gut microbiota of children followed for up to
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1 [76, 79, 81] and 2 [78, 82] years, and minor differences could be detected in one study even
at 7 years of age [123]. The disruptions in infant gut microbial ecology caused by CS delivery
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include a reduced abundance of the immunomodulatory genus Bacteroides [31, 74, 78–85,
124, 125] and a decreased diversity of the Bacteroidetes phylum [78]. In one study in which
the authors claimed a limited effect of mode of delivery on the infant microbiota, reduced
Bacteroides colonisation in CS-delivered infants was in fact demonstrated but not reported
[125], in line with the consistent findings in 11 other independent paediatric cohorts [31, 74,
78–85, 124]. Increased colonisation with the opportunistic pathogen Clostridium difficile,
which expands when gut microbiota niches are vacant [126], has also been reported among
infants born by CS in several studies [31, 76, 77].

Impact of maternal immunity and the early infant microbiota on immune and allergy
development
The effector functions of the innate and adaptive immune system are not yet fully developed
at birth [119, 127]. The capacity to initiate Th1 responses is particularly limited in neonates
[12, 119, 127–131]. It is likely that this Th2-skewed state is a consequence of the intrauterine
immune milieu during pregnancy [9] and the close immunological interaction between the
mother and her offspring [9, 132–134]. The maternal immune system needs to be regulated
in order to tolerate the presence of a semi-allogeneic fetus and to prevent Th1-mediated
rejection [135]. The fetal–maternal interface is thus characterised by high levels of Th2-like
[68, 134, 136, 137] and anti-inflammatory [68, 134, 138, 139] cytokines, as well as enrichment
of T regulatory cells [68, 140]. Initially, infants are partially protected by placental transfer of
maternal IgG during the third trimester of pregnancy [115, 119], and by secretory IgA in
breast milk if breastfed [54]. Maternally derived IgG and IgA antibodies may also have
immunomodulatory effects [41, 116–118, 141]. The infant’s own adaptive immune
capabilities then gradually mature [12, 119, 131], concurrent with the establishment of a gut
microbiota of increasing complexity [64, 142].

The neonatal Th2 skewing is even more marked in infants who later develop allergic disease
[131, 134, 143, 144], corroborating the notion that the prenatal immune environment can
influence allergy development [9, 133]. Prenatal environmental exposures may alter gene
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expression via epigenetic mechanisms. In support of this hypothesis, maternal exposure to
farms during pregnancy has been associated with increased DNA demethylation of the
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Foxp3 locus in cord blood cells and enhanced neonatal regulatory T cell function [145].
Furthermore, neonates from farming, as compared with non-farming, families displayed
hypermethylation of the promoter regions of the Th2-associated genes RAD50 and IL-13,
indicating decreased transcription [146].

Epigenetic regulation by prenatal environmental exposures may provide the offspring with
an improved capacity for physiological adaptations to the anticipated postnatal
environment [9, 37]. On the other hand, these early changes in developmental trajectory may
also influence the predisposition to later disease. It has been speculated that early adaptive
epigenetic changes may be more likely to lead to disease if there is ‘mismatch’ between the
anticipated postnatal environment and the actual conditions that are encountered [9, 37]. It
is possible that probiotic interventions that are given both pre- and postnatally may decrease
the risk of such ‘mismatched’ responses and induce long-lasting immune modulation [37].
Such mechanisms may partially explain findings from allergy intervention studies
demonstrating that probiotic supplementation to the mother during pregnancy, as well as to
her baby postnatally, seems to be important for the preventive effect of probiotics on infant
eczema [37–39, 58]. Thus, a preventive effect on atopic eczema has been demonstrated by us
and by others primarily when probiotics were given both pre- and postnatally [147–155]. By
contrast, studies exclusively using postnatal [156–159] or prenatal [160] probiotic
supplementation failed to prevent allergic disease. Therefore, it seems that the window of
opportunity for intervention begins prior to birth, and probably within the fetal period.
However, previous intervention studies started prenatal probiotic supplementation during
the last trimester of pregnancy [147–155]. If prenatal microbial exposure is vital for the
preventive effect, starting supplementation from the second trimester of pregnancy, when
circulating fetal T cells have developed [105, 106], may have a more powerful effect [37, 38],
including on asthma development which so far probiotic interventions have failed to
prevent [39, 58].
A failure of Th2-silencing during immune system maturation may underlie development of
Th2-mediated allergic disease [2, 12, 131, 133, 161]. Appropriate development of regulatory
T cell responses [12, 145] and maturation of Th1-like responses [131, 162] are required to
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acquire a more balanced immune phenotype during childhood. Furthermore, establishment
of adequate mucosal barrier function, e.g. by increasing secretory IgA production during
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infancy, seems important to counteract allergic responses [60, 163–165]. Thus, low levels of
salivary and intestinal secretory IgA are associated with an increased risk of allergic
manifestations during early life [163–165], and aberrant IgA responses to the gut microbiota
during infancy were recently found to precede asthma and allergy development during the
first 7 years of life [117].

Appropriate pre- and postnatal microbial stimulation may be needed to avoid the
pathophysiological process leading to allergy [9, 12, 13, 37–40]. In this respect, the gut
microbiota is quantitatively the most important source of microbial stimulation and may
provide a primary signal for the maturation of a balanced postnatal innate and adaptive
immune system [13, 22]. In support of this hypothesis, allergy development is associated
with differences in the composition and diversity of the gut microbiota during the first
months of life [13, 23–26, 28–34, 36, 166]. Early establishment of a diverse gut microbiota,
providing repeated exposure to new bacterial antigens and a consistent immunomodulatory
impact, may be more important than the distribution of specific microbial species in shaping
normal mucosal and systemic immune maturation [13].
Conclusion
Evidence from intervention trials, epidemiological studies and experimental animal models
suggests that perinatal microbial and immune interactions within the mother–offspring
dyad influence childhood allergy development. There is a close immunological interaction
between the mother and her offspring during pregnancy, and the first microbial encounters
may occur already in utero. Presentation of maternal bacterial components to the fetus may
imprint the developing immune system, preparing it to respond properly to the much larger
inoculum transferred during vaginal delivery and breastfeeding. Perinatal mother to
offspring transmission of microbes and immunomodulatory factors may shape appropriate
immune maturation during infancy and beyond, possibly via epigenetic mechanisms.
Efforts to increase our understanding of these interactions between the maternal/offspring
microbiomes and immunity are needed to identify efficacious preventive measures to
combat the allergy epidemic.
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Fig. 1 Transmission of microbial components from the mother to the fetus during pregnancy
may imprint the immune system in preparation for the much larger inoculum transferred
during vaginal delivery and breastfeeding. ‘Heirloom’ microbes received from the mother
may be uniquely evolved to the offspring’s genotype, increasing the chance for optimal
mutualism. Maternal IgG antibodies are transferred to the fetus via the placenta and IgA
antibodies are transferred to the infant via breast milk. Modified with permission from
Jenmalm MC, Bjorkst n B. Microbiome and the effect of the immune response. In: Allergy,
immunity and tolerance in early childhood: the first steps of the atopic march. Wahn U,
Sampson HA, editors. New York: Elsevier, 2016.

Table 1 Intervention trials and epidemiological studies suggesting that prenatal microbial
exposures affect allergy development
Probiotic supplementation pre- and postnatally has preventive effects on
infant eczema, whereas postnatal probiotic supplementation alone seems
to be ineffective

Maternal exposure to a traditional farm environment during pregnancy
demonstrates stronger protection against allergy development than
postnatal exposure alone

Maternal antibiotic use during pregnancy is associated with an increased
risk of allergy and asthma development
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Reviewed in
[37–39, 58, 95]

Reviewed in
[40]

[96–102]

Table 2 Putative mechanisms underlying offspring immunomodulatory effects by maternal
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microbial exposures during pregnancy
Bacteria or bacterial components present in amniotic fluid, placenta

[62, 63, 66, 70, 71]

and cord blood
Transplacental transfer of maternal IgG-bound bacterial components

[89]

Modulation of maternal immune responses at the fetal–maternal

[9, 93, 132–134]

interface, influencing offspring immunity
Microbiota-derived metabolites exerting immunomodulatory effects

[41, 89, 90]

References
1.

Pawankar R, Canonica GW, Holgate ST, Lockey RF. Allergic diseases and asthma: a
major global health concern. Curr Opin Allergy Clin Immunol 2012; 12: 39-41.

2.

Hansel TT, Johnston SL, Openshaw PJ. Microbes and mucosal immune responses in
asthma. Lancet 2013; 381: 861-73.

3.

Thomsen SF. Epidemiology and natural history of atopic diseases. Eur Clin Respir J
2015; 2.

4.

Johansson SG, Bieber T, Dahl R, et al. Revised nomenclature for allergy for global use:
Report of the Nomenclature Review Committee of the World Allergy Organization,
October 2003. J Allergy Clin Immunol 2004; 113: 832-6.

5.

Jenmalm MC, Van Snick J, Cormont F, Salman B. Allergen-induced Th1 and Th2
cytokine secretion in relation to specific allergen sensitization and atopic symptoms in
children. Clin Exp Allergy 2001; 31: 1528-35.

6.

Chung KF. Targeting the interleukin pathway in the treatment of asthma. Lancet 2015;
386: 1086-96.

7.

Wynn TA. Type 2 cytokines: mechanisms and therapeutic strategies. Nat Rev Immunol
2015; 15: 271-82.

8.

Gandhi NA, Bennett BL, Graham NM, et al. Targeting key proximal drivers of type 2
inflammation in disease. Nat Rev Drug Discov 2016; 15: 35-50.

This article is protected by copyright. All rights reserved.

Accepted Article

9.

Jenmalm MC. Childhood immune maturation and allergy development: regulation by
maternal immunity and microbial exposure. Am J Reprod Immunol 2011; 66 Suppl 1: 7580.

10.

Alduraywish SA, Lodge CJ, Campbell B, et al. The march from early life food
sensitization to allergic disease: a systematic review and meta-analyses of birth cohort
studies. Allergy 2016; 71: 77-89.

11.

Covaciu C, Bergström A, Lind T, Svartengren M, Kull I. Childhood allergies affect
health-related quality of life. J Asthma 2013; 50: 522-8.

12.

Gollwitzer ES, Marsland BJ. Impact of early-life exposures on immune maturation and
susceptibility to disease. Trends Immunol 2015; 36: 684-96.

13.

West CE, Jenmalm MC, Prescott SL. The gut microbiota and its role in the
development of allergic disease: a wider perspective. Clin Exp Allergy 2015; 45: 43-53.

14.

Gerrard JW, Geddes CA, Reggin PL, Gerrard CD, Horne S. Serum IgE levels in white
and metis communities in Saskatchewan. Annals Allergy 1976; 37: 91-100.

15.

Strachan DP. Hay fever, hygiene, and household size. BMJ 1989; 299: 1259-60.

16.

Björkstén B. Effects of intestinal microflora and the environment on the development
of asthma and allergy. Springer Semin Immunopathol 2004; 25: 257-70.

17.

McDade TW. Early environments and the ecology of inflammation. Proc Natl Acad Sci
USA 2012; 109 Suppl 2: 17281-8.

18.

Rook GA. Regulation of the immune system by biodiversity from the natural
environment: an ecosystem service essential to health. Proc Natl Acad Sci U S A 2013;
110: 18360-7.

19.

Kondrashova A, Seiskari T, Ilonen J, Knip M, Hyoty H. The 'Hygiene hypothesis' and
the sharp gradient in the incidence of autoimmune and allergic diseases between
Russian Karelia and Finland. APMIS 2013; 121: 478-93.

20.

West CE, Renz H, Jenmalm MC, et al. The gut microbiota and inflammatory
noncommunicable diseases: associations and potentials for gut microbiota therapies. J
Allergy Clin Immunol 2015; 135: 3-13.

21.

Torow N, Hornef MW. The neonatal window of opportunity: Setting the stage for lifelong host-mcrobial interaction and immune homeostasis. J Immunol 2017; 198: 557-63.

22.

Sjögren YM, Tomicic S, Lundberg A, et al. Influence of early gut microbiota on the
maturation of childhood mucosal and systemic immune responses. Clin Exp Allergy
2009; 39: 1842-51.

This article is protected by copyright. All rights reserved.

Accepted Article

23.

Björkstén B, Sepp E, Julge K, Voor T, Mikelsaar M. Allergy development and the
intestinal microflora during the first year of life. J Allergy Clin Immunol 2001; 108: 51620.

24.

Kalliomäki M, Kirjavainen P, Eerola E, et al. Distinct patterns of neonatal gut
microflora in infants in whom atopy was and was not developing. J Allergy Clin
Immunol 2001; 107: 129-34.

25.

Penders J, Thijs C, van den Brandt PA, et al. Gut microbiota composition and
development of atopic manifestations in infancy: the KOALA Birth Cohort Study. Gut
2007; 56: 661-7.

26.

Sjögren YM, Jenmalm MC, Böttcher MF, Björkstén B, Sverremark-Ekström E. Altered
early infant gut microbiota in children developing allergy up to 5 years of age. Clin
Exp Allergy 2009; 39: 518-26.

27.

Ege MJ, Mayer M, Normand AC, et al. Exposure to environmental microorganisms
and childhood asthma. N Engl J Med 2011; 364: 701-9.

28.

Bisgaard H, Li N, Bonnelykke K, et al. Reduced diversity of the intestinal microbiota
during infancy is associated with increased risk of allergic disease at school age. J
Allergy Clin Immunol 2011; 128: 646-52 e1-5.

29.

Abrahamsson TR, Jakobsson HE, Andersson AF, et al. Low diversity of the gut
microbiota in infants with atopic eczema. J Allergy Clin Immunol 2012; 129: 434-40 e2.

30.

Ismail IH, Oppedisano F, Joseph SJ, et al. Reduced gut microbial diversity in early life
is associated with later development of eczema but not atopy in high-risk infants.
Pediatr Allergy Immunol 2012; 23: 674-81.

31.

Penders J, Gerhold K, Stobberingh EE, et al. Establishment of the intestinal microbiota
and its role for atopic dermatitis in early childhood. J Allergy Clin Immunol 2013; 132:
601-7 e8.

32.

Abrahamsson TR, Jakobsson HE, Andersson AF, et al. Low gut microbiota diversity in
early infancy precedes asthma at school age. Clin Exp Allergy 2014; 44: 842-50.

33.

Arrieta MC, Stiemsma LT, Dimitriu PA, et al. Early infancy microbial and metabolic
alterations affect risk of childhood asthma. Sci Transl Med 2015; 7: 307ra152.

34.

Azad MB, Konya T, Guttman DS, et al. Infant gut microbiota and food sensitization:
associations in the first year of life. Clin Exp Allergy 2015; 45: 632-43.

35.

Bunyavanich S, Shen N, Grishin A, et al. Early-life gut microbiome composition and
milk allergy resolution. J Allergy Clin Immunol 2016; 138: 1122-30.

36.

Fujimura KE, Sitarik AR, Havstad S, et al. Neonatal gut microbiota associates with
childhood multisensitized atopy and T cell differentiation. Nat Med 2016; 22: 1187-91.

This article is protected by copyright. All rights reserved.

Accepted Article

37.

Jenmalm MC, Duchén K. Timing of allergy-preventive and immunomodulatory
dietary interventions - are prenatal, perinatal or postnatal strategies optimal? Clin Exp
Allergy 2013; 43: 273-8.

38.

Abrahamsson TR, Wu RY, Jenmalm MC. Gut microbiota and allergy: the importance
of the pregnancy period. Pediatr Res 2015; 77: 214-9.

39.

West CE, Jenmalm MC, Kozyrskyj AL, Prescott SL. Probiotics for treatment and
primary prevention of allergic diseases and asthma: looking back and moving
forward. Expert Rev Clin Immunol 2016; 12: 625-39.

40.

von Mutius E. The microbial environment and its influence on asthma prevention in
early life. J Allergy Clin Immunol 2016; 137: 680-9.

41.

Macpherson AJ, de Aguero MG, Ganal-Vonarburg SC. How nutrition and the
maternal microbiota shape the neonatal immune system. Nat Rev Immunol 2017; In
press.

42.

McFall-Ngai M, Hadfield MG, Bosch TC, et al. Animals in a bacterial world, a new
imperative for the life sciences. Proc Natl Acad Sci U S A 2013; 110: 3229-36.

43.

Gilbert SF, Bosch TC, Ledon-Rettig C. Eco-Evo-Devo: developmental symbiosis and
developmental plasticity as evolutionary agents. Nat Rev Genet 2015; 16: 611-22.

44.

Rosenberg E, Zilber-Rosenberg I. Microbes drive evolution of animals and plants: the
hologenome concept. MBio 2016; 7.

45.

Schnorr SL, Sankaranarayanan K, Lewis CM, Jr., Warinner C. Insights into human
evolution from ancient and contemporary microbiome studies. Curr Opin Genet Dev
2016; 41: 14-26.

46.

Charbonneau MR, Blanton LV, DiGiulio DB, et al. A microbial perspective of human
developmental biology. Nature 2016; 535: 48-55.

47.

Maynard CL, Elson CO, Hatton RD, Weaver CT. Reciprocal interactions of the
intestinal microbiota and immune system. Nature 2012; 489: 231-41.

48.

Blaser MJ, Falkow S. What are the consequences of the disappearing human
microbiota? Nat Rev Microbiol 2009; 7: 887-94.

49.

Ursell LK, Van Treuren W, Metcalf JL, et al. Replenishing our defensive microbes.
BioEssays 2013; 35: 810-7.

50.

Gillings MR, Paulsen IT, Tetu SG. Ecology and evolution of the human microbiota:
Fire, farming and antibiotics. Genes (Basel) 2015; 6: 841-57.

51.

Segata N. Gut microbiome: Westernization and the disappearance of intestinal
diversity. Curr Biol 2015; 25: R611-3.

This article is protected by copyright. All rights reserved.

Moeller AH. The shrinking human gut microbiome. Curr Opin Microbiol 2017; 38: 30-5.

53.

Honda K, Littman DR. The microbiota in adaptive immune homeostasis and disease.
Nature 2016; 535: 75-84.

Accepted Article

52.

54.

Pabst O, Cerovic V, Hornef M. Secretory IgA in the coordination of establishment and
maintenance of the microbiota. Trends Immunol 2016; 37: 287-96.

55.

Travis J. On the origin of the immune system. Science 2009; 324: 580-2.

56.

Kawamoto S, Maruya M, Kato LM, et al. Foxp3(+) T cells regulate immunoglobulin A
selection and facilitate diversification of bacterial species responsible for immune
homeostasis. Immunity 2014; 41: 152-65.

57.

Ley RE, Peterson DA, Gordon JI. Ecological and evolutionary forces shaping microbial
diversity in the human intestine. Cell 2006; 124: 837-48.

58.

Forsberg A, West CE, Prescott SL, Jenmalm MC. Pre- and probiotics for allergy
prevention: time to revisit recommendations? Clin Exp Allergy 2016; 46: 1506-21.

59.

Gensollen T, Iyer SS, Kasper DL, Blumberg RS. How colonization by microbiota in
early life shapes the immune system. Science 2016; 352: 539-44.

60.

Wesemann DR, Nagler CR. The microbiome, timing, and barrier function in the
context of allergic disease. Immunity 2016; 44: 728-38.

61.

Funkhouser LJ, Bordenstein SR. Mom knows best: the universality of maternal
microbial transmission. PLoS Biol 2013; 11: e1001631.

62.

Aagaard K, Ma J, Antony KM, et al. The placenta harbors a unique microbiome. Sci
Transl Med 2014; 6: 237ra65.

63.

Collado MC, Rautava S, Aakko J, Isolauri E, Salminen S. Human gut colonisation may
be initiated in utero by distinct microbial communities in the placenta and amniotic
fluid. Sci Rep 2016; 6: 23129.

64.

Lim ES, Wang D, Holtz LR. The bacterial microbiome and virome milestones of infant
development. Trends Microbiol 2016; 24: 801-10.

65.

Pelzer E, Gomez-Arango LF, Barrett HL, Nitert MD. Review: Maternal health and the
placental microbiome. Placenta 2017; In press.

66.

Gomez-Arango LF, Barrett HL, McIntyre HD, et al. Antibiotic treatment at delivery
shapes the initial oral microbiome in neonates. Sci Rep 2017; 7: 43481.

67.

Stinson LF, Payne MS, Keelan JA. Planting the seed: Origins, composition, and
postnatal health significance of the fetal gastrointestinal microbiota. Crit Rev Microbiol
2017; 43: 352-69.

This article is protected by copyright. All rights reserved.

Mor G, Aldo P, Alvero AB. The unique immunological and microbial aspects of
pregnancy. Nat Rev Immunol 2017; In press.

69.

Stout MJ, Conlon B, Landeau M, et al. Identification of intracellular bacteria in the
basal plate of the human placenta in term and preterm gestations. Am J Obstet Gynecol
2013; 208: 226 e1-7.

70.

Rautava S, Collado MC, Salminen S, Isolauri E. Probiotics modulate host-microbe
interaction in the placenta and fetal gut: a randomized, double-blind, placebocontrolled trial. Neonatology 2012; 102: 178-84.

71.

Jimenez E, Fernandez L, Marin ML, et al. Isolation of commensal bacteria from
umbilical cord blood of healthy neonates born by cesarean section. Curr Microbiol 2005;
51: 270-4.

72.

Jimenez E, Marin ML, Martin R, et al. Is meconium from healthy newborns actually
sterile? Research Microbiol 2008; 159: 187-93.

73.

Gosalbes MJ, Llop S, Valles Y, et al. Meconium microbiota types dominated by lactic
acid or enteric bacteria are differentially associated with maternal eczema and
respiratory problems in infants. Clin Exp Allergy 2013; 43: 198-211.

74.

Martin R, Makino H, Cetinyurek Yavuz A, et al. Early-life events, including mode of
delivery and type of feeding, siblings and gender, shape the developing gut
microbiota. PLoS One 2016; 11: e0158498.

75.

Perez PF, Doré J, Leclerc M, et al. Bacterial imprinting of the neonatal immune system:
lessons from maternal cells? Pediatrics 2007; 119: e724-32.

76.

Adlerberth I, Strachan DP, Matricardi PM, et al. Gut microbiota and development of
atopic eczema in 3 European birth cohorts. J Allergy Clin Immunol 2007; 120: 343-50.

77.

van Nimwegen FA, Penders J, Stobberingh EE, et al. Mode and place of delivery,
gastrointestinal microbiota, and their influence on asthma and atopy. J Allergy Clin
Immunol 2011; 128: 948-55.

78.

Jakobsson HE, Abrahamsson TR, Jenmalm MC, et al. Decreased gut microbiota
diversity, delayed Bacteroidetes colonisation and reduced Th1 responses in infants
delivered by caesarean section. Gut 2014; 63: 559-66.

79.

Bäckhed F, Roswall J, Peng Y, et al. Dynamics and stabilization of the human gut
microbiome during the first year of life. Cell Host Microbe 2015; 17: 690-703.

80.

Dogra S, Sakwinska O, Soh SE, et al. Dynamics of infant gut microbiota are influenced
by delivery mode and gestational duration and are associated with subsequent
adiposity. MBio 2015; 6.

Accepted Article

68.

This article is protected by copyright. All rights reserved.

Accepted Article

81.

Azad MB, Konya T, Persaud RR, et al. Impact of maternal intrapartum antibiotics,
method of birth and breastfeeding on gut microbiota during the first year of life: a
prospective cohort study. BJOG 2016; 123: 983-93.

82.

Bokulich NA, Chung J, Battaglia T, et al. Antibiotics, birth mode, and diet shape
microbiome maturation during early life. Sci Transl Med 2016; 8: 343ra82.

83.

Yassour M, Vatanen T, Siljander H, et al. Natural history of the infant gut microbiome
and impact of antibiotic treatment on bacterial strain diversity and stability. Sci Transl
Med 2016; 8: 343ra81.

84.

Madan JC, Hoen AG, Lundgren SN, et al. Association of Cesarean delivery and
formula supplementation with the intestinal microbiome of 6-week-old infants. JAMA
Pediatr 2016; 170: 212-9.

85.

Hill CJ, Lynch DB, Murphy K, et al. Evolution of gut microbiota composition from
birth to 24 weeks in the INFANTMET Cohort. Microbiome 2017; 5: 4.

86.

Abrahamsson TR, Sinkiewicz G, Jakobsson T, Fredrikson M, Björkstén B. Probiotic
lactobacilli in breast milk and infant stool in relation to oral intake during the first year
of life. J Pediatr Gastroenterol Nutr 2009; 49: 349-54.

87.

Mastromarino P, Capobianco D, Miccheli A, et al. Administration of a multistrain
probiotic product (VSL#3) to women in the perinatal period differentially affects
breast milk beneficial microbiota in relation to mode of delivery. Pharmacol Res 2015;
95-96: 63-70.

88.

Murphy K, Curley D, O'Callaghan TF, et al. The composition of human milk and infant
faecal microbiota over the first three months of life: A pilot study. Sci Rep 2017; 7:
40597.

89.

Gomez de Aguero M, Ganal-Vonarburg SC, Fuhrer T, et al. The maternal microbiota
drives early postnatal innate immune development. Science 2016; 351: 1296-302.

90.

Thorburn AN, McKenzie CI, Shen S, et al. Evidence that asthma is a developmental
origin disease influenced by maternal diet and bacterial metabolites. Nat Commun
2015; 6: 7320.

91.

Gerhold K, Avagyan A, Seib C, et al. Prenatal initiation of endotoxin airway exposure
prevents subsequent allergen-induced sensitization and airway inflammation in mice.
J Allergy Clin Immunol 2006; 118: 666-73.

92.

Reiprich M, Rudzok S, Schutze N, et al. Inhibition of endotoxin-induced perinatal
asthma protection by pollutants in an experimental mouse model. Allergy 2013; 68:
481-9.

This article is protected by copyright. All rights reserved.

Accepted Article

93.

Conrad ML, Ferstl R, Teich R, et al. Maternal TLR signaling is required for prenatal
asthma protection by the nonpathogenic microbe Acinetobacter lwoffii F78. J Exp Med
2009; 206: 2869-77.

94.

Blümer N, Sel S, Virna S, et al. Perinatal maternal application of Lactobacillus rhamnosus
GG suppresses allergic airway inflammation in mouse offspring. Clin Exp Allergy 2007;
37: 348-57.

95.

Panduru M, Panduru NM, Salavastru CM, Tiplica GS. Probiotics and primary
prevention of atopic dermatitis: a meta-analysis of randomized controlled studies. J
Eur Acad Dermatol Venereol 2015; 29: 232-42.

96.

McKeever TM, Lewis SA, Smith C, Hubbard R. The importance of prenatal exposures
on the development of allergic disease: a birth cohort study using the West Midlands
General Practice Database. Am J Respir Crit Care Med 2002; 166: 827-32.

97.

Metsälä J, Lundqvist A, Virta LJ, et al. Mother's and offspring's use of antibiotics and
infant allergy to cow's milk. Epidemiology 2013; 24: 303-9.

98.

Timm S, Schlunssen V, Olsen J, Ramlau-Hansen CH. Prenatal antibiotics and atopic
dermatitis among 18-month-old children in the Danish National Birth Cohort. Clin Exp
Allergy 2017; In press.

99.

Benn CS, Thorsen P, Jensen JS, et al. Maternal vaginal microflora during pregnancy
and the risk of asthma hospitalization and use of antiasthma medication in early
childhood. J Allergy Clin Immunol 2002; 110: 72-7.

100. Stensballe LG, Simonsen J, Jensen SM, Bønnelykke K, Bisgaard H. Use of antibiotics
during pregnancy increases the risk of asthma in early childhood. J Pediatr 2013; 162:
832-8.
101. Zhao D, Su H, Cheng J, et al. Prenatal antibiotic use and risk of childhood
wheeze/asthma: A meta-analysis. Pediatr Allergy Immunol 2015; 26: 756-64.
102. Metsälä J, Lundqvist A, Virta LJ, et al. Prenatal and post-natal exposure to antibiotics
and risk of asthma in childhood. Clin Exp Allergy 2015; 45: 137-45.
103. Mold JE, McCune JM. Immunological tolerance during fetal development: from mouse
to man. Adv Immunol 2012; 115: 73-111.
104. Kuper CF, van Bilsen J, Cnossen H, et al. Development of immune organs and
functioning in humans and test animals: Implications for immune intervention studies.
Reprod Toxicol 2016; 64: 180-90.
105. Haynes BF, Martin ME, Kay HH, Kurtzberg J. Early events in human T cell ontogeny.
Phenotypic characterization and immunohistologic localization of T cell precursors in
early human fetal tissues. J Exp Med 1988; 168: 1061-80.

This article is protected by copyright. All rights reserved.

106. Papiernik M. Correlation of lymphocyte transformation and morphology in the
human fetal thymus. Blood 1970; 36: 470-9.

Accepted Article

107. Adachi S, Yoshida H, Kataoka H, Nishikawa S. Three distinctive steps in Peyer's patch
formation of murine embryo. Int Immunol 1997; 9: 507-14.
108. Spencer J, MacDonald TT, Finn T, Isaacson PG. The development of gut associated
lymphoid tissue in the terminal ileum of fetal human intestine. Clin Exp Immunol 1986;
64: 536-43.
109. Jones CA, Vance GH, Power LL, et al. Costimulatory molecules in the developing
human gastrointestinal tract: a pathway for fetal allergen priming. J Allergy Clin
Immunol 2001; 108: 235-41.
110. Cupedo T, Nagasawa M, Weijer K, Blom B, Spits H. Development and activation of
regulatory T cells in the human fetus. Eur J Immunol 2005; 35: 383-90.
111. Michaëlsson J, Mold JE, McCune JM, Nixon DF. Regulation of T cell responses in the
developing human fetus. J Immunol 2006; 176: 5741-8.
112. McGovern N, Shin A, Low G, et al. Human fetal dendritic cells promote prenatal T-cell
immune suppression through arginase-2. Nature 2017; In press.
113. Zhang X, Mozeleski B, Lemoine S, et al. CD4 T cells with effector memory phenotype
and function develop in the sterile environment of the fetus. Sci Transl Med 2014; 6:
238ra72.
114. Rechavi E, Lev A, Lee YN, et al. Timely and spatially regulated maturation of B and T
cell repertoire during human fetal development. Sci Transl Med 2015; 7: 276ra25.
115. Kachikis A, Englund JA. Maternal immunization: Optimizing protection for the
mother and infant. J Infect 2016; 72 Suppl: S83-90.
116. Koch MA, Reiner GL, Lugo KA, et al. Maternal IgG and IgA antibodies dampen
mucosal T helper cell responses in early life. Cell 2016; 165: 827-41.
117. Dzidic M, Abrahamsson TR, Artacho A, et al. Aberrant IgA responses to the gut
microbiota during infancy precedes asthma and allergy development. J Allergy Clin
Immunol 2017; 139: 1017-25.
118. Ganal-Vonarburg SC, Macpherson AJ. Our mothers' antibodies as guardians of our
commensals. Trends Mol Med 2016; 22: 739-41.
119. Kollmann TR, Kampmann B, Mazmanian SK, Marchant A, Levy O. Protecting the
newborn and young infant from infectious diseases: Lessons from immune ontogeny.
Immunity 2017; 46: 350-63.
120. Cho CE, Norman M. Cesarean section and development of the immune system in the
offspring. Am J Obstet Gynecol 2013; 208: 249-54.

This article is protected by copyright. All rights reserved.

121. Tamburini S, Shen N, Wu HC, Clemente JC. The microbiome in early life: implications
for health outcomes. Nat Med 2016; 22: 713-22.

Accepted Article

122. Dominguez-Bello MG, De Jesus-Laboy KM, Shen N, et al. Partial restoration of the
microbiota of cesarean-born infants via vaginal microbial transfer. Nat Med 2016; 22:
250-3.
123. Salminen S, Gibson GR, McCartney AL, Isolauri E. Influence of mode of delivery on
gut microbiota composition in seven year old children. Gut 2004; 53: 1388-9.
124. Laursen MF, Andersen LB, Michaelsen KF, et al. Infant gut microbiota development is
driven by transition to family foods independent of maternal obesity. mSphere 2016; 1.
125. Chu DM, Ma J, Prince AL, et al. Maturation of the infant microbiome community
structure and function across multiple body sites and in relation to mode of delivery.
Nat Med 2017; 23: 314-26.
126. Costello EK, Stagaman K, Dethlefsen L, Bohannan BJ, Relman DA. The application of
ecological theory toward an understanding of the human microbiome. Science 2012;
336: 1255-62.
127. Zhang X, Zhivaki D, Lo-Man R. Unique aspects of the perinatal immune system. Nat
Rev Immunol 2017; In press.
128. Wilson CB, Westall J, Johnston L, et al. Decreased production of interferon-gamma by
human neonatal cells. Intrinsic and regulatory deficiencies. The Journal of clinical
investigation 1986; 77: 860-7.
129. White GP, Watt PM, Holt BJ, Holt PG. Differential patterns of methylation of the IFNgamma promoter at CpG and non-CpG sites underlie differences in IFN-gamma gene
expression between human neonatal and adult CD45RO- T cells. J Immunol 2002; 168:
2820-7.
130. Krumbiegel D, Zepp F, Meyer CU. Combined Toll-like receptor agonists
synergistically increase production of inflammatory cytokines in human neonatal
dendritic cells. Human Immunol 2007; 68: 813-22.
131. Abrahamsson TR, Sandberg Abelius M, Forsberg A, Björkstén B, Jenmalm MC. A
Th1/Th2-associated chemokine imbalance during infancy in children developing
eczema, wheeze and sensitization. Clin Exp Allergy 2011; 41: 1729-39.
132. Santner-Nanan B, Straubinger K, Hsu P, et al. Fetal-maternal alignment of regulatory T
cells correlates with IL-10 and Bcl-2 upregulation in pregnancy. J Immunol 2013; 191:
145-53.
133. Abelius MS, Lempinen E, Lindblad K, et al. Th2-like chemokine levels are elevated in
allergic children and influenced by maternal immunity during pregnancy. Pediatr
Allergy Immunol 2014; 4: 387-93.

This article is protected by copyright. All rights reserved.

Accepted Article

134. Abelius MS, Janefjord C, Ernerudh J, et al. The placental immune milieu is
characterized by a Th2- and anti-inflammatory transcription profile, regardless of
maternal allergy, and associates with neonatal immunity. Am J Reprod Immunol 2015;
73: 445-59.
135. Erlebacher A. Immunology of the maternal-fetal interface. Annu Rev Immunol 2013; 31:
387-411.
136. Tsuda H, Michimata T, Hayakawa S, et al. A Th2 chemokine, TARC, produced by
trophoblasts and endometrial gland cells, regulates the infiltration of CCR4+ T
lymphocytes into human decidua at early pregnancy. Am J Reprod Immunol 2002; 48: 18.
137. Guo PF, Du MR, Wu HX, et al. Thymic stromal lymphopoietin from trophoblasts
induces dendritic cell-mediated regulatory TH2 bias in the decidua during early
gestation in humans. Blood 2010; 116: 2061-9.
138. Svensson J, Jenmalm MC, Matussek A, et al. Macrophages at the fetal-maternal
interface express markers of alternative activation and are induced by M-CSF and IL10. J Immunol 2011; 187: 3671-82.
139. Svensson-Arvelund J, Mehta RB, Lindau R, et al. The human fetal placenta promotes
tolerance against the semiallogeneic fetus by inducing regulatory T cells and
homeostatic M2 macrophages. J Immunol 2015; 194: 1534-44.
140. Mjösberg J, Berg G, Jenmalm MC, Ernerudh J. FOXP3+ regulatory T cells and T helper
1, T helper 2, and T helper 17 cells in human early pregnancy decidua. Biol Reprod
2010; 82: 698-705.
141. Jenmalm MC, Björkstén B. Cord blood levels of immunoglobulin G subclass antibodies
to food and inhalant allergens in relation to maternal atopy and the development of
atopic disease during the first 8 years of life. Clin Exp Allergy 2000; 30: 34-40.
142. Rodriguez JM, Murphy K, Stanton C, et al. The composition of the gut microbiota
throughout life, with an emphasis on early life. Microb Ecol Health Dis 2015; 26: 26050.
143. Sandberg M, Frykman A, Ernerudh J, et al. Cord blood cytokines and chemokines and
development of allergic disease. Pediatr Allergy Immunol 2009; 20: 519-27.
144. Abelius MS, Ernerudh J, Berg G, et al. High cord blood levels of the T-helper 2associated chemokines CCL17 and CCL22 precede allergy development during the
first 6 years of life. Pediatr Res 2011; 70: 495-500.
145. Schaub B, Liu J, Hoppler S, et al. Maternal farm exposure modulates neonatal immune
mechanisms through regulatory T cells. J Allergy Clin Immunol 2009; 123: 774-82.

This article is protected by copyright. All rights reserved.

Accepted Article

146. Michel S, Busato F, Genuneit J, et al. Farm exposure and time trends in early childhood
may influence DNA methylation in genes related to asthma and allergy. Allergy 2013;
68: 355-64.
147. Kalliomäki M, Salminen S, Arvilommi H, et al. Probiotics in primary prevention of
atopic disease: a randomised placebo-controlled trial. Lancet 2001; 357: 1076-9.
148. Kukkonen K, Savilahti E, Haahtela T, et al. Probiotics and prebiotic galactooligosaccharides in the prevention of allergic diseases: a randomized, double-blind,
placebo-controlled trial. J Allergy Clin Immunol 2007; 119: 192-8.
149. Abrahamsson TR, Jakobsson T, Böttcher MF, et al. Probiotics in prevention of IgEassociated eczema: a double-blind, randomized, placebo-controlled trial. J Allergy Clin
Immunol 2007; 119: 1174-80.
150. Wickens K, Black PN, Stanley TV, et al. A differential effect of 2 probiotics in the
prevention of eczema and atopy: a double-blind, randomized, placebo-controlled trial.
J Allergy Clin Immunol 2008; 122: 788-94.
151. Niers L, Martin R, Rijkers G, et al. The effects of selected probiotic strains on the
development of eczema (the PandA study). Allergy 2009; 64: 1349-58.
152. Kim JY, Kwon JH, Ahn SH, et al. Effect of probiotic mix (Bifidobacterium bifidum,
Bifidobacterium lactis, Lactobacillus acidophilus) in the primary prevention of eczema: a
double-blind, randomized, placebo-controlled trial. Pediatr Allergy Immunol 2010; 21:
e386–e93.
153. Dotterud CK, Storrø O, Johnsen R, Oien T. Probiotics in pregnant women to prevent
allergic disease: a randomized, double-blind trial. Br J Dermatol 2010; 163: 616-23.
154. Rautava S, Kainonen E, Salminen S, Isolauri E. Maternal probiotic supplementation
during pregnancy and breast-feeding reduces the risk of eczema in the infant. J Allergy
Clin Immunol 2012; 130: 1355-60.
155. Allen SJ, Jordan S, Storey M, et al. Probiotics in the prevention of eczema: a
randomised controlled trial. Arch Dis Childhood 2014; 99: 1014-9.
156. Rautava S, Arvilommi H, Isolauri E. Specific probiotics in enhancing maturation of
IgA responses in formula-fed infants. Pediatr Res 2006; 60: 221-4.
157. Taylor AL, Dunstan JA, Prescott SL. Probiotic supplementation for the first 6 months
of life fails to reduce the risk of atopic dermatitis and increases the risk of allergen
sensitization in high-risk children: a randomized controlled trial. J Allergy Clin
Immunol 2007; 119: 184-91.
158. West CE, Hammarström ML, Hernell O. Probiotics during weaning reduce the
incidence of eczema. Pediatr Allergy Immunol 2009; 20: 430-7.

This article is protected by copyright. All rights reserved.

Accepted Article

159. Soh SE, Aw M, Gerez I, et al. Probiotic supplementation in the first 6 months of life in
at risk Asian infants--effects on eczema and atopic sensitization at the age of 1 year.
Clin Exp Allergy 2009; 39: 571-8.
160. Boyle RJ, Ismail IH, Kivivuori S, et al. Lactobacillus GG treatment during pregnancy
for the prevention of eczema: a randomized controlled trial. Allergy 2011; 66: 509-16.
161. Böttcher MF, Jenmalm MC, Björkstén B. Immune responses to birch in young children
during their first 7 years of life. Clin Exp Allergy 2002; 32: 1690-8.
162. Vuillermin PJ, Ponsonby AL, Saffery R, et al. Microbial exposure, interferon gamma
gene demethylation in naive T-cells, and the risk of allergic disease. Allergy 2009; 64:
348-53.
163. Fagerås M, Tomicic S, Voor T, Björkstén B, Jenmalm MC. Slow salivary secretory IgA
maturation may relate to low microbial pressure and allergic symptoms in sensitized
children. Pediatr Res 2011; 70: 572-7.
164. Kukkonen K, Kuitunen M, Haahtela T, et al. High intestinal IgA associates with
reduced risk of IgE-associated allergic diseases. Pediatr Allergy Immunol 2010; 21: 67-73.
165. Sandin A, Björkstén B, Böttcher MF, et al. High salivary secretory IgA antibody levels
are associated with less late-onset wheezing in IgE-sensitized infants. Pediatr Allergy
Immunol 2011; 22: 477-81.
166. Reynolds LA, Finlay BB. Early life factors that affect allergy development. Nat Rev
Immunol 2017; In press.

This article is protected by copyright. All rights reserved.

Accepted Article
This article is protected by copyright. All rights reserved.

