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Abstract

Microbial signals stimulate development and maintenance of the neonatal immune system. The 

process begins in utero, with limited exposure to microbes in the intrauterine environment, as well 

as maternal immune signals priming the developing immune system. After birth and initial 

colonization, the immune system must be able to activate against pathogens, but also achieve oral 

tolerance of food and resident gut microbes. Through microbial signals and appropriate nutrition, 

the immune system is able to achieve homeostasis. Major challenges to successful colonization 

and immune system regulation include abnormal microbial inoculi (cesarean section, hygiene) and 

antibiotics. When normal colonization is interrupted, dysbiosis occurs. This imbalance of 

microbes and subsequently of the immune system can result in allergic diseases, asthma or 

necrotizing enterocolitis. Probiotics and probiotic-derived therapies represent an exciting avenue 

to replete the population of commensal microbes and to prevent the immune-mediated sequelae of 

dysbiosis.
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Introduction: Microbes, hygiene and immune dysreguation

Modern improvements in sanitation and public health have lead to an era of unprecedented 

cleanliness. Modern medicines have allowed for the near-eradication of previously common 

pathogens. However, these improvements have coincided with an explosion of autoimmune 

diseases and diseases of immune dysregulation1. Strachan2 and others proposed that a 

certain level of microbial stimulation is necessary to prevent disease. This concept of 

microbes as not only pathogens but also as protective commensals has led to investigation of 

the microbiome as a source of both health and disease. In this review, we will discuss infant 

colonization, factors affecting colonization and the role of microbes in shaping the immune 

system. When colonization does not develop normally, the infant is at risk for sequelae 
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including necrotizing enterocolitis, allergies and asthma. Finally, we will discuss probiotics 

as potential preventative therapies against these immune-mediated conditions.

Prenatal and early postnatal microbial exposure

The colonization process begins in utero. Whereas it was previously believed that the 

intrauterine environment is sterile, evidence is mounting to the contrary. Not only is the 

uterine environment colonized under pathologic conditions, but it is now believed to be 

colonized during healthy pregnancies3,4. The colonizing microbes are believed to originate 

from the maternal gut. Jimenez et al. demonstrated the recovery of labeled bacterial DNA in 

meconium samples matching those bacteria administered to the mother5. These data 

underscore the importance of maternal microbial health in the peripartum period.

The development of a healthy microbiota depends on the initial inocula during birth and 

early colonization. This initial colonization is critical for shaping the immune system. 

Ideally, the infant is inoculated with microbes from his or her mother while passing through 

the birth canal. Vaginally-born infants inherit microbiota that resemble their mothers; 

cesarean-born infants are colonized with skin bacteria and other environmental microbes6. 

Several recent studies have demonstrated an association between birth mode (vaginal or 

cesarean delivery) and lifelong health outcomes including obesity7 and asthma8.

During pregnancy, the woman’s microbiome is also undergoing major shifts9. In early 

pregnancy, the women’s intestinal microbiota resemble those of nonpregnant women, 

whereas in later pregnancy these microbiota diverge. In later pregnancy, the microbiota of 

pregnant women become less diverse, while also becoming more different from one another 

and from nonpregnant individuals.

Immune programming in utero and during early life: Farm data

Exposure to farming has been demonstrated to protect against allergic disease. In a cohort of 

rural schoolchildren, those children whose parents are farmers are protected against allergic 

symptoms such as wheeze and hay fever when compared to their peers10. These same 

children were also less likely to have antibodies against both indoor and outdoor allergens. 

Finally, farm exposure seemed to have a dose-response relationship, with children of part-

time farmers being less protected than those of full-time farmers.

To examine the earliest effects of farm exposure on the immune system, one study compared 

cord blood from infants born to farming mothers to that of infants born from non-farming 

rural mothers. Cord blood mononuclear cells from infants born to farming mothers 

contained an increased proportion of regulatory T cells (Treg)11. The Tregs (farm-exposed) 

were more efficient in suppressing proliferation of stimulated effector T cells, a change in 

activity mediated by epigenetic methylation. Finally, Th2 cytokine levels were decreased in 

the children of farming mothers. Th2 cytokines are responsible for humoral immunity and 

therefore IgE response.

The exposure most associated with upregulation of the immunomodulatory Tregs was 

maternal exposure to farm milk11. The association between raw farm milk and protection 

Houghteling and Walker Page 2

J Clin Gastroenterol. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



against asthma and atopy was further elucidated in the GABRIELA study: milk 

consumption in rural families (both farming and non-farming) was assessed by survey and 

by direct sampling. Raw farm milk, but not boiled farm milk, was inversely associated with 

asthma, atopy and hay fever, even adjusting for other farm exposures12. In those that 

consumed both farm milk and shop milk, more frequent (daily) consumption of raw farm 

milk as well as earlier exposure to raw farm milk (<1 year old) showed stronger inverse 

associations with asthma, atopy and hay fever.

The PASTURE study, a prospective cohort study, also correlated maternal farming 

exposures during pregnancy with atopic disease and with immunologic components of cord 

blood. Maternal exposure to farm animals and to cats during pregnancy was protective in a 

dose-response relationship against the later diagnosis of atopic dermatitis in the child13. Of 

note, although children in farming families had an overall lower incidence of atopic 

dermatitis, this relationship was statistically significant only when comparing children 

whose mothers had worked on a farm during pregnancy to those whose mothers did not 

work on a farm while pregnant (Figure 1). This study revealed a potential role for innate 

immune regulation via Toll-like receptors (TLRs) as an intermediate between maternal 

farming exposure and childhood development of atopic dermatitis.

Symbiosis shapes the developing immune system

Neonatal microbial colonization coincides with the rapidly developing infant’s immune 

system. Neonatal symbiosis has effects on the architecture of the developing gut and 

immune system, as well as on the stimulation and regulation of the innate and adaptive 

immune systems.

Architecture

Neonatal colonization is required for maturation of the functional gastrointestinal 

architecture. Although the intestinal epithelium serves as a barrier between the gut lumen 

and the immune system, there is constant surveillance of the gut luminal contents. The 

lumen is sampled by both specialized M cells and dendritic cells (DCs). M cells deliver 

samples from the apical lumen to the subepithelial lymphoid follicle via transcytosis, while 

DCs protrude between the tight junctions connecting epithelial cells to sample the contents 

of the apical surface14. It is through these interactions of the luminal commensal microbiota 

with the immune system that homeostasis is achieved.

While gut-associated lymphoid tissue (GALT) such as Peyer’s patches are present prior to 

delivery, colonization is required for the development of functional germinal centers. In 

germ-free (GF) mice, germinal centers do not appear until 10–14 days after colonization15.

Similarly, the microbiota are necessary for mature angiogenesis in the epithelium. Adult GF 

mice lack mature intestinal capillary networks16. With colonization by even a single species, 

B. thetaiotaomicron, these previously GF mice complete angiogenesis via a mechanism 

involving Paneth cells.
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Innate immunity

Commensal microbiota constantly interact with the innate immune system to maintain 

homeostasis. This includes stimulation of the mucus layer and down-regulation of 

inflammatory cytokines and regulation of macrophages. Commensals stimulate the mucus 

layer, which in turn creates a physical barrier between microbiota and the immune 

system17,18. Although even commensals have many of the same microbe-associated 

molecular patterns (MAMPs) as pathogens, stimulation of the innate immune system by 

commensals decreases immune activation. This occurs primarily through the nuclear-factor 

kappa-B (NFκB) pathway, with commensals interfering with the pathway at several steps14. 

In interfering with NFκB activation, commensals inhibit the production of several pro-

inflammatory cytokines.

Adaptive immunity

Commensals interact with the adaptive immune system to produce protective antibodies, 

balance T cell subsets and effect tolerance of oral antigens (resident microbes as well as 

food). These antibodies and T cells then complete the cycle of regulation by shaping the 

microbiota, with ongoing crosstalk allowing for immune homeostasis. Many of the genes 

involved in this regulation are susceptibility genes for autoimmune disease19.

Infants do not produce secretory IgA (sIgA) in the first weeks of life20. In the time before an 

infant is able to produce his or her own sIgA, it is provided as a component in breast milk. 

This breast milk sIgA shapes the initial microbiome and prevents excessive inflammation21. 

sIgA coat resident microbes of the gut, minimizing antigenic stimulation of the systemic 

immune system19. DCs, as part of the local immune system, sample luminal contents and 

phagocytose any penetrating microbes. Through this sampling, luminal bacteria stimulate 

the formulation of germinal centers and the production of sIgA19,22. In turn, these sIgA are 

produced along the length of the gut, and once again coat the microbes, minimizing 

antigenic stimulation23.

DCs also regulate the activation, proliferation and differentiation of B and T cells through 

antigen presentation and establishment of a cytokine milieu. While the DC body is in the 

subepithelium, the cell’s projections (dendrites) pass through the tight junctions of epithelial 

cells to have direct contact with the gut lumen. Although the question of, “How does a 

dendritic cell decide what is a commensal?” has not been fully answered, one possible 

mechanism includes recognition of repeating motifs in commensal DNA that are not 

commonly found in the DNA of pathogens24.

As part of the regulation of B and T cells, microbial signals are responsible for the balance 

of subsets of T helper cells, again acting through DCs. Each type of T helper cell is 

responsible for a different role (Th1 is for cellular immunity, Th2 for antibody secretion, 

Th17 for clearing extracellular pathogens); the proper balance of all of these is required for 

immune homeostasis. For example, asthma is associated with a Th2 predominance25 as are 

allergic reactions; both are caused by dysregulation of the Th2 (antibody, therefore IgE) 

response.
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In another example, regulatory T cells are responsible for allowing for oral tolerance14. In 

this scenario, oral antigens present in the gut lumen are sampled by a DC. However, how 

this signal is handled depends on the presence of gut microbiota. In the balanced state, after 

a DC internalizes a food antigen, it presents it to an undifferentiated T helper cell as well as 

producing the regulatory cytokine interleukin-10 (IL-10). The T cell differentiates into a 

Treg, which then acts to suppress Th2 activation and differentiation of B cells into plasma 

cells.

This signaling is disrupted in germ free (GF) animals, in whom exposure to oral antigen 

ovalbumin (OVA) results in colitis rather than tolerance26,27. In specific-pathogen free mice, 

there was IgE production in response to the initial exposure to OVA, but this response 

diminished in later exposures. In contrast, in GF mice, IgE production took longer to appear 

and increased with further exposures27. In another study, mono-colonization with 

Bifidobacterium infantis was sufficient to restore oral tolerance26.

Furthermore, this tolerance is dependent on the timing of gut colonization. When comparing 

animals colonized as neonates versus those colonized as adults (GF until adulthood), those 

colonized as neonates showed greater tolerance of OVA28 This improved tolerance in 

neonates was due to a greater ability to suppress the immune response. The role of intestinal 

colonization in infancy as necessary for immune programming and tolerance has been 

replicated: Animals raised GF until 5 weeks of age demonstrated epigenetic changes of 

cytokine genes and increased invariant natural killer T cell activity resulting in a phenotype 

of severe induced colitis and OVA-induced asthma when compared to SPF animals26.

Nutrition

Neonatal enteral nutrition follows the initial inoculation of the infant intestine as the next 

major determinant of the infant microbiome. Breast-fed infants have dramatically higher 

proportions of Bifidobacteria than do infants fed formula29. Improved molecular techniques 

have demonstrated high proportions of Bacteroidetes in the early infant gut, demonstrating 

that an anaerobic environment is established within the first week of life in healthy breastfed 

infants30. The identities and diversity of these bacteria first colonizing the infant intestine 

may also be protective against later disease. For example, infants colonized with a greater 

number of species of Bifidobacteria at one month of age have greater levels of salivary IgA, 

which also correlates with protection from allergic symptoms31. In the same cohort, those 

infants colonized with a higher relative percentage of Bacteroidetes fragilis at one month 

demonstrated decreased production of inflammatory cytokine interleukin (IL) 6 in response 

to bacterial endotoxin lipopolysaccharide (LPS)31.

DYSBIOSIS

Dysbiosis occurs when there is abnormal colonization of the body, often thought of as an 

imbalance between commensal and pathogenic microbes. The factors causing dysbiosis 

include altered microbial exposures (hygiene1,2, cesarean delivery6,32), genetics33–35, diet36 

and antibiotic exposure37. Dysbiosis causes immune disequilibrium in animal models33–35 

and is thought to be responsible for disease states such as allergies and necrotizing 

enterocolitis (NEC).
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Allergic disease and asthma

As mentioned previously, the Th2 subset of T helper cells stimulate IgE production and are 

therefore associated with allergy. An observational study of atopic and non-atopic infants 

measured the immune responses of blood samples to allergens, and demonstrated how failed 

immune regulation leads to allergy38. Non-atopic infants initially (in the newborn period) 

exhibited a greater Th2 response to allergens than did atopic infants. In non-atopic infants 

this Th2 response was progressively suppressed over the first 2 years of life. In atopic 

infants this response progressively increased over this same time period. More recent data 

have demonstrated that cesarean delivery causes delayed colonization and prolonged Th2 

predominance32, potentially explaining one mechanism by which allergen sensitization 

results in an increasing (rather than decreasing) immune response.

Some of the strongest data linking dysbiosis and allergies are epidemiologic associations 

with conditions causing dysbiosis- particularly cesarean section. Cesarean delivery has 

repeatedly been linked to allergic rhinitis and asthma39. One particularly striking feature of 

these data is that repeat cesarean deliveries are associated even more strongly with allergic 

disease39. Infants born by repeat cesarean delivery likely have the least exposure to maternal 

vaginal flora: these deliveries are scheduled and typically occur before rupture of 

membranes. In contrast, infants born by emergent cesarean are likely to have had ruptured 

membranes for a significant amount of time, and were likely exposed to vaginal secretions 

during labor.

Dysbiosis may interact with other risk factors, such as genetic predisposition, in order to 

cause disease. The relationship between cesarean delivery and childhood allergies 

strengthens when looking only at children whose mothers have a history of allergic disease. 

Among these children whose mothers also had a history of allergies, the effect size of 

cesarean delivery on the relative risk of the child also having allergies was dramatically 

increased.40 (Figure 2).

Antibiotics also dramatically influence the microbiome during childhood, with lasting 

effects. A recent paper demonstrated that even short courses of low doses of penicillin result 

in durable phenotypes of altered gene expression mediated through dysbiosis37. The hazard 

ratio of developing asthma is directly proportional to the number of antibiotic prescriptions 

in the first two years of life. Macrolides and cephalosporins demonstrated particularly 

significant associations with development of asthma41. Finally, infants with atopic eczema 

have less diverse microbiota, particularly within phylum Bacteroidetes42.

Finally, genetic mutations alter the microbiome to put the host at risk for disease. In mice 

genetically predisposed to develop food allergy, the intestinal microbiota are significantly 

different from those of control mice33. Furthermore, when the genetically at-risk mice were 

exposed to allergen OVA, they developed allergic symptoms in conjunction with a shift of 

the microbiota that was even farther from that of control mice.

These epidemiologic, cohort and animal model data all provide evidence that altered 

microbiota are the intermediate between risk factors (cesarean delivery, antibiotics, genetics) 

and allergy.
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Necrotizing Enterocolitis (NEC)

NEC is characterized by unchecked inflammation and necrosis in the small and large 

intestine of premature infants. NEC is believed to be caused by altered colonization and an 

excessive immune response to even non-pathologic bacteria. Although research has failed to 

identify a single causal pathogen or specific microbial signature, numerous studies have 

found that the microbiota of infants with NEC are distinct from those of unaffected 

premature infants. Studies have found that the microbiota of infants with NEC are less 

diverse than those of controls43 and have a predominance of proteobacteria43–45. 

Furthermore, infants with NEC have been exposed to more days of antibiotics than controls 

(Figure 3)43. In extremely low birthweight infants, the duration of initial empiric antibiotic 

therapy is associated with increased rates of NEC and death, even after adjusting for sicker 

infants receiving more antibiotics46.

PROBIOTICS

The relationship between the microbiota and conditions such as allergies and NEC make 

probiotics an appealing option for prevention. Probiotics are live bacteria administered to the 

host, which confer some benefit to the host, presumably by restoring the balance between 

potentially helpful and potentially harmful bacteria (commensals and pathogens)47. As this 

review has discussed the role of microbe-host interactions in homeostasis and disease in the 

prenatal period, infancy and childhood relative to allergic diseases and NEC, here we will 

discuss the potential probiotic therapies for these same situations.

Asthma and allergic disease

There may be a role for probiotics in the prenatal period for prevention of asthma, in a 

convergence of the fetal programming hypothesis48 and the hygiene hypothesis2. Probiotics 

administered during late pregnancy affect innate immune receptor (TLRs) expression in the 

placenta and infant gut4. In a mouse model of allergic airway inflammation, maternal 

exposure to cowshed-derived, nonpathogenic Acinetobacter lwoffii reduced asthma 

symptoms in the offspring49. This effect was mediated by the maternal innate immune 

system via TLRs. Pregnant mice developed an inflammatory response to A. lwoffii exposure; 

however, those mice exhibited a down-regulation of TLR expression and therefore a 

decrease in inflammatory cytokine production in the placenta. In the A. lwoffii exposed 

offspring, immune responsiveness to OVA exposure was reduced when compared with 

controls.

Similarly, in children genetically at-risk for atopic disease, administration of probiotic 

Lactobacillus GG significantly reduced clinical atopic dermatitis at both 2 and 4 years of 

follow-up50,51. The probiotic was given to pregnant mothers and to the children during the 

first 6 months of life.

Yet, the data are not uniform. In one trial, administration of Lactobacillus reuteri to 

pregnant women and their infants was found to decrease atopic sensitization and eczema at 2 

years of age52, but had no effect on respiratory allergies at 7 years of age53. In another trial, 

a probiotic cocktail was administered to pregnant mothers and their children at high risk for 

allergy. The cocktail reduced the proportion of children who developed IgE-associated 

Houghteling and Walker Page 7

J Clin Gastroenterol. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



allergic disease only among cesarean-delivered children, but failed to alter the proportion of 

children who developed allergic disease in the entire cohort51.

Both animal models and a short list of human trials support the concept of using probiotics 

during late pregnancy and infancy to modify the risk of developing allergic disease or 

asthma in in high-risk families. Evidence are lacking to recommend a specific strain, dosing 

or duration of therapy. Finally, there are no data as yet to recommend the routine usage of 

probiotics in families without high-risk family histories.

Necrotizing enterocolitis (NEC)

Due to the relatively low incidence of NEC, most trials of probiotics for prevention of NEC 

have only a few confirmed cases. There have been several meta-analyses published: In 2010, 

a meta-analysis of 11 studies (N=2176 patients) identified at 30% reduction in the incidence 

of NEC (p<0.00001) without a change in rate of sepsis or increase of adverse events54. 

Another meta-analysis in 2012 aimed to evaluate the level of evidence for use of probiotics 

in premature infants; the overall level of evidence was evaluated to be 2b (lesser quality 

randomized controlled trial)55. This analysis also pointed out the heterogeneity of study 

criteria and methods, and thus divided analysis by organism. Although these data suggested 

a benefit of probiotics in preventing NEC, the trends were not significant when looking at 

individual organisms such as Bifidobacterium lactis and Lactobacillus rhamnosus GG 

(LGG)55. A Cochrane Review in 2014 included a broad range of trials (N=24 trials), and 

calculated a relative risk of 0.43 (95% confidence interval 0.33–0.56) of developing NEC, as 

well as a reduction in overall mortality, with probiotic supplementation compared to 

controls56. In none of these meta-analyses were there any cases of sepsis with a probiotic 

organism, nor any major reported adverse events54–56. Finally, a recent cohort study (before 

and after implementation of a protocol administering probiotics to all premature infants <32 

weeks in a neonatal intensive care unit) identified a substantial reduction in the rate of NEC, 

from 9.8% to 5.4%, p<0.0257.

Probiotic secretions

As an alternative to administering live organisms, the concept of using microbial secretions, 

known as probiotic conditioned media (PCM), to stimulate the neonatal immune system is 

gaining traction. A paper from this lab in 2013 administered PCM (but no live bacteria) 

from Bifidobacterium infantis and Lactobacillus acidophilus, to several models of NEC58. A 

striking decrease in expression of inflammatory markers in response to stimulation, as well 

as an increase in inflammatory regulators was found, particularly when using PCM from B. 

infantis. In another study, use of LGG-derived supernatants increased immunomodulatory 

cytokine expression in cell culture and decreased asthma-related pathology in a mouse 

model59. These results suggest that PCM holds promise as low-risk, effective interventions 

to address asthma, allergy and NEC.

SUMMARY AND CONCLUSIONS

The microbial-host relationship is central to immune system stimulation and homeostasis. In 

addition to the inoculum of initial colonizing microbes, maternal microbial and immune 
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status, infant nutrition and antibiotic exposure all affect the developing gut microbiome, and 

therefore the developing immune system. Dysbiosis can result in immune-mediated diseases 

including allergies and NEC. Probiotics and probiotic secretions represent appealing options 

to replace microbes and their signals in an effort to return to microbial and immune 

homeostasis.
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Figure 1. 
Maternal farm work during pregnancy is protective against child’s development of atopic 

dermatitis in first 2 years of life13.
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Figure 2. 
Maternal history of allergic disease and cesarean delivery have additive effects as risk 

factors for child’s development of allergy. Adapted from (40).

* p< 0.01; adjusted for covariates.

Food Allergy to egg confirmed by testing at age 1 – 2.
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Figure 3. 
Infants who develop NEC have been exposed to more days of antibiotics than those infants 

who do not develop NEC43.
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