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Abstract

The fetus does not reside in a sterile intrauterine environment and is exposed to commensal
bacteria from the maternal gut/blood stream which crosses the placenta and enters the amniotic
fluid. This intestinal exposure to colonizing bacteria continues at birth and during the first year of
life and has a profound influence on lifelong health. Why is this important? Intestinal crosstalk
with colonizing bacteria in the developing intestine affects the infant’s adaptation to extrauterine
life (immune homeostasis) and provides protection against disease expression (allergy,
autoimmune disease, obesity, etc.) later in life. Colonizing intestinal bacteria are critical to the
normal development of host defense. Disrupted colonization (dysbiosis) due to maternal dysbiosis,
cesarean section delivery, use of perinatal antibiotics or premature delivery may adversely affect
gut development of host defense and predispose to inflammation rather than homeostasis leading
to increased susceptibility to disease later in life. Babies born by cesarean section have a higher
incidence of allergy, type 1 diabetes and obesity. Infants given repeated antibiotic regimens during
the first year of life are more likely to have asthma as adolescents. This research breakthrough
helps to explain the shift in disease paradigms from infections to immune mediated in children
from developed countries. This review will develop this research breakthrough.

INTRODUCTION

Over the last decade, scientists and clinicians alike have recognized the importance of
bacteria, particularly bacteria colonizing the gastrointestinal tract, in host metabolic and
protective function (1). In fact, the microbiome of the mature human intestine is now
considered an ancillary organ of the host providing important contributions to the
individual’s health and well being (2). Evidence for this statement includes the observations
that the intestinal microbiome weighs one and a half kilograms, the number of bacterial cells
which reside in the intestine exceed the number of cells in the body by ten-fold, the number
of genes in the intestinal microbiome is one hundred-fold greater than the total genes in the
host and the intestinal microbiome is also more metabolically active than the most active
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body organ, the liver. Accordingly, a better appreciation for how the intestinal microbiome
and its metabolites interact with its host is important to our understanding of its role in
health and disease.

This principle is particularly important with initial colonization of the infant’s gut. The
initial colonization process occurs during gestation and continues until approximately
between eighteen months and three years postpartum when a unique signature of bacteria
exists within the distal small intestine and colon representing the mature microbiome (details
of this process will be discussed later). This neonatal period of postpartum life represents the
period of adjustment for metabolic and immunologic development of the infant to its
extrauterine environment (3,4). It also represents a time when epigenetic changes in these
host functions are very important to the long term health of the child (5). “Epigenetic
changes are mechanisms that alter the phenotypic expression without changing the
underlying DNA sequence” (6). These changes occur due to environmental factors (nutrients
and microorganisms) that influence human genes during development (gestation and the
neonatal period). Examples of human disease are obesity and metabolic syndrome occurring
in children with inadequate nutrition during gestation as occurred in the Dutch famine in
World War 11 (7) and altered TLR4 expression on intestinal enterocytes in inflammatory
bowel disease (8, 9). These changes can affect methylation or acetylation of histones leading
to altered transcriptional events and phenotypic expression of disease that can be passed to
subsequent generations. It is now clear that initial intestinal bacterial colonization has an
important impact on development of these functions in the newborn and infancy periods
(10).

This review will consider the process of normal bacterial colonization of the intestine
(symbiosis) and its effect on newborn adaptation to the extrauterine environment. It will also
underscore the impact of appropriate colonization on the infant’s development of host
defense and metabolic function which represent major determinants of health throughout
infancy and childhood and into adulthood (11). The impact of disrupted intestinal
colonization (dysbiosis) in utero and during infancy on the expression of immune and
metabolically-mediated disease during childhood and later in life will also be considered.
Finally, strategies to rectify dysbiosis and to prevent disease expression later in life will be
considered. These strategies may either decrease the risk for or mitigate the risk for disease
later in life.

Initial Intestinal Colonization

The composition of the intestinal microbiome is dependent on many factors including diet,
infection and lifestyle changes. Over the last half century with improvement in public health,
we have reduced the incidence of infectious diseases in developed countries. Improvement in
health (better sanitation, vaccinations, and use of antibiotics, etc.) have affected the exposure
to pathogens resulting in less infectious disease (12). However, these measures along with
major changes in diet as part of the western lifestyle, have resulted in a paradigm shift in the
disease burden to immune-mediated diseases (autoimmunity, allergy, etc.) reflecting less
adequate exposure to a balanced colonizing bacteria that can influence the development of
protective immunologic functions (13). The original “hygiene hypothesis” suggests that
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increased exposure to microorganisms in large families with multiple siblings and increased
infectious diseases resulted in less allergy in younger siblings (14). The hypothesis has
evolved to suggest that a modified microbial antigenic exposure early in life as a result of
improved public health measures including increased sanitation, vaccination, and antibiotics
has changed the way infants adjust immunologically to the extrauterine environment leading
to immune dysfunction and increased inflammatory diseases (15, 16). This observation
represents the latest iteration of the so called “Hygiene Hypothesis” (17). This section
outlines what constitutes the ideal circumstances for the appropriate initial colonization
process. Ideal conditions for initial colonization results in a symbiotic relationship between
the colonizing bacteria and intestinal epithelial and lymphoid tissues (TABLE 1) and
immune and metabolic homeostasis for the infant.

It is now known that the fetus does not reside in a sterile environment. Evidence exists that
under normal gestational conditions bacteria from the maternal gut passes into mother’s
blood stream and can ultimately either reside in the placenta or pass through the placenta
and enter the amniotic fluid (18,19). These organisms, far fewer in number than those that
inhabit the newborn intestine, can interact with the fetal intestine as the fetus swallows
amniotic fluid.

Further, evidence for this conclusion is that maternal gut organisms have been identified in
both meconium and cord blood (20, 21). At the point we can only say that microorganisms
exist in some normal full term infants (19, 20) as large perspective studies have not yet been
done. In addition, their presence is an association and no functional data exists to show
cause and effect (21). Data to suggests that intrauterine bacteria interact with the developing
fetus is suggested by germ free animal studies (22) in which immune function at birth differs
from conventional new born animals. Additional studies in humans are necessary before a
stronger claim can be made. Therefore, bacterial-intestinal “crosstalk™ begins /in utero and
represents the new phase one of crosstalk (eg. pre-colonization). Unfortunately, studies are
lacking to determine the importance of this process in overall initial colonization and its
impact on gut development. Very little information exists regarding bacterial epithelial
crosstalk in utero. However, strong evidence exists that initial colonization (phase two) of
normal colonization influences immune function in the new born intestine (23,24). These
observations principally occur in animal studies using germ free animals. A classic
observation made by a Japanese investigator suggests that germ free animals cannot develop
tolerance unless their colonization occurs in a newborn (25, 22). In a recent article (26),
germ free animals develop natural Killer cells (NKC) which influence intestinal (IBD) and
lung (asthma) inflammation whereas neonatal colonized infants have a decrease in NKC and
develop immune homeostasis (22, 26) again suggesting the importance of early colonization
in normal immune function and the absence of disease at a later date.

Under optimal colonizing conditions, a full term, vaginally-delivered newborn ingests a
healthy bolus of maternal vaginal/colonic bacteria as it passes through the birth canal. This
represents probably the most important phase of initial colonization (phase two). However,
additional cause and effect studies need to be done to confirm this statement. With the
introduction of oral feedings (breast milk vs. formula — to be discussed later) the intestinal
microbiota are further stimulated (phase three). Then with weaning to solid foods (four to
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six months) (phase four) the gut microbiome has additional stimulus and by about eighteen
months to three years (phase five) the gut is colonized with a diverse bacteria (greater than
1000 species) which represents that child’s sighature microbiome for life (27) (TABLE 1).

Optimal colonization also requires exclusive breast feeding for the first four to six months.
Breast milk contains nutrients and other factors that optimize the proliferation of so called
“pioneer” bacteria which uniquely stimulate development of immune factors which favor
immune homeostasis over inflammation (28, 29). Those bacteria stimulated by breast
feeding (e.q., Bacteroides fragilis, Bifidobacteria infantis and Lactobacillus acidophilus)
uniquely stimulate endogenous production of slgA (30), activation of T regulatory cells (23,
31) and anti-inflammation (24, 32), necessary steps to assure homeostasis. Factors in breast
milk which stimulate gut development include oligosaccharides (prebiotics), sIgA,
lactoferrin, etc., all of which influence the proliferation of healthy indigenous microbiota
(33, 34). In addition to “pioneer bacteria” stimulated by exclusive breast feeding, factors in
breast milk can interact directly with the newborn intestine and provide passive protection as
well as stimulation to active development of host defense. For example, plgA and defensins
can interfere with pathogen attachment and uptake (33), omega 3 fatty acids (35) and TGF-
B (36) can activate enterocytes to cause anti-inflammation and Lactoferrin can interact with
the intestine and promote immune homeostasis (28, 33). In contrast, formula-fed newborns
produce a more mature microbiota lacking the “pioneer” bacteria uniquely needed for
newborn gut development. A study using conventional culture media techniques has shown
that breast fed infants have higher levels of Bifidobacterium infantis and Lactobacillus
alphadophilus whereas in formula fed infants have increased levels of enterococci and
enterobacteria (37). Recently, it has been shown that breast milk has its own microbiome
(38) which consists of bacteria from the periauricular alveoli, the infant’s mouth and the
maternal gut (39) and contains about 103 microorganisms per cc of breast milk. How
maternal gut microbiota get into breast milk is not known but thought to be due to an
increase pericellular intestinal transport of maternal gut bacteria taken up orally during the
last stages of pregnancy and transmitted to breast milk through macrophages circulating into
the breast itself (19). The breast milk macrophages presumably discharge the engulfed
bacteria into milk which is ingested by the suckling neonate. Although the composition of
breast milk microbiom differs between full term and premature infants (40) and during
lactation its contribution to colonizing bacteria and effect on neonatal gut defenses at this
point is not understood.

Protective Functions after Initial Colonization

The gastrointestinal tract must be colonized before adequate immune function can develop.
Adequate immune function occurs with a balanced innate and adaptive immune response
(41). With regard to innate immunity, epithelial and immune cells must react to the
penetration of pathogens or noxious antigens to prevent expression of disease but at the same
time not overreact to innocuous antigens or commensal bacteria to produce a chronic
inflammatory state. Protection from penetration of the mucosal barrier within the mucosal
surface requires microbial-intestinal crosstalk of an adequately colonized intestine.
Numerous immunologic and non-mmunologic factors contribute to mucosal barrier function
(FIGURE 1) (42). These factors are all stimulated by colonizing bacteria. They include the

Pediatr Res. Author manuscript; available in PMC 2017 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Walker

Page 5

production of anti-bacterial substances (defensins, etc.) by paneth epithelial cells (43), a
mucus barrier stimulated by activated MUC-2 genes in goblet cells (44), pattern recognition
receptors (e.g. toll-like receptors) on epithelial and immune cells (45) and a specialized
epithelium (so called microfold or M-cell) (46) to mediate direct antigen/bacteria access
from the intestinal lumen to appropriate lymphoid elements (intraepithelial lymphocytes,
macrophages and dendritic cells).

Protective adaptive immunity requires a balanced response of T-helper cells that mediate
humoral, cellular and tolerogenic immunity. Full term infants are born with a TH2 bias to
protect them from rejection in the womb (47). With initial colonization the TH2 bias
becomes a balanced TH1, TH2, TH17 and T-regulatory helper cell response. Germfree
animals retain the TH2 bias and colonization is required before a balanced T-helper cell
response can develop (48). In fact, colonization must occur in the neonatal period and not
later in life for adequate adaptive immunity to develop (22). That is in part why normal
initial colonization is essential for immune homeostasis.

Not only do colonizing bacteria per se affect intestinal immune development but metabolites
and secreted products from colonizing bacteria interacting with the intestine can help
modulate adaptive function. For example, short chain fatty acids (SCFA) produced by
fermentation of high fiber diets by “pioneer” bacteria can stimulate a proliferation of FOXP3
T-regulatory cells via a receptor, GFR43, on immune cells (FIGURE 2). This occurs with
increased levels of acetate, butyrate and proprionic acid production (49). These SCFA alone
given to germfree animals can increase immune tolerance in the absence of active bacteria
(50). In like manner, a polysaccharide (PSA) on the surface of Bacteroides fragilis
organisms given to uncolonized animals can shift the TH2 to a balanced TH1 and TH2
response and activate a T-regulatory cell response via interaction with TLR2 receptors on
dendritic cells (51, 52). Other specific colonizing bacteria (Clostridial species) can interact
directly with immune cells to stimulate T-regulatory cells (53). Why is this important? T-
regulatory cells and immune tolerance must occur as part of the normal adaptive immune
response to prevent increase in autoimmune and allergic diseases that represent the new
disease paradigm in developed countries (54). An abnormal colonization process (to be
discussed later) can interfere with the development of tolerance and predispose to these
conditions (55).

As we have examined the mucosal barrier, we have begun to understand the importance of
the mucus coat overlying epithelial cells as an important component of the mucosal barrier
(56). We now know that colonizing bacteria can directly stimulate goblet cells to increase
the expression of the MUC2 gene, its translation into glycoproteins and production of mucus
to cover the epithelia cells surface (57). There is a direct inverse association between the
thickness of the mucus coat and intestinal inflammation, particularly in inflammatory bowel
disease (56). The mucus coat has an outer less dense component containing protective
molecules (sIgA and defensins) and commensal anti-pathogen producing bacteria to protect
against pathogen penetration. The inner component of the mucus coat close to the epithelial
surface is very dense, contains no microorganisms or protective molecules and acts as a
physical barrier to pathogen penetration to the epithelium which can stimulate inflammation
(58). This important barrier component is under the control of colonizing bacteria via goblet
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cell mucous production and its absence has been implicated in chronic intestinal disease.
Thus normal initial colonization is critical to the development of intestinal function and
protection against expression of disease.

When there is a disruption in the composition of intestinal microbiota less diversity and
altered ratios of large bacteria taxa occur, a condition called “dysbiosis”. Dysbiosis has been
associated with disease states. It’s occurrence can be the result of a disruption to the
intestinal function (altered diet, antibiotics, intestinal infection, etc.) or can occur as a result
of underlying disease (inflammation, malignancy, chemotherapeutic injury, etc.) Regardless,
dysbiosis has been associated with numerous disease states as shown by transplanting the
microbiota from either an affected individual or an experimental animal with disease into
germfree animals which results in the phenotypic expression of that disease (59).
Accordingly, dysbiosis has become an area of clinical and research interest.

Dysbiosis can occur frequently during the initial colonization of the newborn intestine
(TABLE 2) (60). Since the neonatal phase of colonization is critical to the initial
colonization (e.g., the ingested bolus of maternal vaginal/colonic bacteria) process, any
disruption in this step can lead to dysbiosis. This occurs with maternal dysbiosis during
pregnancy, delivery by cesarean section, premature delivery and excessive use of antibiotics
in the perinatal period. Each circumstance leads to an inadequate phase two of colonization
and despite the stimulus of oral feeding and weaning to solid foods final colonization is
delayed until four to six years during which time the infant is more susceptible to infection
and to immune-mediated diseases (61).

Delivery by c-section can be lifesaving for a distressed fetus. However, in many developed
countries the procedure has also become increasingly used for the convenience of the mother
or obstetrician. The incidence of elective c-section can be as high as forty percent in certain
developed countries (Denmark (62, 63) and Brazil (61). What happens is the fetus is
removed from the womb without ingesting maternal vaginal/colonic microbiota which
occurs from passage through the birth canal. Instead the infant is exposed to microbiota from
mother’s skin or the hospital environment and a less diverse intestinal colonization develops.
Many epidemiologic studies have reported a direct association between infants born by c-
section, particularly elective c-section, and an increased incidence of autoimmune (IBD,
type 1 diabetes) obesity and atopic disease (64—67). However, a recent study from Houston
suggests that c-section for clinical emergencies when the fetus has already entered the birth
canal and is in distress results in a colonizing microbiota similar to vaginally delivered
newborns (68) clarifying discrepancies in c-section studies. A study of allergy-prone infants
born initially by c-section showed a striking increase incidence of atopy compared to vaginal
delivery (69). This dysbiosis, caused by elective c-sections, particularly in specific patent
populations, represents a risk factor for disease.

In like manner, when antibiotics are given to infants in the perinatal and newborn
environment, the initial colonization process is disrupted leading to a dysbiotic state (70).
Again epidemiologic studies have shown a direct association between the use of antibiotics
during the first year of life and the expression of asthma during adolescents (71). The more
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episodes of antibiotic use in the first year of life and the nature of the antibiotic (broad vs.
narrow spectrum) the greater the odds ratio for developing asthma and other diseases (72).
Similar observations have been noted for early use of antibiotics and inflammatory bowel
disease and type 1diabetes (73). A recently reported experimental study recently reported
involving early use of penicillin in an animal model which initially disrupted colonization
but it later reverted to a normal colonization pattern despite resulting in the treated newborns
gaining excessive body weight leading to adult obesity (74). The tendency for obesity was
made worse if the newborn pups were fed a high fat diet.

An infant born prematurely rapidly passes through the birth canal, preventing the ingestion
of a bolus of maternal/vaginal microbiota. Just as in birth by c-section, the intestinal
colonization process is dysbiotic. This dysbiosis has been reported in association with an
increased incidence of necrotizing enterocolitis (NEC) (75). We have studied this condition
and have hypothesized that a dysbiotic colonization in association with immature intestinal
host defense (inflammation vs. homeostasis) is likely to be important risk factors for NEC
(76). We have also reported that the more immature the intestine, e.g., 1500 vs. 1000 gm
infants, the more dysbiotic the colonization process becomes, suggesting that intestinal
immaturity contributes to intestinal dysbiosis (75). Recently we have reported that when
prematures are given mother’s expressed breast milk vs. formula the nature of colonization
differs strikingly (77). We speculate that the influence of expressed breast milk, known in
part to be the basis for protection against NEC, on intestinal colonization with prematures
fed their mother’s expressed breast milk may be in part the basis for prevention of the
disease.

Finally, the nature of maternal microbiota during pregnancy can influence initial
colonization and may contribute to dysbiosis leading to disease. This have been shown to be
true with mothers gaining excessive weight during pregnancy leading to obesity (78). Under
these conditions, the mother’s intestinal microbiota becomes dysbiotic and this is passed on
to the delivered infant either /n utero or at the time of delivery or both (79). As a result the
newborn has dysbiotic initial microbiota which favors increased absorption of nutrients and
excessive weight gain. These infants gain at a rate much faster than infants born to mothers
without the dysbiosis of excessive weight gain during pregnancy. Furthermore, the nature of
the weaning diet,(e.g., high fat versus high protein) can contribute to the infant’s excessive
weight gain (80). These examples of dysbiosis in initial colonization underscore the
importance of normal colonization of the newborn in preventing expression of disease
during infancy,, childhood and adulthood. It also strongly supports striving to provide
appropriate conditions for normal colonization in infancy — full term vaginal delivery and
exclusive breast feeding for four to six months and a balanced diet of weaning food.

How Do We Combat Dysbiosis

The best way to combat dysbiosis is to have a better understanding of the basis for the
condition and to recognize how the western lifestyle, particularly the western diet, has
affected the composition of microbiota in the gastrointestinal tract (81-83). Once the cause
of dysbiosis is established addressing the condition will be easier for the physician.
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Approaches thus far include dietary changes, prebiotics, probiotics and fecal microbiota
transplants (FMT).

Diet—We know that diet can influence the composition of colonizing bacteria from studies
described with regard to breast feeding in the neonatal period and its influence on the
developing intestine (28). Dietary influence extends beyond that time period. A recent study
(84) comparing the composition of intestinal microbiota in children raised in Florence, Italy
on a Westernized high fat/high protein dietary intake compared to children raised in a remote
village in Africa ingesting complex carbohydrates and a high fiber diet showed that the
intestinal microbiota in these two populations was strikingly different as was the nature of
disease in these populations. Children in Florence have an increase in immune mediated
diseases (atopy, and autoimmune diseases) where as children in Africa have principally
infectious disease. At this point this is only an association and other factors such as genetics
and geographic disease issues may pertain. Additional cause and effect studies are needed
before specific microbial causes can be ascribed to the differences. A clinical study of
healthy adults placed on either a high protein, high fat or high carbohydrate diet for
prolonged periods of time showed a striking difference in intestinal microbiota (85).
Composition of the diet has also shown changes in bacterial genetic expression and in
secretions of microbial metabolites (86). These studies suggest that diet influences intestinal
microbiota and may be involved in health and disease. The infant when weaned to solid
foods at four to six months should be given a healthy balanced diet with fiber, vegetables
and fruit and with less processed foods. A recent study has shown that emulsifiers in
processed foods affects the mucus layer overlying epithelial cells in the intestine and allows
microbes to cause inflammation leading to increased incidence of metabolic syndrome (86).

Prebiotics—Prebiotics are complex carbohydrates (fructo-oligosaccharides, galacto-
oligosaccharide, etc.) that are ingested into the intestine and enter the colon intact where
they are metabolized by resident microbiota (88-92). The microenvironment created by their
metabolism results in proliferation of health promoting indigenous microbiota which
positively affect gut function. Proteotypic prebiotics is breast milk which contains eight
percent of total milk solids as oligosaccharides, and as stated above, affects intestinal
colonization (28). Studies have been done using prebiotics to treat dysbiosis associated with
disease (allergy, diarrhea, autoimmune disease) (93-98) with mixed success suggesting that
this approach is only partially successful in combating dysbiosis.

Probiotics—Probiotics are live microorganisms isolated from the human intestine which
have a health promoting effect beyond their nutritive value (99). Probiotics have been used
extensively in pediatrics to prevent the anticipated dysbiosis seen in allergic disease (100),
inflammatory bowel disease (101), irritable bowel syndrome, (93) NEC (99) and obesity
(102) with mixed results. This approach will become more successful when we identify the
specific disruption in intestinal microbiota associated with a specific disease condition.
When prebiotics and probiotics are used in combination (symbiotics) correction of dysbiosis
has been somewhat more successful (102).
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Fecal Microbial Transplant

Fecal microbial transplant uses the intestinal microbiota environment from a healthy
individual to treat a patient with a known condition (103). Its use has been primarily for
adult patients and success has been shown principally in patients with recurrent C. difficile
colitis (104). Trials, with limited success, have also been tried in patients with inflammatory
bowel disease (103), diabetes (105) and obesity (106). Unfortunately, because large multi-
center clinical trials with an established protocol and a long term follow-up component has
not been done to determine potential side effects, the enormous microbial community which
is “normal” for one individual may potentially be dangerous for the FMT recipient and the
composition of an intestinal microbiota from one donor may differ with another. The
approach and methods need to be further standardized before the treatment can be
considered for routine therapy. A recent inadequate study claims FMT can affect Autism
(68). When the entire intestinal microbial contents from one person is given to another,
trillions of microorganisms and their metabolites are transferred some of which could
potentially be detrimental to the transplant recipient.

Summary and Conclusions

This review, has underscored the role of initial colonizing intestinal bacteria, as an ancillary
body organ, in the appropriate development of immune and metabolic function in the
newborn intestine and in determining health and disease in the infant, child and adult. Initial
colonization occurs at a time when the newborn infant is adapting to the extrauterine
environment and this component of colonizing bacteria on gut function has a lifelong effect.
Evidence is provided that dysbiosis, occurring at the time of birth, can have an effect on the
expression of disease later in life. Although we do not completely understand the role of
intestinal bacterial colonization in phenotypic expression of disease, several current
approaches are suggested to combat dysbiosis in order to prevent or to treat disease. When
we have a better understanding of the disruption in intestinal microbiota associated with
specific disease conditions, we should be more effective in preventing/treating the disease by
preventing dysbiosis.
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Figurel.
The intestinal epithelial-cell barrier. Simple columnar epithelial cells exhibit physical and

biochemical adaptations to microbial colonization to maintain barrier integrity including
actin-rich microvillar extensions (a), epithelial-cell tight junctions (b), apically attached and
secreted mucins that form a glycocalyx (c) and the production of various anti microbial
peptides (d). Specialized intestinal epithelial cells known as M (microfold) cells overlie
Peyer’s patches and lymphoid follicles to facilitate luminal sampling. M cells exhibit
reduced mucin secretion and have modified apical and basolateral surfaces (e) to promote
uptake and transport of luminal contents to professional antigen-presenting cells that inhabit
the subepithelial dome (SED) of the Peyer’s patches and lymphoid follicles (f). Specialized
dendritic cell (CD) subsets can also extend dendrites between the tight junctions of intestinal
epithelial cells to sample luminal contents (g). (Reproduced with permission from reference
16.)
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Figure 2.
Bacterial metabolites fight intestinal inflammation. Commensal bacteria metabolize fiber

and generate short-chain fatty acids. These fatty acids are ligand for GPR43 expressed by
Treg cells and stimulate their expansion and immune-suppressive properties such as the
production of IL-10, thereby controlling proinflammatory responses in the gut. (Reproduced
from reference 29.)
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Table 1

Phases of intestinal colonization of the infant intestine
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Phase one: Intrauterine period

The fetus becomes exposed to maternal microbiota through transplacental passage into amniotic fluid

Phase two: 1%t week of life

The newborn ingests maternal vaginal/colonic microbiota with passage through the birth canal (full term, vaginal delivery)
Phase three: Two weeks to four months

Introduction of oral liquid feedings

Phase four: Four months to one year

Period of weaning to solid foods

Phase five: One to three years

Infant receives table food and intestinal microbiome resembles that of adult intestine (diversity of bacteria with greater than 1000 species)

Pedjatr Res. Author manuscript; available in PMC 2017 November 17.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Walker

TABLE 2

Clinical conditions resulting in an atypical (dysbiotic) “intestinal colonization in the perinatal period
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Phase one: Interuterine period
Dysbiosis in the maternal intestine (obesity, use of antibiotics) can affect the transplacental passage of microbiota into amniotic fluid

Phase two: Sparse inadequate colonization due to maternal dysbiosis, premature delivery, caesarean section delivery or use of perinatal
prophylactic antibiotics

Phases three and four: Introduction of feeding results in slight modification of the colonization process

Phasefive: Delayed, incomplete colonization until four to six years

*
more susceptibility to pathogens and immune-mediated disease, e.g. atopy
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