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Newborns adjust to the extrauterine environment by devel-
oping intestinal immune homeostasis. Appropriate initial 
bacterial colonization is necessary for adequate intestinal 
immune development. An environmental determinant of 
adequate colonization is breast milk. Although the full-term 
infant is developmentally capable of mounting an immune 
response, the effector immune component requires bacterial 
stimulation. Breast milk stimulates the proliferation of a well-
balanced and diverse microbiota, which initially influences a 
switch from an intrauterine TH2 predominant to a TH1/TH2 
balanced response and with activation of T-regulatory cells 
by breast milk–stimulated specific organisms (Bifidobacteria, 
Lactobacillus, and Bacteroides). As an example of its effect, oli-
gosaccharides in breast milk are fermented by colonic bacteria 
producing an acid milieu for bacterial proliferation. In addi-
tion, short-chain fatty acids in breast milk activate receptors 
on T-reg cells and bacterial genes, which preferentially medi-
ate intestinal tight junction expression and anti-inflammation. 
Other components of breast milk (defensins, lactoferrin, etc.) 
inhibit pathogens and further contribute to microbiota com-
position. The breast milk influence on initial intestinal micro-
biota also prevents expression of immune-mediated diseases 
(asthma, inflammatory bowel disease, type 1 diabetes) later in 
life through a balanced initial immune response, underscoring 
the necessity of breastfeeding as the first source of nutrition.

Although it is unclear to what extent mother’s microbiota 
during pregnancy influences the newborn infant, it is 

generally accepted that the newborn infant leaves an almost 
germ-free intrauterine environment to enter a highly con-
taminated extrauterine state, containing an abundance of 
potentially pathologic organisms which can evoke numerous 
infectious conditions. To prepare for the “shock” of birth, the 
fetus, during the last trimester of pregnancy, has swallowed 
numerous amniotic trophic factors which can help stimu-
late the maturation of immune defenses. Thus, at the time 
of birth of a full-term infant, the newborn has the capacity 
to protect itself in the external environment. However, for 
the efferent component of host defense, leading to intesti-
nal homeostasis, to be generated initial bacterial intestinal 
colonization must be adequate. Colonizing bacteria com-
municate through a symbiotic relationship with intestinal 
epithelial and immunologic structures to develop the actual 

activation of host defense (Figure 1) (1). A number of fac-
tors help to determine adequate initial colonization in the 
neonate, including a major determinant, the breastfed diet. 
In this review, the importance of initial colonization will be 
reviewed and the vital contribution made by exclusive breast-
feeding underscored.

InItIal ColonIzatIon
The full-term, vaginally delivered newborn infant leaves an 
almost germ-free intrauterine environment and on passing 
through the birth canal ingests maternal colonic and vaginal 
microbiota which acts as a nidus for initial colonization. During 
the next year, the introduction of oral feedings, e.g., breast vs. 
formula feeding, and weaning to solid foods completes the 
process resulting in 1014 bacteria colonizing principally the 
distal small intestine and colon with diverse microbiota (2). 
Normal colonization is dependent on many factors including 
a genetic contribution and the final signature microbiome is 
unique to the individual. The initial colonization process has 
an important stimulating effect on the developing intestine, 
particularly mucosal host defense.

Improper colonization, dysbiosis (3), delays the process and 
results in increased susceptibility to newborn and infant infec-
tions and altered immune homeostasis leading to the expres-
sion of immune-mediated disease (4,5) and metabolic diseases 
(6) later in life.

Infants who are born prematurely or by cesarean section 
have a disrupted phase I of colonization with the nidus of 
initial colonizing bacteria coming from other sources, e.g., 
maternal skin or the microbiota in the hospital NICU, and 
the balance of bacterial phyla and diversity of individual spe-
cies are strikingly reduced (7). The ensuing dysbiosis has been 
associated with an increase in diseases such as asthma (8) and 
celiac disease (9). In addition, perinatal use of antibiotics, par-
ticularly in premature infants, can interfere with the balance of 
bacterial phyla and diversity of individual species and makes 
the newborn much more susceptible to infectious inflamma-
tory diseases (10,11). Long-term follow up on the use of antibi-
otics during the first year of life has shown an association with 
an increased incidence of inflammatory bowel disease (12), 
asthma (13), and increased weight gain leading to adult obesity 
(14). These studies suggest that optimal initial colonization is 
critical in the adjustment of the newborn to the extrauterine 
environment.
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InItIal ColonIzatIon anD HoSt DefenSe
Colonizing bacteria can act as an ancillary body organ. There 
are 10 times the number of bacteria in the intestine as there 
are eukaryotic cells in the body and 100-fold more bacterial 
genes than human genes in the body (15). Furthermore, colo-
nizing bacteria collectively are more metabolically active than 
the human liver. Accordingly, this “ancillary organ” is essential 
for normal gastrointestinal development and function. This is 
particularly true for the neonate’s adjustment to the extrauter-
ine environment through a symbiotic relationship (16).

Several recent reviews have emphasized the vital impor-
tance of symbiosis to the development and maintenance of 
intestinal host defense (17,18). In a review in Nature Reviews 
Immunology (19), Artis underscores the important contribu-
tions of commensal bacteria to the intestinal epithelial cell 

barrier (Figure  2). He suggests that not only do intestinal 
bacteria stimulate lymphoid elements, but they also influence 
components of the single layer of epithelium that makes up 
the mucosal barrier by stimulating the development of micro-
villi (19,20) and tight junctions (21). These bacteria also acti-
vate the release of mucin from epithelial goblet cells to form 
the glycocalyx as a physical and antibacterial barrier (19–22). 
In addition, he provides evidence that intestinal bacteria can 
stimulate epithelial cells and Paneth cells to release antibacte-
rial peptides into the glycocalyx and lumen which helps to reg-
ulate the composition of colonizing intestinal bacteria (19,23). 
In a seminal study that underscores how colonizing bacteria 
influence intestinal protective function, germ-free mice were 
colonized with a single human intestinal commensal bacte-
rium, Bacteroides thetaiodamicronm, and after colonization 

Figure 1.  Diagram of mucosal immune defenses expressed in the human neonatal intestine as a function of gestational age. (a) all components of 
mucosal immune function are mature at birth in the term human infant. (b) However, the stimulus of initial colonization is needed before defenses 
become operational. Selected intestinal immune defenses include (1) a specialized epithelium (M cell) overlying, (2) Peyer’s patches containing aggre-
gates of lymphoid elements, (3) interstitial lymphocytes, and (4) intraepithelial lymphocytes resulting in efferent immune responses. (Reprinted from: 
Robert M. Insoft, Ian R. Sanderson, W. allan Walker. Development of immune function in the intestine and its role in neonatal diseases. Pediatr Clin 
43:551–71; copyright © 1996, with permission from elsevier.)
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the intestinal epithelial RNA was analyzed for altered gene 
expression (24). Extensive activation of epithelial genes that 
influenced mucosal barrier function was noted including an 
upregulation of the polymeric IgA (pIgA) receptor. This study 
illustrated how initial bacterial colonization affects the small 
intestine of newborns at birth, since the newborn infant is like 
a germ-free rodent receiving its first colonization.

In a more recent review by Hooper et al. (25), a reciprocal 
relationship between the colonizing intestinal bacteria and the 
mucosal immune system is stressed. She emphasizes the contri-
bution that mucosal immune defenses have made in defining 
the composition of intestinal bacteria, not only within the intes-
tinal lumen, but also on the luminal surface. For example, an 
absence of/or reduction in pIgA levels results in a strikingly dif-
ferent microbiome in mice, which in some instances can con-
tribute to the phenotypic expression of disease. For example, in 
a recent study the Toll-like receptor-5 (TLR-5) gene, located on 
the basolateral surface of intestinal enterocytes (ligand-bacte-
rial flagella), was knocked out, resulting in an altered intestinal 
microbiota leading to the phenotypic expression of obesity and 
metabolic syndrome (26). The intestinal microbiota was impli-
cated in this disease, because a transfer of the microbiome from 
TLR-5 knockout mouse to a genetically identical, but germ-free 
mouse, resulted in the same expression of disease. Accordingly, 
it has been proposed that the microbiome in numerous disease 
states (inflammatory bowel disease (IBD), type 1 diabetes, and 
necrotizing enterocolitis) may function as an intermediary 
determinant of the phenotypic disease expression (27).

Colonizing commensal bacteria can affect the development 
of both the innate and adaptive immune system. For exam-
ple, pattern recognition receptors on enterocytes and muco-
sal immune cells interact with microbial surface-expressed or 
secreted ligands to evoke an innate, self-limited inflammatory 
response for pathogen mucosal penetration prevention (7,28). 
To prevent continuous inflammation of the intestine due to 
exposure of large numbers of colonizing bacteria, the absolute 
expression of these receptors, particularly the luminal surface 
expression of TLR-2 and 4, is reduced when the neonate leaves 
the intrauterine environment (29). In addition, in the mature 
intestine several mechanisms have evolved to distinguish an 
appropriate innate immune response to pathogens (in order 
to prevent penetration of the epithelium) from harmless com-
mensal bacteria (30). Unfortunately, the immature enterocyte 
has not yet developed these inhibitory mechanisms and fetal/
premature intestine responds to all colonizing bacteria with 
inflammation (31), undoubtedly a contributing factor to nec-
rotizing enterocolitis. For example, a commensal bacterium 
(Salmonella typhimurium, nonpathogenic strain) interacting 
with the enterocyte’s luminal surface can interfere directly 
with the NFκB transcriptional inflammatory cytokine path-
way by inhibiting the ubiquitination of phosphorylated IκB, a 
molecule which binds NFκB and prevents its entrance into the 
nucleus for transcription (32). In addition, B. thetaiodamicron 
interacting with the mature enterocyte luminal surface can 
evoke a nuclear reaction that disassociates NFκB from its tran-
scription site on the chromosome and transports it out of the 

Figure 2. 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 antimicrobial 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). (Reprinted with permission from Macmillan Publishers ltd: Nat Rev Immunol (ref. 19), copyright © 2008.)
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nucleus (33). In addition, several intracellular pattern recogni-
tion receptors, e.g., TLR-9, can also stimulate cellular prolifera-
tion of damaged epithelium due to pathogen penetration (34).

In like manner, intestinal commensals can influence the 
adaptive mucosal immune system. In an important obser-
vation published a decade ago (35,36), it has been shown 
that dendritic cells underlying the intestinal epithelium can 
extend appendages between enterocytes into the intestinal 
lumen. Commensal luminal bacteria interacting through 
pattern recognition receptors can stimulate these dendritic 
cells to release cytokines, which create a microenvironment 
that allows naïve T-helper cells (TH0) to create balanced sub-
classes of TH cells (TH1, TH2, TH17, and THreg) (Figure 3). 
Newborn infants are born with a TH2 bias to protect them 
from intrauterine rejection (8,37). It takes appropriate colo-
nization of the newborn to shift this bias to balanced TH cell 
subsets for effective adaptive immunity. This is underscored 
by a persistent TH2 response in newborn rat pups born to a 
germ-free mother (38). In like manner, Andrew Macpherson 
(39) has shown that the pIgA response to intestinal bacteria 
is contained within the mucosal compartment of the intes-
tine. Commensal bacteria in the lumen or on the intestinal 
surface are taken up by dendritic cells that penetrate the epi-
thelium into the lumen or underlie the epithelial surface of 
microfold cells, which in turn overlie Peyer’s patches. These 
dendritic cells laden with bacteria migrate to the mesenteric 
lymph node where components of the engulfed bacteria are 
presented to B lymphocytes resulting in maturation to anti-
body-specific activated pIgA plasma cells which release pIgA 
that is shuttled across the epithelium to help contain bacterial 
attachment and penetration. These two examples underscore 
the importance of bacterial colonization in the development 
and maintenance of mucosal immune function.

We recognize that there is an increase in immune-mediated 
diseases (allergy and autoimmune diseases) and a decrease 
in infectious diseases over the last half century. This shifting 

disease paradigm explained by the “Hygiene Hypothesis” (40) 
has evolved over the last decade to principally implicate the 
Western lifestyle, particularly the Western diet (this will be 
discussed in detail later), in disrupted bacterial colonization. 
A development of a normal mucosal immune system, partic-
ularly tolerance, is paramount for the infant and the child in 
later life with regard to the absence of disease expression. In 
the absence of tolerance development or when tolerance is lost 
in later life due to the excessive use of antibiotics; for example, 
the individual is more likely to develop allergy or autoimmune 
disease (41). Sudo et al. (42) have reported that tolerance does 
not develop in germ-free animals but only with adequate colo-
nization. Subsequent studies by Scandinavian investigators 
(43) demonstrated that newborn colonization was necessary 
for complete tolerance. Recently, neonatal colonization of 
rodents has been shown to contain the activation of natural 
killer T cells which is involved in gut inflammation and lung 
allergy (44). Accordingly, early colonization is necessary for 
appropriate development of mucosal immune defense, which 
in turn is required for prevention of immune-mediated dis-
eases later in life. In addition, clinical and animal studies have 
shown the loss of tolerance with extensive antibiotic treatment 
in adults (18,45,46). These observations may help to explain 
late onset expression of autoimmune disease or allergy, now 
commonly seen by physicians.

In recent years, several studies have suggested that specific 
bacteria can contribute to the development of tolerance. These 
observations are relevant, since many of these specific bacte-
ria are preferentially increased in the intestine during the early 
stages of colonization with breastfed infants (discussed in 
detail in section “Breastfeeding and Intestinal Colonization”). 
For example, Kasper’s group has reported that a carbohydrate 
on the surface of Bacteroides fragillis, polysaccharide A, can 
interact with the Toll receptor 2 (TLR-2) on intestinal den-
dritic cells to preferentially activate cytokines, which create a 
microenvironment that facilities the preferential proliferation 
of FOXP3 T cells (T regulatory cells) in the intestinal lamina 
propria (47), as shown by germ-free transfer studies of poly-
saccharide A positive and negative B. fragillis (15,48), and 
polysaccharide A ingestion alone (49). In like manner, certain 
species of Clostridia have been shown to increase T reg cells 
and to protect against IgE-mediated disease (50). These obser-
vations strongly suggest that not only is appropriate coloniza-
tion in general necessary in the newborn period, but specific 
organisms seen in breastfed infants (51) may also be necessary 
to achieve early tolerance to innocuous antigens and bacteria, 
thereby preventing the expression of allergy and autoimmune 
diseases later in life.

nUtRItIon anD InteStInal ColonIzatIon
An important environmental determinate of the composition 
of bacteria colonizing the intestine is nutrition. The human 
diet provides energy to increase the proliferation of bacteria 
colonizing the intestine, particularly anaerobic bacteria resid-
ing in the distal small intestine, cecum, and the colon. The 
most recent iteration of the so called “Hygiene Hypothesis” 

Figure 3. Cartoon depicting subepithelial dendritic cells extending 
their appendages between enterocytes into the intestinal lumen. these 
appendices, displaying toll-like receptors, are activated by colonizing 
bacteria and secrete cytokines that activate naïve t-helper cells (tH0) to 
mature into a balanced t-helper cell response (tH1, tH, tH17, and treg). 
(Reproduced with permission from ref. 8.)
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is that Western life style, particularly Western diet, has influ-
enced changes in colonizing bacteria which are implicated in 
the striking increase in many chronic diseases (52). Alterations 
in diet can influence the proliferation of large families of bac-
teria (phyla) based on the capacity of prokaryotic cells to adapt 
quickly to their nutritional environment (53). A recent pub-
lication in Nature suggests that large families of microbiota, 
called enterotypes, evolve based on functional needs of the 
intestine, e.g., diet, drug metabolism, etc. (54). For example, 
this association has recently been demonstrated in a study 
of large numbers of adult volunteers who, under a clinical 
research center supervision, were given either an exclusive 
simple or complex carbohydrate diet or a diet rich in protein 
or fats (saturated vs. unsaturated) for prolonged periods of 
time (55). Over this long period of dietary change (approxi-
mately 60 d) but not over shorter periods (1–2 wk), the intes-
tinal colonizing bacteria evolved into a specific enterotype. 
In addition, a basic study of 10 cloned commensal bacteria, 
grown in media with the energy source protein, carbohydrate, 
or fat (56), showed a striking impact on bacterial proliferation 
and bacterial gene expression due to the specific diet. Finally, a 
recent clinical study comparing the microbiome of two popu-
lations of children showed striking differences depending on 
their diet. Intestinal microbiomes of African children ingest-
ing an all vegetarian, high fiber diet were compared with age-
matched children consuming a Western diet in Florence, Italy. 
Their microbiomes were shown to be strikingly different (57). 
Although not specifically studied, the spectrum of disease in 
these two populations is remarkably different suggesting that 
dietary influence on the intestinal microbiome may affect the 
child’s health and disease burden. Finally, in an epidemiologic 
study of Japanese citizens, an increased expression of a classic 
Westernized diseases, e.g., Crohn disease, paralleled changes 
in the Japanese diet from a typical Eastern to a Westernized 
diet with increase ingestion of animal protein and saturated fat 
(58). These studies strongly suggest that diet can influence the 
intestinal microbiome and disease burden.

BReaStfeeDInG anD InteStInal ColonIzatIon
As stated above, nutrition is an important environmental deter-
minate of gut microbiota. This observation is most apparent at 
birth with the first time exposure to oral feedings. Furthermore, 
several recent publications suggest that breastfeeding protec-
tion is primarily mediated through bacterial colonization (59). 
Since newborn intestinal microbiota is in a formative stage 
of development, modifications may have an important and 
timely impact on development of intestinal immune function. 
An appropriate maturation of both mucosal immune function 
and initial bacterial colonization is very important to immune 
homeostasis and short-/long-term health of the infant (18,601). 
Furthermore, an initial transient proliferation of health pro-
moting bacteria, e.g., “pioneer” bacteria, in a timely manner in 
the early neonatal period may be very important to intestinal 
host defense. In subsequent sections, the evidence to support 
the importance of breastfeeding in initial intestinal coloniza-
tion will be systematically reviewed (60).

tHe BIfIDoGenIC effeCt of BReaStfeeDInG
For over 40 y, it has been known that breastfeeding, particu-
larly in the first weeks of neonatal life, can stimulate the active 
proliferation of various strains of Bifidobacteria, e.g., the bifi-
dogenic effect. A study reported in Pediatrics in 1983 (61), 
using standard culture techniques, compared microbiota from 
infants fed breast milk vs. infant formula. Over the first 3 wk, 
the breastfed infants have a striking increase in Bifidobacteria 
and Lactobacillus species compared with formula-fed infants 
who had a more mature microbiota pattern containing organ-
isms such as enterobacteria and enterococci. The authors sug-
gested that breastfeeding created an intestinal milieu conducive 
to the growth of these bifidogenetic organisms. Breastfed 
infant’s intestinal content was noted to be acidic (pH 5.0) and 
contain an abundance of short-chain fatty acids, particularly 
lactic acid, whereas with formula-fed infants intestinal content 
was more alkaline (pH 7.1) and had lesser levels of short-chain 
fatty acids. In subsequent studies, the high content of oligosac-
charides (approximately 8% of total breast milk nutrients) was 
identified as the principal breast milk factor affecting the intes-
tinal milieu and therefore stimulating Bifidobacteria activa-
tion (62). These oligosaccharides pass undigested through the 
small intestine and enter the colon where they are fermented 
by endogenous microbiota (63). Extensive observations over 
the last two decades have established the impact of breast milk, 
particularly oligosaccharides, on the microbial composition 
of the intestine and its effect on gut development, particularly 
immune homeostasis (37,62). The term prebiotic has been 
used to describe the endogenous bacterial stimulatory effect of 
breast milk oligosaccharides (4).

tHe BReaStfeeDInG effeCt on otHeR oRGanISMS
Breast milk factors, also effect other health promoting micro-
organisms such as Lactobacillus, Bacteroides, and Clostridia, 
which have been shown to be important during the neonatal 
period in activating immunologic functions such as tolerance 
(64), mucus production (65), tight junction expression (19,66), 
and TH cell balance (17,67), necessary in the immature intes-
tine to provide mucosal barrier homeostasis. Furthermore, 
the short-chain fatty acids (acetate, proprionic, and butyrate) 
produced by bacterial fermentation of complex carbohydrates 
have also been shown to provide important gut functions. 
In addition to being absorbed by colonic cells as a source of 
energy, these short-chain fatty acids have also been shown to 
provide important immune protective function. For exam-
ple, a recent publication has shown that the short-chain fatty 
acid, acetate, produced by fermentation of “pioneer” bacteria 
interacts with a receptor on T reg cells in the lamina propria 
to stimulate proliferation (68). Several functions for butyrate 
have been reported, including activation of immunologic mol-
ecules through epigenetic mechanisms (69).

Metagenomic analysis of colonizing bacteria in breastfed 
infants identified several health promoting, anaerobic bac-
teria earlier in the neonatal period than previously reported 
(70) including Bacteroides, Lactobacillus, and Clostridia. 
Fortuitously, these individual species have been shown to 
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have important, unique functions in the developing mucosal 
immune system as discussed above, which appear to affect 
the newborn’s immune system in the very important postpar-
tum period. Furthermore, this early activation of the mucosal 
immune system appears to provide lifelong protection against 
expression of disease (8,18,37).

Recent studies have expanded the importance of breast 
milk oligosaccharides in bacterial stimulation. When breast 
milk oligosaccharides, compared with commercial oligosac-
charides, are used as the only source of carbon in the culture 
of Bifidobacterium longum subsp. infantis, not only is there 
bacterial proliferation, but bacterial genes are stimulated, 
which have a greater effect on enterocyte protection (71,72). 
In studies from this laboratory (73), we have identified a 
secreted product from the same B. infantis which on partial 
characterization is likely a glycan of less than 30 kD size. This 
factor has an anti-inflammatory effect in a fetal small intes-
tinal cell line (H4) and functions by causing a maturation of 
the innate inflammatory immune response to an inflamma-
tory stimulus with a reduction in the expression of TLR-4, 
its signaling molecules and its transcription factor NFκB 
genes and an increase in negative regulators of this response 
(TOLLIP, SIGIIR, and A-20) as seen in mature enterocytes 
(73,74). Finally, a recent study of the molecular response of 
intestinal bacteria to breast vs. infant formula feeding has 
shown that the products of breastfed intestinal bacteria have 
a greater effect on protective genes in enterocytes than prod-
ucts of formula-fed infants (75). Collectively, these recent 
studies suggest that a major protective impact of breastfeed-
ing on newborn intestinal immune function may be medi-
ated through intestinal bacteria.

Figure 4. Disease states reveal phylum-level differences compared with 
healthy controls. Comparisons of the relative abundances of predominant 
bacterial phyla in (a) inflammatory bowel disease (IBD), (b) type 2 diabetes, 
and (c) necrotizing enterocolitis (neC) are matched with healthy controls 
are displayed in two columns. fecal samples from infants with neC and 
patients with type 2 diabetes were compared with healthy controls reveal-
ing a predominance of Proteobacteria in patients with neC. Cecal samples 
from patients with IBD were compared with healthy controls, and relative 
abundances were assessed. firmicutes—maroon; actinobacteria—dark blue; 
Bacteroidetes—yellow; Verrucomicrobia—green; fusobacteria—purple; 
Proteobacteria—light blue. (Reprinted with permission from Macmillan 
Publishers ltd: Nat Rev Microbiol (ref. 5), copyright © 2011.)
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otHeR BReaSt MIlK faCtoRS tHat InflUenCe 
InteStInal ColonIzatIon
As stated previously, intestinal immune function can influence 
the composition of colonizing bacteria. The newborn’s muco-
sal immune system host defenses are not entirely operational 
at birth or in the neonatal period. Breast milk, a dynamic fluid, 
provides passive protective functions to the deficient new-
born. For example, in early studies from this laboratory, we 
have shown that pIgA as a function of total breast milk pro-
tein decreased as the infant’s own endogenous pIgA increased 
over the first month of life (8,16). At various stages of mucosal 
immune development, breast milk provides passive protective 
factors such as pIgA, antibacterial peptides (defensins), and 
components of the innate immune response (soluble TLR-2 
and 4, CD14 and MD2). These passive factors allow the new-
born to protect itself from invading pathogens. These factors 
also contribute to the composition of luminal and enterocyte 
surface bacteria. For example, a decrease in pIgA levels in 
breast milk has been shown to result in a different intestinal 
microbiota than with adequate pIgA levels (59,76). This differ-
ence in bacterial composition has also been shown after reduc-
tion in soluble components of the innate immune response 
(77). Other protective factors in breast milk, e.g., lactoferrin, 
lysozyme, defensins, shown to be protective in young breastfed 
infants also cause protection through their influence on intes-
tinal microbiota (23,78). Thus, as we understand the impor-
tance of initial intestinal colonization in the newborn and older 
child’s health, we realized that much of this effect is mediated 
through breast milk’s influence on intestinal microbiota, the 
quintessential dietary environmental factor in colonization.

tHe BReaSt MIlK MICRoBIoMe
It has long been known that breast milk contains microorgan-
isms, originally thought to be due to contamination by skin 
microbes from mother’s areola or from bacteria present in the 
infant’s mouth. Over the last few years with the introduction of 
molecular analysis of the microbiome in breast milk, microbi-
ota from mother’s intestine are also shown in breast milk (79). 
Human and animal studies suggest that microorganisms from 
the maternal gut can be taken up by an increasingly permeable 
intestine due to hormonal effects on enterocyte tight junctions 
in the later stages of pregnancy and into early lactation. These 
migrant intestinal bacteria are engulfed by lymphoid cells 
which home to the engorged breast and are then secreted into 
breast milk where bacteria are released. Evidence in human lac-
tating mothers shows large quantities of circulating lymphoid 
cells with engulfed bacteria. In animal studies, labeled bacteria 
placed into the maternal gut of lactating rodents appear in the 
breast milk. These studies suggest the presence of a microbial 
enteromammary circulation during lactation. Although these 
maternal gut microbes represent a small number of bacteria 
(103/cc breast milk) compared colonizing bacteria that exist, 
they may represent another inoculum for the intestinal colo-
nization process, particularly in the presence of breast milk 
oligosaccharides acting as prebiotics. The actual role for breast 
milk microbes, however, remains to be established.

DYSBIoSIS anD DISeaSe StateS
As stated above, there are many circumstances in which a dis-
rupted environment can influence initial colonization (mode 
of delivery, prematurity, and antibiotics). Such a disruption 
in appropriate colonizing bacteria leads to an alteration in 
phyla and less diverse individual bacterial species resulting in 
dysbiosis (3). A recent review article has underscored the dif-
ference in microbiota in the microbiome of children with dis-
eases and their age-matched controls (Figure 4) (4–6). At this 
point, we cannot evoke the dysbiosis as a cause or as an effect 
of the disease. However, as previously stated, fecal microbiota 
transplants from disease phenotypes of either animal models 
or humans to germ-free animals have resulted in a phenotypic 
expression of the disease. As stated, this observation implicates 
the dysbiotic microbiome in disease expression, but does not 
provide evidence for cause. Furthermore, breastfeeding has 
been repeatedly shown to influence initial colonization and 
breastfed infants have a lower incidence of immune-mediated 
disease suggesting an association, but not necessarily an effect. 
Although an important environmental factor in initial colo-
nization, breastfeeding is not the only environmental factor 
involved and cannot, for example, account for inherent genetic 
defects. However, a published meta-analysis has strongly sug-
gested that early exclusive breastfeeding can prevent diseases 
expressed later in life (asthma, celiac disease, obesity, etc.) 
(Figure 5) (80).

SUMMaRY anD ConClUSIonS
This review of the association of breastfeeding with initial 
colonization and its importance in the infant/child’s health 
suggests that a critical new protective function for breastfeed-
ing exists and opens up many new areas for investigation for 
both clinical and research studies. At the very least, it provides 
strong support for infants being breastfed, if at all possible, for 
the first 4–6 mo of life.
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