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Breast milk is the perfect nutrition for infants, a result of millions of years of evolution. In
addition to providing a source of nutrition, breast milk contains a diverse array of microbiota
and myriad biologically active components that are thought to guide the infant’s develop-
ing mucosal immune system. It is believed that bacteria from the mother’s intestine may
translocate to breast milk and dynamically transfer to the infant. Such interplay between
mother and her infant is a key to establishing a healthy infant intestinal microbiome.
These intestinal bacteria protect against many respiratory and diarrheal illnesses, but are
subject to environmental stresses such as antibiotic use. Orchestrating the development
of the microbiota are the human milk oligosaccharides (HMOs), the synthesis of which
are partially determined by the maternal genotype. HMOs are thought to play a role
in preventing pathogenic bacterial adhesion though multiple mechanisms, while also
providing nutrition for the microbiome. Extracellular vesicles (EVs), including exosomes,
carry a diverse cargo, including mRNA, miRNA, and cytosolic and membrane-bound
proteins, and are readily detectable in human breast milk. Strongly implicated in cell-cell
signaling, EVs could therefore may play a further role in the development of the infant
microbiome. This review considers the emerging role of breast milk microbiota, bioactive
HMOs, and EVs in the establishment of the neonatal microbiome and the consequent
potential for modulation of neonatal immune system development.

Keywords: breast milk, microbiota, microbiome, human milk oligosaccharides, exosomes, extracellular vesicles,
infant microbiome, breast milk microbiome

INTRODUCTION

Breastfeeding confers protection against respiratory and gastrointestinal infections and is associated
with a reduced risk of inflammatory diseases such as asthma, atopy, diabetes, obesity, and inflam-
matory bowel disease (1-7). Prolonged and exclusively breastfed infants have improved cognitive
development (8, 9). Human milk continues the transfer of immunity from mother to child that
started in utero, providing a nurturing environment that protects against infection and develops the
infant intestinal mucosa, microbiota, and their own immunologic defenses. Breast milk is a special-
ized secretion in which immune response is highly targeted against microorganisms in the mother’s
gut and airway, providing an important defense against the same pathogens likely encountered by
her infant (10). More recent studies suggest that breast milk not only provides passive protection
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but also directly modulates the immunological development of
the breastfed infant through a variety of personalized microbial
and immune factors transmitted from mother to child (11-14).
These early imprinting events are crucial for immunologic and
metabolic homeostasis.

Breast milk immune factors are at their highest concentrations
in the colostrum (15), suggesting an immunologic function of
milk when the infant is at highest risk of exposure to new patho-
gens. However, they continue to be dynamically present through-
out the lactation period. Bioactive factors transferred to the
infant via breastfeeding including immunoglobulins, cytokines,
chemokines, growth factors, hormones, and lactoferrin have been
reviewed in detail elsewhere (15-17). This review will focus on the
roles of breast milk microbiota in the establishment of the infant
intestinal microbiota, human milk oligosaccharides (HMOs) in
shaping the microbiota, and extracellular vesicles (EVs) in modu-
lation of the host-microbe interactions. Breast milk microbiota,
HMOs, and EVs are emerging as areas of potential therapeutic
interests due to their implications for infant immune develop-
ment, health, and scope for therapeutic manipulation.

BREAST MILK MICROBIOTA

Breast milk comprises several hundred bacterial species and
harbors bacteria at concentrations of approximately 1,000
colony-forming units (CFUs)/mL (18, 19). It is estimated
that breastfed infants ingest up to 800,000 bacteria daily (20).
Following a dose of microbes at birth (21), breast milk is the
immediate next fundamental source of microbes seeding
the infant’s gut (22, 23). Many epidemiologic studies have
documented differences in the composition of gut microbiota in
breastfed and formula-fed infants (24-26). Human milk directly
contributes to the establishment of the infant intestinal micro-
biome (19, 20, 23, 27-29). Multiple studies have documented
the sharing of specific microbial strains of Bifidobacterium,
Lactobacillus, Enterococcus, and Staphylococcus species between
breast milk and infant stool (30-32). During the first month of
life, infants who primarily breastfeed share 28% of their stool
microbes with their mother’s milk microbes. The frequency of
shared microbes increases with the proportion of daily breast
milk intake in a dose-dependent manner (23). These findings
strongly suggest the transfer of microbes from breast milk to the
infant gut. Although an interindividual variation in the types
and abundance of different bacteria in human milk exists, the
bacteria found in the infant gut most resemble the bacteria from
their own mother (23).

While early studies employed culture-dependent methods,
recent development of culture-independent techniques, such as
next-generation sequencing, has expanded our understanding
of the composition and diversity of the breast milk microbiome
(33-35). Streptococcus and Staphylococcus species are the most
commonly identified bacterial families in human milk, followed
by Bifidobacterium, Lactobacillus, Propionibacteria, Enterococcus,
and members of the Enterobacteriaceae family (23, 28, 35, 36).
Several hundred bacterial species have been identified with
higher diversity in colostrum compared to transition and mature

milk (18).

The origin of bacteria in breast milk is not well established.
Breast tissue itself contains a diverse population of bacteria (37).
A dynamic cycling of bacteria between mother and infant with
retrograde flow from maternal commensal skin flora to infant
mouth flora during breastfeeding (38) likely contributes to the
bacterial communities (39). However, commensal contamination
does not fully account for the diversity of human milk microbes
or the presence of strictly anaerobic species such as Bifidobacterium,
Clostridium, or Bacteroides species. Milk microbial community
composition has been shown to differ from communities on the
surrounding areolar skin and infant mouth (35, 40). Another
proposed theory is an enteromammary pathway whereby mater-
nal intestinal bacteria migrate to the mammary glands via an
endogenous cellular route during pregnancy and lactation (19,
28, 41). It has been hypothesized that bacteria first translocate
the maternal gut by internalization in dendritic cells and then
circulate to the mammary gland via the lymphatic and blood
circulation (42). This specialized form of mother-infant com-
munication of transferring microbes from the mother’s gut to the
infant via breastfeeding needs further investigation.

Maternal factors affect milk microbiota composition and
diversity (Figure 1). Higher diversity has been reported in milk
from mothers who deliver vaginally compared with C-section by
some groups (18, 43, 44) but not others (23, 45). Milk bacterial
profiles do not significantly differ in relation to maternal age, infant
gender, or race/ethnicity within a geographical region but do dif-
fer across geographic locations of Europe, Africa, and Asia (23,
45, 46). Bifidobacterium species concentration was higher in term
deliveries than preterm deliveries (44). Total bacteria concentra-
tion using quantitative PCR is lower in colostrum than in transi-
tional and mature milk, with increasing levels of Bifidobacterium
and Enterococcus species over time (18, 44). Maternal health
alters milk microbiota composition and diversity as evidenced
by comparative studies of healthy mothers to those with obesity,
celiac disease, and human immunodeficiency virus (HIV) (18,47,
48). Immunomodulatory cytokines secreted in breast milk from
healthy women such as transforming growth factor beta (TGFp)
1 and TGFp2 are associated with increased early-life microbial
richness, evenness, diversity, and increased abundance of taxa
protective against atopic diseases (49). Unsurprisingly, maternal
antibiotic use and chemotherapy decrease bacterial diversity in
breast milk (50, 51); how this impacts on the infant microbiome
and immune system development in the long term is currently
unknown. More studies are warranted to understand how
maternal genetics, culture, environment, nutritional status, and
inflammatory states from acute or chronic diseases affect breast
milk microbiota.

Role of Breast Milk Microbiota in the
Infant Gut

Breast milk bacteria have both immediate- and long-term roles
in reducing the incidence and severity of bacterial infections in
breastfed infants by multiple mechanisms. Commensal bacteria
can competitively exclude or express antimicrobial properties
against pathogenic bacteria. For example, Lactobacilli isolated
from breast milk have been shown to inhibit adhesion and growth
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FIGURE 1 | Factors that influence maternal breast milk microbiome and proposed mechanism of how breast milk may alter the infant gut microbiome and health
outcome. A myriad of environmental, genetic, and immune factors personalize a mother’s milk for delivery to her infant. Starting from the initial feeding, the breast
milk microbes and human milk oligosaccharides contribute to the composition and diversity of the infant gut microbiome. The initial gut microbes may continue to
promote colonization of a healthy community or an aberrant community. During the critical window of immune development, the community types may induce
metabolic alterations leading to differing immune phenotypes and long-term health outcomes. SCFA, short-chain fatty acids.
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of gastrointestinal pathogens, including Escherichia coli, Shigella
spp, Pseudomonas spp, and Salmonella spp strains (52-54). Five
breast milk Lactobacilli strains increased mucin gene expression
by intestinal enterocytes to form an antibacterial barrier (53).
Administration of a breast milk Lactobacilli strain in a double-
blind controlled trial to infants 6-12 months of age reduced the
incidence of gastrointestinal, respiratory, and total infections by
46, 27, and 30%, respectively (55). The significant increase in
bacterial counts of Lactobacilli and bifidobacteria in the experi-
mental group compared with the controls was thought to explain
the reduced clinical infection episodes although the pathogenic
bacteria counts were not measured. Another study found that
30% of human milk contains nisin-producing bacteria that can
survive passage through the intestine (56). Nisin is a bacteriocin
used by the dairy industry to prevent spore germination and
inhibit Clostridium botulinum and Bacillus cereus. Staphylococcus
epidermidis and Streptococcus salivarius from expressed breast
milk also possesses antimicrobial activity against pathogenic
Staphylococcus aureus (20). Although there are many studies
of antimicrobial peptides and molecules in the intestine, more
studies are necessary to understand the specific antimicrobial
activities of breast milk bacteria.

Increasing evidence in animals points to the instrumental
role of microbiota in the development and instruction of the
immune system (57, 58). In the absence of intestinal bacteria,
animals have defects in lymphoid tissue development within
the spleen, thymus, and lymph nodes. Germ-free intestines have

reduced numbers of lamina propria CD4+ cells, IgA-producing
cells, and hypoplastic Peyer’s patches (59). Germ-free mice typi-
cally are Th2 skewed but achieve a balance of Th1/Th2 cytokine
production after the introduction of symbiotic bacteria (60).
Breast milk Lactobacillus strains have been shown to enhance
macrophage production of Thl cytokines including II-2, IL-12,
and TNF-alpha (61). An early human study has suggested better
Thl responses in breastfed children compared to formula-fed
children with immunomodulating effects lasting beyond weaning
(62). Another in vitro study showed that Lactobacillus fermentum
and Lactobacillus salivarius were potent activators of natural
killer cells affecting innate immunity as well as moderate activators
of CD4+ and CD8+ T cells and regulator T cells affecting acquired
immunity (63). Breastfed rhesus macaque infants develop distinct
gut microbiota and robust populations of memory T cells and
T helper 17 cells compared to bottle-fed infants (64). Whether
these mechanisms also exists in humans is not yet known.

Critical Window of Opportunity for

Immune Effects

The World Health Organization recommends exclusive breast-
feeding during the first 6 months of life (65). This time period of
exclusive milk ingestion is also a critical window for microbial
imprinting (23, 66, 67). The infant microbiome comprises a
dynamic community of bacteria that transforms throughout
infancy and into early childhood, but the community assembly is
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non-random and depends on early-life events (57, 66). Dysbiosis
during this critical developmental window during a time of
exclusive milk ingestion may have long-term health implications
(57, 68). Germ-free mice have an overaccumulation of invariant
natural killer (iNKT) cells leading to susceptibility to colitis,
but colonization with standard microbiota before 2 weeks of
life but not after, normalizes iNKT cell numbers and protected
against colitis (69). Similarly, germ-free adult mice have elevated
serum IgE levels associated with exaggerated allergic responses,
but mice colonized with standard microbiota before 4 weeks
of age, but not after, have normal IgE levels (70). Oral admin-
istration of Bifidobacterium breve in mice induces proliferation
of FoxP3+ regulatory T cells, but only if administered during
the pre-weaning stage (54). Even transient perturbations in the
microbiota in early life with penicillin is sufficient to induce
sustained metabolic alterations and changes in the expression of
immune genes in mice (68). Longitudinal human cohorts have
supported the long-term implications of early dysbiosis. Arrieta
et al. showed transient gut dysbiosis during the first 100 days
of life put infants at higher risk for asthma (71). The relative
abundance of Lachnospira, Veillonella, Faecalibacterium, and
Rothia was significantly lower in children at risk of asthma. These
genera are present in breast milk (23, 36). Fujimura et al. found
a microbiota conformation that was significantly associated with
a higher risk of atopy; the conformation was only detectable in
children younger than 6 months. By using fecal water from these
infants cultured ex vivo with human adult peripheral T cells,
the investigators showed enhanced induction of IL4+ CD4+
T cells and decreased abundance of CD4+ CD25+ FOXP3+
cells, suggesting that dysbiosis promotes CD4+ T cell dysfunc-
tion associated with atopy (72). The progressive establishment
of the infant microbiota is vital for educating their immune
system to tolerance and reactivity to maintain health throughout
life. A recent study by Béckhed et al. suggests that cessation of
breastfeeding rather than introduction of solid foods is the major
driver in the development of an adult microbiota (73). Indeed,
Ding and Schloss found that history of breastfeeding as an infant
dictated bacterial community composition as adults (74).

Breast Milk Virome

Viruses are also known to be transmitted through breast milk
(75) and likely contribute to the gut ecology of the developing
infant. The assembly of phage and eukaryotic components of the
infant gut virome is affected by health and nutritional status (76).
Breitbart et al. did not find similar viral sequences in maternal
breast milk and the infant stool in their one infant followed
over time (77). However, a recent study of 25 mother-infant
pairs identified bifidobacterial communities and bifidophages
in maternal milk and infant stool, strongly suggesting vertical
transmission through breastfeeding (78). Because the majority
of viruses inhabiting the infant and adult gut are bacteriophages
(77, 79), they have the ability to kill bacteria or provide them
with potentially beneficial gene functions to shape the bacte-
rial community and long-term health. Longitudinal studies
to determine the role of breastfeeding in the establishment of
the infant gut virome and the viral-bacterial interactions are
warranted.

HUMAN MILK OLIGOSACCHARIDES

Human milk oligosaccharides (HMO) may further influence the
establishment of a healthy microbiome, by binding potentially
harmful bacteria in the intestinal lumen, asserting direct anti-
microbial effects, modulating the intestinal epithelial cell immune
response, and thereby promoting the growth of “good bacteria”
(Figure 2). HMOs are soluble complex carbohydrates that are
synthesized in the mammary glands dependent on maternal
genotype, including the genes that determine the Lewis blood
group antigen.

HMO are indigestible by the infant. Instead, they function as
prebiotics, encouraging the growth of certain strains of beneficial
bacteria, such as Bifidobacterium infantis, within the infant gas-
trointestinal tract (80), thus preventing infection by allowing the
microbiota to outcompete potential pathogenic organisms (81,
82). Once ingested by the infant, HMOs are thought to inhibit
the adherence of pathogens to the intestinal epithelium by acting
as a decoy receptor for pathogens, which prevents attachment to
host cells, thereby preventing pathogen adhesion and invasion
(83). HMOs are also thought to have direct antimicrobial effects
on certain pathogens (81). Finally, HMOs have been observed
to modulate intestinal epithelial cell responses, as well as act as
immune modulators. HMOs alter the environment of the intes-
tine, by reducing cell growth, and inducing differentiation and
apoptosis (84). They alter immune responses by shifting T cell
responses to a balanced Th1/Th2 cytokine production (85).

Genetic differences are responsible for differences in HMO
profiles in breast milk (86-89), although HMO abundance
changes throughout lactation. Therefore, mothers possessing
different genotypes, and thus different HMO profiles, may pro-
tect their infants against certain infections to a greater or lesser
extent, depending on the presence of specific HMOs. Likewise,
the different HMOs produced alter the types of microbiota
colonizing infants, as well as the timing of the establishment
of the microbiota (90). Because of their complexity, no human
milk identical HMOs have been synthesized. However, non-
human milk-derived alternatives that may have similar bioactive
properties are gaining interest. In a recent placebo-controlled
trial of 4,556 infants from India, a plant oligosaccharide, fructoo-
ligosaccharide, was given to infants together with Lactobacillus
plantarum and demonstrated a reduced risk of sepsis and death
in those in the treatment arm (RR, 0.6; CI, 0.48-0.74) compared
to those in the control arm (91). The results highlight a potential
role for HMOs and non-milk oligosaccharides in preventing
neonatal infection.

HMO are thought to play an important role in preventing
neonatal diarrheal and respiratory tract infections (92, 93).
Several HMOs have been implicated in protection against bacte-
rial and viral infections in neonates, including fucosyltransferase
enzyme (FUT3), associated with the Lewis—Secretor gene (89)
and 2'-fucosyllactose (2'-FL), associated with the Secretor gene
(FUT2) (87). High concentrations of 2’-FL are associated with
reduced risk of infant Campylobacter jejuni (94) and rotavirus
infections (95). However, it has been noted that there is a rota-
virus strain-specific effect of different HMOs, both alone and in
combination (95, 96). Lewis—secretor positive infants in Burkina
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FIGURE 2 | Mechanism of action of HMO to prevent aberrant pathogen colonization. HMO may bind directly to bacteria in the gut lumen causing conformational
change in bacterial binding sites and preventing binding to cell receptors; alternatively, HMO may bind directly to gut epithelial cells causing altered expression of cell
receptors, which prevent pathogen binding to gut epithelial cells. HMO, human milk oligosaccharide.

Faso and Nicaragua appear to have increased susceptibility to
rotavirus infection compared to Lewis-negative infants. As the
Lewis antigen is partially responsible for HMO abundance, this
finding may explain the reduced efficacy of the live oral rotavirus
vaccine in Africa where the majority of women are Lewis—Secretor
negative (96). Conversely, an observational study undertaken in
the United States found severe rotavirus gastroenteritis to be
essentially absent in children who had a genetic polymorphism
that inactivates FUT2 expression on the intestinal epithelium,
which may indicate further strain-specific adaptations of HMOs
(97). Infants who received milk containing a low concentration of
lacto-N-difucohexaose have an increased incidence of calicivirus
diarrhea (98). Other HMO combinations in breast milk have also
been associated with reduced risk of HIV transmission in Zambia
(99).

It has been suggested that HMOs could be used therapeuti-
cally to harness these antibiotic benefits together with standard
antibiotics (100, 101). Research to date has primarily focused on
developing such adjuncts by investigating antiadhesive properties
of HMOs in vitro. These include the ability of HMOs to reduce
Streptococcus pneumoniae adherence to cells of the oropharynx
(102) and gastrointestinal adherence with Escherichia coli
(103-105). Specific HMOs such as FUT3 have been implicated
in increased killing of Group B Streptococcus (GBS) in vitro
(106-108). The Bode laboratories have determined that GBS
requires specific HMO to proliferate in vitro (101), Further
in vitro investigation revealed that GBS uses a glycosyltransferase,
which incorporates HMOs into the cell membrane, preventing
bacterial proliferation. The Townsend and Le Doare laboratories
have also identified Lewis-Secretor status to be important in

reducing biofilm associated with GBS (106, 107). Further studies
have identified that HMO-2'-FL also acts as a decoy receptor
for norovirus (109). Animal models also report increased Thl
responses against RSV in mice given a prebiotic containing
HMOs (110). HMOs are emerging as a novel potential adjunct to
antibiotic therapy, but there is much uncertainty as to individual
HMO function and synthesizing individual HMOs in the labora-
tory for use in clinical trials has proven problematic.

EXTRACELLULAR VESICLES AND THEIR
CARGO

One of the most recently identified breast milk components
that may alter the intestinal immune response and subsequent
establishment of the microbiota are the extracellular vesicles (EV)
that contain a rich protein cargo, capable of influencing the local
immune response to bacterial challenge (111, 112). Hence, the
discovery 10 years ago that human breast milk contains abundant
EVs has garnered a lot of attention in the field (113). EVs contain
a diverse cargo, including mRNA, miRNA, and cytosolic and
membrane proteins and have been demonstrated to be intricately
involved in cell-cell signaling. EV's include exosomes, which form
through the endosomal pathway, and are released from cells fol-
lowing fusion of multivesicular endosomes with the plasma mem-
brane. The larger (0.1-2 uM), more heterogenous microvesicles are
formed through direct blebbing from the cell plasma membrane.
It is important to note that many breast milk studies use the term
“exosomes,” but do not separate exosomes from other vesicles,
neither conceptually nor physically. Unless the isolation procedure
takes advantage of exosomes’ known size or flotation density (e.g.,
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through sucrose gradients, or size exclusion chromatography) or
their known markers (i.e., by immunomagnetic isolation, e.g.,
anti-tetraspanin beads), isolated vesicles cannot be definitively
described as exosomes. Both ultracentrifugation and PEG-based
reagents such as Exoquick™, commonly used in breast milk
studies to date, will pellet other vesicles as well as non-vesicular
proteins, including RNA-binding proteins. Studies that use these
methods have still revealed exciting potential for breast milk EVss,
in terms of biomarkers, or biological activity in vivo. The Nolte-
‘t Hoen group have published a useful study that compares EV
isolation methods from breast milk (114).

Breast milk EVs contain RNA (115), miRNA, and long
non-coding RNA (116). Several studies that profiled miRNA in
breast milk exosomes found enrichment in multiple biological
functions, including regulation of actin cytoskeleton, glycolysis/
gluconeogenesis, aminoacyl-tRNA biosynthesis, pentose phos-
phate pathway, galactose metabolism, and fatty acid biosynthesis,
as well as a wide range of immunological pathways (117-120).
Likewise, proteomic analysis of human breast milk EVs revealed
that the majority of proteins mapped to immune cell origin
(121). Interestingly, a large number of these proteins had not
been previously identified in human breast milk, demonstrating
that exploration of EV cargoes may reveal novel biomarkers
and functional pathways for further investigation. Exosomes in
bovine milk are also enriched in proteins involved in immune
response and growth (122).

Exosomes can mediate delivery of novel functional miRNA
and mRNA to recipient cells (123). Whether miRNAs in breast
milk exosomes are functional in the human digestive system is
still relatively unknown; some studies show that exosomes pro-
tect miRNAs from digestion (118, 124), while others show that
miRNAs are degraded by intestinal contents (125). Certainly,
breast milk mRNAs and miRNAs can be taken up by cells and
elicit functional effects in vitro, suggesting the exciting pos-
sibility that they may be able to alter protein expression at the
neonatal mucosal surface, impacting on the development of the
infant’s immune system. These functional effects demonstrated
thus far include inhibition of in vitro T cell cytokine production
and boosting regulatory T cells (113) and inhibition of HIV-1
infection of dendritic cells (126). Liao et al. also recently demon-
strated that milk-derived EVs enter human intestinal crypt-like
cells, with some localization to the cell nucleus; thus, this is a
potential mechanism for delivery of immunoregulatory genetic
material from mother-to-infant cells (127). Administration of
breast milk exosomes increases intestinal epithelial prolifera-
tion in both pigs (128) and rats (129), suggesting that they also
have the potential to promote normal intestinal development
and function in neonates. In addition to acting in the intestinal
tract, EVs could potentially exert effects in the oropharynx and
nasopharynx. Thus, breast milk EVs could alter the neonatal
immune response to oral vaccines, respiratory pathogens and
colonization.

Extracellular vesicles also have the potential to modulate the
host-microbe interaction. Epithelial and immune cell responses
to gut microbes Lactobacillus or Bifidobacterium are modulated
in the presence of EVs from serum (111). These EV enhance
aggregation and phagocytosis of bacteria, as well as modulating

TLR responses. Whether these activities are also performed by
breast milk EVs is not known. As well as human milk, EVs also
have been detected in porcine (128), bovine (122), and murine
(125) milk, enabling the use of animal models to explore this
phenomenon, as well as raising the possibility of there being
cross-kingdom cell-cell communication via unpasteurized milk.
Studies in mice have identified that the absence of EV's decreases
the diversity of the pup intestinal microbiome (130). Human stud-
ies of the role of exosomes and their cargo in modulating infant
intestinal microbiome are limited. However, Kosaka et al. identi-
fied miRNA associated with immune regulation within exosomes
in breast milk that are particularly abundant in the first 6 months
of life, when the neonatal mucosal immune system is developing
(118). Recent work investigating the role of miRNA in EVs in the
ProPACT trial demonstrated an array of miRNA in human milk
that differed between mothers given probiotics and those given
placebo but no significant differences in atopy outcomes (131).

The few studies of exosomes in breast milk to date have often
been cross-sectional (116), and thereis only one study of exosomes
in human colostrum (113); milk that is delivered at a key stage
for early immune priming. A study of bovine exosomes shows
that the immunomodulatory protein cargo changes temporally
during lactation (122); thus, detailed exploration of human breast
milk EV cargo across the course of lactation could yield data that
are highly relevant to the development of the neonatal immune
system. Isolation of exosomes from breast milk to investigate
the miRNA and protein cargo that could be delivered to the
infant mucosa would offer novel insight into potential delivery
mechanisms for drugs with intestinal immunomodulatory fac-
tors (132). Furthermore, improved knowledge of the stability and
functionality of EV cargoes in vivo is vital for our understanding
of how breast milk improves neonatal health and immunity.

FUTURE DIRECTIONS
Breast Milk Microbiota

Many unanswered questions regarding the microbiome need
further exploration. We need more studies to define the
mechanism by which the microbiota impact immune develop-
ment and how dysbiosis leads to gut inflammation. Greater
comprehension beyond the community profile to elucidate
function and metabolites produced by the microbes is integral
to utilizing these pathways to improve health or alter disease
outcomes. If an enteromammary pathway is confirmed, we
could exert a positive influence on infant health by modulating
the maternal gut microbiota. Breast milk studies to date have
mainly focused on the bacterial component. We also need to
further understand how the milk virome and mycobiome influ-
ence infant gut health.

Breast Milk HMOs

Further questions surround the HMOs, namely, functions of
individual HMO and synthesis of HMO in the laboratory for
nutrition supplementation; manipulation of HMO expression;
and their delivery to establish a healthy microbiome. It is also
possible that early intervention (within the first few days of life)
is required for such therapies to be successful.
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Breast Milk EVs

For future studies of breast milk EVs, including exosomes, it is
key to ensure that the correct nomenclature is utilized, based
on the isolation methods used. Utilizing the guidelines of the
International Society for Extracellular Vesicles (114) and report-
ing isolation methods through the new EV-TRACK database
(133) will greatly aid the field of breast milk EVs. Apoptotic bod-
ies have been seen as something to deplete in breast milk studies
to date. Nothing is known about their cargo nor their function
in breast milk, but they could play an important biological func-
tion in the neonate, as seen in other fields. We also lack detailed
understanding of how breast milk EV's change over the course of
lactation in humans. We need to understand better how breast
milk EVs survive in vivo in the oropharynx, nasopharynx, and
the gut, where their delivery would be critical. Finally, a human
model of EV interaction with the neonatal microbiome would
also give critical insight into possible mechanisms that could
be harnessed to protect infants from disease and aid intestinal
immune development in term and preterm infants alike.

Summary

Future research studies should aim for enrollment of mother-
infant pairs, large sample sizes, and longitudinal sample collections
and include a diverse population to further elucidate variability
in the breast milk microbiome, HMOs, and EVs on infant health
outcomes. Studies should employ metagenomics, metatranscrip-
tomics, and metabolomics approaches to understand the complete
taxonomical, functional, and metabolic profile and create a more

REFERENCES

1. American Academy of Pediatrics Section on Breastfeeding. Breastfeeding
and the use of human milk. Pediatrics (2012) 129(3):e827-41. doi:10.1542/
peds.2011-3552

2. Klopp A, Vehling L, Becker AB, Subbarao P, Mandhane PJ, Turvey SE, et al.
Modes of infant feeding and the risk of childhood asthma: a prospective
birth cohort study. J Pediatr (2017) 190:192-9.¢2. doi:10.1016/j.jpeds.2017.
07.012

3. Dogaru CM, Nyffenegger D, Pescatore AM, Spycher BD, Kuehni CE.
Breastfeeding and childhood asthma: systematic review and meta-analysis.
Am ] Epidemiol (2014) 179(10):1153-67. doi:10.1093/aje/kwu072

4. den Dekker HT, Sonnenschein-van der Voort AM, Jaddoe VW, Reiss IK,
de Jongste JC, Duijts L. Breastfeeding and asthma outcomes at the age of 6
years: the Generation R Study. Pediatr Allergy Immunol (2016) 27(5):486-92.
doi:10.1111/pai.12576

5. Azad MB, Vehling L, Lu Z, Dai D, Subbarao P, Becker AB, et al. Breastfeeding,
maternal asthma and wheezing in the first year of life: a longitudinal birth
cohort study. Eur Respir ] (2017) 49(5). doi:10.1183/13993003.02019-2016

6. Horta BL, Loret de Mola C, Victora CG. Long-term consequences of breast-
feeding on cholesterol, obesity, systolic blood pressure and type 2 diabetes:
a systematic review and meta-analysis. Acta Paediatr (2015) 104(467):30-7.
doi:10.1111/apa.13133

7. Xu L, Lochhead P, Ko Y, Claggett B, Leong RW, Ananthakrishnan AN.
Systematic review with meta-analysis: breastfeeding and the risk of Crohn’s
disease and ulcerative colitis. Aliment Pharmacol Ther (2017) 46(9):780-9.
doi:10.1111/apt.14291

8. Victora CG, Bahl R, Barros AJ, Franga GV, Horton S, Krasevec J, et al.
Breastfeeding in the 21st century: epidemiology, mechanisms, and lifelong
effect. Lancet(2016)387(10017):475-90.d0i:10.1016/S0140-6736(15)01024-7

9. Kramer MS, Aboud F, Mironova E, Vanilovich I, Platt RW, Matush L, et al.
Breastfeeding and child cognitive development: new evidence from a large

accurate picture of the breast milk contribution to infant health.
Studies of the breast milk virome and fungome are warranted.
Furthermore, ensuring that a repository of maternal and infant
samples is kept for future research is useful in determining the long-
term health implications of the gut microbiome present during the
critical window. A repository can also present the opportunity to
study the multigenerational transmission of microbes, HMOs, and
EVs, facilitating a comprehensive understanding of the dynamics
of the mother’s contribution to the infant immune system.

AUTHOR CONTRIBUTIONS

PP conceived and designed the manuscript. KLD, BH, AB, and
PP contributed to the drafting and critical revision of this manu-
script. All authors approved the final copy of the manuscript.

ACKNOWLEDGMENTS

The authors would like to acknowledge The Royal Society. This
review was presented at The Royal Society’s scientific meeting
“Reducing neonatal infectious morbidity and mortality: joining
up our thinking”

FUNDING

BH is supported by MRC The Gambia. PP is supported by NIH
K23 HD072774-02. KLD is supported by the Bill and Melinda
Gates Foundation OPP115363, the British Research Council and
the Thrasher Foundation.

randomized trial. Arch Gen Psychiatry (2008) 65(5):578-84. doi:10.1001/
archpsyc.65.5.578

10. Brandtzaeg P. The mucosal immune system and its integration with the
mammary glands. J Pediatr (2010) 156(2 Suppl):S8-15. doi:10.1016/j.
jpeds.2009.11.014

11. Piper KM, Berry CA, Cregan MD. The bioactive nature of human breast-
milk. Breastfeed Rev (2007) 15(3):5-10.

12. Hanson LA, Korotkova M, Lundin S, Haversen L, Silfverdal SA, Mattsby-
Baltzer I, et al. The transfer of immunity from mother to child. Ann N'Y Acad
Sci (2003) 987:199-206. doi:10.1111/j.1749-6632.2003.tb06049.x

13. Walker WA, Iyengar RS. Breast milk, microbiota, and intestinal immune
homeostasis. Pediatr Res (2015) 77(1-2):220-8. doi:10.1038/pr.2014.160

14. Mueller NT, Bakacs E, Combellick J, Grigoryan Z, Dominguez-Bello MG.
The infant microbiome development: mom matters. Trends Mol Med (2015)
21(2):109-17. doi:10.1016/j.molmed.2014.12.002

15. Ballard O, Morrow AL. Human milk composition: nutrients and bioac-
tive factors. Pediatr Clin North Am (2013) 60(1):49-74. doi:10.1016/j.
pcl.2012.10.002

16. Ruiz L, Espinosa-Martos I, Garcia-Carral C, Manzano S, McGuire MK,
Meehan CL, et al. What’s normal? Immune profiling of human milk from
healthy women living in different geographical and socioeconomic settings.
Front Immunol (2017) 8:696. doi:10.3389/fimmu.2017.00696

17. AndreasNJ, Kampmann B, Mehring Le-Doare K. Human breast milk: a review
on its composition and bioactivity. Early Hum Dev (2015) 91(11):629-35.
doi:10.1016/j.earlhumdev.2015.08.013

18. Cabrera-Rubio R, Collado MC, Laitinen K, Salminen §, Isolauri E, Mira A.
The human milk microbiome changes over lactation and is shaped by
maternal weight and mode of delivery. Am J Clin Nutr (2012) 96(3):544-51.
doi:10.3945/ajcn.112.037382

19. Jeurink PV, van Bergenhenegouwen J, Jiménez E, Knippels LM,
Fernandez L, Garssen J, et al. Human milk: a source of more life than we
imagine. Benef Microbes (2013) 4(1):17-30. doi:10.3920/BM2012.0040

Frontiers in Immunology | www.frontiersin.org

February 2018 | Volume 9 | Article 361


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1542/peds.2011-3552
https://doi.org/10.1542/peds.2011-3552
https://doi.org/10.1016/j.jpeds.2017.07.012
https://doi.org/10.1016/j.jpeds.2017.07.012
https://doi.org/10.1093/aje/kwu072
https://doi.org/10.1111/pai.12576
https://doi.org/10.1183/13993003.02019-2016
https://doi.org/10.1111/apa.13133
https://doi.org/10.1111/apt.14291
https://doi.org/10.1016/S0140-6736(15)01024-7
https://doi.org/10.1001/archpsyc.65.5.578
https://doi.org/10.1001/archpsyc.65.5.578
https://doi.org/10.1016/j.jpeds.2009.11.014
https://doi.org/10.1016/j.jpeds.2009.11.014
https://doi.org/10.1111/j.1749-6632.2003.tb06049.x
https://doi.org/10.1038/pr.2014.160
https://doi.org/10.1016/j.molmed.2014.12.002
https://doi.org/10.1016/j.pcl.2012.10.002
https://doi.org/10.1016/j.pcl.2012.10.002
https://doi.org/10.3389/fimmu.2017.00696
https://doi.org/10.1016/j.earlhumdev.2015.08.013
https://doi.org/10.3945/ajcn.112.037382
https://doi.org/10.3920/BM2012.0040

Le Doare et al.

Milk: Infant Microbiota and Immunity

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Heikkila MP, Saris PE. Inhibition of Staphylococcus aureus by the com-
mensal bacteria of human milk. JAppl Microbiol (2003) 95(3):471-8.
doi:10.1046/j.1365-2672.2003.02002.x

Dominguez-Bello MG, Costello EK, Contreras M, Magris M, Hidalgo G,
Fierer N, et al. Delivery mode shapes the acquisition and structure of the
initial microbiota across multiple body habitats in newborns. Proc Natl Acad
Sci US A (2010) 107(26):11971-5. doi:10.1073/pnas.1002601107

Gritz EC, Bhandari V. The human neonatal gut microbiome: a brief review.
Front Pediatr (2015) 3:17. doi:10.3389/fped.2015.00017

Pannaraj P, Li F, Cerini C, Bender ], Yang S, Rollie A, et al. Association between
breast milk bacterial communities and establishment and development of
the infant gut microbiome. JAMA Pediatr (2017) 171(7):647-54. doi:10.1001/
jamapediatrics.2017.0378

Azad MB, Konya T, Maughan H, Guttman DS, Field CJ, Chari RS, et al.
Gut microbiota of healthy Canadian infants: profiles by mode of delivery
and infant diet at 4 months. CMAJ (2013) 185(5):385-94. d0i:10.1503/
cmaj.121189

Bergstrom A, Skov TH, Bahl MI, Roager HM, Christensen LB, Ejlerskov KT,
et al. Establishment of intestinal microbiota during early life: a longitudinal,
explorative study of a large cohort of Danish infants. Appl Environ Microbiol
(2014) 80(9):2889-900. doi:10.1128/ AEM.00342-14

Gomez-Llorente C, Plaza-Diaz J, Aguilera M, Mufioz-Quezada S, Bermudez-
Brito M, Peso-Echarri P, et al. Three main factors define changes in fecal
microbiota associated with feeding modality in infants. J Pediatr Gastro-
enterol Nutr (2013) 57(4):461-6. doi:10.1097/MPG.0b013e31829d519a

Jost T, Lacroix C, Braegger C, Rochat F, Chassard C. Vertical mother-neonate
transfer of maternal gut bacteria via breastfeeding. Environ Microbiol (2014)
16(9):2891-904. doi:10.1111/1462-2920.12238

Fernandez L, Langa S, Martin V, Maldonado A, Jiménez E, Martin R, et al.
The human milk microbiota: origin and potential roles in health and disease.
Pharmacol Res (2013) 69(1):1-10. doi:10.1016/j.phrs.2012.09.001
Boix-Amords A, Collado MC, Mira A. Relationship between milk microbi-
ota, bacterial load, macronutrients, and human cells during lactation. Front
Microbiol (2016) 7:492. doi:10.3389/fmicb.2016.00492

Martin V, Maldonado-Barragin A, Moles L, Rodriguez-Bafios M, Campo RD,
Fernandez L, et al. Sharing of bacterial strains between breast milk and
infant feces. ] Hum Lact (2012) 28(1):36-44. doi:10.1177/0890334411424729
Makino H, Kushiro A, Ishikawa E, Muylaert D, Kubota H, Sakai T, et al.
Transmission of intestinal Bifidobacterium longum subsp. longum strains
from mother to infant, determined by multilocus sequencing typing and
amplified fragment length polymorphism. Appl Environ Microbiol (2011)
77(19):6788-93. doi:10.1128/ AEM.05346-11

Benito D, Lozano C, Jiménez E, Albtjar M, Gémez A, Rodriguez JM, et al.
Characterization of Staphylococcus aureus strains isolated from faeces of
healthy neonates and potential mother-to-infant microbial transmission
through breastfeeding. FEMS Microbiol Ecol (2015) 91(3). doi:10.1093/
femsec/fiv007

Martin R, Heilig HG, Zoetendal EG, Jiménez E, Fernandez L, Smidt H, et al.
Cultivation-independent assessment of the bacterial diversity of breast milk
among healthy women. Res Microbiol (2007) 158(1):31-7. doi:10.1016/j.
resmic.2006.11.004

Collado MC, Delgado S, Maldonado A, Rodriguez JM. Assessment of
the bacterial diversity of breast milk of healthy women by quantitative
real-time PCR. Lett Appl Microbiol (2009) 48(5):523-8. doi:10.1111/j.1472-
765X.2009.02567.x

Hunt KM, Foster JA, Forney LJ, Schiitte UM, Beck DL, Abdo Z, et al.
Characterization of the diversity and temporal stability of bacterial commu-
nities in human milk. PLoS One (2011) 6(6):e21313. doi:10.1371/journal.
pone.0021313

Fitzstevens JL, Smith KC, Hagadorn JI, Caimano MJ, Matson AP,
Brownell EA. Systematic review of the human milk microbiota. Nutr Clin
Pract (2017) 32(3):354-64. doi:10.1177/0884533616670150

Urbaniak C, Gloor GB, Brackstone M, Scott L, Tangney M, Reid G.
The microbiota of breast tissue and its association with breast cancer.
Appl  Environ Microbiol (2016) 82(16):5039-48. doi:10.1128/AEM.
01235-16

Ramsay DT, Kent JC, Owens RA, Hartmann PE. Ultrasound imaging of milk
ejection in the breast of lactating women. Pediatrics (2004) 113(2):361-7.
doi:10.1542/peds.113.2.361

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Biagi E, Quercia S, Aceti A, Beghetti I, Rampelli S, Turroni S, et al. The bac-
terial ecosystem of mother’s milk and infant’s mouth and gut. Front Microbiol
(2017) 8:1214. doi:10.3389/fmicb.2017.01214

Bender JM, Li E, Martelly S, Byrt E, Rouzier V, Leo M, et al. Maternal HIV
infection influences the microbiome of HIV-uninfected infants. Sci Transl
Med (2016) 8(349):349ra100. doi:10.1126/scitranslmed.aaf5103

Rodriguez JM. The origin of human milk bacteria: is there a bacterial entero-
mammary pathway during late pregnancy and lactation? Adv Nutr (2014)
5(6):779-84. doi:10.3945/an.114.007229

Perez PE, Doré J, Leclerc M, Levenez F, Benyacoub J, Serrant P, et al. Bacterial
imprinting of the neonatal immune system: lessons from maternal cells?
Pediatrics (2007) 119(3):e724-32. doi:10.1542/peds.2006-1649
Cabrera-Rubio R, Mira-Pascual L, Mira A, Collado MC. Impact of mode of
delivery on the milk microbiota composition of healthy women. J Dev Orig
Health Dis (2016) 7(1):54-60. doi:10.1017/S2040174415001397
Khodayar-Pardo P, Mira-Pascual L, Collado MC, Martinez-Costa C. Impact
of lactation stage, gestational age and mode of delivery on breast milk micro-
biota. J Perinatol (2014) 34(8):599-605. doi:10.1038/jp.2014.47

Urbaniak C, Angelini M, Gloor GB, Reid G. Human milk microbiota profiles
in relation to birthing method, gestation and infant gender. Microbiome
(2016) 4(1):1. doi:10.1186/540168-015-0145-y

Kumar H, du Toit E, Kulkarni A, Aakko J, Linderborg KM, Zhang Y, et al.
Distinct patterns in human milk microbiota and fatty acid profiles across
specific geographic locations. Front Microbiol (2016) 7:1619. doi:10.3389/
fmicb.2016.01619

Olivares M, Albrecht S, De Palma G, Ferrer MD, Castillejo G, Schols HA,
et al. Human milk composition differs in healthy mothers and mothers with
celiac disease. Eur ] Nutr (2015) 54(1):119-28. do0i:10.1007/s00394-014-
0692-1

Gonzalez R, Maldonado A, Martin V, Mandomando I, Fumado YV,
Metzner KJ, et al. Breast milk and gut microbiota in African mothers and
infants from an area of high HIV prevalence. PLoS One (2013) 8(11):e80299.
doi:10.1371/journal.pone.0080299

Sitarik AR, Bobbitt KR, Havstad SL, Fujimura KE, Levin AM, Zoratti EM,
et al. Breast milk transforming growth factor beta is associated with neonatal
gut microbial composition. ] Pediatr Gastroenterol Nutr (2017) 65(3):e60-7.
doi:10.1097/MPG.0000000000001585

Soto A, Martin V, Jimenez E, Mader I, Rodriguez JM, Fernandez L.
Lactobacilli and bifidobacteria in human breast milk: influence of anti-
biotherapy and other host and clinical factors. J Pediatr Gastroenterol Nutr
(2014) 59(1):78-88. doi:10.1097/MPG.0000000000000347

Urbaniak C, McMillan A, Angelini M, Gloor GB, Sumarah M, Burton JP,
et al. Effect of chemotherapy on the microbiota and metabolome of human
milk, a case report. Microbiome (2014) 2:24. doi:10.1186/2049-2618-2-24
Jara S, Sanchez M, Vera R, Cofre J, Castro E. The inhibitory activity of
Lactobacillus spp. isolated from breast milk on gastrointestinal pathogenic
bacteria of nosocomial origin. Anaerobe (2011) 17(6):474-7. doi:10.1016/j.
anaerobe.2011.07.008

Olivares M, Diaz-Ropero MP, Martin R, Rodriguez JM, Xaus J. Antimicrobial
potential of four Lactobacillus strains isolated from breast milk. J Appl
Microbiol (2006) 101(1):72-9. doi:10.1111/j.1365-2672.2006.02981.x

Lyons A, O'Mahony D, O'Brien F MacSharry J, Sheil B, Ceddia M,
et al. Bacterial strain-specific induction of Foxp3+ T regulatory cells is
protective in murine allergy models. Clin Exp Allergy (2010) 40(5):811-9.
doi:10.1111/j.1365-2222.2009.03437.x

Maldonado J, Canabate F, Sempere L, Vela F, Sanchez AR, Narbona E,
et al. Human milk probiotic Lactobacillus fermentum CECT5716 reduces
the incidence of gastrointestinal and upper respiratory tract infections
in infants. J Pediatr Gastroenterol Nutr (2012) 54(1):55-61. doi:10.1097/
MPG.0b013e3182333f18

Beasley SS, Saris PE. Nisin-producing Lactococcus lactis strains isolated
from human milk. Appl Environ Microbiol (2004) 70(8):5051-3. doi:10.1128/
AEM.70.8.5051-5053.2004

Arrieta MC, Stiemsma LT, Amenyogbe N, Brown EM, Finlay B. The intestinal
microbiome in early life: health and disease. Front Immunol (2014) 5:427.
doi:10.3389/fimmu.2014.00427

Gensollen T, Iyer SS, Kasper DL, Blumberg RS. How colonization by
microbiota in early life shapes the immune system. Science (2016) 352(6285):
539-44. doi:10.1126/science.aad9378

Frontiers in Immunology | www.frontiersin.org

February 2018 | Volume 9 | Article 361


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1046/j.1365-2672.2003.02002.x
https://doi.org/10.1073/pnas.1002601107
https://doi.org/10.3389/fped.2015.00017
https://doi.org/10.1001/jamapediatrics.2017.0378
https://doi.org/10.1001/jamapediatrics.2017.0378
https://doi.org/10.1503/cmaj.121189
https://doi.org/10.1503/cmaj.121189
https://doi.org/10.1128/AEM.00342-14
https://doi.org/10.1097/MPG.0b013e31829d519a
https://doi.org/10.1111/1462-2920.12238
https://doi.org/10.1016/j.phrs.2012.09.001
https://doi.org/10.3389/fmicb.2016.00492
https://doi.org/10.1177/0890334411424729
https://doi.org/10.1128/AEM.05346-11
https://doi.org/10.1093/femsec/fiv007
https://doi.org/10.1093/femsec/fiv007
https://doi.org/10.1016/j.resmic.2006.11.004
https://doi.org/10.1016/j.resmic.2006.11.004
https://doi.org/10.1111/j.1472-
765X.2009.02567.x
https://doi.org/10.1111/j.1472-
765X.2009.02567.x
https://doi.org/10.1371/journal.pone.0021313
https://doi.org/10.1371/journal.pone.0021313
https://doi.org/10.1177/0884533616670150
https://doi.org/10.1128/AEM.01235-16
https://doi.org/10.1128/AEM.01235-16
https://doi.org/10.1542/peds.113.2.361
https://doi.org/10.3389/fmicb.2017.01214
https://doi.org/10.1126/scitranslmed.aaf5103
https://doi.org/10.3945/an.114.007229
https://doi.org/10.1542/peds.2006-1649
https://doi.org/10.1017/S2040174415001397
https://doi.org/10.1038/jp.2014.47
https://doi.org/10.1186/s40168-015-0145-y
https://doi.org/10.3389/fmicb.2016.01619
https://doi.org/10.3389/fmicb.2016.01619
https://doi.org/10.1007/s00394-014-0692-1
https://doi.org/10.1007/s00394-014-0692-1
https://doi.org/10.1371/journal.pone.0080299
https://doi.org/10.1097/MPG.0000000000001585
https://doi.org/10.1097/MPG.0000000000000347
https://doi.org/10.1186/2049-2618-2-24
https://doi.org/10.1016/j.anaerobe.2011.07.008
https://doi.org/10.1016/j.anaerobe.2011.07.008
https://doi.org/10.1111/j.1365-2672.2006.02981.x
https://doi.org/10.1111/j.1365-2222.2009.03437.x
https://doi.org/10.1097/MPG.0b013e3182333f18
https://doi.org/10.1097/MPG.0b013e3182333f18
https://doi.org/10.1128/AEM.70.8.5051-5053.2004
https://doi.org/10.1128/AEM.70.8.5051-5053.2004
https://doi.org/10.3389/fimmu.2014.00427
https://doi.org/10.1126/science.aad9378

Le Doare et al.

Milk: Infant Microbiota and Immunity

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Macpherson AJ, Harris NL. Interactions between commensal intestinal
bacteria and the immune system. Nat Rev Immunol (2004) 4(6):478-85.
doi:10.1038/nril1373

Mazmanian SK, Liu CH, Tzianabos AO, Kasper DL. An immunomodulatory
molecule of symbiotic bacteria directs maturation of the host immune
system. Cell (2005) 122(1):107-18. doi:10.1016/j.cell.2005.05.007
Diaz-Ropero MP, Martin R, Sierra S, Lara-Villoslada E Rodriguez JM,
Xaus J, et al. Two Lactobacillus strains, isolated from breast milk, differently
modulate the immune response. ] Appl Microbiol (2007) 102(2):337-43.
doi:10.1111/j.1365-2672.2006.03102.x

Pabst HE, Spady DW, Pilarski LM, Carson MM, Beeler JA, Krezolek MP.
Differential modulation of the immune response by breast- or formula-
feeding of infants. Acta Paediatr (1997) 86(12):1291-7. doi:10.1111/
j-1651-2227.1997.tb14900.x

Perez-Cano FJ, Dong H, Yaqoob P. In vitro immunomodulatory activity of
Lactobacillus fermentum CECT5716 and Lactobacillus salivarius CECT5713:
two probiotic strains isolated from human breast milk. Immunobiology
(2010) 215(12):996-1004. doi:10.1016/j.imbi0.2010.01.004

Ardeshir A, Narayan NR, Méndez-Lagares G, Lu D, Rauch M, Huang Y,
et al. Breast-fed and bottle-fed infant rhesus macaques develop distinct gut
microbiotas and immune systems. Sci Transl Med (2014) 6(252):252ra120.
doi:10.1126/scitranslmed.3008791

World Health Organization. Exclusive Breastfeeding. (2018) Available from:
http://www.who.int/nutrition/topics/exclusive_breastfeeding/en/

Koenig JE, Spor A, Scalfone N, Fricker AD, Stombaugh J, Knight R, et al.
Succession of microbial consortia in the developing infant gut microbi-
ome. Proc Natl Acad Sci U S A (2011) 108(Suppl 1):4578-85. doi:10.1073/
pnas.1000081107

Brandtzaeg P. Mucosal immunity: integration between mother and the
breast-fed infant. Vaccine (2003) 21(24):3382-8. do0i:10.1016/50264-410X
(03)00338-4

Cox LM, Yamanishi S, Sohn ], Alekseyenko AV, Leung JM, Cho I, et al.
Altering the intestinal microbiota during a critical developmental window
has lasting metabolic consequences. Cell (2014) 158(4):705-21. doi:10.1016/j.
cell.2014.05.052

Olszak T, An D, Zeissig S, Vera MP, Richter ], Franke A, et al. Microbial expo-
sure during early life has persistent effects on natural killer T cell function.
Science (2012) 336(6080):489-93. doi:10.1126/science.1219328

Cahenzli ], Koller Y, Wyss M, Geuking MB, McCoy KD. Intestinal microbial
diversity during early-life colonization shapes long-term IgE levels. Cell Host
Microbe (2013) 14(5):559-70. doi:10.1016/j.chom.2013.10.004

Arrieta MC, Stiemsma LT, Dimitriu PA, Thorson L, Russell S, Yurist-
Doutsch S, et al. Early infancy microbial and metabolic alterations affect risk
of childhood asthma. Sci Transl Med (2015) 7(307):307ral52. doi:10.1126/
scitranslmed.aab2271

Fujimura KE, Sitarik AR, Havstad S, Lin DL, Levan S, Fadrosh D, et al.
Neonatal gut microbiota associates with childhood multisensitized atopy and
T cell differentiation. Nat Med (2016) 22(10):1187-91. doi:10.1038/nm.4176
Bickhed E Roswall ], Peng Y, Feng Q, Jia H, Kovatcheva-Datchary P, et al.
Dynamics and stabilization of the human gut microbiome during the
first year of life. Cell Host Microbe (2015) 17(5):690-703. doi:10.1016/j.
chom.2015.04.004

Ding T, Schloss PD. Dynamics and associations of microbial community
types across the human body. Nature (2014) 509(7500):357-60. doi:10.1038/
naturel3178

Townsend CL, Peckham CS, Thorne C. Breastfeeding and transmission
of viruses other than HIV-1. Adv Exp Med Biol (2012) 743:27-38.
doi:10.1007/978-1-4614-2251-8_2

Reyes A, Blanton LV, Cao S, Zhao G, Manary M, Trehan I, et al. Gut DNA
viromes of Malawian twins discordant for severe acute malnutrition.
Proc Natl Acad Sci U S A (2015) 112(38):11941-6. doi:10.1073/pnas.
1514285112

Breitbart M, Haynes M, Kelley S, Angly F, Edwards RA, Felts B, et al. Viral
diversity and dynamics in an infant gut. Res Microbiol (2008) 159(5):367-73.
doi:10.1016/j.resmic.2008.04.006

Duranti S, Lugli GA, Mancabelli L, Armanini F, Turroni E James K, et al.
Maternal inheritance of bifidobacterial communities and bifidophages
in infants through vertical transmission. Microbiome (2017) 5(1):66.
doi:10.1186/540168-017-0282-6

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Lim ES, Zhou Y, Zhao G, Bauer IK, Droit L, Ndao IM, et al. Early life dynam-
ics of the human gut virome and bacterial microbiome in infants. Nat Med
(2015) 21(10):1228-34. doi:10.1038/nm.3950

Ward RE, Ninonuevo M, Mills DA, Lebrilla CB, German JB. In vitro
fermentation of breast milk oligosaccharides by Bifidobacterium infantis
and Lactobacillus gasseri. Appl Environ Microbiol (2006) 72(6):4497-9.
doi:10.1128/AEM.02515-05

Bode L. Human milk oligosaccharides: every baby needs a sugar mama.
Glycobiology (2012) 22(9):1147-62. doi:10.1093/glycob/cws074
Ruiz-Palacios GM, Cervantes LE, Ramos P, Chavez-Munguia B, Newburg DS.
Campylobacter jejuni binds intestinal H(O) antigen (Fuc alpha 1, 2Gal
beta 1, 4GlcNAc), and fucosyloligosaccharides of human milk inhibit its
binding and infection. J Biol Chem (2003) 278(16):14112-20. doi:10.1074/
jbc.M207744200

Newburg DS, Ruiz-Palacios GM, Morrow AL. Human milk glycans
protect infants against enteric pathogens. Annu Rev Nutr (2005) 25:37-58.
doi:10.1146/annurev.nutr.25.050304.092553

Kuntz S, Kunz C, Rudloff S. Oligosaccharides from human milk induce
growth arrest via G2/M by influencing growth-related cell cycle genes in
intestinal epithelial cells. Br ] Nutr (2009) 101(9):1306-15. doi:10.1017/
S0007114508079622

Eiwegger T, Stahl B, Haidl P, Schmitt ], Boehm G, Dehlink E, et al. Prebiotic
oligosaccharides: in vitro evidence for gastrointestinal epithelial transfer
and immunomodulatory properties. Pediatr Allergy Immunol (2010)
21(8):1179-88. d0i:10.1111/j.1399-3038.2010.01062.x

Thurl S, Munzert M, Henker J, Boehm G, Muller-Werner B, Jelinek J,
et al. Variation of human milk oligosaccharides in relation to milk groups
and lactational periods. Br J Nutr (2010) 104(9):1261-71. doi:10.1017/
S0007114510002072

ChaturvediP, WarrenCD, AltayeM,Morrow AL, Ruiz-PalaciosG,Pickering LK,
etal. Fucosylated human milk oligosaccharides vary between individuals and
over the course of lactation. Glycobiology (2001) 11(5):365-72. doi:10.1093/
glycob/11.5.365

Zivkovic AM, German JB, Lebrilla CB, Mills DA. Human milk glycobiome
and its impact on the infant gastrointestinal microbiota. Proc Natl Acad Sci
U S A (2011) 108(Suppl 1):4653-8. doi:10.1073/pnas.1000083107

Kobata A. Structures and application of oligosaccharides in human milk. Proc
Jpn Acad Ser B Phys Biol Sci (2010) 86(7):731-47. doi:10.2183/pjab.86.731
Lewis ZT, Totten SM, Smilowitz JT, Popovic M, Parker E, Lemay DG,
et al. Maternal fucosyltransferase 2 status affects the gut bifidobacterial
communities of breastfed infants. Microbiome (2015) 3:13. doi:10.1186/
s40168-015-0071-z

Panigrahi P, Parida S, Nanda NC, Satpathy R, Pradhan L, Chandel DS, et al.
A randomized synbiotic trial to prevent sepsis among infants in rural India.
Nature (2017) 548(7668):407-12. doi:10.1038/nature23480

Newburg DS, Walker WA. Protection of the neonate by the innate immune
system of developing gut and of human milk. Pediatr Res (2007) 61(1):2-8.
doi:10.1203/01.pdr.0000250274.68571.18

Morrow AL, Ruiz-Palacios GM, Altaye M, Jiang X, Guerrero ML,
Meinzen-Derr JK, et al. Human milk oligosaccharide blood group
epitopes and innate immune protection against Campylobacter and cali-
civirus diarrhea in breastfed infants. Adv Exp Med Biol (2004) 554:443-6.
doi:10.1007/978-1-4757-4242-8_61

Morrow AL, Ruiz-Palacios GM, Jiang X, Newburg DS. Human-milk glycans
that inhibit pathogen binding protect breast-feeding infants against infec-
tious diarrhea. J Nutr (2005) 135(5):1304-7. doi:10.1093/jn/135.5.1304
Laucirica DR, Triantis V, Schoemaker R, Estes MK, Ramani S. Milk oligo-
saccharides inhibit human rotavirus infectivity in MA104 cells. ] Nutr (2017)
147:1709-14. doi:10.3945/jn.116.246090

Nordgren J, Sharma S, Bucardo F, Nasir W, Gunaydin G, Ouermi D, et al.
Both Lewis and secretor status mediate susceptibility to rotavirus infec-
tions in a rotavirus genotype-dependent manner. Clin Infect Dis (2014)
59(11):1567-73. doi:10.1093/cid/ciu633

Payne DC, Currier RL, Staat MA, Sahni LC, Selvarangan R, Halasa NB, et al.
Epidemiologic association between FUT2 secretor status and severe rota-
virus gastroenteritis in children in the United States. JAMA Pediatr (2015)
169(11):1040-5. doi:10.1001/jamapediatrics.2015.2002

. Morrow AL, Ruiz-Palacios GM, Altaye M, Jiang X, Guerrero ML, Meinzen-

Derr JK, et al. Human milk oligosaccharides are associated with protection

Frontiers in Immunology | www.frontiersin.org

February 2018 | Volume 9 | Article 361


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/nri1373
https://doi.org/10.1016/j.cell.2005.05.007
https://doi.org/10.1111/j.1365-2672.2006.03102.x
https://doi.org/10.1111/j.1651-2227.1997.tb14900.x
https://doi.org/10.1111/j.1651-2227.1997.tb14900.x
https://doi.org/10.1016/j.imbio.2010.01.004
https://doi.org/10.1126/scitranslmed.3008791
http://www.who.int/nutrition/topics/exclusive_breastfeeding/en/

https://doi.org/10.1073/pnas.1000081107
https://doi.org/10.1073/pnas.1000081107
https://doi.org/10.1016/S0264-410X
(03)00338-4
https://doi.org/10.1016/S0264-410X
(03)00338-4
https://doi.org/10.1016/j.cell.2014.05.052
https://doi.org/10.1016/j.cell.2014.05.052
https://doi.org/10.1126/science.1219328
https://doi.org/10.1016/j.chom.2013.10.004
https://doi.org/10.1126/scitranslmed.aab2271
https://doi.org/10.1126/scitranslmed.aab2271
https://doi.org/10.1038/nm.4176
https://doi.org/10.1016/j.chom.2015.04.004
https://doi.org/10.1016/j.chom.2015.04.004
https://doi.org/10.1038/nature13178
https://doi.org/10.1038/nature13178
https://doi.org/10.1007/978-1-4614-2251-8_2
https://doi.org/10.1073/pnas.
1514285112
https://doi.org/10.1073/pnas.
1514285112
https://doi.org/10.1016/j.resmic.2008.04.006
https://doi.org/10.1186/s40168-017-0282-6
https://doi.org/10.1038/nm.3950
https://doi.org/10.1128/AEM.02515-05
https://doi.org/10.1093/glycob/cws074
https://doi.org/10.1074/jbc.M207744200
https://doi.org/10.1074/jbc.M207744200
https://doi.org/10.1146/annurev.nutr.25.050304.092553
https://doi.org/10.1017/S0007114508079622
https://doi.org/10.1017/S0007114508079622
https://doi.org/10.1111/j.1399-3038.2010.01062.x
https://doi.org/10.1017/S0007114510002072
https://doi.org/10.1017/S0007114510002072
https://doi.org/10.1093/glycob/11.5.365
https://doi.org/10.1093/glycob/11.5.365
https://doi.org/10.1073/pnas.1000083107
https://doi.org/10.2183/pjab.86.731
https://doi.org/10.1186/s40168-015-0071-z
https://doi.org/10.1186/s40168-015-0071-z
https://doi.org/10.1038/nature23480
https://doi.org/10.1203/01.pdr.0000250274.68571.18
https://doi.org/10.1007/978-1-4757-4242-8_61
https://doi.org/10.1093/jn/135.5.1304
https://doi.org/10.3945/jn.116.246090
https://doi.org/10.1093/cid/ciu633
https://doi.org/10.1001/jamapediatrics.2015.2002

Le Doare et al.

Milk: Infant Microbiota and Immunity

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

against diarrhea in breast-fed infants. ] Pediatr (2004) 145(3):297-303.
doi:10.1016/j.jpeds.2004.04.054

Bode L, Kuhn L, Kim HY, Hsiao L, Nissan C, Sinkala M, et al. Human milk
oligosaccharide concentration and risk of postnatal transmission of HIV
through breastfeeding. Am ] Clin Nutr (2012) 96(4):831-9. doi:10.3945/
ajcn.112.039503

Barthelson R, Mobasseri A, Zopf D, Simon P. Adherence of Streptococcus
pneumoniae to respiratory epithelial cells is inhibited by sialylated oligosac-
charides. Infect Immun (1998) 66(4):1439-44.

Bode L. The functional biology of human milk oligosaccharides. Early Hum
Dev (2015) 91(11):619-22. doi:10.1016/j.earlhumdev.2015.09.001
Andersson B, Porras O, Hanson LA, Lagergard T, Svanborg-Eden C.
Inhibition of attachment of Streptococcus pneumoniae and Haemophilus
influenzae by human milk and receptor oligosaccharides. J Infect Dis (1986)
153(2):232-7. doi:10.1093/infdis/153.2.232

Cravioto A, Tello A, Villafan H, Ruiz J, del Vedovo S, Neeser JR. Inhibition
of localized adhesion of enteropathogenic Escherichia coli to HEp-2 cells by
immunoglobulin and oligosaccharide fractions of human colostrum and
breast milk. JInfect Dis (1991) 163(6):1247-55. doi:10.1093/infdis/163.
6.1247

He Y, Liu S, Kling DE, Leone S, Lawlor NT, Huang Y, et al. The human milk
oligosaccharide 2’-fucosyllactose modulates CD14 expression in human
enterocytes, thereby attenuating LPS-induced inflammation. Gut (2016)
65(1):33-46. doi:10.1136/gutjnl-2014-307544

Idanpaan-Heikkila I, Simon PM, Zopf D, Vullo T, Cahill P, Sokol K, et al.
Oligosaccharides interfere with the establishment and progression of
experimental pneumococcal pneumonia. J Infect Dis (1997) 176(3):704-12.
doi:10.1086/514094

Andreas NJ, Al-Khalidi A, Jaiteh M, Clarke E, Hyde M]J, Modi N, et al. Role
of human milk oligosaccharides in Group B Streptococcus colonisation. Clin
Transl Immunology (2016) 5(8):€99. doi:10.1038/cti.2016.43
AckermanDL,DosterRS, WeitkampJH, Aronoff DM, GaddyJA, Townsend SD.
Human milk oligosaccharides exhibit antimicrobial and antibiofilm prop-
erties against Group B Streptococcus. ACS Infect Dis (2017) 3(8):595-605.
doi:10.1021/acsinfecdis.7b00064

Lin AE, Autran CA, Szyszka A, Escajadillo T, Huang M, Godula K, et al.
Human milk oligosaccharides inhibit growth of group B Streptococcus. ] Biol
Chem (2017) 292(27):11243-9. d0i:10.1074/jbc.M117.789974

Koromyslova A, Tripathi S, Morozov V, Schroten H, Hansman GS. Human
norovirus inhibition by a human milk oligosaccharide. Virology (2017)
508:81-9. doi:10.1016/j.virol.2017.04.032

Schijf MA, Kruijsen D, Bastiaans ], Coenjaerts FE, Garssen J, van Bleek GM,
et al. Specific dietary oligosaccharides increase Thl responses in a mouse
respiratory syncytial virus infection model. ] Virol (2012) 86(21):11472-82.
doi:10.1128/JV1.06708-11

van Bergenhenegouwen J, Kraneveld AD, Rutten L, Kettelarij N, Garssen J,
Vos AP. Extracellular vesicles modulate host-microbe responses by altering
TLR2 activity and phagocytosis. PLoS One (2014) 9(2):e89121. doi:10.1371/
journal.pone.0089121

Zempleni ], Aguilar-Lozano A, Sadri M, Sukreet S, Manca S, Wu D, et al.
Biological activities of extracellular vesicles and their cargos from bovine
and human milk in humans and implications for infants. J Nutr (2017)
147(1):3-10. doi:10.3945/jn.116.238949

Admyre C, Johansson SM, Qazi KR, Filen JJ, Lahesmaa R, Norman M,
et al. Exosomes with immune modulatory features are present in human
breast milk. J Immunol (2007) 179(3):1969-78. doi:10.4049/jimmunol.179.
3.1969

Zonneveld MI, Brisson AR, van Herwijnen M], Tan S, van de Lest CH,
Redegeld FA, et al. Recovery of extracellular vesicles from human breast
milk is influenced by sample collection and vesicle isolation procedures.
J Extracell Vesicles (2014) 3. doi:10.3402/jev.v3.24215

Lasser C, Alikhani VS, Ekstrom K, Eldh M, Paredes PT, Bossios A, et al.
Human saliva, plasma and breast milk exosomes contain RNA: uptake by
macrophages. ] Transl Med (2011) 9:9. doi:10.1186/1479-5876-9-9

Karlsson O, Rodosthenous RS, Jara C, Brennan KJ, Wright RO, Baccarelli
AA, et al. Detection of long non-coding RNAs in human breastmilk extra-
cellular vesicles: implications for early child development. Epigenetics (2016)
11(10):721-29. doi:10.1080/15592294.2016.1216285

Yang M, Song D, Cao X, Wu R, Liu B, Ye W, et al. Comparative proteomic
analysis of milk-derived exosomes in human and bovine colostrum and

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

mature milk samples by iTRAQ-coupled LC-MS/MS. Food Res Int (2017)
92:17-25. doi:10.1016/j.foodres.2016.11.041

Kosaka N, Izumi H, Sekine K, Ochiya T. MicroRNA as a new immune-regulatory
agent in breast milk. Silence (2010) 1(1):7. doi:10.1186/1758-907X-1-7

Zhou Q, Li M, Wang X, Li Q, Wang T, Zhu Q, et al. Immune-related microR-
NAs are abundant in breast milk exosomes. Int ] Biol Sci (2012) 8(1):118-23.
doi:10.7150/ijbs.8.118

Henrick BM, Yao XD, Nasser L, Roozrogousheh A, Rosenthal KL.
Breastfeeding behaviors and the innate immune system of human milk:
working together to protect infants against inflammation, HIV-1, and other
infections. Front Immunol (2017) 8:1631. doi:10.3389/fimmu.2017.01631
van Herwijnen M]J, Zonneveld MI, Goerdayal S, Nolte-'t Hoen EN,
Garssen J, Stahl B, et al. Comprehensive proteomic analysis of human milk-
derived extracellular vesicles unveils a novel functional proteome distinct
from other milk components. Mol Cell Proteomics (2016) 15(11):3412-23.
doi:10.1074/mcp.M116.060426

Samuel M, Chisanga D, Liem M, Keerthikumar S, Anand S, Ang CS, et al.
Bovine milk-derived exosomes from colostrum are enriched with proteins
implicated in immune response and growth. Sci Rep (2017) 7(1):5933.
doi:10.1038/s41598-017-06288-8

Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO. Exosome-
mediated transfer of mRNAs and microRNAs is a novel mechanism of
genetic exchange between cells. Nat Cell Biol (2007) 9(6):654-9. doi:10.1038/
ncb1596

Hata T, Murakami K, Nakatani H, Yamamoto Y, Matsuda T, Aoki N. Isolation
of bovine milk-derived microvesicles carrying mRNAs and microRNAs.
Biochem Biophys Res Commun (2010) 396(2):528-33. doi:10.1016/j.
bbrc.2010.04.135

Title AC, Denzler R, Stoffel M. Uptake and function studies of maternal
milk-derived microRNAs. ] Biol Chem (2015) 290(39):23680-91. doi:10.1074/
jbc.M115.676734

Naslund TI, Paquin-Proulx D, Paredes PT, Vallhov H, Sandberg JK,
Gabrielsson S. Exosomes from breast milk inhibit HIV-1 infection of
dendritic cells and subsequent viral transfer to CD4+ T cells. AIDS (2014)
28(2):171-80. d0i:10.1097/QAD.0000000000000159

Liao Y, Du X, Li J, Lonnerdal B. Human milk exosomes and their microR-
NAs survive digestion in vitro and are taken up by human intestinal cells.
Mol Nutr Food Res (2017) 61(11). doi:10.1002/mnfr.201700082

Chen T, Xie MY, Sun JJ, Ye RS, Cheng X, Sun RP, et al. Porcine milk-derived
exosomes promote proliferation of intestinal epithelial cells. Sci Rep (2016)
6:33862. doi:10.1038/srep33862

Hock A, Miyake H, Li B, Lee C, Ermini L, Koike Y, et al. Breast milk-derived
exosomes promote intestinal epithelial cell growth. J Pediatr Surg (2017)
52(5):755-9. doi:10.1016/j.jpedsurg.2017.01.032

Zhou F, Paz HA, Sadri M, Fernando SC, Zempleni J. A diet defined by its
content of bovine milk exosomes alters the composition of the intestinal
microbiome in C57BL/6 mice. FASEB ] (2017) 31(1 Suppl):965.24.

Simpson MR, Brede G, Johansen ], Johnsen R, Storro O, Saetrom P, et al.
Human breast milk miRNA, maternal probiotic supplementation and atopic
dermatitis in offspring. PLoS One (2015) 10(12):e0143496. doi:10.1371/
journal.pone.0143496

H Rashed M, Bayraktar E, K Helal G, Abd-Ellah MF, Amero P, Chavez-
Reyes A, et al. Exosomes: from garbage bins to promising therapeutic targets.
Int ] Mol Sci (2017) 18(3). doi:10.3390/ijms 18030538

Consortium E-T, Van Deun J, Mestdagh P, Agostinis P, Akay O, Anand S,
et al. EV-TRACK: transparent reporting and centralizing knowledge in
extracellular vesicle research. Nat Methods (2017) 14(3):228-32. d0i:10.1038/
nmeth.4185

Conflict of Interest Statement: KLD has received funding for investigator led
initiatives from GSK and Pfizer. PP receives funding from AstraZeneca and
MedImmune for unrelated studies. All other authors declare no conflicts of interest.

Copyright © 2018 Le Doare, Holder, Bassett and Pannaraj. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Immunology | www.frontiersin.org

February 2018 | Volume 9 | Article 361


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.jpeds.2004.04.054
https://doi.org/10.3945/ajcn.112.039503
https://doi.org/10.3945/ajcn.112.039503
https://doi.org/10.1016/j.earlhumdev.2015.09.001
https://doi.org/10.1093/infdis/153.2.232
https://doi.org/10.1093/infdis/163.6.1247
https://doi.org/10.1093/infdis/163.6.1247
https://doi.org/10.1136/gutjnl-2014-307544
https://doi.org/10.1086/514094
https://doi.org/10.1038/cti.2016.43
https://doi.org/10.1021/acsinfecdis.7b00064
https://doi.org/10.1074/jbc.M117.789974
https://doi.org/10.1016/j.virol.2017.04.032
https://doi.org/10.1128/JVI.06708-11
https://doi.org/10.1371/journal.pone.0089121
https://doi.org/10.1371/journal.pone.0089121
https://doi.org/10.3945/jn.116.238949
https://doi.org/10.4049/jimmunol.179.3.1969
https://doi.org/10.4049/jimmunol.179.3.1969
https://doi.org/10.3402/jev.v3.24215
https://doi.org/10.1186/1479-5876-9-9
https://doi.org/10.1080/15592294.2016.1216285
https://doi.org/10.1016/j.foodres.2016.11.041
https://doi.org/10.1186/1758-907X-1-7
https://doi.org/10.7150/ijbs.8.118
https://doi.org/10.3389/fimmu.2017.01631
https://doi.org/10.1074/mcp.M116.060426
https://doi.org/10.1038/s41598-017-06288-8
https://doi.org/10.1038/ncb1596
https://doi.org/10.1038/ncb1596
https://doi.org/10.1016/j.bbrc.2010.04.135
https://doi.org/10.1016/j.bbrc.2010.04.135
https://doi.org/10.1074/jbc.M115.676734
https://doi.org/10.1074/jbc.M115.676734
https://doi.org/10.1097/QAD.0000000000000159
https://doi.org/10.1002/mnfr.201700082
https://doi.org/10.1038/srep33862
https://doi.org/10.1016/j.jpedsurg.2017.01.032
https://doi.org/10.1371/journal.pone.0143496
https://doi.org/10.1371/journal.pone.0143496
https://doi.org/10.3390/ijms18030538
https://doi.org/10.1038/nmeth.4185
https://doi.org/10.1038/nmeth.4185
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Mother’s Milk: A Purposeful Contribution to the Development of the Infant Microbiota and Immunity
	Introduction
	Breast Milk Microbiota
	Role of Breast Milk Microbiota in the Infant Gut
	Critical Window of Opportunity for Immune Effects
	Breast Milk Virome

	Human Milk Oligosaccharides
	Extracellular Vesicles and their Cargo
	Future Directions
	Breast Milk Microbiota
	Breast Milk HMOs
	Breast Milk EVs
	Summary

	Author Contributions
	Acknowledgments
	Funding
	References


