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Abstract

The immune system of the infant is functionally immature and naive. Human milk contains
bioactive proteins, lipids, and carbohydrates that protect the newborn and stimulate innate and
adaptive immune development. This review will focus on the role human milk oligosaccharides
(HMO) play in neonatal gastrointestinal and systemic immune development and function. For the
past decade, intense research has been directed at defining the complexity of oligosaccharides in
the milk of many species and is beginning to delineate their diverse functions. These studies have
shown that human milk contains a higher concentration as well as a greater structural diversity and
degree of fucosylation than the milk oligosaccharides in other species, particularly bovine milk
from which many infant formulae are produced. The commercial availability of large quantities of
certain HMO has furthered our understanding of the functions of specific HMO, which include
protecting the infant from pathogenic infections, facilitating the establishment of the gut
microbiota, promoting intestinal development, and stimulating immune maturation. Many of these
actions are exerted through carbohydrate-carbohydrate interactions with pathogens or host cells.
Two HMOs, 2’ -fucosyllactose (2" FL) and lacto-N-neotetraose (LNNT), have recently been added
to infant formula. Although this is a first step in narrowing the compositional gap between human
milk and infant formula, it is unclear whether 1 or 2 HMO will recapitulate the complexity of
actions exerted by the complex mixture of HMO ingested by breastfed infants. Thus, as more
HMO become commercially available, either isolated from bovine milk or chemically or
microbially synthesized, it is anticipated that more oligosaccharides will be added to infant
formula either alone or in combination with other prebiotics.

Abstract

Key insights—Human milk confers multiple layers of protection to the newborn by providing
bioactive components that protect the infant from pathogenic infection, facilitate intestinal and
immune development, and support healthy gut microbes. An important bioactive component of
human milk are the human milk oligosaccharides (HMOs). HMOs are a complex mixture of
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indigestible carbohydrates with a high degree of structural diversity and represent one of the
largest groups of bioactive components in human milk.

Current knowledge—HMOs are a family of soluble glycans that are sialylated or fucosylated
and provide carbon sources for gut bacterial species that colonize breastfed infants. Through their
actions on the gut, HMOs directly and indirectly affect the infant’s mucosal and systemic
immunity. A large number of studies have shown that HMOs can influence the proliferation and
maturation of intestinal cells (such as crypt cells and goblet cells). Furthermore, HMOs can also
modulate gene expression in the intestinal epithelium. Altogether, these affect the function of the
intestinal barrier, which in turn regulates local and systemic immunity.

Practical implications—Human milk contains a higher concentration and a greater structural
diversity and degree of fucosylation compared to the milk oligosaccharides in other species,
including cow’s milk from which many infant formulae are derived. Commercially produced
HMOs are becoming increasingly available, and evidence suggests that supplementing infant
formulae with HMOs is safe and beneficial for human infants. There are also potential
applications of HMOs as prophylactic and therapeutic treatments for those who are immune
compromised and at high risk of infection.

Graphical Abstract
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Through diverse actions on intestinal function and the gut microbiome, human milk
oligosaccharides (HMOs) can modulate an infant’s local and systemic immunity.
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Background

The human infant enters the world with a functionally naive immune system affecting both
adaptive and innate immune responses [1], which leaves the newborn at high risk for
common infections. Postnatal immune maturation is stimulated by antigenic exposures and
host-microbe interactions [1, 2]. How and what the infant is fed influences the development
and competence of the immune system [3-5]. Human milk protects the infant during this
vulnerable period by providing bioactive components that protect the infant from pathogenic
infection, support intestinal development, promote barrier function, stimulate immune
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development, facilitate immune tolerance, and feed gut microbes [2-5]. Thus, human milk
supplies multiple layers of protection for the infant (Fig. 1).

Breastfeeding, particularly exclusive breastfeeding for 6 months or more, relative to
formula-feeding, decreases the incidence and/or severity of infectious diseases [6]. Many
diseases with infectious and immune components in their etiology, including diarrhea,
respiratory and urinary tract infections, otitis media, bacteremia, and necrotizing
enterocolitis occur less often in breast-than formula-fed infants [6, 7]. Breastfeeding has also
been implicated inreducingtheincidence of otherdiseases involving the immune system and
immune tolerance, such as inflammatory bowel disease, celiac disease, asthma, allergy, type
1 diabetes, as well as acute lymphaoblastic and acute myeloblastic leukemias [6, 8]. These
benefits may be mediated in part through effects of breastfeeding on the intestinal
microbiota [8, 9], which in turn stimulates maturation and specificity of the neonatal
mucosal and systemic immune systems [2].

The immune benefit of breastfeeding has been attributed in part to the diverse bioactive
components in human milk [2-5]. A strong case can be made for a key role of human milk
oligosaccharides (HMO) in neonatal immune defense and maturation. As will be described
below, HMO are present in high concentrations in human milk, exist in an incredible
structural diversity [10-13], and confer host protection and mediate immune responses
through a number of mechanisms [14, 15].

HMO Content and Composition

HMO are complex soluble glycans that are predominantly present in free form in milk.
These glycans are synthesized from 5 basic monosaccharides: galactose, glucose, N-
acetylglucosamine, fucose, and the sialic acid derivative N-acetylneuraminic acid [10, 11].
With few exceptions, all HMO carry lactose (Galp1-4Glc) at the reducing end, which can be
elongated in B1-3 or p1-6 linkage by 2 different disaccharides, either Galp1l- 3GIcNAc
(type 1 chain) or Galp1-4GIcNAc (type 2 chain) [11].

The HMO content has been reported in the range of 1-10 g/L in mature milk and 15-23 g/L
in colostrum [10— 13]. In term breast milk, ~35-50% of HMO are fucosylated, 12-14% are
sialylated, and 42-55% are nonfucosylated neutral HMO [10-13] (Table 1). However, HMO
composition is influenced by maternal genetics, including secretor and Lewis Blood Group
status [10, 11]. HMO fucosylation is mediated by the 2 fucosyltransferases FUT2 (secretor
gene) and FUT3 (Lewis gene). Nonsecretor mothers, who lack a functional FUT2 enzyme
and represent about 30% of women worldwide, produce milk lacking in a1-2-fucosylated
oligosaccharides like 2”-fu-cosyllactose (2"FL) and lacto-N-fucopentaose (LNFP) I [10, 11].
The absence of these compounds may have functional consequences. For example, infants
consuming milk produced by women who are nonsecretors exhibit delayed colonization of
bifidobacteria, higher abundance of Strepfococcustaxa, and have functional differences in
the metabolic activity of their microbiota [16]. Infants fed milk from nonsecretor mothers
are at higher risk for diarrheal diseases [17].
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HMO and the Microbiome

The development of the infant gut microbiota is a sequential process that begins in utero and
continues during the first 2-3 years of life. Microbial composition and diversity is shaped by
host genetics and multiple environmental factors, of which diet is a principal contributor [8,
9]. Studies conducted over the past decade have shown that specific Bacteroides and
Bifidobacterium species that commonly colonize breastfed infants efficiently utilize HMO as
carbon sources. This is particularly true of B. longum ssp. infantis (B. infantis), which is a
predominant gut microbe in most breastfed infants [18]. The discovery of a genomic island
in B. infantis that encodes specific enzymes for the metabolism of HMO supports an
adaptation of this species to the intestinal milieu of the breastfed infant [18, 19]. Indeed, a
recent study in human infants fed formula supplemented with 2’FL (1 g/L) and LNNnT (0.5
g/L) demonstrated that the global microbiota composition of infants fed formulae with 2”FL
and LNNnT was significantly different to that of infants fed nonsupplemented formula (p <
0.001) at the genus level and closer to that of breastfed infants at 3 months of age [20]. In
addition, Bifidobacterium was more abundant (o < 0.01), whereas Escherichia and
unclassified Peptostreptococcaceae were less abundant in infants fed formula with 2"FL and
LNnT compared to infants fed nonsupplemented formula, and these levels were closer to
those observed in breastfed infants [20]. Furthermore, the concentrations of several
important metabolites in stool (propionate, butyrate, and lactate) in infants fed the HMO-
supplemented formula were more similar to those of breastfed infants [20].

Previously, we have shown that HMO fermentation by neonatal pig microbiota produced
short-chain fatty acids and promoted the growth of beneficial bacteria in vitro [21] and in
vivo [22]. Gut bacteria and the immune response, particularly the gastrointestinal immune
response, are tightly interrelated [23]. Thus, in this animal model, HMO-induced changes in
the gut bacterial populations of the pigs could alter the course of an intestinal infection [24]
which in turn would alter the immune response [22]. Alternatively, the change in the gut
bacteria could directly affect the immune system of these animals [2]. Additional ways
whereby HMO may mediate neonatal immunity are summarized in the following section.

HMO as Immune Modulators

Summarized in Figure 2 are the results of an accumulating body of evidence showing that
HMO indirectly and directly influence infant mucosal and systemic immune function. In
general, intestinal health and barrier function are considered a first line of defense in innate
immunity. Cell proliferation takes place in the crypts, and cells differentiate as they migrate
up the villus-crypt axis, with the exception of Paneth cells, which migrate down to the base
of the crypt. HMO reduce intestinal crypt cell proliferation [25, 27], increase intestinal cell
maturation [27], and increase barrier function [27] (indicated by 1-3 in Fig. 2). A layer
formed by mucus glycoproteins or mucins produced by goblet cells acts as a lubricant and a
protective physical barrier between the intestinal epithelium and the luminal contents
(indicated by 4 in Fig. 2). HMO may influence goblet cell function, as has been shown for
galacto-oligosaccharides (GOS) [28]. HMO affects epithelial immune gene expression both
directly [26-28] and indirectly through the microbiota [29] (indicated by 5 and 6 in Fig. 2,
respectively). As noted above, HMO serve as prebiotics to promote the growth of healthy
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bacteria, including Bifidobacteria and Bacteroides genera [30] (indicated by 7 in Fig. 2), and
HMO inhibit infections by bacteria and viruses by either binding to the pathogen in the
lumen or by inhibiting binding to cell-surface glycan receptors [14-15, 22] (indicated by 8
in Fig. 2). Additionally, dietary oligosaccharides decorate the intestinal lining contributing to
the intestinal glycan repertoire [31]. HMO also contribute to epithelial barrier function by
supporting the growth of B. infantis in the infant gut [10, 18]. B. infantis produces peptides
that have been shown to normalize intestinal permeability through enhanced tight junction
protein expression in a mouse model of colitis [32]. It is likely that HMO support other
bacterial species that are important for the maintenance of gut integrity. These changes in
intestinal barrier function would, in turn, alter both the local and systemic immune system
[33]. HMO affect immune cell populations and cytokine secretion [22, 34] (indicated by 9 in
Fig. 2). Some HMO are also absorbed into the blood stream [35-37] (indicated by 10 in Fig.
2), where they exert systemic effects by binding of monocytes, lymphocytes, and neutrophils
to endothelial cells [38] (indicated by 11 in Fig. 2) and formation of platelet-neutrophil
complexes [39] (indicated by 12 in Fig. 2). Readers are referred to a recent review by
Kulinich and Liu [15] for additional discussion of this topic.

Carbohydrate Binding as a Potential Mechanism of HMO in the Immune

System

Carbohydrates and carbohydrate-binding proteins play an important role in immune
responses. Cells have unique glycan signatures made from combinations of specific glycan
motifs that are engaged when a cell contacts another cell or other components of its
environment [40, 41]. However, many of the glycan motifs found on mammalian cells are
also found on microbes and in food, including human milk. These similarities provide
opportunities for host-microbe-HMO interactions.

Lectins are carbohydrate-binding proteins on the surfaces of mammalian cells that translate
recognition of specific motifs and the spatial presentation of those motifs into action. Lectins
are grouped according to their carbohydrate recognition domains (CRD) [40, 41]. There are
at least a dozen CRD identified in mammals, but 3 classes of lectins related to the influence
of HMO on immune responses are C-type lectins, siglecs (sialic acid-binding Ig-like
lectins), and galectins.

C-type lectins require calcium to function and include selectins, mannose-binding lectin, and
dendritic cell-specific intercellular adhesion molecule 3-grabbing non-integrin (DC-SIGN).
C-type lectin receptors on the surface of dendritic cells (DC) determine whether the cell will
induce tolerance rather than lymphocyte activation [42]. DC-SIGN is of particular interest
with regard to mechanisms by which HMO can influence immunity because it has a CRD
specific for fucose units. Furthermore, DC-SIGN is expressed by cells in the gastrointestinal
tracts of infants [43]. These intestinal cells are likely antigen-presenting cells as DC-SIGN is
expressed by antigen-presenting cells, specifically DC [41]. Although interactions between
fucosylated ligands and DC-SIGN contribute to immune tolerance, the cellular response
ultimately depends upon the other ligand-receptor reactions occurring simultaneously [41].

Ann Nutr Metab. Author manuscript; available in PMC 2019 February 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Donovan and Comstock Page 6

Siglecs are sialic acid-binding lectins most commonly found on subsets of immune cells
[44]. There are at least 16 siglecs expressed by different leukocyte populations, which
include sialoadhesin (siglec-1), CD22 (siglec-2), myelin-associated glycoprotein (MAG,
siglec-4), siglec-15, and CD33-related siglecs. Siglec specificity derives from differences in
secondary binding sites [41]. Siglecs are endocytic cell surface receptors that carry cargo
between the cell surface and intracellular vesicles; these receptors are mainly expressed on
cells involved in antigen processing and presentation [41]. Furthermore, sialic acid-
containing molecules can gain entry to macrophages by binding to siglecs on the cell surface
[44]. On mammalian cells, some sialic acid-containing glycans function as self-associated
molecular patterns and prevent immune responses to nonpathogenic stimuli. Ligation of
particular siglecs stimulates the production of the immunoregulatory cytokine interleukin
(IL)-10 [45].

Galectins are important for cell turnover and immune regulation. The CRD of galectins is
specific for B-galactosides. When cells are desialylated, the density of exposed galactose
moieties on the cell surface increases. For example, naive T cells express CD45 with an a
-2,6-linked sialic acid. The amount of a—2,6-linked sialic acid is reduced following T-cell
activation. The decrease in a—2,6-linked sialic acid renders the activated T cells susceptible
to galectin-1-mediated apoptosis [46]. Thus, binding of sialyated HMO to cells may prevent
apoptosis.

HMO as Modulators of Mucosal Immunity

Intestinal cell lines have been used to determine effects of HMO on immune-related gene
expression and protein production. These cells have been co-incubated with oligosaccharides
[26], bacteria [46], or lipopolysaccharides (LPS) to model a bacterial infection [27]. Co-
incubation of Bifidobacterium with cells of the Caco-2 intestinal cell line and HMO resulted
in downregulation of intestinal cell genes related to chemokine activity compared to co-
incubation with glucose or lactose [27]. Conversely, in the absence of a bacterial co-
stimulant, HMO increased expression of several chemokines by the HT-29 cell line [26].
Additional work in T84 and HCTS8 intestinal cell lines showed that complex mixtures of
HMO as well as 2’FL reduced signatures of intestinal inflammation [27].

HMO have been demonstrated to affect the course of a gastrointestinal viral infection. In an
acute rotavirus (RV) infection model where a 21-day-old piglet’s ileum was isolated in situ,
intestinal loops co-treated with HMO and RV had reduced non-structural protein-4 (NSP-4)
MRNA expression indicating that HMO can reduce RV replication [47]. Intestinal cytokine
and chemokine expression, however, was not affected. Both neutral and acidic HMO
decreased NSP4 intestinal mMRNA expression in the in situ model, whereas only acidic HMO
effectively inhibited RV infectivity in an in vitro model [47].

HMO as Modulators of Systemic Immunity and Protection from Infection

HMO are detected in the plasma of infants fed human milk at concentrations of 1-133 mg/L
[35, 37], suggesting the potential for dietary HMO to directly affect immune cells circulating
in the blood. As discussed above, many immune receptors recognize the oligosaccharide
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structures of their glycoprotein ligands [14, 15]. Because a subset of HMO is structurally
similar to selectin ligands [14], it is likely that HMO can bind directly to immune cells and
trigger signaling that results in changes to immune cell populations and functions. For
instance, the P-and E-selectins recognize sialyl-Lewis x (sLeX), a glycan moiety of several
HMO [11]. Additionally, fucosylation and sialylation, 2 enzymatic modifications common to
HMO, enable binding to selectins [48]. HMO-induced disruption of immune protein-
carbohydrate interactions reduced neutrophil rolling [38] and activation [39]. HMO directly
affect immune cell proliferation and cytokine production in ex vivo experiments with
peripheral blood mononuclear cells (PBMC) from neonatal pigs [34]. Stimulation with
isolated HMO stimulated production of the regulatory cytokine IL-10 [34]. Others observed
that the acidic HMO induce IL-10 production; additionally, they found that acidic HMO
induce IFN-y from ex vivo stimulated human cord blood mononuclear cells [43]. Isolated
HMO enhanced proliferation of PBMC stimulated with a T-cell mitogen,
phytohemagglutinin (PHA), and sialylated HMO enhanced proliferation of PBMC
stimulated with the B-cell mitogen LPS [34]. In contrast, 2"FL inhibited proliferation of
unstimulated PBMC cultured for 3 days. Thus, the response to HMO may depend on the
state of the infant. In the unstimulated state, HMO dampen proliferation, whereas HMO
enhance proliferation in response to a mitogenic stimuli.

To date, very few studies have fed HMO and analyzed immune outcomes [22, 27, 28, 49-52]
(Table 2). Piglets [53] have been fed 2"FL, but only growth and toxicological outcomes were
reported. A recently published paper described immune outcomes in human infants fed
formula containing 2.4 g/L GOS, 2.2 g/L GOS + 0.2 g/L 2’FL, or 1.4 g/L GOS + 1.0 g/L
2'FL compared to a breastfed reference control [51]. Infants were fed the formula from 5
days to 4 months of age, and blood samples were obtained at 6 weeks of age for cytokine
analysis, immune cell phenotyping, and ex vivo stimulation of isolated PBMC. Breastfed
infants and infants fed either formula with 2’FL were similar and had lower plasma
inflammatory cytokines than infants fed the control formula. In addition, cytokine secretion
by PBMC from breastfed infants and infants fed either 2’ FL-containing formula that were
stimulated ex vivo with respiratory syncytial virus was similar and secreted less tumor
necrosis factor-a and interferon-y and tended to have lower IL-1Ra, IL-6, and IL-1 than
cells from infants fed the control formula [51].

Another recent study in human infants evaluated the effect of formula supplemented with
both 2"FL (1.0 g/L) and LNNnT (0.5 g/L) compared to an unsupplemented formula. Infants
were fed the formulae from 14 days to 6 months of age, after which they were switched to a
standard follow-on formula and followed until 12 months of age. Infants fed the HMO-
supplemented formula had significantly fewer parental reports (o = 0.004-0.047) of:
bronchitis through 4 months (2.3 vs. 12.6%), 6 months (6.8 vs. 21.8%), and 12 months (10.2
Vvs. 27.6%); lower respiratory tract infection (AE cluster) through 12 months (19.3 vs.
34.5%); antipyretics use through 4 months (15.9 vs. 29.9%); and antibiotics use through 6
months (34.1 vs. 49.4%) and 12 months (42.0 vs. 60.9%) than those fed the standard
formula [52].

Several studies in animal models support the reduced incidence of infection in human infants
fed formula with HMO. In mice infected with Escherichia coli, once daily oral gavage with
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100 mg, 2"FL prevented body weight loss and reduced colonization with adherent-invasive
E. coli, colonic inflammation, crypt cell CD14 expression, as well as IL-6, IL-17, and tumor
necrosis factor-a production in response to adherent-invasive £. coli infection compared to
mice treated with vehicle [27]. Mice fed 2"FL and subjected to ileocecal resection gained
more weight and had greater crypt depth and villus height at the site of transection than
nonsupplemented mice [28]. The 2"FL-fed mice also had upregulated mucosal immune
response genes in the distal small bowel [28]. The studies where pigs and human infants
were fed the HMO have focused on 2°FL, which is readily available in large quantities at
reasonable cost, and fucosylated oligosaccharides have been shown to feed specific
beneficial classes of bacteria during intestinal inflammatory events [54]. Given what is
known about the effects of other HMO, these compounds also should be used in feeding
studies when available in sufficient quantities.

Only 1 in vivo study used a complex mixture of HMO and assessed immune outcomes. In
that report, neonatal pigs fed a diet containing 4 g/L HMO, consisting of 40% 2 FL, 10%
6’ -sialyllactose (6”SL), 35% lacto-N-neotetraose (LNNT), 5%, 3’-sialyllactose (3'SL), and
10% free sialic acid, had a reduced duration of diarrhea, in response to RV infection to 48.8
+ 9.8 h versus 80.6 £ 4.5 h in pigs fed nonsupplemented formula [22]. lleal tissue from the
pigs fed HMO contained greater IFN-y (produced by Th1 cells) and IL-10 (an anti-
inflammatory cytokine) mMRNA than that from pigs fed formula [22].

In a mouse model of food allergy, 2”FL and 6”SL administered via oral gavage reduced
symptoms in mice sensitized to ovalbumin, an egg protein [49]. Specifically, ovalbumin-
stimulated splenocytes from mice treated with 6”SL produced more 1L-10 and less IFN-y
than those from untreated mice. Furthermore, 2"FL- or 6”SL-treated mice had more
regulatory immune cells in their intestinal immune tissues than untreated mice. Interestingly,
neither 2"FL nor 6’SL affected intestinal T regulatory cells when administered to
nonsensitized mice [49]. This exemplifies the necessity of identifying an appropriate
challenge model to assess the effects of dietary compounds on the immune system. In mice,
the milk oligosaccharides LNFP 11l and LNNT are Th2-biasing and suppress Th1 responses
[55]. Recently, it has been reported that human infants who were fed human milk with low
LNFP 111 concentrations (<60 pM) were 6.7-times (95% CI 2.0-22) more likely to become
affected with cow’s milk allergy when compared to infants receiving milk with high LNFP
I11 concentrations [56].

Another approach using knockout mice showed that SL-containing compounds can directly
affect gastrointestinal mucosal immunity [50, 57]. In one study, the presence of 3’SL in the
milk increased the number of immune cells infiltrating the gut in IL-10 null mice [50].
Further-more, supplementation with 3’ SL increased colitis severity in newborn IL-10 and
St3gal4 (the enzyme that synthesizes 3”SL) null mice, and cross-fostering wildtype mice to
deficient dams reduced colitis severity. One caveat of this work is that it was conducted in
the absence of endogenous IL-10 production, whereas other in vivo studies have
demonstrated that some HMO increase intestinal IL-10 [22, 49]. 3"SL is a product of several
pathogenic bacteria [58] and the conformation (a2,3-link between sialic acid and galactose)
on pathogenic bacteria and in human milk is the same. 3’SL is recognized by DC and
generates an immune response through the TLR4 signaling pathway [59]. These results
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suggest that the presence of 3’SL increases the inflammatory response through direct effects
on DC. When TLR4 was absent, 3’SL was less effective at inducing DC activation.
However, those DC also demonstrated a minimal increase in CD40 expression suggesting
that at least one other 3’ SL-sensing mechanism, albeit much less efficient than the TLR4
pathway, exists on DC. TLR4 is the receptor for £. col/i LPS. Another link between 3’SL
and TLR4 is explained in a newer paper, where it is demonstrated that 3"SL stimulates the
proliferation of the intestinal £. coli population and that this overgrowth of £. coliis
responsible for exacerbation of dextran sulfate sodium colitis through release of
proinflammatory cytokines from intestinal DC [60]. These examples demonstrate the
complexity of the relationships between oligosaccharides, the gut bacteria and the immune
system.

Conclusion

The rich diversity of HMO has the potential to modulate both innate and adaptive neonatal
immunity. Findings from in vitro experiments and animal models show that HMO directly
interact with gastrointestinal epithelial cells as well as with mucosal and systemic immune
cells to modulate immune function. HMO also beneficially shape the microbiome of the
breastfed infant. The increased availability of HMO from commercial sources as well as
accumulating evidence demonstrating that formula supplemented with HMO is safe and may
confer benefits for human infants have led to the recent addition of 2"FL alone or in
combination with LNnT to infant formulae. In addition, due to their beneficial effects on
immune function and host defense, HMO may also be beneficial for other segments of the
population who are immune compromised or at high risk for infection. There are limited
studies in which animals or humans have been fed HMO. Additionally, few studies have
assessed the effects of feeding complex mixtures of HMO on the immune response. Thus,
future research is needed to delineate mechanisms and to fully realize the potential for HMO
to benefit infant immune function.
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Key Messages

. Human milk oligosaccharides (HMO) are a predominant component of
human milk and are comprised of diverse structures that are neutral or acidic
and some forms are sialylated or fucosylated, which contributes to their
biological functions

. HMO protect the infant from pathogenic infections, facilitate the
establishment of the gut microbiota, promote intestinal development, and
stimulate immune maturation.

. Some types of HMO are now commercially available and are being added to
infant formula alone or in combination with other prebiotics.
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Human milk may orchestrate gastrointestinal, immune, and microbiota development. The
intestinal ecosystem represents a complex, interactive environment in which human milk
influences intestinal development, establishment of gut microbiota, and maturation of the
gut mucosal and systemic immune system. In turn, signals from the microbiota stimulate
maturation and specificity of the mucosal and systemic immune systems. In addition, the

immune system and microbiota promote intestinal development. Human milk contains

bioactive nutrients and other components that are modulators of these processes, of which
the oligosaccharides are a key component.
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Potential mechanisms whereby human milk oligosaccharides (HMO) influence host immune
function. HMO affects innate immunity through the epithelial barrier: HMO reduce
intestinal crypt cell proliferation (1), increase intestinal cell maturation (2), increase barrier
function (3), and may influence goblet cell function (4), as has been shown for galacto-
oligosaccharides. In addition, HMO affect epithelial immune gene expression both directly
(5) and indirectly through the microbiota (6). HMO serve as prebiotics to promote the
growth of healthy bacteria, including Bifidobacteriaand Bacteroides species (7), and HMO
inhibit infections by bacteria and viruses by either binding to the pathogen in the lumen or
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by inhibiting binding to cell-surface glycan receptors (8). HMO affect immune cell
populations and cytokine secretion (9). HMO are also absorbed into the blood (10), where
they affect binding of monocytes, lymphocytes, and neutrophils to endothelial cells (11) and
formation of platelet-neutrophil complexes (12).
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