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ABSTRACT

Human milk contains more than a hundred structurally distinct oligosaccharides. In this review, we provide examples of how the structural

characteristics of these human milk oligosaccharides (HMO) determine functionality. Specific a1–2-fucosylated HMO have been shown to serve

as antiadhesive antimicrobials to protect the breast-fed infant against infections with Campylobacter jejuni, one of the most common causes of

bacterial diarrhea. In contrast, a1–2-fucosylation may abolish the beneficial effects of HMO against Entamoeba histolytica, a protozoan parasite

that causes colitis, acute dysentery, or chronic diarrhea. In a different context, HMO need to be both fucosylated and sialylated to reduce selectin-

mediated leukocyte rolling, adhesion, and activation, which may protect breast-fed infants from excessive immune responses. In addition, our

most recent data show that a single HMO that carries not 1 but 2 sialic acids protects neonatal rats from necrotizing enterocolitis, one of the most

common and often fatal intestinal disorders in preterm infants. Oligosaccharides currently added to infant formula are structurally different from the

oligosaccharides naturally occurring in human milk. Thus, it appears unlikely that they can mimic some of the structure-specific effects of HMO. Recent

advances in glycan synthesis and isolation have increased the availability of certain HMO tri- and tetrasaccharides for in vitro and in vivo preclinical

studies. In the end, intervention studies are needed to confirm that the structure-specific effects observed at the laboratory bench translate into benefits

for the human infant. Ultimately, breastfeeding remains the number one choice to nourish and nurture our infants. Adv. Nutr. 3: 383S–391S, 2012.

Introduction
HMO4 are unconjugated glycans that are highly abundant in
human milk but not in infant formula (1–4). HMO synthesis

follows a basic blueprint (Fig. 1A). All HMOcontain the disaccha-
ride lactose at their reducing end. Lactose can be fucosylated either
at the terminal Gal ina1–2 linkage to form 29-fucosyllactose (Fig.
1B) or at the reducing end Glc in a1–3 linkage to yield 3-
fucosyllactose. Alternatively, lactose can be sialylated at the ter-
minal Gal in a2–3 or a2–6 linkage to generate 39-sialyllactose
and 69-sialyllactose, respectively. In addition to these human
milk trisaccharides, which are traditionally included as HMO,
the nonreducing end of lactose can be elongated and branched
with lacto-N-biose I (Galb1–3GlcNAc) or N-acetyl-lactosamine
(Galb1–4GlcNAc) in b1–3 or b1–6 linkages. Complex HMO
with more than a dozen of these disaccharide repeats have
been identified. Furthermore, the HMO backbone can be
modified with one or more Fuc residues bound in a1–2,
a1–3, and/or a1–4 linkage or with one ormore sialic acid res-
idues (N-acetyl-neuraminic acid) bound in an a2–3 or a2–6
linkage (Fig. 1C). More than one hundred structurally distinct
HMO have been identified so far that follow this basic blue-
print and carry various potentially bioactive glycan epitopes.

Inter- and intrapersonal variations
AlthoughHMO synthesis generally follows the same basic blue-
print, there are important inter- and intrapersonal variations in
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HMO composition. Different women synthesize different sub-
sets of oligosaccharides, and the total amount and relative a-
bundance of HMO changes over the course of lactation.

The most extreme interpersonal variations are found
with respect to HMO fucosylation and are based on women’s
Secretor and Lewis blood group status (Fig. 2). The majority
of women express the fucosyltransferase FUT2 that connects
Fuc to terminal Gal in an a1–2 linkage (5). 29-Fucosyllactose
and LNFP I are some of the most abundant HMO in milk of
the so-called Secretor women (6–9). In contrast, these HMO
are virtually absent in the milk of Nonsecretor women who
do not express FUT2 (Fig. 3). An independent variable in
HMO fucosylation is the expression of another fucosyltrans-
ferase, FUT3 (10). This enzyme connects Fuc with subtermi-
nal GlcNAc of type I chains in a1–4 linkage, which generates
the Lewis b antigen in Secretors (Lewis a-b+) and the Lewis
a antigen in Nonsecretors (Lewis a+b-). These epitopes are
absent in the milk of Lewis negative women (Lewis a-b-),
who can be either Secretors or Nonsecretors. Thus, based
on the expression of the FUT2 and FUT3 fucosyltransferases,
HMO profiles can be divided into 4 groups: Se+Le+, Se-Le+,
Se+Le-, and Se-Le-, where Se stands for Secretor and Le stands
for Lewis (Fig. 2). In terms of fucosylation, Se+Le+ women se-
crete milk with the most complex HMO composition, whereas
Se-Le- women secrete milk with the least complex HMO com-
position. However, the HMO concentration in milk of Se-Le-
women is still on the order of several g/L.

Interpersonal variations in HMO sialylation are more sub-
tle and not based on an all-or-nothing expression of individ-
ual sialyltransferases. Differential sialyltransferase expression
and regulation may, however, contribute to variations in the
relative abundance of sialylated HMO.

Next to these genetically determined differences in HMO
composition, environmental factors may also affect HMO syn-
thesis. Our preliminary data shows that the total amount of
HMO is significantly lower in women with a BMI between 14
and 18 than in women with a BMI between 24 and 28 (L.
Bode, C. Nissan, R. Raqib, unpublished data). The study was,
however, not powered to determine whether or not a reduced

Figure 1 HMO blueprint. (A) Structural composition of HMO.
If n = 0, the lactose backbone is either sialylated or fucosylated
to form human milk trisaccharides such as 29-fucosyllactose
(B). If n . 0, complex HMO are formed that can be branched
and also modified like the sialylated and fucosylated iso-lacto-
N-decaose (C). The monosaccharide key is shown on the
bottom and used throughout this article. HMO, human milk
oligosaccharide.

Figure 2 Genetically determined variations in HMO. Composition
of HMO fucosylation highly depends on the expression of the
Secretor gene that encodes the a1–2-fucosyltransferase FUT2 and
the Lewis gene that encodes for the a1–3/4-fucosyltransferase FUT3.
Based on the expression of these fucosyltransferases, 4 different
HMO groups can be distinguished. If both fucosyltransferases are
expressed, the milk contains oligosaccharides with the Leb. If FUT3,
but not FUT2, is expressed, the milk contains oligosaccharides with
the Lea. Neither Lea nor Leb epitopes are present on HMO of women
that do not express FUT3, but the HMO profile can be different
depending on whether or not FUT2 is expressed. HMO, human milk
oligosaccharide; Lea, Lewis a blood group antigen; Leb, Lewis b
blood group antigen.
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secretion of individual HMO contributes to the overall lower
amount of total HMO.Whether general malnutrition or specific
nutrient deficits affect HMO synthesis remains to be elucidated.

In addition to HMO variations between different women,
there are also variations in different milk samples from the
same woman depending on the stage of lactation. The total
amount of HMO is highest in colostrum and decreases
through transitional to mature milk. The concentration of
sialylated HMO is higher in milk from the first weeks post-
partum and decreases over the course of lactation. The milk
of mothers delivering preterm infants has been reported to
have significantly higher oligosaccharide concentrations
compared to term milk (11).

In conclusion, inter- and intrapersonal variations in
HMO synthesis determine the composition and relative a-
bundance of individual HMO in a given milk sample.
Each HMO is structurally unique and structure often deter-
mines biological function, as outlined below.

a1–2-Fucosylated HMO are antiadhesive
antimicrobials against Campylobacter jejuni
Bacterial, viral, and protozoan infections remain the most
common causes of infant mortality. Many of these pathogens

use lectins, glycan-binding proteins, to attach to specific gly-
cans on epithelial surfaces, which is often an essential first
step to colonize the host and cause disease. HMO resemble
some of these cell surface glycans and serve as soluble decoy
receptors that block pathogen attachment and reduce subse-
quent infection and disease. Thus, HMO that intercept
pathogen attachment are antiadhesive antimicrobials and
part of the innate immune protection provided with human
milk.

Lectin binding is structure specific. For example, some
lectins require their glycan binding partners to be sialylated;
other lectins depend on specifically linked Fuc as part of
their glycan ligand. Different pathogens use different lectins
and some pathogens are able to express multiple lectins to
increase their chances to colonize the host. One HMO alone
cannot block all different lectins and fend off the wide vari-
ety of intruders that infants are exposed to and have been ex-
posed to throughout evolution. This selection pressure
might provide one explanation for why human milk con-
tains not one, but more than 100 structurally distinct HMO.

The most consistent and comprehensive data on antiad-
hesive antimicrobial effects have been reported for a1–2-
fucosylated HMO and their protection against C. jejuni, one
of the most common causes of bacterial diarrhea and infant
mortality (12–14). In vitro, 29-fucosylated HMO reduce C.
jejuni attachment to 29-fucosylated glycans on epithelial cells
(15). These results were confirmed ex vivo showing that pre-
incubation of C. jejuni with pooled HMO or 29-fucosyllactose
alone reduced colonization on freshly isolated human intesti-
nal mucosa. In vivo, C. jejuni colonization was significantly re-
duced in mice that were orally gavaged with pooled HMO. In
addition, intestinal clearance of C. jejuni was significantly
faster in mouse pups nursing on transgenic dams that secreted
29-fucosyllactose, which is normally not present in mouse
milk. The combination of these in vitro, ex vivo, and in vivo
studies showed that 29-fucosylated HMO in general and 29-
fucosyllactose alone serve as decoy receptors to inhibit C.
jejuni attachment and colonization.

The physiological relevance of these results was later con-
firmed in 93 breastfeeding mother-infant pairs (16). The to-
tal incidence of diarrhea (given per 100 child months) was
significantly lower in infants that received intermediate to
high levels of a1–2-fucosylated HMO with their mother’s
milk. More specifically, Campylobacter diarrhea occurred less
often in infants who received high levels of 29-fucosyllactose
with the mother’s milk, whichwas consistent with previous re-
ports that 29-fucosylated HMO can block C. jejuni attachment
in vitro and in mice. In addition, Calicivirus diarrhea occurred
less often when the milk contained high levels of lacto-N-
difucohexaose, another a1–2-fucosylated HMO.

a1–2-Fucosylated HMO may not always be the most
effective
In contrast to the previous example where a1–2-fucosylated
HMO block C. jejuni attachment and prevent disease, a1–2-
fucosylation may actually counteract the benefits of HMO in
the context of another type of enteric infection, as our

Figure 3 Individual HMO are absent in the milk of Nonsecretor
women. The HMO profiles of a Secretor and a Nonsecretor
woman are strikingly different as shown by the 2 HPLC-FL
chromatograms on the top left and right, respectively. Peak
1 represents the internal standard that allows for accurate inter-
chromatogram comparison. 29FL (peak 2) and LNFP I (peak 7)
are some of the most abundant HMO in the milk from the
Secretor woman but are absent in the milk from the
Nonsecretor woman. Instead, the concentration of the isomer
LNFP II (peak 8) increases. 29FL, 29-fucosyllactose; HMO, human
milk oligosaccharide; LNFP, lacto-N-fucopentaose.
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laboratory recently showed (17). In addition to certain bac-
teria and viruses, protozoan parasites like Toxiplasma gondi
or Entamoeba histolytica also employ lectins as virulence fac-
tors to attach to the host’s intestinal epithelial cell surface. E.
histolytica causes amebiasis, the 3rd leading cause of death by
parasitic diseases after malaria and schistosomiasis (18). Ap-
proximately 50 million people are infected with this parasite
worldwide, which results in nearly 100,000 deaths each year.
E. histolytica is ingested as a dormant cyst that survives the
harsh environment in the host’s stomach and small intestine
and reaches the colon, where it differentiates into mobile
trophozoites (18). E. histolytica employs the Gal/GalNAc lec-
tin to attach to glycans on the host’s epithelium. But the lec-
tin is also involved in the killing and phagocytosis of the
host’s intestinal epithelial cells and is considered one of
the parasite’s major virulence factors (19,20). The lectin
binds to Gal, GalNAc, and lactose, which can block E. histo-
lytica attachment and cytotoxicity in vitro (21). In vivo,
however, these mono- and disaccharides may not be able
to provide a physiologically relevant protection. The major-
ity of the mono- and disaccharides have already been di-
gested and absorbed in the small intestine long before the
parasite reaches the colon and differentiates from its pro-
tected cyst stage into the active trophozoite. The E. histoly-
tica lectin rarely encounters the sugars that had been
known to inhibit attachment and cytotoxicity. Guided by ep-
idemiological data that breast-fed infants are at lower risk to
acquire E. histolytica infections (22), we hypothesized that
HMO also block the lectin and reduce E. histolytica attach-
ment and cytotoxicity. If confirmed, blocking the lectin
with HMO would be physiologically more relevant, because
HMO reach the colon undigested and thus actually colocalize
with the parasite’s active trophozoite form. In addition, HMO
contain Gal, which might facilitate an interaction with the
Gal/GalNAc lectin. Our preliminary data strongly support
this hypothesis (17). HMO isolated from pooled human
milk blocked E. histolytica attachment to the surface of culture
vials as well as human intestinal epithelial cells, which were
also protected from E. histolytica-induced cytotoxicity.

We then used individual, commercially available HMO to
determine which HMO are responsible for these protective
effects and whether there is a certain structural motif required
to confer protection. Although none of the fucosylated or sia-
lylated milk trisaccharides had an effect, lacto-N-tetraose
blocked attachment and cytotoxicity at physiologically rele-
vant concentrations. To our surprise, LNFP I had no effect,
even at very high concentrations. LNFP II and III, however,
were effective. Although LNFP I, II, and III are all monofuco-
sylated LN(n)T isomers, only LNFP I carries its Fuc in an a1–
2 linkage at the terminal Gal. LNFP II and III carry their Fuc
in an a1–4 and a1–3 linkage, respectively, at the subterminal
GlcNAc (Fig. 4). We speculated that the “Fuc cap” masks the
terminal Gal and that an uncovered terminal Gal is essential
to interact with the E. histolytica lectin. Removal of the termi-
nal a1–2-linked Fuc with a linkage-specific fucosidase indeed
restored HMO activity, which led us to conclude that some
HMO reduce E. histolytica attachment and cytotoxicity, but

only if the HMO are not a1–2-fucosylated. If these results
translated to human infants, the milk of Secretor women
with high relative abundance of a1–2-fucosylated HMO
would potentially be less effective in preventing E. histolytica
infections. These findings would be in sharp contrast to pre-
vious studies showing that the milk of Secretor women lowers
the incidence of infections with C. jejuni or Calicivirus
(15,16). The antiadhesive antimicrobial effects of HMO de-
pend on HMO structure but also on the pathogens the infant
is exposed to. Field studies in regions with high E. histolytica
incidence will be needed to confirm this hypothesis.

Fucosylation is required but not sufficient to block
selectins
Although the presence or absence of Fuc appears to deter-
mine whether individual HMO are protective against
some of the enteric pathogens, Fuc is an essential but not
sufficient constituent of HMO that interfere with selectin-
mediated cell-cell interactions in the host’s immune system.
Selectins are C-type lectins (23) that facilitate the initial step
of leukocyte extravasation at sites of inflammation (24,25).
Inflammatory mediators induce the expression of E- and
P-selectin on the apical surface of endothelial cells. The se-
lectins protrude into the blood vessel lumen and interact
with glycoconjugate ligands on leukocytes that pass by in
the bloodstream (24,25). These initial selectin-ligand inter-
actions decelerate the leukocytes and they start rolling over

Figure 4 LNT and LNFP II, but not LNFP I, block E. histolytica
attachment and cytotoxicity. The protozoan parasite E. histolytica
uses a lectin as a major virulence factor that facilitates attachment
to and killing and phagocytosis of the host’s intestinal epithelial
cells. Whereas LNT reduces E. histolytica attachment and
cytotoxicity, LNFP I has no effect, because the terminal Gal is
covered by a1–2-linked Fuc. The structural isomer LNFP II does
not contain a terminal “Fuc cap.” Instead, Fuc is linked a1–4 to the
subterminal GalNAc and the terminal Gal (indicated with an
asterisk) is available for binding to the E. histolytica lectin. Fuc,
fucose; Gal, galactose; HMO, human milk oligosaccharide; LNFP,
lacto-N-fucopentaose; LNT, lacto-N-tetraose.
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the endothelial surface before they tightly adhere and finally
transmigrate to reach subendothelial regions (24,25). Based
on reports that sialyl-Lewis x (sialylated and fucosylated N-
acetyllactosamine) is the minimum glycan epitope required
to facilitate selectin-ligand interactions, Kunz and Rudloff
were the first to hypothesize that HMO interfere with leuko-
cyte rolling and potentially reduce leukocyte extravasation.
HMO contain Lewis epitopes (26) and were at least indi-
rectly shown to reach the systemic circulation (27–29). We
used an in vitro parallel flow chamber model with human
leukocytes passing over primary human endothelial cells
and confirmed that sialylated but not nonsialylated HMO
reduced leukocyte rolling and adhesion (30) (Fig. 5). In addi-
tion, we used individual, commercially available HMO to de-
termine the minimum structural requirements for HMO to
be effective. The physiological epitope sialyl-Lewis x (39-
sialyl-3-fucosyllactosamine) but also 39-sialyl-3-fucosyllactose
reduced leukocyte rolling and adhesion. The only difference
between sialyl-Lewis x and 39-sialyl-3-fucosyllactose is that
their reducing end monosaccharide is either GlcNAc or
Glc. However, the acetylamine at the C2 position of GlcNAc
appears irrelevant for HMO to interact with selectins. The
nonfucosylated HMO 39-sialyllactose and 69-sialyllactose
had no effect on leukocyte rolling and adhesion, which
was consistent with previous reports that Fuc is an essential
part of selectin ligand epitopes. A genetic defect in the intra-
cellular Fuc metabolism in patients with Leukocyte Adhe-
sion Deficiency II (Congenital Disorder of Glycosylation
IIc) significantly reduces the fucosylation of cell surface gly-
cans, which include selectin ligands (31–34). As a conse-
quence, leukocyte motility and extravasation are impaired
and lead to recurrent infections. The molecular etiology
of this rare inherited glycosylation disorder demonstrates
the importance of fucosylation for selectin-mediated cell-
cell interactions in the immune system and provides an ex-
planation for why some HMO reduce leukocyte rolling and
adhesion while others are ineffective. It is important to note
that the fraction of pooled sialylated HMO was more effec-
tive than the sialylated and fucosylated tetrasaccharides
sialyl-Lewis x and 39-sialyl-3-fucosyllactose alone. We spec-
ulate that some of the more complex HMO carry more than
one sialyl-Lewis x epitope and facilitate multivalent binding
to selectins. Thus, the more complex HMO might be of
physiological relevance even though their relative abundance
in human milk is lower than the less complex tri- and
tetrasaccharides.

Comparable results were obtained when we studied the ef-
fects of HMO on another selectin-mediated cell-cell interac-
tion, the formation of platelet-neutrophil complexes (35).
Activated platelets increase their expression of P-selectin,
which binds to the glycoprotein PSGL-1 on neutrophils
(36). PSGL-1 then triggers a signaling cascade that leads to
neutrophil activation with an increase in reactive oxygen pro-
duction, phagocytosis activity, and expression of adhesion
molecules that facilitate neutrophil extravasation (37,38).
Our ex vivo studies with human platelets and neutrophils con-
firmed that only sialylated HMO reduce platelet-neutrophil

complexes formation and neutrophil activation, that HMO fu-
cosylation was required, and that complex HMO were more
effective than the monovalent tetrasaccharides sialyl-Lewis x
and 39-sialyl-3-fucosyllactose (35).

The combined results from our in vitro and ex vivo stud-
ies on selectin-mediated leukocyte rolling, adhesion, and

Figure 5 In vitro flow model reveals specific sialylated and
fucosylated HMO that reduce leukocyte rolling and adhesion. (A)
Leukocytes isolated from human blood were pumped over
coverslips with cultured human umbilical vein endothelial cells.
(B) Leukocytes (light green) that were rolling over or adhered to
endothelial cells (dark green) were counted from video-
microscope images. (C) The leukocyte extravasation cascade
starts with the deceleration of leukocytes from the blood stream.
After this initial rolling, leukocytes tightly adhere to the
endothelium and eventually transmigrate to subendothelial
regions. (D) Leukocyte rolling is mediated by selectins and their
glycoprotein ligands. (E) Examples of HMO that reduce
leukocyte rolling and adhesion and HMO that had no effect.
HMO, human milk oligosaccharide.
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activation show that only very specific HMO interfere with
these cell-cell interactions in the immune system. It remains
unclear whether these observations translate to in vivo,
whether they are physiologically relevant to human infants,
and whether a reduction in leukocyte extravasation and acti-
vation has positive or negative consequences for the breast-
fed infant.

Not 1 but 2 sialic acids are required to protect
from NEC
Mucosal neutrophil infiltration is one of the hallmarks of
NEC (39), one of the most common and often fatal intesti-
nal disorders in preterm infants (40–42). More than 5% of
all very-low–birth weight infants develop NEC (43). About
one-quarter of them die and the survivors often face long-
term neurological complications (44). Based on the importance
of neutrophil infiltration in NEC pathogenesis and our find-
ings that HMO inhibit leukocyte rolling, adhesion, and ac-
tivation, we hypothesized that HMO reduce mucosal
neutrophil infiltration and prevent NEC. If confirmed, it
could provide one explanation for the intriguing finding
that breast-fed infants are at a 6- to 10-fold lower risk to de-
velop NEC than formula-fed infants that do not receive
HMO with their formula (45–49).

Intervention studies in human preterm infants to test this
hypothesis are unfeasible for several reasons. Hundreds of
very-low–birth weight, preterm infants would need to be re-
cruited to power the study. NEC usually develops within the
first 2–4 wk postpartum and during this period, infants would
need to be fed with formula that either contains or does not
contain HMO. Formula feeding is a known risk factor for

NEC, which raises ethical concerns for this kind of interven-
tion study. In addition, the amount of HMO needed to feed
hundreds of infants with HMO-supplemented formula for
several weeks far exceeds the amount of currently available
HMO. Instead, we used an established neonatal rat NEC
model (50–53) to test the hypothesis that HMO reduce
NEC incidence (54). Rat pups were separated from the
dam immediately after birth and housed in a temperature-
and humidity-controlled environment. Pups were orally gav-
aged with formula that resembled the caloric and protein
content of rat milk. Some of the pups were left with the
dam to serve as breast-fed controls. All rat pups were exposed
to hypoxia for 10 min thrice per day and killed on day-of-life
4 to collect their intestines for macroscopic and microscopic
evaluation. Whereas all of the breast-fed pups survived, al-
most 25% of the formula-fed pups died before reaching the
end of the 4-d study period. Most remarkably, the addition
of pooled HMO to the very same formula increased the sur-
vival rate to almost 100%. Evaluation of H&E-stained ileum
sections showed a significant increase in pathology scores in
formula-fed pups compared to breast-fed pups. Pathology
scores for the HMO-fed pups were significantly lower than
those in the formula-fed group and similar to those in
the breast-fed group. Additional experiments showed that
HMO needed to be fed to the pups during the first 24 h
postpartum to be protective against NEC. However, expo-
sure to HMO for the first 24 h alone was not sufficient.

In the next set of experiments, we asked whether all
HMO are beneficial or whether there are specific structural
requirements for HMO to protect against NEC. Instead of
testing dozens of individual HMO alone, we used a 2-di-
mensional approach to identify the most effective group of
HMO starting from pooled HMO. In the first dimension,
we used anion exchange chromatography and separated
the pooled HMO by charge. This first step generated 5 dif-
ferent HMO fractions with oligosaccharides that contained
either no sialic acid (neutral HMO) or contained 1, 2, 3,
or 4 sialic acids, respectively. We then tested the different
HMO fractions in the rat NEC model and found that the
disialylated HMO fraction was most effective in reducing
NEC pathology scores. In the second dimension, we used
gel filtration chromatography to separate the disialylated
HMO fraction by size, tested these HMO subfractions in
the rat model, and found that one particular HMO subfrac-
tion reduced NEC pathology scores. In a combination of
matrix-assisted laser desorption/ionization time-of-flight
MS analysis, HPLC analysis after sequential exoglycosidase
digestions as well as GC-MS linkage analysis of partially
methylated alditol acetates, we were able to unambiguously
characterize the protective HMO as a specific isomer of
DSLNT. Digests with linkage-specific neuraminidases re-
vealed that both sialic acids are critical for the HMO to be
protective against NEC. It is important to note that DSLNT
is not fucosylated, which makes it unlikely that HMO pre-
vent NEC by reducing selectin-mediated neutrophil extrav-
asation and activation as originally hypothesized. In fact, we
did not observe any difference in mucosal neutrophil

Figure 6 Infant formula oligosaccharides are structurally
different from HMO. GOS and FOS are currently added to infant
formula. pAOS are currently studied as novel ingredients to
mimic some of the effects of HMO. GOS, FOS, and pAOS are
structurally very different than HMO and are not present in
human milk. Fructose or its polymers as well as galacturonic acid
and its homo- or heteropolymers are not found in human milk.
In contrast, Fuc and sialic acid are important components of
HMO, but they are not part of any of the infant formula
oligosaccharides. FOS, fructooligosaccharide; Fuc, fucose; GOS,
galactooligosaccharide; HMO, human milk oligosaccharide;
pAOS, pectin-derived acidic oligosaccharide.
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infiltration in our rat model. At this point, it is unknown
whether DSLNT interacts with other host lectins like Siglecs,
which specifically bind to sialylated glycans (55), or whether
DSLNT interacts with intestinal bacteria, which could indi-
rectly protect the host fromNEC. It is also important to note
that GOS, which are currently added to some of the com-
mercially available infant formula as a prebiotic, had no ef-
fect on survival or pathology scores. Overall, the protective
effects of HMO in the context of NEC appear to be highly
structure-dependent.

Although it was unfeasible to conduct a human interven-
tion study to test our hypothesis that HMO protect against
NEC, the rat model also clearly has its limitations (56) and it
needs to be confirmed whether or not the results translate to
human preterm infants. If confirmed, DSLNT could become
a valuable supplement to prevent NEC in formula-fed in-
fants. But our results could also benefit breast-fed infants,
because the DSLNT concentration in the mother’s milk
could become a noninvasive biomarker to identify breast-
fed infants at risk to develop NEC.

Infant formula oligosaccharides are structurally
different
The emerging evidence for the biological effects of HMO on
the breast-fed infant created a rationale to add oligosaccha-
rides to infant formula to provide formula-fed infants with
the same benefits that breast-fed infants receive with their
mother’s milk. The challenge has been to identify ingredi-
ents that provide HMO. Some HMO are also found in the
milk of other mammals but usually at much lower concen-
trations. Other HMO are unique to human milk, especially
the ones with more complex structures. In other words,
HMO were simply not available to be added to infant for-
mula. The search for alternatives led to GOS and Fructooli-
gosaccharides (FOS) (Fig. 6), which are synthesized by
bacteria and plants, respectively. It is important to note
that Gal and fructose oligomers do not naturally occur in
humanmilk. In fact, the fructose monomer itself is not found
in human milk. Despite their structural differences compared
to HMO, ingestion of GOS and FOS has been reported to in-
fluence the microbiota composition in the infant’s feces and
provide other benefits like softer stools. A defined mixture
of GOS and FOS has been shown to reduce the incidence
of atopic dermatitis during the first 6 mo of life (57) and
reduce the incidence of allergic manifestations and infec-
tions during the first 2 y of life (58). The long-term health
benefits or risks of providing infants with a significant
amount of these nonhuman milk glycans have not yet
been described.

Although some HMO are sialylated, GOS and FOS do
not contain any sialic acid at all. The negatively charged car-
boxyl-group of sialic acid is critical for some of the HMO ef-
fects as outlined above, and it seems most unlikely that GOS
or FOS can mimic these effects due to their lack of sialic
acid. In an attempt to more closely resemble the composi-
tion of oligosaccharides naturally occurring in human
milk, a pectin hydrolysate consistent of galacturonic acid

oligomers has recently been studied as an additional infant
formula oligosaccharide (59–61). Although galacturonic
acid provides a negatively charged carboxyl-group, its overall
structure is very different from sialic acid, and it is not sur-
prising that the inclusion of these pAOS in a formula con-
taining a mixture of GOS and FOS did not add specific
advantages to the formula in terms of stool viscosity, fre-
quency, pH as well as feeding tolerance (61). Whether
pAOS have an effect as antiadhesive antimicrobials, protect
against NEC, or have any other benefits has not been re-
ported. Short- and long-term adverse effects of introducing
nonhuman milk galacturonic oligomers in early infant feed-
ing have not been studied or at least not been reported.

In the context of structure-function relationships, it is
important to emphasize that GOS, FOS pAOS, and other
“prebiotic” glycans are structurally very different from those
oligosaccharides that naturally occur in human milk. Be-
cause most of the biological effects described for HMO are
structure-specific, it seems unlikely that structurally incon-
sistent oligosaccharides can provide the very same variety
of health benefits as HMO.

Lately, several companies have been able to synthesize in-
dividual HMO tri- and tetrasaccharides on a large scale.
These oligosaccharides resemble some of the smaller and
most abundant HMO naturally occurring in human milk,
which now become available for in vitro and in vivo exper-
iments as well as clinical studies. The structurally more com-
plex HMO, however, remain unavailable.

Although the synthesis of individual HMO is a very
significant step away from the nonhuman oligosaccharides
toward the naturally occurring oligosaccharides, their po-
tential use in infant formula raises additional questions.
Which HMO should be added and at what concentrations?
If we followed the concept of modeling infant formula after
the “gold standard” human milk, which human milk would
we use to guide us, and what would be the consequences for
the formula-fed infant? For example, infants fed by Nonse-
cretor mothers receive very little or no 29-fucosyllactose and
other 29-fucosylated HMO. What were the potential conse-
quences if these infants now received a formula with a ge-
neric mixture of HMO that contains substantial amounts
of 29-fucosyllactose? In other words, how important is the
match between the HMO composition in the mother’s
milk and the infant’s HMO “requirements”? Although in-
triguing to ask, these questions are not new. They also arise
for infants that receive donor milk instead of their mother’s
milk. A batch of donor milk, either from single or multiple
donors, is often distributed to more than one infant in the
unit and a match to the mother’s HMO profile rather un-
likely. Whether or not an infant benefits from receiving
“matched” oligosaccharides from its own mother’s milk re-
mains unclear.

Summary and Conclusion
Over the past decades, more than 100 structurally distinct
oligosaccharides have been identified in human milk. Accu-
mulating evidence suggests that these HMO benefit the
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breast-fed infant, protect from infections and other diseases,
and may contribute to brain development and cognition
(62). Most of these beneficial effects depend on specific
HMO structures or epitopes. Most studies on structure-
function relationships of HMO distinguish at least between
nonsialylated (neutral) and sialylated (acidic) HMO. In ad-
dition, some studies use individual, commercially available
HMO to determine structural requirements (30,35,63,64).
Other studies start out with pooled HMO and use multi-
dimensional chromatography to narrow the effects down
to structurally similar groups (15) or even structurally dis-
tinct individual HMO as in the case of NEC (54).

Oligosaccharides currently added to most infant formula
are structurally different from those naturally occurring in
human milk. Therefore, it seems most unlikely that these
non-HMO are able to mimic the structure-specific effects
of HMO. The trend appears to go from using non-HMO
to synthesizing oligosaccharides that are actually present in
human milk. Future preclinical and clinical studies will re-
veal whether or not the currently available tri- and tetrasac-
charides are indeed beneficial. In the end, human milk
contains not one or just a handful of tri- and tetrasaccha-
rides, but more than 100 structurally complex and distinct
HMO. A better understanding of how HMO are synthesized
in the human mammary gland may provide valuable infor-
mation to guide new technologies to produce a diverse array
of complex HMO that most closely resembles the oligosac-
charide composition in human milk. Ultimately, breastfeed-
ing remains the number one choice to nourish and nurture
our infants.
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