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Abstract

Human milk oligosaccharides (HMO) are the third most significant solid component in human milk, working in conjunction with
other bioactive components. Numerous factors, including secretor status, race, geography, climate, season, maternal nutrition
and weight, gestational age, and delivery method, significantly affect the individual HMO levels and distribution among mothers.
In addition to strengthening the epithelial barrier, producing immunomodulatory metabolites, and promoting a gut microbiota
rich in Bifidobacterium, HMO also help to enhance the gastrointestinal barrier. HMO perform a range of physiological roles,
such as possible immune system support, brain growth, and cognitive function. HMO supplementation to infant formula is safe
and supports the newborn's healthy growth, with benefits for infection prevention and the makeup of the microbiota. Through a
thorough and methodical evaluation of relevant literature, this study investigated the complex interactions between gut
microbiota, the immune system, and HMO in neonates. A sizable corpus of recently released original research publications and
thorough review papers were examined in the review. SCOPUS, PubMed, and Google Scholar were reliable and strong sources
of information. In addition to these, a few more trustworthy sources were consulted. By reading this article, readers will have a
clear understanding of how HMO play a crucial role in influencing the dynamics of the gut microbiota and supporting the
development of the immune system in newborns. The knowledge gained from these exchanges may help direct measures meant
to improve the health of newborns. However, further investigation is necessary to identify certain underlying processes and
possible treatment paths. It is unknown if HMO provide an extra clinical advantage over non-human oligosaccharides due to a
lack of research comparing the effects of the two. Better study of the variables controlling HMO composition and their functions
will assist to comprehend their short- and long-term advantages for Immunity and Healthy Digestive System in Newborn Infants
Throughout Life.
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1. Introduction

Breastfeeding is recommended by the World Health
Organization (WHO) and pediatric societies within the first
hour of life. Additionally, throughout the first six months
of life and for a maximum of two years beyond that,
breastfeeding should be the only method utilized [1-3].
Human milk is the sole suggested food source for newborns
since it is unique, happens naturally, and is best suited to
support vital growing processes in infancy. In addition to
providing essential nutrients, human milk is rich in bioac-
tive compounds that promote healthy growth and devel-
opment, preserve a balanced microbiota, and bolster an
infant's immune system [4-6]. There are various health
advantages associated with breastfeeding and human milk,
for both moms (reduced risks of hypertension, type 2 dia-
betes, breast and ovarian cancer) and their babies (short-
and long-term). Short-term benefits include fewer cases of
diarrhea, pneumonia, otitis media, atopic dermatitis, and
sudden infant death syndrome; long-term benefits include
fewer cases of type 2 diabetes, leukemia, autistic spectrum
disorders, and obesity; and beneficial effects on 1Q and
social behavior [5, 7-13].

Human milk and nursing provide several health benefits
for both mothers (lower risks of hypertension, type 2 dia-
betes, breast and ovarian cancer) and their offspring (short-
and long-term). Reductions in diarrhea, pneumonia, otitis
media, atopic dermatitis, and sudden infant death syndrome
are among the short-term advantages; reductions in type 2
diabetes, leukemia, obesity, and autism spectrum disorders
are among the long-term advantages; and improvements in
1Q and social behavior are among the other advantages [5,
7-13].

Among the physiological functions that HMO carry out in
babies are the formation of a healthy gut microbiota,
strengthening of the gastrointestinal barrier, prevention of
infections, and potential support for the development of the
immune system, brain, and cognitive capacities [4-6, 14-19].
This review aims to give an overview of recent studies on the
functional effects of HMO, such as how they promote the
development of a balanced immune system, inhibit pathogen
adhesion, support the growth of a healthy gut microbiome,
and impact brain development and cognitive function over the
course of a person's life.

2. Human Milk Oligosaccharides (HMO):

Composition and Associated Elements

Several structurally distinct oligosaccha-
rides—carbohydrates that are indigestible to humans—are
found non human milk. Compared to animal milk, human
milk has far more oligosaccharides. Despite having little
nutritional value for the baby, human milk oligosaccharides
(HMO) are the third most significant solid component in

human milk after lipids and lactose [4-6, 20, 21]. There are
currently more than 200 structurally distinct HMO known
[20, 22]. HMO tolerate both heat and cold and remain
hence untouched by pasteurization and freeze-drying [23].
HMO are resistant to the low pH of the stomach as well as
brush border and pancreatic enzymes. Most HMO are ei-
ther excreted intact or broken down by the baby's gut
bacteria. One to two percent of the HMO that are consumed
are absorbed, enter the bloodstream, and are removed via
urine [14].

HMO are non-digestible, unconjugated, multifunctional
glycans. N-acetylglucosamine, galactose, glucose, fucose,
and the sialic acid derivative N-acetyl-neuraminic acid are the
five monosaccharide building blocks that make up HMO [14,
15, 24].

To date, over two hundred distinct HMO have been
recognized. HMO are made up of the monosaccharides
glucose  (Glc), galactose (Gal), fucose (Fuc),
N-acetylglucosamine (GIcNAc), and sialic acid (Sia).
Lactose is present at the reducing end of all HMO, and it
can be extended by adding N-acetyllactosamine
(Gal_1-4GIcNAc-, type 2 chain) or _1-3- or _1-6-linked
lacto-N-biose (Gal_1-3GIcNAc-, type 1 chain) [25]. The
chain appears to be broken upon elongation with lac-
to-N-biose, but N-acetyllactosamine can be further pro-
longed by adding either of the two disaccharides. Chain
branching occurs when two disaccharide units connect
together via a _1-6 linkage. Iso-HMO are branched struc-
tures, and para-HMO are linear structures without branches.
Elongated oligosaccharide chains or lactose can be si-
alylated with _2-3 or _2-6 connections, or fucosylated with
_1-2, 1-3, or _1-4 linkages. Certain HMO, such as lac-
to-N-fucopentaose and sialyllacto-N-tetraose, exist in
several isomeric forms [25]. It has been reported that HMO
with more than 15 disaccharide units form intricate struc-
tural backbones that can be further altered by adding Fuc
or/and Sia [26, 27]. Three criteria (Figure 1) are used to
classify HMO [26, 27]:

a) Fucosylated or neutral HMO, such as lactodifuco-
pentaose and 20-fucosyllactose (20-FL), are neutral
and contain fucose at the terminal position. They
make up between 35% and 50% of the entire HMO
composition.

b) Neutral N-containing (nonfucosylated) HMO make
up 42% to 55% of the total HMO content. They are
neutral and have N-acetylglucosamine at the terminal
position (e.g., lacto-N-tetraose). More than 75% of
the HMO in human breast milk are neutral HMO.

¢) Sialylated acid Acidic in nature, HMO have sialic acid
at the terminal position (20-sialyllactose, for example).
They account for between 12% and 14% of the entire
HMO composition.
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Figure 1. Human Milk Oligosaccharides (HMO) Basic Science.

HMO composition and levels fluctuate during breastfeed-
ing as well. Although the concentration of HMO in colostrum
can reach up to 20-25 g/L, once milk production reaches
maturity, HMO concentrations drop to 5-20 g/L, which is still
higher than the concentration of total milk protein [25]. The
HMO concentrations in preterm mothers' milk are higher than
those in term milk [25], but the fucosylated HMO levels in
preterm milk are lower than those in term milk [28], and the
neutral and acidic HMO are the same in both preterm and term
milk [29].

3. The Intestinal Immune
System-Gut-Associated Lymphoid
Tissue (GALT)

The processing of antigens that interact with the intestinal
mucosa and the immune response's dissemination are the
responsibilities of the intestinal immune system, sometimes
referred to as gut-associated lymphoid tissue (GALT) [30]. In
the intestine, lymphocytes are found in two main locations:
the inductive sites, which are the sites where an antigen
stimulates the immune system and triggers the immune re-
sponse; Peyer patches are the most common examples of
these inductive sites; and the effector sites, which are the sites
where the immune response is carried out and completed.
Additionally, the gut has two primary populations of lym-
phocytes: the intraepithelial lymphocytes (IELS), which are
found among the enterocytes along the villus, and the lym-
phocytes of the lamina propria (LPL), which are found in the
internal portion of the villus. It is important to highlight that,
in addition to the Peyer patch lymphocytes (PPLs), the peri-
toneal lymphocytes, namely the B1 cells, are important pro-
genitors of one population of plasmatic cells found in the
lamina propria. Consequently, the two main inductive popu-
lations that can be distinguished at the intestinal level are the
B1 cells, which are located in the peritoneum, and the B2 cells,
which are found in the Peyer patches (Figure 2) [31].

Figure 2. Main lymphocyte populations of the gut-associated lym-
phoid tissue (GALT).

The M cells are located among the enterocytes in the epi-
thelium and are responsible for processing and delivering the
antigens found in the intestinal lumen into the Peyer patches.
After entering the Peyer patches, the antigens interact with
antigen-presenting cells (APCs), which are in charge of pre-
senting the antigens to B and T lymphocytes that are still
developing and dwell in the interfollicular regions as well as
the germinal centers. Activated by antigens, the immature B
and T lymphocytes leak down the lymph nodes and enter the
circulation via the thoracic duct. They may circulate for a few
days after developing into mature effector cells that move to
the lamina propria or memory cells that return to the Peyer
patches [30, 31]. It has been shown that the so-called dendritic
cells, which are present in the Peyer patches and lamina pro-
pria, produce pseudopods and interact directly with antigens
in the intestinal lumen. After that, they deliver the antigens to
other underlying cell lineages without requiring M cells to
digest them [32, 33]. IELs include a distinct subpopulation of
effector cells that could have different interactions with an-
tigens that enter the gastrointestinal tract than those men-
tioned above. The roles of a unique class of cells called innate
lymphoid cells (ILCs) have just lately come to light [34]. ILCs
are present in the colon and other mucosae and have a role in
inflammation, autoimmune diseases, and tissue homeostasis,
despite their main function being to build the gut barrier. Due
to their capacity to interact with a wide variety of receptors
present in intestinal immune cells, HMO may have positive
effects [35].

4. Beneficial Effects of HMO in
Developing Life-Long Immunity and
Healthy Digestive System in Infants
Because humans lack the sialidases and fucosidases needed

to break down HMO, these compounds enter the colon un-

digested, where they are processed by intestinal microbiota
bacteria. In this sense, HMO are prebiotics since they promote
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the growth of a healthy microbiota. Moreover, it has been
shown that HMO provide additional benefits to the host; the
three main results are shown below.

4.1. Role of HMO in Inhibition of Microorgan-
ism Adhesion to the Intestinal Mucosa

The formation of the gut microbiota ecology is a complex
and dynamic process that is shaped by internal and external
variables that impact variability. An immediate effect at birth
lasts for several years through subsequent developmental
stages. Streptococcus and Staphylococcus species are the
most often identified bacterial genera in human milk, with
Bifidobacterium, Lactobacillus, Propionibacteria, Entero-
coccus, and Enterobacteriaceae family members following
[36, 37]. During the early stages of life, a variety of external
variables can affect the composition and form of the micro-
biota. These factors include the mode of delivery, feeding
strategy, ambient factors, antibiotic exposure, and ingestion of
functional foods [38]. Immune system coevolution with the
microbiota throughout newborn life allows the host and bac-
teria to coexist in a mutually beneficial relationship [38].
Metabolic diseases are linked to malfunction of the innate and
adaptive immune systems. Certain cytokines, such as TNF-_
and IL-1, have been shown to increase insulin resistance,
which raises the risk of diabetes [39] and metabolic inflam-
mation [40]. Similarly, LPS-binding proteins and lipoproteins
carry Gram lipopolysaccharide (LPS) components [41],

which circulate in the blood and exacerbate inflammation [38].

HMO may provide breastfed children with protection against
microbial infections because they share structural similarities
with the glycoconjugates that microbes employ on their cell
surfaces [42-44]. In addition to other protective processes,
experimental results show that oligosaccharides can improve
the protective gut microbiota, regulate microbial adherence
and invasion of the infant intestinal mucosa, and improve cell
signaling and cell-to-cell recognition events [45-49]. Most
enteric pathogens require cell surface glycans to identify and
adhere to their target cells, a crucial first step in the patho-
genesis process. Fumylated HMO have been demonstrated to
prevent (i) the binding of several pathogens to intestinal cells,
such as Helicobacter pylori [52], Campylobacter jejuni [50],
and Norwald-like virus [51], and (ii) the heat-stable entero-
toxin of Escherichia coli [53]. The addition of HMO was
tested in T84 cell membranes to see if it inhibited Escherichia
coli, a source of enterotoxins. The application of HMO de-
creased E. coli guanylate cyclase activity and the generation
of cyclic GMP in these cells [54]. Urinary tract infections are
caused by uropathogenic E. Coli strains that express P-like
(Prs) and P (Pap) fimbriae. These strains caused hemagglu-
tination, which was reduced by HMO, especially the si-
alylated component [55]. It was determined if fractions of
HMO could stop Vibrio cholerae, Salmonella fyris, and E.
Coli serotype 0119 from sticking to differentiated Caco-2
cells. The evaluated HMO reduced these infections' capacity

to attach to epithelial cells [56]. The human pathogen Pseu-
domonas aeruginosa's fucose-binding lectin PA-IIL may be
inhibited by milk oligosaccharides by competing for the re-
ceptor and then binding [57]. More specifically, uropatho-
genic E. coli internalization into HMO-pretreated epithelial
cells was significantly reduced without any interaction to
these cells [58]. HMO generated from combined human milk
significantly reduced the adherence of enteropathogenic E.
Coli strain 2348/69 (serotype 0127:H6) to cultivated epithe-
lial cells [59]. Similarly, dose-dependent treatment of HMO
reduced the penetration of C. albicans into human preterm
intestinal epithelial cells [60]. Trophozoites need to stick to
the host's mucosa in order to colonize and invade. Human
intestinal epithelial HT-29 cells are protected against E. his-
tolytica-induced destruction in a dose-dependent manner by
HMO. Furthermore, HMO reduce E. histolytica attachment
and cytotoxicity; in fact, pooled HMO detach E. histolytica by
over 80% [61].
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Figure 3. Functions of Human Milk Oligosaccharides (HMO).

4.2. Role of HMO in Gastrointestinal
Contractility

An in vitro model of murine colon peristalsis highlights the
significant influence of many HMO on gastrointestinal motor
contractions. Fucosyllactose (2'-FL) and 3'-fucosyllactose
(3-FL) reduced contractility in a concentration-dependent
manner [62]. Within five to ten minutes of administration,
fucose and fucosylated molecules had a noticeable influence
on colon smooth muscle contractility. The idea that these
HMO effects are the result of bifidobacteria activation is
unlikely. Rather, they represent a direct impact on neu-
ron-dependent motor complexes [62]. Current clinical re-
search indicates a specific interaction between fucose and/or
fucosylated HMO and tissue receptors, which regulates in-
testinal motility and may have antinociceptive effects. These
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results support the hypothesis that fucosylated HMO have
beneficial effects on the central nervous system and may be
useful in the treatment or prevention of disorders affecting
intestinal motility or pain.

4.3. HMO and Its Protective Effect in Allergies

Researchers are starting to look at how HMO could shield
the body against allergens. It has been proven that feeding
with a milk rich in 2'FL reduces the incidence of allergy and
dermatitis associated with IgE at the age of 2 [63-65], even for
infants born by Caesarean procedure. Compared to healthy
neonates, the bifidobacteria flora of allergic babies is very
different. This might potentially be explained by a shortage of
certain HMO due to maternal FUT2 polymorphisms [63-66].

It has been shown that HMO influence how human epithelial
cells respond to allergic disorders. In particular,
6-sialyl-lactose (6'-SL) may alleviate the symptoms of food
allergies by preventing the production of inflammatory
chemokines, which may stop inflammatory cells from in-
vading the stomach. In a food allergy murine model, the ef-
fects of two HMO, 2' FL and 6'-SL, on anaphylactic symp-
toms brought on by oral ovalbumine (mice that have grown
sensitive to ovalbumine) have been studied. Among the food
allergy symptoms that have improved with daily oral treat-
ment with 2'-FL or 6'-SL are diarrhea and hypothermia. Ac-
cording to the findings, 2'-FL and 6'-SL reduce symptoms
associated with food allergies by producing TIL-10(+) cells
that regulate them and indirectly stabilizing mast cells [67].
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Figure 4. Human Milk Oligosaccharides HMO may serve as prebiotics, immune-modulators, and signaling molecules to enhance the gut

immunity of newborns.

4.4. HMO in Prevention of Necrotizing
Enterocolitis in Newborns

A very important application sector for HMO is prevention
of necrotizing enterocolitis in infants. Studies using rats as
animal models are promising [68]. A human cohort investiga-

tion revealed that disialyllacto-N-tetraose, or DSLNT, may be a
more pertinent HMO in reversing this severe pathology: [69].

5. Conclusions and Future Perspectives

Neonatal immunity may be modulated by the broad diver-
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sity of HMO in both innate and adaptive ways. HMO directly
interacts with gastrointestinal epithelial cells, mucosal im-
mune cells, and systemic immune cells to influence immune
function, according to data from in vitro investigations and
animal models. Additionally, breastfeeding infants' micro-
biomes are positively shaped by HMO. The addition of 2’ FL
alone or in conjunction with LNNnT to infant formulae has
recently occurred due to the growing availability of HMO
from commercial sources and the mounting evidence showing
that formula supplemented with HMO is safe and may impart
benefits for human newborns. HMO may also be helpful for
other demographic segments that have weakened immune
systems or are at a greater risk of infection because of its
positive effects on host defense and immunological function.
There are few studies where HMO has been fed to humans or
animals. Furthermore, the effects of feeding complex mixes of
HMO on the immune response have not been well studied.
Therefore, more study is required to identify the processes and
completely grasp the potential of HMO to enhance the im-
mune system in babies.

Abbreviation

1Q: Intelligence Quotient

GALT: Gut-Associated Lymphoid Tissue
IELs: Intraepithelial Lymphocytes

LPL: Lymphocytes of the lamina propria
PPLs: Peyer patch lymphocytes

APCs: Antigen-Presenting Cells

ILCs: Innate Lymphoid Cells

LPS: Lipopolysaccharide

FUT2: Fucosyltransferase 2

DSLNT: Disialyllacto-N-tetraose

Conflicts of Interest

The authors declare no conflicts of interest.

References

[1] WHO. Infant and Young Child Feeding. (2021. Available online at:
https:/imww.who.int/news-room/fact-sheets/detail/infant-and-youn
g-child-feeding

[21 MeekJY, Noble L. Policy statement: breastfeeding and the use
of human milk. Pediatrics. 2022 Jul 1; 150(1): e2022057988.
https://doi.org/10.1542/peds.2022-057988

[3] Agostoni C, Braegger C, Decsi T, Kolacek S, Koletzko B,
Michaelsen KF, Mihatsch W, Moreno LA, Puntis J, Shamir R, et
al. Breast-feeding: a commentary by the ESPGHAN committee
on nutrition. J Pediatr Gastroenterol Nutr. 2009 Jul; 49(1): 112—
125. https://doi.org/10. 1097/MPG.0b013e31819f1e05

[4] Sprenger N, Tytgat HLP, Binia A, Austin S, Singhal A. Biology
of human milk oligosaccharides: from basic science to clinical

(5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

evidence. J Hum Nutr Diet. 2022 Apr; 35(2): 280-299.
https://doi.org/10.1111/jhn.12990

Moubareck CA. Human milk microbiota and oligosaccharides:
a glimpse into benefits, diversity, and correlations. Nutrients.
2021 Mar 29; 13(4): 1123.

Hill DR, Chow JM, Buck RH. Multifunctional benefits of
prevalent HMO: implications for infant health. Nutrients. 2021
Sep 25; 13(10): 3364. https://doi.org/10.3390/ nu13103364

Sankar MJ, Sinha B, Chowdhury R, Bhandari N, Taneja S,
Martines J, Bahl R. Optimal breastfeeding practices and infant
and child mortality: a systematic review and meta-analysis.
Acta Paediatr. 2015 Dec; 104 (467): 3-13.
https://doi.org/10.1111/apa.13147

Christensen N, Bruun S, Sendergaard J, Christesen HT, Fisker
N, Zachariassen G, Sangild PT, Husby S. Breastfeeding and
infections in early childhood: a cohort study. Pediatrics. 2020
Nov; 146(5): €20191892.
https://doi.org/10.1542/peds.2019-1892

Horta BL, Loret de Mola C, Victora CG. Long-term conse-
quences of breastfeeding on cholesterol, obesity, systolic blood
pressure and type 2 diabetes: a systematic review and me-
ta-analysis. Acta Paediatr. 2015 Dec; 104 (467): 30-37.
https://doi.org/10.1111/apa.13133

Tschiderer L, Seekircher L, Kunutsor SK, Peters SAE,
O’keeffe LM, Willeit P. Breastfeeding is associated with a
reduced maternal cardiovascular risk: systematic review and
meta-analysis involving data from 8 studies and 1 192 700
parous women. J Am Heart Assoc. 2022 Jan 18; 11(2):
e022746. https://doi.org/10.1161/JAHA.121.022746

Stordal B. Breastfeeding reduces the risk of breast cancer: a
call for action in high-income countries with low rates of
breastfeeding. Cancer Med. 2022 Sep 26; 12 (4): 4616-4625.
https://doi.org/10.1002/cam4.5288

Schraw JM, Bailey HD, Bonaventure A, Mora AM, Roman E,
Mueller BA, Clavel J, Petridou ET, Karalexi M, Ntzani E, et al.
Infant feeding practices and childhood acute leukemia: find-
ings from the childhood cancer & leukemia international
consortium. Int J Cancer. 2022 Oct 1; 151(7): 1013-1023.
https://doi.org/10. 1002/ijc.34062

Matsumoto N, Yorifuji T, Nakamura K, lkeda M, Tsukahara H,
Doi H. Breastfeeding and risk of food allergy: a nationwide
birth cohort in Japan. Allergol Int. 2020 Jan; 69(1): 91-97.

Bode L. The functional biology of human milk oligosaccha-
rides. Early Hum Dev. 2015 Nov; 91(11): 619-622.

Jantscher-Krenn E, Bode L. Human milk oligosaccharides and
their potential benefits for the breast-fed neonate. Minerva
Pediatr. 2012 Feb; 64(1): 83-99. PMID: 22350049..

Kunz C. Historical aspects of human milk oligosaccharides.
Adv Nutr. 2012 May 1; 3(3): 430S-439S.

Kuhn R. Les oligosaccharides du lait [Oligosaccharides of
milk]. Bull Soc Chim Biol (Paris). 1958; 40: 297-314.


http://www.sciencepg.com/journal/iji

International Journal of Immunology

http://www.sciencepg.com/journal/iji

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Grimmonprez L, Montreuil J. Etude des fractions glycanniques
des glycosphingolipides totaux de la membrane des globules
lipidiques du lait de femme [The glycan fraction of the total
glycosphingolipids of the human milk fat globule membrane].
Biochimie. 1977; 59: 899-907.

Kunz C, Rudloff S, Baier W, Klein N, Strobel S. Oligosac-
charides in human milk: structural, functional, and metabolic
aspects. Annu Rev Nutr. 2000; 20: 699-722.

Zhang B, Li LQ, Liu F, Wu JY. Human milk oligosaccharides
and infant gut microbiota: molecular structures, utilization
strategies and immune function. Carbohydr Polym. 2022 Jan
15; 276: 118738.

Urashima T, Asakuma S, Leo F, Fukuda K, Messer M, Oftedal
OT. The predominance of type | oligosaccharides is a feature
specific to human breast milk. Adv Nutr. 2012 May 1; 3(3):
4735-482S.

Wicinski M, Sawicka E, Gebalski J, Kubiak K, Malinowski B.
Human milk oligosaccharides: health benefits, potential ap-
plications in infant formulas, and pharmacology. Nutrients.
2020 Jan 20; 12(1): 266.

Hahn WH, Kim J, Song S, Park S, Kang NM. The human milk
oligosaccharides are not affected by pasteurization and
freeze-drying. J Matern Fetal Neonatal Med. 2019 Mar; 32(6):
985-991.

Smilowitz JT, Lebrilla CB, Mills DA, German JB, Freeman SL.

Breast milk oligosaccharides: structure-function relationships
in the neonate. Annu Rev Nutr. 2014; 34: 143-169. 25.

Vandenplas Y, Berger B, Carnielli VP, Ksiazyk J, Lagstrém H,
Sanchez Luna M, Migacheva N, Mosselmans JM, Picaud JC,
Possner M, Singhal A, Wabitsch M. Human Milk Oligosac-
charides: 2'-Fucosyllactose (2'-FL) and Lacto-N-Neotetraose
(LNNT) in Infant Formula. Nutrients. 2018 Aug 24;10(9):1161.
https://doi.org/10.3390/nu10091161.  PMID:  30149573;
PMCID: PMC6164445.

Zivkovic, A. M.; German, J. B.; Lebrilla, C. B.; Mills, D. A.
Human milk glycobiome and its impact on the infantcgastro-
intestinal microbiota. Proc. Natl. Acad. Sci. USA 2011, 108,
4653-4658.

Donovan SM, Comstock SS. Human Milk Oligosaccharides
Influence Neonatal Mucosal and Systemic Immunity. Ann
Nutr  Metab. 2016;69 Suppl 2(Suppl 2): 42-51.
https://doi.org/10.1159/000452818. Epub 2017 Jan 20. PMID:

28103609; PMCID: PMC6392703.

Davidson, B.; Meinzen-Derr, J. K.; Wagner, C. L.; Newburg,
D. S.; Morrow, A. L. Fucosylated oligosaccharides in human
milk in relation to gestational age and stage of lactation. Adv.
Exp. Med. Biol. 2004, 554, 427-430.

Dotz, V.; Adam, R.; Lochnit, G.; Schroten, H.; Kunz, C. Neu-
tral oligosaccharides in feces of breastfed and formula-fed in-
fants at different ages. Glycobiology 2016, 26, 1308-1316.

Rueda-Cabrera, R.; Gil, A. Nutricién en inmunidad en el es-
tado de salud. In Tratado de Nutricicn; Editorial Médlica
Panamericana: Madrid, Spain, 2017; Volume 4, ISBN

[31]

[32]

(33]

[34]

[35]

(36]

(37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

9788491101932.

Rumbo, M.; Schiffrin, E. J. Ontogeny of intestinal epithelium
immune functions: Developmental and environmental regula-
tion. Cell. Mol. Life Sci. 2005, 62, 1288-1296. [CrossRef]
[PubMed].

Coombes, J. L.; Powrie, F. Dendritic cells in intestinal immune
regulation. Nat. Rev. Immunol. 2008, 6, 411-420.

Gil, A.; Rueda, R. Interaction of early diet and the development
of the immune system. Nutr. Res. Rev. 2002, 15, 263-292.
[CrossRef] [PubMed].

Klose, C. S.; Artis, D. Innate lymphoid cells as regulators of
immunity, inflammation and tissue homeostasis. Nat. Immunol.
2016, 17, 765-774.

Hardy, H.; Harris, J.; Lyon, E.; Beal, J.; Foey, A. D. Probiotics,
prebiotics and immunomodulation of gut mucosal defences:
Homeostasis and immunopathology. Nutrients 2013, 5, 1869—
1912. [CrossRef] [PubMed].

Pannaraj, P.; Li, F.; Cerini, C.; Bender, J.; Yang, S.; Rollie,
A.; Adisetiyo, H.; Zabih, S.; Lincez, P. J.; Bittinger, K.; et al.
Association between breast milk bacterial communities and
establishment and development of the infant gut microbi-
ome. JAMA Pediatr. 2017, 171, 647-654. [CrossRef]
[PubMed].

Fernéndez, L.; Langa, S.; Mart i, V.; Maldonado, A.; Jiménez,
E.; Martm, R.; Rodr guez, J. M. The human milk microbiota:
Origin and potential roles in health and disease. Pharmacol.
Res. 2013, 69, 1-10.

Putignani, L.; Del Chierico, F.; Petrucca, A.; Vernocchi, P;
Dallapiccola, B. The human gut microbiota: A dynamic inter-
play with the host from birth to senescence settled during
childhood. Pediatr. Res. 2014, 76, 2-10. [CrossRef] [PubMed].

Hotamisligil, G. S.; Peraldi, P.; Budavari, A.; Ellis, R;
White, M. F.; Spiegelman, B. M. IRS-1-mediated inhibition
of insulin receptor tyrosine kinase activity in TNF-alpha-
and obesity-induced insulin resistance. Science 1996, 271,
665-668.

Bouloumi€ A.; Curat, C. A.; Sengeneés, C.; Lolméde, K.; Mi-
ranville, A.; Busse, R. Role of macrophage tissue infiltration in
metabolic diseases. Curr. Opin. Clin. Nutr. Metab. Care 2005, 8,
347-354.

Cani, P. D.; Amar, J.; Iglesias, M. A.; Poggi, M.; Knauf, C.;
Bastelica, D.; Neyrinck, A. M.; Fava, F.; Tuohy, K. M.; Chabo,
C.; et al. Metabolic endotoxemia initiates obesity and insulin
resistance. Diabetes 2007, 56, 1761-1772.

Kunz, C.; Rudloff, S. Biological functions of oligosaccharides
in human milk. Acta Pediatr. 1993, 82, 903-912.

Wold, A. E.; Hanson, L. A. Defence factors in human milk.
Curr. Opin. Gastroenterol. 1994, 10, 652—658. [CrossRef].

Nutrients 2018, 10, 1038 14 of 17 Zopf, D.; Roth, S. Oligo-
saccharide anti-infective agents. Lancet 1996, 347, 1017-1021.
[CrossRef].


http://www.sciencepg.com/journal/iji

International Journal of Immunology

http://www.sciencepg.com/journal/iji

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Sela, D. A.; Chapman, J.; Adeuya, A.; Kim, J.; Chen, F;
Whitehead, T.; Lapidus, A.; Rokhsar, D.; Lebrilla, C.; German,
J. The genome sequence of Bifidobacterium longum subsp.
infantis reveals adaptations for milk utilization within the in-
fant microbiome. Proc. Natl. Acad. Sci. USA 2008, 105, 18964.
[CrossRef] [PubMed].

Barboza, M.; Pinzon, J.; Wickramasinghe, S.; Froehlich, J. W.;
Moeller, I.; Smilowitz, J. T.; Ruhaak, L. R.; Huang, J.; Lon-
nerdal, B.; German, J. B.; et al. Glycosylation of human milk
lactoferrin exhibits dynamic changes during early lactation
enhancing its role in pathogenic bacteria-host interactions. Mol.
Cell. Proteomics 2012, 11, M111.015248. [CrossRef] [Pub-
Med].

Chichlowski, M.; De Lartigue, G.; German, J. B.; Raybould, H.
E.; Mills, D. A. Bifidobacteria isolated from infants and cul-
tured on human milk oligosaccharides affect intestinal epithe-
lial function. J. Pediatr. Gastroenterol. Nutr. 2012, 55, 321-327.
[CrossRef] [PubMed].

Newburg, D. S. Do the binding properties of oligosaccharides
in milk protect human infants from gastrointestinal bacteria? J.
Nutr. 1997, 127, 980S. [CrossRef] [PubMed].

Varki, A. Biological roles of oligosaccharides: All of the the-
ories are correct. Glycobiology 1993, 3, 97-130.

Ruiz-Palacios, G. M.; Cervantes, L. E.; Ramos, P.;
Chavez-Munguia, B.; Newburg, D. S. Campylobacter jejuni
binds intestinal H(O) antigen (Fuc alpha 1, 2Gal beta 1,
4GIcNAC), and fucosyloligosaccharides of humancmilk inhibit
its binding and infection. J. Biol Chem. 2003, 278, 14112—
14120.

Huang, P.; Farkas, T.; Marionneau, S.; Zhong, W.; Ru-
voen-Clouet, N.; Morrow, A. L.; Altaye, M.; Pickering, L. K;;
Newburg, D. S.; Le Pendu, J.; et al. Noroviruses bind to human
ABO, Lewis, and secretorchisto-blood group antigens: Identi-
fication of 4 distinct strain-specific patterns. J. Infect. Dis.
2003, 188, 19-31.

Xu, H. T.; Zhao, Y. F.; Lian, Z. X.; Fan, B. L.; Zhao, Z. H.; Yu,
S. Y.; Dai, Y. P.; Wang, L. L.; Niu, H. L.; Li, N.; et al. Effects
of fucosylated milk of goat and mouse on Helicobacter pylori
binding to Lewis b antigen. World J. Gastroenterol. 2004, 10,
2063-2066. [CrossRef] [PubMed].

Newburg, D. S.; Pickering, L. K.; McCluer, R. H.; Cleary, T.
G. Fucosylated oligosaccharides of human milk protect suck-
ling mice from heat-stabile enterotoxin of Escherichia coli. J.
Infect. Dis. 1990, 162, 1075-1080.

Crane, J. K.; Azar, S. S.; Stam, A.; Newburg, D. S. Oligosac-
charides from human milk block binding and activity of the
Escherichia coli heat-stable enterotoxin (STa) in T84 intestinal
cells. J. Nutr. 1994, 124, 2358-2364.

Mart n-Sosa, S.; Mart®, M. J.; Hueso, P. The sialylated frac-
tion of milk oligosaccharides is partially responsible for
binding to enterotoxigenic and uropathogenic Escherichia coli
human strains. J. Nutr. 2002, 132, 3067-3072.

Coppa, G. V.; Zampini, L.; Galeazzi, T.; Facinelli, B.; Ferrante,
L.; Capretti, R.; Orazio, G. Human milk oligosaccharides in-

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

hibit the adhesion to Caco-2 cells of diarrheal pathogens:
Escherichia coli, Vibrio cholerae, and Salmonella fyris. Pediatr.
Res. 2006, 59, 377-382. [CrossRef] [PubMed].

Perret, S.; Sabin, C.; Dumon, C.; Pokornd M.; Gautier, C.;
Galanina, O.; llia, S.; Bovin, N.; Nicaise, M.; Desmadril, M.; et
al. Human milk oligosaccharides shorten rotavirus-induced
diarrhea and modulate piglet mucosal immunity and colonic
microbiota. ISME J. 2014, 8, 1609-1620.

Lin, A. E.; Autran, C. A.; Espanola, S. D.; Bode, L.; Nizet, V.
Human milk oligosaccharides protect bladder epithelial cells
against uropathogenic Escherichia coli invasion and cytotoxi-
city. J. Infect. Dis. 2014, 209, 389-398.

Manthey, C. F.; Autran, C. A.; Eckmann, L.; Bode, L. Human
milk oligosaccharides protect against enteropathogenic Esch-
erichia coli attachment in vitro and EPEC colonization in
suckling mice. J. Pediatr. Gastroenterol. Nutr. 2014, 58, 165—
168.

Gonia, S.; Tuepker, M.; Heisel, T.; Autran, C.; Bode, L.; Gale,
C. A. Human milk oligosaccharides inhibit candida albicans
invasion of human premature intestinal epithelial cells. J. Nutr.
2015, 145, 1992-1998.

Jantscher-Krenn, E.; Lauwaet, T.; Bliss, L. A.; Reed, S. L,;
Gillin, F. D.; Bode, L. Human milk oligosaccharidesreduce
Entamoeba histolytica attachment and cytotoxicity in vitro. Br.
J. Nutr. 2012, 108, 1839-1846.

Bienenstock, J., Buck, R. H., Linke, H., Forsythe, P., Stanisz A.
M., Kunze, W. A.: Fucosylated but not sialylated milk oligo-
saccharides diminish colon motor con-tractions. PLoS ONE
(2013) 8: €76236
https://doi.org/10.1371/journal.pone.0076236

Ouwehand AC., Isolauri, E., He, F., Hashimoto, H., Benno, Y.,
Salminen, S.: Differences in Bifidobacterium flora composition in
allergic and healthy infants. J Allergy Clin Immunol. 108(1):
144-5 (2001) https://doi.org/10.1067/mai.2001.115754

Castillo-Courtade, L., Han, S., Lee, S. Mian, F. M., Buck, R.,
Forsythe, P.: Attenuation of food allergy symptoms following
treatment with human milk oligosaccharides in a mouse model.
Allergy 70: 1091-1102 (2015) https://doi.org/10.1111/all.12650

Zehra, S., Khambati, 1., Vierhout, M., Mian M. F., Buck, R.,
Forsythe, P.: Human milk oligosaccharides attenuate anti-
gen-antibody complex induced che- mokine release from hu-
man intestinal epithelial cell lines. J Food Sci 83: 499-508
(2018) https://doi.org/10.1111/1750-3841.14039

Waklin, P., M&ivuokko, H. Alakulppi, N., Nikkil&J., Tenkanen,
H., R&in& J., Partanen, J., Aranko, K., M&tQ J.: Secretor geno-
type (FUT2 gene) is strongly associated with the composition of
Bifidobacteria in the human intestine. PLoS One. 6(5): 20113
(2011) https://doi.org/10.1371/journal.pone.0020113

Salomonsson, E., Vigsnaes, L., Sommer, M., Hennet, T.,
Bytzer, P.: Human milk oligosaccharides; now as substantial
modulators of the adult gut microbiota. Paper presented at the
International Scientific Conference on Probiotics and Prebiot-
ics (Budapest) IPC2016 Proceedings pag 114 (2016).


http://www.sciencepg.com/journal/iji

International Journal of Immunology http://www.sciencepg.com/journal/iji

[68] Jantscher-Krenn, E., Zherebtsov, M., Nissan, C., Goth, K., [69] Bode, L.: Human Milk Oligosaccharides in the Prevention of

Guner, Y. S., Naidu, N., Choudhury, B., Grishin, A. V., Ford, Necrotizing Enterocolitis: A Journey From in vitro and in vivo
H. R., Bode, L.: The human milk oligosaccharide disialyllac- Models to Mother-Infant Cohort Studies. Front. Pediatr. 6: 385
to-N-tetraose (DSLNT) prevents necrotising enterocolitis in (2018) https://doi.org/10.3389/fped.2018.00385

neonatal rats. BMJ Gut. 61: 1417-1425 (2012)
https://doi.org/10.1136/gutjnl-2011-301404


http://www.sciencepg.com/journal/iji

