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ABSTRACT

The human milk oligosaccharides (HMOS) range from 3 to 32 sugars in size, and differ greatly in composition
from those of any other mammal. HMOs account for a notable quantity of human milk, similar to the quantity of
total protein. The HMOs are “prebiotic” agents that selectively encourage the growth of beneficial (probiotic)
organisms. In addition, the HMOS and their protein conjugates are recognized as pathogen-binding inhibitors that
function as soluble “decoy” receptors for pathogens that have an affinity for binding to oligosaccharide receptors
expressed on the infant’s intestinal surface. These diverse milk glycans serve many functions, including protection
and development ranging from selectively enriching gut bifidobacteria; prophylactically binding bacteria, viruses,
and toxins; promoting the immune system; and enhancing intestinal epithelial barrier function. Mothers vary in the
specific structures of HMOS in their milk as a result of genetic differences similar to blood group types. This
variation in HMOS composition, unlike blood group types, does not create incompatability, so that all mothers may
be considered “universal donors.” Rather, the variation in HMOS composition among mothers is thought to
promote human survival as pathogens differ in their affinity for binding to specific oligosaccharides. Protection by
some forms of HMOS has been shown in relation to diarrhea caused by specific pathogens and HIV. The apparent
differences in lactose and HMOS composition of preterm milk requires further investigation.
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INTRODUCTION
Human milk is a nutrient rich fluid with bioactive factors

glucose molecule) so it is likely that HMO biosynthesis
is an extension of lactose biosynthesis. All HMOs

needed for infant health and development. Studies
confirm that optimum nutrition and short and long term
health benefits are attributed to the presence of
functional ingredients such as proteins, lipids and
oligosaccharides. Its composition varies with stages of
lactation and between term and preterm infants. While
many studies of human milk composition have been
conducted, components and variations in human milk are
still being identified.

Human milk oligosaccharides (HMOs) are the third most
solid rich component of human milk after lactose and fat.
The constitution of HMOs varies with the duration of
lactation and genetics of women. HMOs are present in a
concentration of 20-24g/L in colostrum and then
gradually declines in transitional milk and is least in
mature milk (12-14 g/L)."?

Structurally, HMOs are composed of 5 monosaccharides:
L-fucose (Fuc), D-glucose (Glc), D-galactose (Gal), N-
acetylglucosamine (GIcNAc), and N-acetylneuraminic
acid (Neu5Ac).®! All HMOs are based on a lactose
molecule (a disaccharide composed of a galactose
molecule connected by a B1,4-glycosidic bond to a

contain lactose (Gal-B1, 4-Glc) at the reducing end,
which can be extended with lacto-N-biose | (Gal-bl,
3GIcNAc) or lactosamine (Gal-bl, 4-GIcNAc).
Branching can be linear or branched through bonds
B 1-3, p 1-6. The sequence can be further modified by the
addition of Fuc and/or SA monosaccharides through a 1-
2,34 and o 2-3,6 bonds due to the action of
fucosyltransferases and sialyltransferases (figure 1).1

The three major HMO types present in human milk are
neutral, neutral N-containing and acid. Neutral
(fucosylated) HMOs, representing about 35% to 50%
of the total HMO content, are neutral and contain
fucose at the terminal position (e.g., 2'-fucosyllactose
(2'-FL) and lactodifucopentaose). 42% to 55% of the
total HMO content is the Neutral N-containing
(nonfucosylated) HMOs which are neutral and contain
N-acetylglucosamine at the terminal position (e.g., lacto-
N-tetraose). Neutral HMO constitute more than 75% of
the total HMOs present in human breast milk. Acid
(sialylated) HMOs, which represent 12% to 14% of
the entire HMO are acidic and contain sialic acid at the
terminal position (e.g., 2'-sialyllactose).
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Figure 1: Generic structural scheme of HMOs.!

About 200 structurally different HMOs are known. In
about 80% of all women, 2'-fucosyllactose is the most
prevalent  oligosaccharide with a  approximate
concentration of 2.5 g¢/L.®! Other oligosacchardies
include lacto-N-tetraose, lacto-N-neotetraose, and lacto-
N-fucopentaos. HMO composition is influenced by
maternal genetics including secretor and Lewis blood
group status. Significant biological difference is evident
in specific HMO structures such as 2'-fucosyllactose (2'-
FL) and lacto-N-fucopentaose | and Il (LNFP | and
LNFP II) in mature human breast milk. The presence of
a 1,2 fucosylated HMOs is dependent on the mother’s
genes encoding fucosyltransferase (FUT) enzymes,which
is determined by the secretor (Se) status and Lewis (Le)
blood groups.!”V HMO fucosylation is carried out by the 2
fucosyltransferases FUT2 (secretor gene) and FUT3
(Lewis gene). Globally 30% women (Non secretor
mothers) lack the functional FUT2 enzyme and produce
milk devoid of o 1-2 fucosylated oligosaccharides like
2’fucosyllatose (2°FL) and lacto —N—fucopentaose
(LNFP) I. Infants of these mothers are at a higher risk of
diarrheal disease due the delayed colonization of
bifidobacteria.®

HMO RECEPTORS

Many of the glycan motifs found on mammalian cells are
also observed on microbes and food, including human
milk. These similarities provide opportunities for host-
microbe-HMO interactions. HMOs act as soluble luring
receptors which prevent the attachment of pathogen to
the epithelial cells.”! Unbound pathogens are unable to
attach to the cell surface and are excreted without
causing disease. Many immunoreceptors also recognize
the oligosaccharide structures of their glycoprotein
ligands.

C-type lectins, galectins, siglecs, and selectins are
different classes of lectins (glycan-binding proteins) that
have different functions and ligand specificities..

Interestingly, different HMOs can bind to these different
types of receptors, primarily expressed on cells of the
immune system. For cellular function C-type lectins need
calcium and include mannose binding lectin, selectin and
dendritic cell (DC) specific intercellular adhesion
molecule 3-grabbing non-integrin (DC-SIGN). DC-
SIGN is expressed by gastrointestinal (GI) cells of
infants and these GI cells are likely antigen presenting
cells.”) MUC1 is the major human milk glycoprotein that
binds to the lectin domain of DC-SIGN and arrests
pathogen interaction through the presence of Lewis x-
type oligosaccharides. The interaction of fucosylated
ligands with DC-SIGN contributes to immune
tolerance.!*]

Galectins play important roles for immune regulation and
cell turnover. The carbohydrate recognition domain
(CRD) of galectins is specific for B-galactosides.
Galectins selectively bind to human milk glycans (HMG)
and galectin HMG interaction play a crucial role in infant
immunity."  Sigleces (Sialic acid-binding Ig like
lectins) are sialic acid binding lectins mosly expressed on
subsets of immune cells. Different leukocyte populations
express siglecs which include sialoadhesin (siglec 1), CD
22 (siglec 2), myelin-associated glycoprotein etc. These
are thought to promote cell to cell interactions and
regulate the functions of cells in the innate and adaptive
immune systems through glycan recognition.!*!!

HMOs may bind to immune cells because of their
structural similarity to selectin ligands.'**!  Such
bindings affect the populations and functions of immune
cells. Sialyl-Lewis X glycotopes(sLeX), a
glycoconjugate on the surface of the leukocytes, is
involved in the process of leukocyte extravasation and
mucosal infiltration. The E and P selectin, present on the
surface of endothelial cells, recognize and interact with
sLeX during inflammatory processes. HMO enzymatic
modifications such as fucosylation and sialylation allow
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binding to selectins.™ Lewis X motif present in human

milk can bind to DC-SIGN and subsequently prevent the
capture and transfer of HIV1 to CD4"*T lymphocytes.[*!

FUNCTIONS OF
OLIGOSACCHARIDES
HMOs act as Prebiotics
During the first 2-3 years of life the sequential
development of infant gut microbiota take place that
stars in utero. HMO is the energy source for Bacteroids
and Bifidobacterium species that commonly colonize
breastfed infants. In the large intestine, HMOs are
fermented by bifidobacteria and produces acetic acid,
which helps in the reduction of intestinal pH. It is
bacteriostatic in nature i.e. inhibits the growth of
pathogenic bacteria. In addition to acetic acid,
fermentation products include butyric and propionic acid.
The low pH in the gut also favors the growth of other
beneficial strains of bifidobacteria. Evidence suggests
that breast fed infants have a higher abundance of
beneficial bifidobacteria compared with formula fed
infants.'1 HMOs can indirectly increase short chain
fatty acid (SCFA) production, and these elevated levels
are mediated by bifidobacterial species. SCFAs are an
important source of energy for enterocytes and
colonocytes and are key molecules for maintaining
intestinal health. Acetate, butyrate and propionate are
dominant. Lactate and succinate, which are intermediate
metabolites in SCFA production, are also present but are
less studied. There is increasing evidence that SCFAs
have a wider systemic effect because they act as
signaling molecules and are involved in the regulation of
many gene expression.*® SCFAs have also been shown
to play an dominant character in the activation and
differentiation of immune cells and are associated with
modulation of inflammatory and allergic diseases.™

HUMAN MILK

HMOs modulate Intestinal Epithelial cell response
HMO affects innate immunity through the intestinal

epithelial barrier. It reduce intestinal crypt cell
proliferation, increase intestinal cell maturation and
barrier function and may influence goblet cell

function.?%

The gastrointestinal system may be disorganized due to
the inappropriate growth of glycocalyx on neonatal gut
epithelium. Various studies indicated that 2'-FL and
3'-FL promote glycocalyx development in neonates in a
structure dependent fashion which enhances gut barrier
subsequently.?!

Studies also imply that epithelial immune gene
expression can be affected by the HMOs both directly
and indirectly through the microbiota. 2-'FL, 6-'SL can
arrest G2/M cell-cycle of two intestinal cell lines HT 29
and Caco-2Bbe. HMOs can reduce infection by
inhibiting the growth of pathogens by modifying the
gene expression of epithelial surface cells. Genes of
Caco-2B gut cells mediate the adhesion between
intestinal epithelial cells and L. monocytogenes. After

pre-incubation with HMOs, the adhesion response were
down regulated due to the activation of unfolded protein
response and elF2 signaling.?? Studies suggest that
HMOs can modulate the expression of tight junction
protein, thereby decrease the permeability and enhance
the barrier effect of the epithelium. Flow cytometric
analysis and RT-PCR in different intestinal cell lines
proved that HMOs can also alter the cell cycle dynamics
by synchronizing regulator genes and mitogen—activated
protein kinase signaling.”®! Expression of Muc2, the
predominant form of mucin in the small intestine, which
alleviates bacterial adhesion and permeability of the
intestinal epithelium, have been shown to be upregulated
by HMOs.*! Disialyllacto —N-tetraose have been shown
to give protection against necrotizing enterocolitis.?”

Interestingly, the transformation from sialylation to
fucosylation benefits the maturation of intestinal
epithelium®! and thereby HMOs can regulate intestinal
epithelial cells through modulation of intestinal
glycome.®™  The expression of sialyltransferases
ST3Gall, ST3Gal2, and ST3Gal4 are decreased in the
presence of 3'-FL, leading to the reduction of 02-3-, a2-
6-sialylation on Caco-2Bbe surface, which results in the
reduced adhesion of E. coli by 50%.%"!

After fermented by B.infantis HMOs also impart indirect
effects on intestinal epithelium. The conditioned media
of B. infantis (BCM) enhanced expression of occludin
and junctional adhesion molecule in either HT-29 or
Caco-2Bbe, which can improve intestinal barrier
function.”®?) BCM also increased claudin-1 protein
expression, by which the gut barrier was strengthened.™”!
BCM might hamper IL-1b stimulation to protect Caco-
2Bbe through NF-kB pathway as well.”

Antiadhesive antimicrobial properties of HMOs

For disease progression different viral, bacterial or
protozoan pathogens need to adhere to mucosal surfaces
to colonize or invade the host. HMOs can resist
pathogens and provide a competitive advantage to non-
pathogenic commensals and also reduce microbial
infections by serving as antiadhesive antimicrobials.["®!
Pathogen adhesion is often initiated by lectin—glycan
interactions. Escherichia coli with S fimbriae as well as
Helicobacter pylori bind to sialylated glycans and
Escherichia coli with t?/pe 1 fimbriae bind to mannose-
containing glycans.®”  Glycan-mediated attachment
mechanisms are necessary for many viruses like
noroviruses or rotaviruses, which are among the most
common causes of severe diarrhea in infants and young
children.®2 Some HMOs serve as soluble decoy
receptors to prevent pathogen binding and reduce the
risk of infections as they mimic the mucosal cell surface
glycans.*3* Few HMOs showed significantly reduced
binding and cytotoxicity of E. histolytica during in vivo
assays.*®! A diverse comprehensive report of HMO as
antiadhesive antimicrobials for Campylobacter jejuni
infections are available, which is one of the most familiar
causes of bacterial diarrhea, gastroenteritis and infant
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mortality.®® A significant scaling down of the

pathogenic colonization occured in cultured epithelial
cells after pre-incubation of Enteropathogenic
Escherichia coli (EPEC) with mixed HMO
components.® 2'-FL and LNFP | lower the rate of the
adhesion of pathogens and decrease pathogenicity by
binding to heat-labile enterotoxin type 1.0
Lipopolysaccharide-mediated inflammation was instantly
inhibited by 2'-FL during the process of enterotoxigenic
Escherichia coli (ETEC) invading T84 and H4 intestinal
epithelial cells. The uropathogenic Escherichia coli
(UPEC) were also averted from adhering to epithelial
cell monolayers in the presence of 15 mg/mL HMOs,
which delay the p38 MAPK and p65 NF-«kB s23ignaling
pathways.®! Attachment of Streptococcus pneumonia
and Haemophilus influenza to human pharyngeal or
buccal epithelial cells are lowered by HMO fraction of
the breast milk.! "

HMOs can prevent viral infections by mimicking
receptor sites to block viruses from entering host cells™®!
and subside virulence through y-interferon and IL-10
expressions.*! In vivo studies with human respiratory
epithelial cell lines or peripheral blood mononuclear cells
(PBMC) following respiratory syncytial virus (RSV) and
influenza virus infection showed significant block of
pathogen binding and reduced levels of IL6, IL8, MIP1
alpha, and TNF alpha after addition of 2'-FL, 6'-SL,3'-
SL. In the same study 6’- SL was able to down regulate
IL 10 and TNF alpha in RSV infected PBMC.1#24’]

Studies suggest that 2’-FL, 3'-SL, and 6'-SL have a
notable antiviral activity against G1P[8] and G2P[4]
rotavirus. 2'-FL significantly inhibited G1P[8] rotavirus
infection, while a conjugate of 3'-SL and 6’-SL had the
strongest ability to inhibit G2P[4] rotavirus infection.[*!
However, HMOs cannot inhibit all kinds of rotavirus
infections, such as neonatal rotavirus G10P, it has a
dose-dependent enhancement in infectivity with the
increased concentration of LNT and LnnT.F At
physiological concentration, HMOs significantly lower
the gp120 binding of Human Immunodeficiency Virus
(HIV)-1 virus to the dendritic cell-specific ICAM3-
grabbing nonintegrin (DC-SIGN) on human dendritic
cells by 80%. In addition to preventing the gut virus,
HMOs also can inhibit respiratory virus infections.[*! 2'-
FL has been shown to reduce viral load of respiratory
syncytial virus!*? and studies showed that the 2’-FL is
able to enhance innate and adaptive immunity in
influenza-specific murine model."”

HMOs as modulators of systemic immunity

As HMOs are structurally close to selectin ligands, it is
assumed that they may bind directly to immune cells****!
Such binding can cause signaling which leads to changes
in the growth and functions of immune cells. Studies
with cord blood mononuclear cells suggest that human
milk-derived oligosaccharides affect the cytokine
production and activation of cord blood derived T cells
in vitro.®? It is assumed that in particular, acidic

oligosaccharides may influence lymphocyte maturation
in breast-fed newborns. Acidic HMOs are able to
modulate cytokine production and activation of cord
blood derived T cells in vitro. HMOs help in
development of immune system in infants which leads to
a more balanced Th1/Th2 response.*!

Umbilical cord blood T cells exposed to sialylated HMO
cause a rise in the number of CD3+/CD4+ and
CD3+/CD8+ cells producing vy interferon, and
CD3+/CD8+ cells producing interleukin-13 (IL-13). This
is important because sialylated HMO is thought to affect
lymphocyte maturation and promote the shift of T-cell
responses towards more balanced Th1l/Th2 cytokine
production and low immunity. Some sialylated HMOs
have been shown to contribute to the prevention of
allergies as evidenced by lower cytokine
production. 4548501

Sialylated HMOs can bind sialic acid binding
immunoglobulin-like lectins (Siglecs), notably Siglecs 5
and 9.5" These receptors are found on neutrophils,
monocytes and dendritic cells, and activation of these
receptors after ligand binding leads to the apoptosis of
neutrophils, limiting inflammation.®? Sialylated HMOs
present epitopes of selectin ligands, sialyl Lewis (x) and
sialyl Lewis (a), and thus bind selectin inside the blood
vessel, preventing selectin-mediated emigration of
leukocytes. Sialylated HMOs can also reduce the
formation of platelet-neutrophil complexes.?

Fucosylated HMOs are able to bind C-type lectin
receptors named DC-SIGN receptors.*® DC-SIGN s of
particular interest because it is expressed by cells in the
gastrointestinal tracts of infants. DC-SIGN receptors,
present on the surface of both macrophages and dendritic
cells, are involved in house dust mite allergy because
their activation by different major house dust mite
allergens induces the secretion of pro inflammatory
cytokines.®® Thus, HMOs could prevent asthma, allergic
rhinitis and atopic dermatitis by binding DC-SIGN and
preventing its activation by allergens.

CONCLUSION

HMOs are complex carbohydrates synthesized in breast
gland which are abundant in human milk. Different kinds
of HMOs directly or indirectly modulate the infant’s

physiological systems by regulating microbial
composition, preventing pathogens adhesion and
invasion, and regulating intestinal epithelial cell

response. Also the rich diversity of HMO has the
potential to modulate both innate and adaptive neonatal
immunity. Supplementation of HMO to immune
compromised population or at high risk for infection
hopefully could benefit the overall health of neonates
and infants.

REFERENCES
1. Sabatier M, Garcia-Rodenas CL, Castro CAD,
Kastenmayer P, Vigo M, Dubascoux S, Andrey D,

WWW.ejpmr.com | Vol 9, Issue 9, 2022. |

1SO 9001:2015 Certified Journal | 120




Mukherjee et al.

European Journal of Pharmaceutical and Medical Research

10.

11.

12.

13.

Nicolas M, Payot JR, Bordier V, Thakkar SK,
Beauport L, Tolsa J-F, Fumeaux CJF, Affolter M,
(Longitudinal Changes of Mineral Concentrations in
Preterm and Term Human Milk from Lactating
Swiss Women). Nutrients, 2019; 11(8): E1855.
Coppa G, Pierani P, Zampini L, Carloni I, Carlucci
A, Gabrielli O, (Oligosaccharides in human milk
during different phases of lactation). Acta
Paediatrica, 1999; 88(s430): 89-94.

Bode L, (Human milk oligosaccharides: every baby
needs a sugar mama). Glycobiology, 2012; 22(9):
1147-1162.

Wicinski M, Sawicka E, Gebalski J, Kubiak K,
Malinowski B, (Human Milk Oligosaccharides:
Health Benefits, Potential Applications in Infant
Formulas, and Pharmacology). Nutrients, 2020;
12(1): E266.

Ayechu-Muruzabal V, van Stigt AH, Mank M,
Willemsen LEM, Stahl B, Garssen J, van’t Land B,
(Diversity of Human Milk Oligosaccharides and
Effects on Early Life Immune Development). Front
Pediatr, 2018; 6239.

Hegar B, Wibowo Y, Basrowi RW, Ranuh RG,
Sudarmo SM, Munasir Z, Atthiyah AF, Widodo AD,
Supriatmo null, Kadim M, Suryawan A, Diana NR,
Manoppo C, Vandenplas Y, (The Role of Two
Human Milk Oligosaccharides, 2’-Fucosyllactose
and Lacto-N-Neotetraose, in Infant Nutrition).
Pediatr Gastroenterol Hepatol Nutr, 2019; 22(4):
330-340.

Kunz C, Rudloff S, Baier W, Klein N, Strobel S,
(Oligosaccharides in  human milk: structural,
functional, and metabolic aspects). Annu Rev Nultr,
2000; 20699-722.

Newburg DS, Ruiz-Palacios GM, Altaye M,
Chaturvedi P, Meinzen-Derr J, Guerrero M de L,
Morrow AL, (Innate protection conferred by
fucosylated oligosaccharides of human milk against
diarrhea in breastfed infants). Glycobiology, 2004;
14(3): 253-263.

Koning N, Kessen SFM, Van Der Voorn JP,
Appelmelk BJ, Jeurink PV, Knippels LMJ, Garssen
J, Van Kooyk Y, (Human Milk Blocks DC-SIGN-
Pathogen Interaction via MUC1). Front Immunol,
2015; 6112.

Noll AJ, Yu Y, Lasanajak Y, Duska-McEwen G,
Buck RH, Smith DF, Cummings RD, (Human DC-
SIGN binds specific human milk glycans). Biochem
J, 2016; 473(10): 1343-1353.

Marth JD, Grewal PK, (Mammalian glycosylation in
immunity). Nat Rev Immunol, 2008; 8(11): 874—
887.

Eiwegger T, Stahl B, Schmitt J, Boehm G,
Gerstmayr M, Pichler J, Dehlink E, Loibichler C,
Urbanek R, Szépfalusi Z, (Human milk--derived
oligosaccharides and plant-derived oligosaccharides
stimulate cytokine production of cord blood T-cells
in vitro). Pediatr Res, 2004; 56(4): 536-540.
Eiwegger T, Stahl B, Haidl P, Schmitt J, Boehm G,
Dehlink E, Urbanek R, Szépfalusi Z, (Prebiotic

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

oligosaccharides: in vitro  evidence  for
gastrointestinal epithelial transfer and
immunomodulatory properties). Pediatr Allergy

Immunol, 2010; 21(8): 1179-1188.

Kobata A, Ginsburg V, Tsuda M, (Oligosaccharides
of human milk. 1. Isolation and characterization).
Arch Biochem Biophys, 1969; 130(1): 509-513.
Naarding MA, Ludwig IS, Groot F, Berkhout B,
Geijtenbeek TBH, Pollakis G, Paxton WA, (Lewis X
component in human milk binds DC-SIGN and
inhibits HIV-1 transfer to CD4+ T lymphocytes). J
Clin Invest, 2005; 115(11): 3256-3264.

Collado MC, Cernada M, Bailerl C, Vento M, Pérez-
Martinez G, (Microbial ecology and host-microbiota
interactions during early life stages). Gut Microbes,
2012; 3(4): 352-365.

Collado MC, Cernada M, Béuerl C, Vento M, Pérez-
Martinez G, (Erratum to: Collado MC, et al. Gut
Microbes Volume 3, Issue 4; pp. 352-65). Gut
Microbes, 2014; 5(2): 271-272.

Silva YP, Bernardi A, Frozza RL, (The Role of
Short-Chain Fatty Acids From Gut Microbiota in
Gut-Brain  Communication). Front Endocrinol
(Lausanne), 2020; 1125.

Vinolo MAR, Rodrigues HG, Nachbar RT, Curi R,
(Regulation of inflammation by short chain fatty
acids). Nutrients, 2011; 3(10): 858-876.

Ray C, Kerketta JA, Rao S, Patel S, Dutt S, Arora K,
Pournami  F, Bhushan P, (Human Milk
Oligosaccharides: The Journey Ahead). Int J Pediatr,
2019; 20192390240.

Kong C, Elderman M, Cheng L, de Haan BJ, Nauta
A, de Vos P, (Modulation of Intestinal Epithelial
Glycocalyx Development by Human Milk
Oligosaccharides and Non-Digestible
Carbohydrates). Mol Nutr Food Res, 2019; 63(17):
€1900303.

Chen P, Reiter T, Huang B, Kong N, Weimer BC,
(Prebiotic  Oligosaccharides ~ Potentiate  Host
Protective Responses against L. Monocytogenes
Infection). Pathogens, 2017; 6(4): E68.

Kuntz S, Kunz C, Rudloff S, (Oligosaccharides from
human milk induce growth arrest via G2/M by
influencing growth-related cell cycle genes in
intestinal epithelial cells). Br J Nutr, 2009; 101(9):
1306-1315.

Wu RY, Li B, Koike Y, Mé&éttdnen P, Miyake H,
Cadete M, Johnson-Henry KC, Botts SR, Lee C,
Abrahamsson TR, Landberg E, Pierro A, Sherman
PM, (Human Milk Oligosaccharides Increase Mucin
Expression in Experimental Necrotizing
Enterocolitis). Mol Nutr Food Res, 2019; 63(3):
€1800658.

Lenoir D, Ruggiero-Lopez D, Louisot P, Biol MC,
(Developmental changes in intestinal glycosylation:
nutrition-dependent multi-factor regulation of the
fucosylation pathway at weaning time). Biochim
Biophys Acta, 1995; 1234(1): 29-36.

Kavanaugh D, O’Callaghan J, Kilcoyne M, Kane M,
Joshi L, Hickey RM, (The intestinal glycome and its

WWW.ejpmr.com

| Vol 9, Issue 9, 2022. |

1SO 9001:2015 Certified Journal

| 121




Mukherjee et al.

European Journal of Pharmaceutical and Medical Research

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

modulation by diet and nutrition). Nutr Rev, 2015;
73(6): 359-375.

Angeloni S, Ridet JL, Kusy N, Gao H, Crevoisier F,
Guinchard S, Kochhar S, Sigrist H, Sprenger N,

(Glycoprofiling with micro-arrays of
glycoconjugates and lectins). Glycobiology, 2005;
15(1): 31-41.

Chichlowski M, De Lartigue G, German JB,
Raybould HE, Mills DA, (Bifidobacteria isolated
from infants and cultured on human milk
oligosaccharides  affect intestinal  epithelial

function). J Pediatr Gastroenterol Nutr, 2012; 55(3):
321-327.

Lewis ED, Richard C, Larsen BM, Field CJ, (The
Importance of Human Milk for Immunity in Preterm
Infants). Clin Perinatol, 2017; 44(1): 23-47.

Guo S, Gillingham T, Guo Y, Meng D, Zhu W,
Walker WA, Ganguli K, (Secretions of
Bifidobacterium  infantis  and Lactobacillus

acidophilus Protect Intestinal Epithelial Barrier
Function). J Pediatr Gastroenterol Nutr, 2017; 64(3):
404-412.

Waurpel DJ, Totsika M, Allsopp LP, Hartley-Tassell
LE, Day CJ, Peters KM, Sarkar S, Ulett GC, Yang J,
Tiralongo J, Strugnell RA, Jennings MP, Schembri
MA, (F9 fimbriae of uropathogenic Escherichia coli
are expressed at low temperature and recognise
GalPB1-3GIcNAc-containing glycans). PLoS One,
2014; 9(3): 93177.

He Y, Lawlor NT, Newburg DS, (Human Milk
Components Modulate Toll-Like Receptor-Mediated
Inflammation). Adv Nutr, 2016; 7(1): 102-111.
Gustafsson A, Hultberg A, Sjostrom R, Kacskovics
I, Breimer ME, Borén T, Hammarstrom L,
Holgersson J, (Carbohydrate-dependent inhibition of
Helicobacter pylori colonization using porcine
milk). Glycobiology, 2006; 16(1): 1-10.

Simon PM, Goode PL, Mobasseri A, Zopf D,
(Inhibition of Helicobacter pylori binding to
gastrointestinal epithelial cells by sialic acid-
containing oligosaccharides). Infect Immun, 1997
65(2): 750-757.

Corréa-Oliveira R, Fachi JL, Vieira A, Sato FT,
Vinolo MAR, (Regulation of immune cell function
by short-chain fatty acids). Clin Transl Immunology,
2016; 5(4): e73.

Ruiz-Palacios GM, Cervantes LE, Ramos P,
Chavez-Munguia B, Newburg DS, (Campylobacter
jejuni binds intestinal H(O) antigen (Fuc alpha 1,
2Gal beta 1, 4GIcNACc), and fucosyloligosaccharides
of human milk inhibit its binding and infection). J
Biol Chem, 2003; 278(16): 14112-14120.

Manthey CF, Autran CA, Eckmann L, Bode L,
(Human milk oligosaccharides protect against
enteropathogenic Escherichia coli attachment in
vitro and EPEC colonization in suckling mice). J
Pediatr Gastroenterol Nutr, 2014; 58(2): 165-168.
El-Hawiet A, Kitova EN, Klassen JS, (Recognition
of human milk oligosaccharides by bacterial
exotoxins). Glycobiology, 2015; 25(8): 845-854.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49,

50.

Lin AE, Autran CA, Espanola SD, Bode L, Nizet V,
(Human milk oligosaccharides protect bladder
epithelial cells against uropathogenic Escherichia
coli invasion and cytotoxicity). J Infect Dis, 2014;
209(3): 389-398.

Rousseaux A, Brosseau C, Le Gall S, Piloquet H,
Barbarot S, Bodinier M, (Human Milk
Oligosaccharides: Their Effects on the Host and
Their Potential as Therapeutic Agents). Front
Immunol, 2021; 12680911.

Comstock SS, Li M, Wang M, Monaco MH,
Kuhlenschmidt TB, Kuhlenschmidt MS, Donovan
SM, (Dietary Human Milk Oligosaccharides but Not
Prebiotic Oligosaccharides Increase Circulating
Natural Killer Cell and Mesenteric Lymph Node
Memory T Cell Populations in Noninfected and
Rotavirus-Infected Neonatal Piglets). J Nutr, 2017;
147(6): 1041-1047.

Duska-McEwen G, Senft AP, Ruetschilling TL,
Barrett EG, Buck RH, (Human Milk
Oligosaccharides Enhance Innate Immunity to
Respiratory Syncytial Virus and Influenza in Vitro).
Food and Nutrition Sciences, 2014; 2014.

Moore RE, Xu LL, Townsend SD, (Prospecting
Human Milk Oligosaccharides as a Defense Against
Viral Infections). ACS Infect Dis, 2021; 7(2): 254—
263.

Laucirica DR, Triantis V, Schoemaker R, Estes MK,
Ramani S, (Milk Oligosaccharides Inhibit Human
Rotavirus Infectivity in MA104 Cells). J Nutr, 2017,
147(9): 1709-1714.

Morozov V, Hansman G, Hanisch F-G, Schroten H,
Kunz C, (Human Milk Oligosaccharides as
Promising Antivirals). Mol Nutr Food Res, 2018;
62(6): €1700679.

Zevgiti S, Zabala JG, Darji A, Dietrich U, Panou-
Pomonis E, Sakarellos-Daitsiotis M, (Sialic acid and
sialyl-lactose glyco-conjugates: design, synthesis
and binding assays to lectins and swine influenza
H1N1 virus). J Pept Sci, 2012; 18(1): 52-58.

Xiao L, Van’t Land B, Engen PA, Naqib A, Green
SJ, Nato A, Leusink-Muis T, Garssen J,
Keshavarzian A, Stahl B, Folkerts G, (Human milk
oligosaccharides protect against the development of
autoimmune diabetes in NOD-mice). Sci Rep, 2018;
8(1): 3829.

Donovan SM, Comstock SS, (Human Milk
Oligosaccharides Influence Neonatal Mucosal and
Systemic Immunity). Ann Nutr Metab, 2016; 69
Suppl 242-51.

Rudloff S, Obermeier S, Borsch C, Pohlentz G,
Hartmann R, Brosicke H, Lentze MJ, Kunz C,
(Incorporation of orally applied (13)C-galactose into
milk lactose and oligosaccharides). Glycobiology,
2006; 16(6): 477-487.

Rudloff S, Pohlentz G, Borsch C, Lentze MJ, Kunz
C, (Urinary excretion of in vivo *3C-labelled milk
oligosaccharides in breastfed infants). Br J Nutr,
2012; 107(7): 957-963.

WWW.ejpmr.com

| Vol 9, Issue 9, 2022. |

1SO 9001:2015 Certified Journal

| 122




Mukherjee et al. European Journal of Pharmaceutical and Medical Research

51. Triantis V, Bode L, van Neerven RJJ,
(Immunological  Effects of Human  Milk
Oligosaccharides). Front Pediatr, 2018; 6190.

52. Bode L, Rudloff S, Kunz C, Strobel S, Klein N,
(Human milk oligosaccharides reduce platelet-
neutrophil complex formation leading to a decrease
in neutrophil beta 2 integrin expression). J Leukoc
Biol, 2004; 76(4): 820-826.

53. Huang F-L, Liao E-C, Yu S-J, (House dust mite
allergy: Its innate immune response and
immunotherapy). Immunobiology, 2018; 223(3):
300-302.

WWW.ejpmr.com | Vol 9, Issue 9, 2022. | ISO 9001:2015 Certified Journal | 123




