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Cell Type HMO Effect Ref

T-Cell HMO Mix Decreased number of Tbet+ Th1 cells and IFN-y production (54)
2’-FL Induced IFNy and IL-10 secretion by CD4" T-cells (102)
2-FL Induced higher population of antigen specific CD4" T-Cells in vaccine model (103)
Sialylated HMOs increased IFN-y producing CD4" and CD8" T-cells after long term exposure, as well as (55)

promote IL-13 producing CD8" T-cells

Acidic HMOs Balanced Th1 and Th2 T-cell responses (120)

Sialylated HMOs Increased a regulatory subpopulation of T-cells (CD25"/CD4") (55)

HMO Mix decreased CD4" and CD8" T-Cells short term but increased CD4" population longer term  (95)

HMO Mix Increased the ratio of CD4"* to CD8" T-Cells in MLN (95)

2’-FL Induced 36% more MLN effector memory T-cells (98)

LNnT

6-SL

3-SL

Mix

2’-FL Increased CD62L" Th and CTL populations (122)

Sialylated HMOs Decreased Th cell populations derived from PBMCs stimulated with LPS (123)

2-FL Modulated Th cell population (124)

LNnT

BMOs

2-FL Reduced the proportion of Th17 cells and suppressed Th17-related cytokine production (125)

2-FL Inhibited the differentiation of Th17 cells, STAT3 phosphorylation, and RORyt (125)
mRNA levels

Pooled HMOs Induced Tregs and increased IL-10 production, reduced Thl frequency and IFN- (54)
7 production

Sialylated HMOs Enhanced the secretion of IEN-y and IL-17A from CD4" T-Cells, reduced IL- 97)
13 production

LNFP-TIT Repressed Thl cell proliferation; by promoting the expansion of Grl+ macrophages (89)

LNnT

3-SL Increased proportion of Tregs and upregulated RORyT expression (126)

2’-FL Reduced Th17-related cytokine production (125)

2-FL Induced 13% higher CD4" and 7.4% higher CD8" T-cells in vaccine model (128)

3-GL Increased Th1 cell activation and attenuated deoxynivalenol (DON)-induced effects in (129)

Thi cell responses

2-FL Increased influenza vaccine specific DTH responses, Tregs, and Thl cells in their MLNs (130)
5cGOS
IcFOS
Acidic HMOs Reduced RSV-specific Th2 cytokine-producing CD4" T-Cells short term and increased (119)
IFN-y-producing CD4" and CD8* T-Cells longer term

B-Cell 2-FL Increased activated B-cells (CD19* B220%) in both the spleen and MLNs (103)
2-FL Increase in the percentage of activated B-cells expressing CD27 in the spleen (103)
HMO Mix Increase plasma cells (B220- CD138") in MLNs (95)
HMO Mix Increased B-cell numbers and the plasma cell population was higher (95)
HMO Mix Increased antibody-secreting cells for TT and DT antigens in the spleen (95)
2-FL Increased 1gG2a and IgG1 antibody levels (103)

Increased IgG2a production (131)

2-FL
5cGOS
IcFOS
2-FL Heightened plasma IgG levels, of 1gG2a, IgG2b and IgG2c (123)
2-FL Induced 40% rise in plasma IgA levels (123)
2-FL Increased caecal sIgA levels and lower total serum IgE levels (133)
2-FL Elevated serum total IgG levels (133)
2-FL Increased trivalent influenza vaccine (TIV)-specific IgG and 1gG1 (134)
5¢GOS

IcFOS
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Cell Type HMO Effect
Macrophage 2-FL Increased expression of M2-genes and decreased expression of M1-genes (87)
LNFP-1IT Activated macrophages and upregulated Gr1* F4/80" cells (88)
LNnT Expanded anti-inflammatory macrophage cell type (Gr1'/CD11b"/F4/80") (89)
Neutral HMOs Decreased NO and PGE2 production, but stimulated ROS production (90)
Acidic HMOs Increased ROS production but allowed for rapid return to basal level post infection (1)
2-FL Increased percentage of macrophage phagocytosis (92)
Acidic HMOs Enhanced phagocytic activity (1)
6-SL Slightly increased phagocytic activity (93)
3-SL Reduced immune cell infiltration caused by LPS in the lung of ALT model (94)
6-SL
6-SL Prevented the increase of macrophages in the cochlear spiral ganglion during neomycin (93)
otoxicity study
HMO Mix Increased monocyte and macrophage population in the MLN, lowered population in (95)
the spleen
2-FL Decreased MNC activation by decreasing their proliferation (96)
LNFP-I
3-SL Promoted production IL-10 and IL-4 while suppressing IL-1b, IL-8, TNF-o. and IL-6 (94)
6-SL
2-FL Inhibited IFN-y and IL-12 and promoted IL-10 (96)
LNFP-I
LNnT Promoted IL-10 and TGF-b production (89)
3-FL Increased IL-6 secretion 97)
3-SL
2-FL Increased levels of TNF-a 97)
LNT2 Increased levels of IL-12p70 (97)
Dendritic Cell HMO Mix Induced a partially mature state in human moDCs (54)
HMO Mix Increased levels of IL-10, IL-27, and IL-6 (54)
HMO Mix Limited the maturation of moDCs induced by LPS and reduced production of IL-12p70, IL-6, = (54)
and TNF-o.
2-FL Less macrophages, pDCs, and mature DCs but more immature DCs (98)
LNnT
6-SL
3-SL
Mix
3-SL increased the release of 1L-12p70, IL-23, TNF-q, IL-6 and IL-10 (99)
6-SL
2-FL Increased production of IL-6 (100)
3-FL Increased the secretion of IL-6, IL-12p70, IL-23 and TNF-a 97)
3-SL
6-SL
3-SL Increased production of IL-10 97)
6-SL
3-FL Increased secretion of IL-6 and I1L-23 (101)
2-FL Increased activation of DCs in the spleen, Increased CD86" and CD40" expression (103)
2-FL Increased percentage of CD11c" MHCII* DCs (103)
2-FL Increased tolerogenic DCs (CD103* CD11c* MHC-II*) in MLN, as well as increased CD40*  (103)
expression and decreased CD86" expression
2-FL Increased expression of co-stimulatory molecules but not MHC (98)
LNnT
6-SL
3-SL
Mix
Natural Killer Cell 2-FL Stimulated NK cell activity (108)
2-FL Increased IFN-y production (108)
2-FL Increased PBMC NK cell population 2-fold (98)
LNnT
6-SL
3-SL
Mix
LNFP-III Activated NK cells by HMO-stimulated macrophages (88)
Neutrophil 2-FL Decreased MIP2 production (109)
2-FL Reduced population of MPO7+ neutrophils (109)
Sialylated HMOs Inhibited the adhesion and migration of neutrophils by binding to selectins (10)
HMO Mix Increased neutrophil population in MLN short term, decreased this population longer term (95)
HMO Mix Increased neutrophil population in the spleen (95)
2-FL Enhanced the phagocytic capacity of neutrophils, improving internalization of S. aureus and (110)
GOs P. aeruginosa.
Sialylated HMOs Decreased the oxidative burst of H. pylori-activated neutrophils (1)
LDFT Suppressed the formation of platelet-neutrophil conjugates and the expression of neutrophil (112)
B2 integrin (113)
Mast Cell 2-FL Attenuated mast cell degranulation and release of histamine ( (80, 101, 114)
3-SL ((115, 116)
6-SL
Basophil 2-FL Increased PBMC basophil population 5-fold (98)
LNnT
6-SL
3-SL
Mix
Eosinophil Acidic HMOs Decreased lung eosinophilia upon challenge in FI-RSV-vaccinated mice (119)






OPS/images/fimmu.2025.1679865/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2025.1679865/fimmu-16-1679865-g001.jpg
Neonatal saliva
* Hypoxanthine
* Mucins
* Nucleotides

(oral cavity /
gut mucosa)

Breast milk | L 1 e 2 e \
« HMOs _ Outcomes: ;
« Cytokines Interaction zone |, Antimicrobial defense |
|
|

* Immune tolerance
» Microbiota establishment
P 4

* Glycoproteins
« XO

/
|
|
|
|
|
|
|
\

- SIgA S - -
* Microbiota
a Neonatal Breast milk
saliva ‘
Hypoxanthine / \
Xanthi
anthine H,0, H,0,
\‘ —>0SCN~— Macrophage
J | Cytokines
| Mucin expression | Pyroptosis 3
b Hypoxanhine d S:{ /\
salvage /’ «

Pyroptosis T Mucin glycosylolation





OPS/images/fimmu.2024.1523829/fimmu-15-1523829-g001.jpg
Milk Composition Macromolecular/Micronutreint Human Milk Oligosaccharide
Components Breakdown

2-FL
LNFP |
LNnT
3-FL
LNFPII
LNH
LNT
== 6-SL
— 3-SL

trrnnni

== Other

HMOs are present between 4-30g/L





OPS/images/fimmu.2024.1523829/fimmu-15-1523829-g002.jpg
A Leukocyte Extravasation ! +HMOs

Sialyl lewis No Binding
X glycan Oceurs
epitope
(¥ chemoattraction
E-orp-
selectin
@ Tethering / S e —
and Rolling

Leukocyte \ Endothelial cell

Migration Blood vessel lumen

-HMOs +HMOs

<ﬁ Inhibits Pathogen
Binding, Altering
Downstream
; Cellular Responses;
I o nathomag

Changes Glycan
Receptors

‘\,‘:..* |

Alters Gene ‘Shift in Cell
=

-HMOs +HMOs

® ®0
(5] ) ';0
o}o ® ®
® o ®

) ® e °
IL-4, IL-5, IL-4, IL-5,
IFNy, TNFa L9, 113 IFNy, TNFa IL-9, IL-13






OPS/images/fimmu.2024.1523829/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2024.1523829/fimmu-15-1523829-g005.jpg
Submucosa Muscularis mucosa

Blood Vessel

; & @e@e © K y ¥ [

Dendritic cells Tcells B cell Macrophage Enterocyte M cell Goblet cell Paneth cell






OPS/images/fimmu.2024.1523829/fimmu-15-1523829-g006.jpg
Altered Downstream
Immune Response

Dendritic Cell

i C-Type !
Cytoklne i Toll-Like

. Lectin .
Production  Siglecs Galectins  Receptors ~ Selectins  Receptor





OPS/images/fimmu.2024.1523829/fimmu-15-1523829-g003.jpg
HoOep

1T

Linkage

Fucose (Fuc) Positions

6
Glucose (Glc)

Galactose (Gal) ~

N-acetylneuraminic acid (Neu5Ac)

N-acetylglucosamine (GIcNAc)

Lactose (Lac)

N-acetyllactosamine (LacNAc)

Lacto-N-Biose (LNB)





OPS/images/fimmu.2024.1523829/fimmu-15-1523829-g004.jpg
Neutral
HMOs

Lacto-N-triose I
(LNT-I1)

Fucosylated

HMOs
2'-Fucosyllactose
(2-FL)
Sialylated
HMOs

‘ 3'-Sialyllactose

(3-SL)

Lacto-Mtetraose
(LNT)

Lacto-N-neotetraose
(LNNT)

D

3-Fucosyllactose
(3-FL)

Lacto-N-fucopentaose |
(LNFP-1I)

6'-Sialyllactose
(6'-SL)

“o-e

Disialyllacto-N-tetraose
(DSLNT)





OPS/images/back-cover.jpg
Frontiers in
Nutrition

Explores what and how we eat n the context
of health, sustainability and 21st century food

Discover the latest
Research Topics

Nutrition





OPS/images/cover.jpg
& frontiers | Research Topics

Human milk, nutrition and
infant development,
volume |l






OPS/images/fimmu.2025.1572787/table2.jpg
HMO

2’FL
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3FN
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Total mixture

Model Effect Reference
16HBE Reduced viral load of RSV (135)
Co-culture of HT-29 intestinal Promoted Thl function, reduced IL13, increased galectin-9 (190)
epithelial cells and PBMCs
Co-culture of HT-29 intestinal Decreased differentiation of naive T cells into Th2 cells, while increased differentiation (191)
epithelial cells with moDCs and into Treg cells
subsequent naive Th cells
HT-29, Caco-2Bbe intestinal epithelial | Induced maturation of epithelium cells (142-144)
cells and fetal small intestinal
epithelial crypt cells
HT-29, Caco-2Bbe and Caco-2 Promoted mucus production. Promoted formation of TJs. (144, 145)
intestinal epithelial cells
Murine model of HDM allergy Decreased levels of circulating IgE, decreased levels of 1L4 and IL6 in the lungs, (219)
decreased inflammatory cell infiltration in the lungs. Increased levels of Bacteroidetes and
Clostridia and increased levels of SCFA in intestines and blood
Murine model of cow’s milk allergy Reduced allergic symptoms. Reduced secretion allergen-specific IgE, reduced mast cell (221)
degranulation, reduced serum levels of TNFa, IL4 and IL6
Healthy infants Lower concentrations of pro-inflammatory cytokines in plasma. Lower levels of pro- (182)
inflammatory cytokines in response to ex vivo stimulation with RSV
Co-culture of HT-29 intestinal Lowering 1L12p70, 123, IL13, enhancing IL17 and IL10 secretion. Silenced Th2 (191)
epithelial cells with moDCs and effector response
subsequent naive Th cells
Bacterial cultures derived from infant Increased abundance of Lactobacillus spp. (195)
stool samples
16 HBE cells Reduced viral load of RSV (135)
HT-29, Caco-2Bbe and Caco-2 Promoted mucus production. Promoted formation of TJs. (144, 145)
intestinal epithelial cells
16 HBE cells Reduced viral load of influenza A (135)
HT-29, Caco-2Bbe, Caco-2 intestinal Induced maturation of epithelial cells. Promoted mucus production and formation (142-145)
epithelial cells and fetal small of TJs.
intestinal epithelial crypt cells
HDM mouse model of allergy Decreased amount circulating IgE, decreased levels IL4 and IL6 in the lungs, decreased (219)
inflammatory cell infiltration in the lungs. Increased levels of Bacteroidetes and Clostridia
and increased levels of SCFA in intestines and blood
16 HBE cells Reduced viral load of influenza A (135)
HT-29, Caco-2Bbe intestinal epithelial Induced maturation epithelium cells (142-144)
cells and fetal small intestinal
epithelial crypt cells
Healthy infants Fewer parent-reported bronchitis episodes (180)
Mouse model of AAT Decrease in number, proliferation, and cytokine production of lung ILC2. Reduced (230)
airway inflammation
Human moDC-naive CD4+ T cell Increased secretion IL10, IL27, lowered secretion TNFa, IL6. Induction of differentiation (172)

co-culture

into Treg
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2FL

3FL

3SL
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LNT I

LNnT

LNFP 1

HMOS

Binding assay
OUW-SIGN cells

THP-1 reporter cell line
and HEK reporter cell line

RAW264.7 cells

THP-1 reporter cell line
and HEK reporter cell line

Binding assay

Autologous human moDC-
T cell co-culture

Monocytes, lymphocytes,
neutrophils migration

over HUVEC

Murine model of AAT

Binding assay

Autologous human moDC-
T cell co-culture

THP-1 reporter cell line
and HEK reporter cell line

Monocytes, lymphocytes,
neutrophils migration
over HUVEC

THP-1 reporter cell line
and HEK reporter cell line

Binding assay

THP-1 reporter cell line
and HEK reporter cell line

Binding assay

Human moDC-naive CD4
+ T cell co-culture

OUW-SIGN cells

Receptor

Galectin-1, -3, -4, -7 and -8
DC-SIGN

TLRS, TLR7

TLR4

TLR2, TLR5, TLR7, TLR8

Siglec-1, -3, -5, -7, -9, 10

Siglec-1

Selectins

Galectin-1, -8

Siglec-1, -3, -5, -7, -9, -10

Siglec-1

TLRS5, TLR7, TLR8

Selectins

TLR2, TLR3, TLR4, TLR5,
TLR7, TLR8, TLR9

Galectin-1, -3, -4, -7 and -9

TLRS, TLR7

Galectin-1, -3, -4, -7 and -9

TLR4, DC-SIGN

DC-SIGN

Prevent binding of other ligands

Inhibition of TLRS and TLR7 activation.

Dose-dependent inhibition of TLR4/NF-kB pathway, upregulation
miR-146a expression

Activation TLR2, inhibition TLR5, TLR7, TLRS; contribute to
immune balance

May enhance immune response to RV infection

Inhibition adhesion monocytes, lymphocytes, neutrophils to human
umbilical vein endothelial cells

Involved in modulation of adaptive and innate immune response,
both pro-inflammatory and anti-inflammatory. Effect of HMO
binding not yet studied

Possibly enhance immune response to RV infection

Inhibition of TLRS and TLR7 activation. Synergistic effect on
ssRNA40 induced TLR8 activation.

Inhibition adhesion monocytes, lymphocytes, neutrophils to human
umbilical vein endothelial cells

Dose-dependent activation of all TLRs. NF-kB dependent IL10 and
TNFo, secretion.

Inhibition of TLR5 and TLR7 activation.

Increased regulatory and decreased type 1 moDC and T cell
responses during LPS exposure, mediated via HMOS binding to
TLR4 and DC-SIGN

Preventing binding of other ligands

Reference

(158, 159)
(170)

(171)

(221)

(171)

(159, 246)

(163)

(164, 165)

(158, 159)

(159, 246)

(163)

(171)

(164, 165)

171)

(158, 159)

(171)

(158, 159)

(172)

(170, 172)

Receptor Reference
Acetate Murine model of GPR43 Activation of GPR43, increase IFN-B production, protect against (178)
RSV infection RSV infection in mice
Murine model of AAT GPR43 Activation of GPR43, reducing recruitment of immune cells (225)
Murine model of AAI HDAC9 Increase in Foxp3 acetylation, upregulation of number of Treg and (177)
increasing their function
Butyrate Murine model of AAT HDAC Inhibit cytokine production of ILC2, as well as proliferation ILC2 (229)
Specific pathogen-free, histone H3 acetylation Upregulation of FoxP3 expression and subsequent increased number  (228)
microbiota -deficient, and of Treg cells
germ-free mice
Propionate Murine model of AAT GPR41 Protection against HDM-induced AAI Decreased recruitment of (132)

cosinophils to the lungs. Altered DC function, resulting in decreased
Th2 effector function
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