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Abstract

Human Milk Oligosaccharides (HMOs), the complex, unique glycans present in human milk, are essential for infants’
early development and provide many health benefits to humans. Although the effects of all the individual HMOs are
not fully understood, studies have revealed many health benefits of HMOs acting as prebiotics. They shape the gut
microbiome, provide immune-modulatory and anti-adhesive effects to enhance innate and acquired immunity in the
host and modulate the epithelial barrier. The effects of HMOs are not only limited to the infant gut microbiome but
also affect the microbiome of breast milk and adults. This mini review highlights the recent findings on the effects
of HMOs on the microbiome. It discusses the benefit of synthesizing and identifying the structures of individual
glycans for further improvement in human health.
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Introduction

Breast milk, the gold standard for infant nutrition, is rich in many bioactive components with
complete nutrition that leads to the healthy development of the newborn. Human milk is rather a dynamic
and complex nutrition source essential for the infant's growth and health that may change with some
factors such as maternal diet (1), bacterial composition in milk (1), secretor and non-secretor status of the
mother (2, 3, 4, 5) and environmental conditions (6). So, it is recommended by the World Health
Organization (WHO) to feed the newborn exclusively with breast milk for at least six months.

Breast milk consists of lactose, fatty acids, and proteins, and among these, human milk
oligosaccharides (HMOs) are considered the third most abundant macromolecular component after
lactose and fat. HMOs are a complex group of glycans made out of glucose (Glc), galactose (Gal), N-
acetylglucosamine (GlcNAc), fucose (Fuc), and N-acetylneuraminic acid (NeuSAc) or sialic acid. They
are mainly indigestible sugars by the infant and unique only to humans. Emerging evidence shows that
more than 200 different structures of HMOs are present in human milk. More frequent feedings can ingest
a high amount of HMOs into the infant, causing significant positive associations with the gut microbiome

(4).

The gut microbiome is the total of microorganisms and their collective genetic materials in the
gastrointestinal system. A healthy gut microbiome causes the child to be physically and mentally healthy.
Certain gut microorganisms utilize HMOs in specific ways, such as a carbon source for their growth (6,
7), and HMOs play an essential role in the development of gut microbiota, acting as decoys for pathogens,
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preventing disease and infections (6), enhancing gut-barrier function and developing innate (8) and
acquired immunity in infants. Now the research field is advancing to identify more functions of HMOs
for the better and long-term health of infants. In infants and adults, including the mother, HMOs play a
major role in giving many health benefits (9, 10). HMOs such as 2’FL and LNnT restore homeostasis in
dysbiotic adults by promoting the growth of beneficial Bifidobacteria and Actinobacteria and reducing
the abundance of Firmicutes and Proteobacteria (9). These HMOs promote the gut barrier function in
adults strengthening the gut barrier (10). Due to these benefits and future application in therapeutic
purposes and as food additives, research is continuing to identify the structures and effects of HMOs, how
to synthesize them, and the therapeutic benefits of individual HMOs. The recent findings on the effects
of HMOs on the microbiome of infants, alteration of microbial composition in mother’s milk (11),
regulation of immune function in adults (10), fight against pathogens, and important recent findings to
consider in further studies related to HMOs are discussed in this mini review.

Methods

Original, recent research articles were searched using relevant keywords in PubMed and Mendeley.
Next, the articles were sorted out considering the most pertinent epidemiological studies, published year
from 2014 onwards, and the article type as journal articles. Then, the selected articles were examined
thoroughly to gain much insight into the effects of human milk oligosaccharides on the microbiome. The
relevant findings were included in the mini review.

Results
Human Milk Oligosaccharides

Human milk oligosaccharides are complex, unconjugated glycans, highly concentrated in human
milk and unique only to humans. Very high HMO concentrations can be observed in the colostrum (12).
HMOs are incorporated of Glucose (Glc), galactose (Gal), N-acetylglucosamine (GIcNAc), fucose (Fuc)
and sialic acid (Sia), and there is evidence of more than 200 HMOs that have been identified with 3-22
units of monosaccharides (13). Since HMOs are not absorbed or metabolized in the gastrointestinal tract
and enter the lower section of the gastrointestinal tract without any change (13). They act as human milk
prebiotics, serve as antiadhesives, act as antimicrobials, and alter epithelial and immune cell responses

(12).

Effects of HMOs on infant microbiome

HMOs are well known to support beneficial microorganisms such as Bifidobacteriaceae, and they
are an abundant group in the gut microbiome of infants and toddlers (4, 6, 14). HMOs have strong
bifidogenic effects (14), causing a long-term influence on infant and toddler health as prebiotics. They
maintain the presence and activity of Bifidobacteria during the diversification of the gut microbiome
following weaning. HMOs act as metabolic substrates for commensal bacteria (1). They digest complex
carbohydrates and dietary fibers beneficial for human health. HMOs distinctly modulate intestinal
microbiome composition and activity by promoting the growth of Bacteroides and Bifidobacteria (15).
This group produces acetate, a major metabolite of fermentation of 2’-FL, one of the main
oligosaccharides found in milk. 2’-FL and sialyl lactose increase the production of butyrate (13),
propionate and lactate (10, 15), leading to many health benefits in the host.

HMOs in human colostrum also influence the human milk microbiota, mainly bifidobacteria,
subsequently altering the infant gut microbiota after breastfeeding (11). It has been discovered that
various microbial groups such as streptococci, staphylococci, enterococci and bifidobacteria have strong
positive correlations with different HMOs (11). In infant cultures, where the effects of Sialyllactose (SL)
were investigated by impaling SL to the fecal cultures, specific growth of B.prevotella group and
B.thetaiotaomicron have been induced by SL and in adults, SL is reported to induce the growth of
F.prausnitizii (15). These Bacterioides and Prevotella genera belong to the Bacteroidetes phylum, which
mainly inhabits the human gut and have proven to be influenced by several HMOs.
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There are significant intrinsic differences between the luminal and mucosal compartments in the
microbiome compositions in the various gut regions, such as the proximal and distal colon. So, the effects
of HMOs, such as 2°-FL (2°-O-fucosyllactose), show minor differences due to the variation of microbial
community composition in these regions (14), and the effects are HMO specific (16). The SHIME model,
a multi-compartment dynamic simulator of the human gut, 2’-FL increases Bifidobacterium population
and increases B.coccoides/E.rectale in the proximal colon in adults and the distal vessel, only the
Bifidobacterium population increases with regards to B.coccoides/E.rectale (10). The effects of HMOs
are structure and bacterial strain-dependent as different HMOs such as 2’-FL, 3’-FL(3-fucosyllactose),
6’-SL (6-sialyllactose) and LNT2 (lacto-N-triose) affect differently in the growth patterns of various
bacterial strains (16). From the mentioned HMOs, 6’-SL modulates the growth of B.longum infantis
subspecies, and further growth is seen in co-cultures. So, HMOs selectively stimulate beneficial microbial
communities' growth and metabolic activity, which means the type of HMO predicts the growth of
specific types of bacteria (5). Though many studies reveal the growth improvement of microbiota, another
study has discovered that pooled HMOs have the ability to inhibit bacterial growth. HMOs act as
antibiofilm agents against Group B Streptococcus (GBS), a bacterial pathogen (17).

Fucose, one of the building blocks of HMO can be added to the HMO backbone in a 1-2- linkage,
which is catalyzed by an enzyme fucosyltransferase 2 (FUT2). FUT2 active expression with high
concentrations of a 1-2- fucosylated HMOs in milk can be seen in secretor mothers. Non-secretor mothers
can be identified with a lack of a 1-2-fucosylated HMOs, such as 2’FL or lacto-N-fucopentaose 1
(LNFP1), having no active expression of FUT2 (12). A study has shown that the mother's secretor status
does not significantly impact the infant's gut microbiota (2) and causes fewer effects on the milk
microbiome (3). However, another study has discovered that the abundance of Bifidobacterium spp. is
significantly higher in the secretor mothers’ infant gut (3). Also, it has been revealed, that non-secretor
mothers who are low in detectable concentrations of a-1-2-linked fucosylated HMOs in milk can have
infants with increased abundance of enteropathogens and decreased abundance of Bifidobacterium due
to the influence of gut microbial factors such as fortificant iron (2).

Fucosylated milk glycans shape the gut microbiome of infants (3). The microbiome composition of
infants is lower than adults but shows a relatively high amount of Bifidobacteria (15). HMOs, like
prebiotics, exert a strong bifidogenic effect in infants with the proliferation of Bifidobacterium infantis,
B.breve and B.bifidum strains (6). These strains metabolize HMOs into short-chain fatty acids, giving the
child many health benefits such as providing energy for the colon epithelial cells, maintaining the gut
barrier, and showing immunomodulatory properties (13). Microbiota of older infants degrade HMOs
efficiently, and they are more adapted for using indigestible HMOs for energy metabolism (4).

It has been proved that low Bifidobacteria levels cause gastrointestinal disorders in infants. But,
some studies have shown that a high amount of Prevotella causes low morbidity in infants and there are
no correlations between bifidobacteria and morbidity (6). In the studies that analyzed morbidity of infants,
a (1-2) fucosylation of LNT (Lacto-N-tetraose) to LNFP I (lacto-N-fucopentaose I) in mother’s milk has
been reported to have an association with lower morbidity of a child by protecting from infections directly
or indirectly (6). The in-vitro studies have discovered that breast-fed infants have fewer respiratory
infections due to the anti-adhesive properties of HMOs (8).

Effects of HMOs on mother’s milk microbiome

Besides the beneficial effects on the infant microbiome, HMOs impact the milk microbiome, and
bifidobacteria utilize HMOs as their energy source (1, 11). The community and functional profile of the
milk microbiome can be changed by the composition of specific HMOs by altering the maternal diet (1,
5). Research has proved that B./longum and some strains of B.breve utilize LNT and sialylated HMOs
such as LST, respectively. So, individual HMOs influence the human milk microbiota in specific ways.
The hypothesis has been made that HMO influence on milk microbiota causes the selective transfer of
milk microbiome through breastfeeding (1, 11). So, pathogens in the mother’s milk will minimally
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transfer to the infant via breastfeeding. This happens because HMOs allow the growth of multiple
Streptococcus spp., which displaces Staphylococcus aureus, a common pathogen that causes mastitis. So,
the bacterial diversity in mother’s milk will be increased. Pushing away harmful pathogens and eventually
reducing the pathogen population in the milk microbiome (1).

Genera such as Lactobacillus and Bifidobacterium are in lower abundance in breast milk, and
Streptococcus spp., the dominant genus in the milk microbiome, alter the carrying capacity and grant a
growth advantage in media with HMO (1). Due to the proliferation driven by HMOs in Streptococcus
aureus, the mother can be prevented from having mastitis, which is associated with a reduction in milk
microbiome diversity. The proliferation also establishes the complex commensal communities in the oral
microbiome of the infant. The net effect of both these has been speculated as minimizing pathogens
causing mastitis in maternal milk and the infant's mouth (1).

Effects of HMOs on the adult microbiome

HMOs provide many health benefits in adults by modulating the immune function, providing
bifidogenic activity (9, 10), and modulating the gut barrier function (10). To restore and strengthen the
gut homeostasis in adults, HMOs such as 2’-FL and LNnT (lacto-N-neotetraose) are proved to be safer
and well-tolerated (9,10). The increase in the relative abundance of actinobacteria and bifidobacteria and
the reduction in the relative abundance of Firmicutes and Proteobacteria in these adults highlight the
specific modification of adult gut microbiota. The effect of giving powders of HMOs to be consumed
with water as oral supplements to adults is dose-dependent (9). Adults subjected to Irritable Bowel
Syndrome (IBS) or aging may develop a leaky gut or have an imbalanced microbiota. So, bacterial
metabolites produced by fermenting HMOs are helpful in restoring and beneficially modulate the gut
barrier function, restoring homeostasis in adults (9, 10). Supplementation of several HMOs than
individual HMOs is considered more tolerated (9).

It has been reported in a study that the secretor status of a mother does not significantly influence
the abundance of the sum of all pathogens in the maternal gut. But a higher abundance of C.perfringens
can be observed in non-secretor mothers (2). It has been discovered that the mother can prevent pathogen
colonization due to the HMO-driven proliferation of specific bacteria such as Streptococcus spp. in the
human milk (1).

Effects of HMOs in enhancing immunity

Other than the effects on beneficial microorganisms, HMOs provide protection against pathogens by
enhancing innate immunity. This is done by enhancing the growth of beneficial bacteria, epithelial cell
maturation, and promoting epithelial barrier functioning (8, 10, 15). 2’-FL promotes the maturation of the
immune system and exerts anti-inflammatory action (13). Similar to 2’-FL, each HMO shows unique
effects on the pathogens such as viruses. Individual HMOs can only produce these effects. So, it has been
discovered that specific HMOs reduce respiratory viral infections in human airway epithelial and
peripheral blood mononuclear cells enhancing innate immunity (8). They interact directly with epithelial
and immune cells to inhibit respiratory viral infections by inducing cytokines. HMOs, block pathogen
binding to host cell surface glycans or receptors (8) as pathogen colonization starts by adhesion to the
host cells. HMOs act as antimicrobial and antibiofilm agents against pathogens like Group B
Streptococcus (17).

The type of HMO in mother’s milk influences the overall immune status of the baby (5). It has been
discovered that helper T cell (Th1) immunity can be stimulated by sulfonated and non-sulfonated HMOs
(5,13). Specific HMOs or glycosyltransferase pathways change the milk composition allowing the infant
to invest energy for growth by maintaining lower rates of infection and inflammation (6).
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Table 1: Effects of Human Milk Oligosaccharides on Microbiome

Overall effects of HMOs on the microbiome e Selectively support beneficial microorganisms
e.g. bifidobacteria
e Actas prebiotics
e Act as metabolic substrates for commensal
bacteria
e Modulate intestinal microbiome composition
and activity
e Inhibit some bacterial growth
Fucosylated HMOs reduce the abundance of
enteropathogens in infants
Fucosylated glycans shape the gut microbiome
Exert strong bifidogenic effects
Provide energy for colon epithelial cells
Support gut barrier maintenance
Show immune-modulatory properties
Utilize for energy metabolism
Protection from infections directly or indirectly
Utilize as sources of energy
Alter the community and functional profile of
the microbiome
e Selective transfer of milk microbiome through
breastfeeding
e Prevention of mother from having mastitis
e Provide a media to grow
Effects of HMOs on the adult microbiome e Modulate immune function
Modulate the gut barrier function
Restore and strengthen the gut homeostasis
Enhance the growth of beneficial bacteria
Epithelial cell maturation
Promote epithelial barrier functioning
Promote maturation of immune system
Exert anti-inflammatory action
Individually show unique effects on pathogens
Block pathogen binding to host cell surface
glycans or receptors
e Act as antimicrobial and antibiofilm agents
against pathogens
e Stimulate helper T cell immunity in mother’s
milk
e Maintain lower rates of infection and
inflammation in infants

Effects of HMOs on infant microbiome

Effects of HMOs on mother’s milk
microbiome

Effects of HMOs in enhancing immunity

Discussion

HMOs play a vital role in the early development and shaping of the microbiome since it is the only
nutrition supplied to the infant during the first few months of life. The highest amount of HMO is present
in the colostrum, and the content gradually decreases with time in human milk (2, 3). But with the increase
in daily milk intake, the HMO concentration ingested becomes relatively stable in the infant (4). The gut
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microbiome dramatically influences the health of the human and maintains health throughout life by
developing the immune system, host metabolism, and fermentation of the dietary indigestible glycans to
short-chain fatty acids, which exert many health benefits (14). Gut microbiome composition varies largely
among individuals, mainly among children (14), and one of the major factors that cause this variation is
HMOs.

In this review, the effects of HMOs have been discussed briefly, considering the effects of the total
HMO composition and the individual HMOs. Most studies have been conducted by analyzing maternal
milk samples, feces samples, the synthesized, high purity chemicals, and using in-vitro models such as
the Human Intestinal Microbial Ecosystem (SHIME) simulator used to study the function of HMOs on
the adult microbiome (10). Fecal samples of the donors have been used to analyze the utilization of HMOs
by different bacterial strains (4). In clinical studies, the convenience of the study subjects has been
considered, and the samples have been collected within allocated time periods.

Most studies of individual HMOs have been done in-vitro (8, 15) or in animal models (13). So, with
the positive results obtained, we can consider conducting more in-vivo studies. The effects of HMOs give
hope to using different HMOs for therapeutic purposes. Some studies have revealed that supplying HMOs
in adults is also an excellent strategy to promote the growth of beneficial Bifidobacteria (9). Even the
maternal diet plays a vital role in changing the HMO composition in the milk (1). These will provide
means to give solutions to enhance the health of the mother and the infant, preventing many infectious
diseases. Some studies, which were done among a small group of subjects, provide the need for a large
cohort study (11). Some studies were specific to a particular community (3). Those results can be
compared with other communities in different geographical areas to gain much insight into the particular
effects of HMOs and the factors that contribute to those effects.

In this review, the mother's secretor status is also considered, as this is related to the amount and type
of oligosaccharides in her milk (3, 4). 2’-FL is reported to be the most abundant HMO in a secretor
mother, and it is absent or minimally available in a non-secretor mother. Some studies have discovered
the beneficial effects of 2’-FL supplementation (7, 14). Since some infants are not supplied with the
particular HMO, and the results of the study done by Paganini D. ef al. (2019) (2) and the study by Bai
Y. et al. (2018) (3) were not the same for the comparison of secretor status and infant microbiome
composition, the need for more studies on the HMO composition considering the secretor status of the
mother arises.

Since every child cannot be breastfed for various unavoidable reasons, more attention has been given
to comparing the effects of formula feeding against HMOs due to the vast amount of beneficial effects
these sugars exert. HMOs are unique carbohydrates only found in human milk, and a slight change in the
structure causes a significant impact on the activity of the particular HMO (16). All the structures of
HMOs in milk are not identified yet. So, more studies can be conducted to find the structures of HMOs
and include them in formulas to enhance the health benefits in non-breast-fed infants.

Conclusion

HMOs play a major role in developing and maintaining humans' short-term and long-term health
and exert HMO structure and microbial strain-specific effects on the infant and adult microbiome. They
act as prebiotics supporting beneficial bacterial growth, providing anti-pathogenic, immune-modulatory
effects, and strengthening the host's gut barrier; due to the beneficial effects of HMOs, more attention has
been given to using them in infants formulas and as therapeutic agents.

Author Contributions: Conceptualization, GB, US; methodology, US, GB.; formal analysis, US.; data
curation, US; writing—original draft preparation, US.; writing—review and editing, GB, US;
supervision, GB. All authors have read and agreed to the published version of the manuscript.



Sri Lankan Journal of Health Sciences 2022, Volume 1; Issue 1 42 of 65

Funding: This research received no external funding.

Contflicts of Interest: The authors declare no conflict of interest.

References

1. Seferovic MD, Mohammed M, Pace RM et al. Maternal diet alters human milk oligosaccharide composition
with implications for the milk metagenome. Sci. Rep. 2020, 10(1): 1-18.

2. Paganini D, Uyoga MA, Kortman GAM et al. Maternal Human Milk Oligosaccharide Profile Modulates the
Impact of an Intervention with Iron and Galacto-Oligosaccharides in Kenyan Infants. Nutrients. 2019, 11(11):
1-17.

3. BaiY, Tao J, Zhou J et al. Fucosylated Human Milk Oligosaccharides and N-Glycans in the Milk of Chinese
Mothers Regulate the Gut Microbiome of Their Breast-Fed Infants during Different Lactation Stages.
mSystems. 2018, 3(6): 1-19.

4. Borewicz K, Gu F, Saccenti E et al. The association between breastmilk oligosaccharides and faecal
microbiota in healthy breastfed infants at two, six, and twelve weeks of age. Sci Rep. 2020, 10(1): 1-12.

5. Quin C, Vicaretti SD, Mohtarudin NA et al. Influence of sulfonated and diet-derived human milk
oligosaccharides on the infant microbiome and immune markers. J Biol Chem. 2020, 295(12): 4035-4048.

6. Davis JCC, Lewis ZT, Krishnan, S et al. Growth and Morbidity of Gambian Infants are Influenced by Maternal
Milk Oligosaccharides and Infant Gut Microbiota. Sci. Rep. 2017, 7(1): 1-16.

7. Salli K, Anglenius H, Hirvonen J et al. The effect of 2'-fucosyllactose on simulated infant gut microbiome and
metabolites; a pilot study in comparison to GOS and lactose. Sci. Rep. 2019, 9(1): 1-15.

8. Duska-McEwen G, Senft AP, Ruetschilling TL et al. Human Milk Oligosaccharides Enhance Innate Immunity
to Respiratory Syncytial Virus and Influenza in Vitro. Food Nutr. Sci. 2014, 5: 1387-1398.

9. Elison E, Vigsnaes LK, Krogsgaard LR et al. Oral supplementation of healthy adults with2'-O-fucosyllactose
and lacto-N-neotetraose is welltolerated and shifts the intestinal microbiota. Br. J. Nutr. 2016, 116(8): 1356-
1368.

10. Suligoj T, Vigsnaes LK, Abbeele PV et al. Effects of human milk oligosaccharides on the adult gut microbiota
and barrier function. Nutrients. 2020, 12(9): 1-21.

11. Aakko J, Kumar H, Rautava S et al. Human milk oligosaccharide categories define the microbiota composition
in human colostrum. Benef. Microbes. 2017, 8(4): 563-567.

12. Bode L. The functional biology of human milk oligosaccharides. Early Hum. Dev. 2015, 91(11): 619-622.

13. Azagra-Boronat I, Massot-Cladera M, Mayneris-Perxachs J et al. Article 1773 Rodriguez-Lagunas MJ and
Pérez-Cano FJ (2019) Immunomodulatory and Prebiotic Effects of 2 '-Fucosyllactose in Suckling Rats. Front.
Immunol. 2019, 10: 1-14.

14. Van den Abbeele P, Sprenger N, Ghyselinck J et al. A comparison of the in vitro effects of 2’fucosyllactose
and lactose on the composition and activity of gut microbiota from infants and toddlers. Nutrients. 2021, 13(3):
1-22.

15. Perdijk O, Baarlen P, Fernandez-Gutierrez MM et al. Sialyllactose and Galactooligosaccharides Promote
Epithelial Barrier Functioning and Distinctly Modulate Microbiota Composition and Short Chain Fatty Acid
Production In Vitro. Front. Immunol. 2019, 10: 1-14.

16. Cheng L, Kiewiet MBG, Logtenberg MJ et al. Effects of Different Human Milk Oligosaccharides on Growth
of Bifidobacteria in Monoculture and Co-culture With Faecalibacterium prausnitzii. Front. Microbiol. 2020,
11: 1-10.

17. Ackerman DL, Doster RS, Weitkamp J et al. Human Milk Oligosaccharides Exhibit Antimicrobial and

Antibiofilm Properties against Group B Streptococcus. ACS Infect. Dis. 2017, 3(8): 595-605.



