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Human milk oligosaccharides (HMOs) are a family of free oligosaccharides which are diverse in structure and unique to

human milk. Their diversity enables multiple paths of interference against viral entry, which include norovirus, rotavirus

and human immunodeficiency virus (HIV). 
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1. Introduction

Human milk is a complex biofluid, containing not just tailored nutrition to satisfy growth requirements, but developmental

cues and protection of the relatively immunocompromised infant against pathogens. As an evolutionary strategy, lactation

enables the infant to transition from placental protection to an environment full of microbes. With minimally developed

adaptive immune systems, infants rely on an immature innate immune system in a predominant Th2 state as the first line

of their defence . Human milk contains various mechanisms and bioactive molecules that compensate for these

limitations and support normal immune development throughout a natural term of lactation up to several years postnatally.

Milk contains an abundance of antimicrobial and immunomodulatory molecules which aid in antiviral defence to aid the

immature infant immune system .

Along with the transfer of maternal antibodies, other immunological and bioactive activity is provided via human milk.

Cellular immunity is provided by macrophages and leukocytes, which are highly abundant at the beginning of lactation

and particularly in colostrum–the specialised fluid produced for several days postnatally before the onset of the second

stage of lactogenesis . Multiple maternal characteristics influence the cellular composition of human milk, such as

maternal age and certain aspects of diet . However, a lack of studies makes it difficult to elucidate the effects these

changes in composition have on the infant and their health, both in the short and long term.

2. Human Milk Oligosaccharides (HMOs)

As the third largest class of components within human milk after lactose and lipids, HMOs are a family of free

oligosaccharides which are diverse in structure and unique to human milk . HMO composition varies between women

and over the course of the lactation period, as well as by season of the year . The concentration of HMOs in early milk

can be as much as 20–25 g/L, and is thought to decline as the milk matures, although scant research on full lactation

durations (beyond 2 years) exists . Lactose serves as the template for all HMOs at the reducing end and can be

elongated, fucosylated or sialylated, causing variations which creates over a hundred different HMOs .

Of the multiple functions of HMOs, immunomodulation is one of the most significant . Viruses invade and colonise by

binding to host cells, utilising cell surface glycoconjugates as receptors, inducing oxidative stress and anti-inflammatory

signals . Some HMOs express glycans that can bind onto surface lectins on the host cells which prevents viral

molecules binding and invading these cells, acting as receptor decoys Figure 1  . HMOs may indirectly reduce immune

responses by altering the composition of the infant gut microbiota . A study which investigated this looked at infant

formula supplemented with 2′FL (1 g/L) and LNnT (0.5 g/L) compared to those fed without supplemented formula .

Those that were supplemented had a significantly different microbiota composition in comparison, where Bifidobacterium

was more abundant. However, this study focussed on formula fed infants rather than exclusively breastfed infants, and

therefore it is not able to show the difference in effect between formula supplemented and exclusively breastfed. A number

of studies indicated the relationship between the gut microbiota composition and inflammation . While there is

evidence supporting HMOs indirect changes to aid in the infant’s immune response, there are also results from in vitro

studies which show their ability to directly modulate the immune response .
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Figure 1. Diversity of human milk oligosaccharide (HMO) interference against viral entry. (1) HMOs act as soluble decoy

receptors for rotavirus, preventing direct binding to host cells; (2) HMOs mimic histo-blood group antigens (HBGAs),

binding to both GI and GII HBGA pockets; (3) HMOs bind to glycoprotein gp120 interfering and preventing viral binding to

dendritic cell-SIGN. Created with BioRender.com.

Specific research has identified the role of HMOs in preventing infection with several viruses across different viral classes.

For example, rotaviruses constitute the most common cause of diarrhoea in infants and children worldwide and is the

main agent towards gastroenteritis . Prevention can be via vaccination, but this is not indicated before the first two

months postnatally. Viral entry is a complex multi-step process where different rotavirus surface proteins interact with

different cell surface receptors . Viral proteins VP7 and VP4 are involved with the receptor binding and permeabilise

membranes . Rotavirus entry may occur via calcium-dependent endocytosis, where an observed decrease in

calcium concentration solubilises the surface protein from the virus . HMOs have been observed to directly intervene

with rotavirus acting as soluble decoy receptors for the rotavirus reducing infectivity . Specific HMOs were shown to

reduce infectivity of human rotavirus strains, as well as impacts on colonic microbiota and cytokine responses. However, it

was noted that there were differences in effect between rotavirus strains, but research is lacking on the effects of different

HMO concentrations against different rotavirus species .

Noroviruses are small non-enveloped RNA viruses. Susceptibility to norovirus infection depends on a genetic trait caused

by the expression of histo-blood group antigens (HBGAs) . The host mucosal surface in the gastrointestinal tract

contains HBGAs that facilitate the binding of noroviruses . HGBAs are carbohydrate-based antigens which include

the Lewis and ABH antigens expressed on the cell surface of red blood cells and mucosal surface epithelial cells. Binding

is strain-dependent and occurs by the viral capsid protein via the P domain . X-ray crystallography has shown that

HMOs interact with norovirus by mimicking HBGAs . Specifically, 2′-fucosyllactose (2′FL) HMOs able to block multiple

strains of norovirus, by being able to bind to both GI and GII HBGA pockets. An investigation focussing on high-molecular

mass HMOs and their binding ability with a specific strain of norovirus (GII.4, Sydney, Australia, 2012, JX459908) showed

these types of HMOs have a higher affinity for binding compared to monovalent HMOs as a result of the higher avidity of

α-fucose . While these studies have highlighted the ability of certain HMOs to bind sufficiently to norovirus strains, most

HMOs are bound to a lipid or protein carrier rather than present as free oligosaccharides, such as 2′FL or 3FL. There is a

need for more research to understand the efficacy of HMOs in their various forms against multiple strains of noroviruses.

Human immunodeficiency virus (HIV) comprises two species of the Lentivirus family, named HIV-1 and HIV-2. These are

single-stranded enveloped RNA viruses which integrate with the host cellular DNA. HIV can be latent for 2 to 10 years and

avoids detection from the immune system; once active the pre-virus DNA is transcribed into RNA and ultimately leads to

the expression of new virus particles which are readily able to attack CD4 T lymphocytes . Eventually this leads to the

individual being at high risk of diseases and other infection . With modern anti-retroviral therapy, the risk of

transmission for a mother with undetectable viral load if the infant is exclusively human milk fed is low (<0.5%). However,

if the mother has detectable levels of virus during pregnancy or postnatally, HIV-1 can be transmitted from the mother to

infant via breastfeeding only around 10–15% of infants become ill from an HIV-infected mother when breastfed exclusively

. Interestingly, if the infant is mixed fed and receives some infant formula alongside breastfeeding, the risk again rises

to 6–10%, suggesting even small doses of formula override the protective effects of breastfeeding.
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HIV viruses interact with the cell surface receptor dendritic cell-specific intercellular adhesion molecule-3-grabbing non-

integrin (DC-SIGN) to enter the cell . These receptors are on the surface of macrophages and dendritic cells, allowing

HIV to self-replicate and transform CD4+ T lymphocytes . HMOs isolated in an ELISA assay show prevention of

glycoprotein gp120 on the surface of HIV-1 from binding on the DC-SIGN . HIV-infected mothers with HMOs above the

median average concentration were less likely to transmit HIV via breastfeeding . Higher concentrations of 3′-

sialyllactose (3-SL) HMOs were associated with protection against postnatal HIV transmission, but this type of HMO is

significantly higher in HIV-infected women compared to uninfected women . A follow-up study investigated the

differences in HMO profiles between HIV-infected and HIV-uninfected mothers, confirming higher quantities of 3′-SL in

HIV-infected mothers . The authors proposed that the difference could be due to HIV infection changing the

glycosylation process in the mammary epithelial gland epithelial cell and therefore changing the composition of HMOs, or

that HIV-infected individuals differentially express glycosylation-related genes, either greater or fewer.
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