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The incidence of pediatric asthma has increased substantially in recent decades, reaching a worldwide prevalence of 14%. This rapid increase may be attributed to the loss of “Old Friend” microbes from the human microbiota resulting in a less diverse and “dysbiotic” gut microbiota, which fails to optimally stimulate immune development during infancy. This hypothesis is supported by observations that the gut microbiota is different in infants who develop asthma later in life compared to those who remain healthy. Thus, early life exposures that influence gut microbiota play a crucial role in asthma development. Breastfeeding is one such exposure; it is generally considered protective against pediatric asthma, although conflicting results have been reported, potentially due to variations in milk composition between individuals and across populations. Human milk oligosaccharides (HMOs) and milk microbiota are two major milk components that influence the infant gut microbiota and hence, development of the immune system. Among their many immunomodulatory functions, HMOs exert a selective pressure within the infant gut microbial niche, preferentially promoting the proliferation of specific bacteria including Bifidobacteria. Milk is also a source of viable bacteria originating from the maternal gut and infant oral cavity. As such, breastmilk has prebiotic and probiotic properties that can modulate two of the main forces controlling the gut microbial community assembly, i.e., dispersal and selection. Here, we review the latest evidence, mechanisms and hypotheses for the synergistic and/or additive effects of milk microbiota and HMOs in protecting against pediatric asthma.
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BREASTFEEDING, ASTHMA, AND THE MICROBIOTA

Breastfeeding has many established benefits for maternal and child health (1), including a potentially protective effect against pediatric asthma development. In a meta-analysis of 117 studies, Dogaru et al. found that breastfeeding was associated with a 22% reduced risk of asthma, with the strongest effects observed during early childhood (2). This association was not seen among adults in the population-based UK Biobank study (3); however, breastfeeding data were self-reported and did not account for duration or exclusivity. Several plausible mechanisms have been proposed to explain how breastfeeding might protect against asthma (4). For example, breastfeeding appears to mitigate the harmful effects of asthmogenic exposures including air pollution (5) and psychosocial stress (6). In addition, breastfeeding has been shown to support lung growth (7) and enhance lung function (8). Recently in the Canadian Healthy Infant Longitudinal Development (CHILD) Study, we reported a dose-dependent reduced risk of wheezing (9) and asthma (10) among breastfed children. These associations were stronger among infants fed at the breast compared to those receiving pumped breast milk, although both were superior to infant formula (10). This suggests that the act of suckling and/or skin-to-skin contact may contribute to the protective effect of breastfeeding. Alternatively or in addition, this finding could reflect a role for bioactive components in human milk, which may be altered during the pumping and storage process.

Breastfeeding also profoundly influences development of the infant oral and gut microbiota (11), which have been independently linked with asthma development (12, 13). Recent increases in asthma prevalence (14) have been attributed to a loss of diversity within the human microbiota due to the dramatic lifestyle changes in the last century (15). “Old Friend” and “missing microbe” hypotheses speculate that our increasingly hygienic lifestyle and overuse of antibiotics have resulted in the loss of specific bacteria from the modern day human microbiota (15, 16). Given the co-adaptation and co-evolution of the “ancient” microbiota with the human immune system, it is plausible that their loss could result in aberrant immune responses leading to allergic, autoimmune, and inflammatory diseases, including asthma (16). This hypothesis is supported by evidence that skin and nasal microbiota differ between adjacent but socioeconomically contrasting regions of Finnish and Russian Karelia with discordant prevalence of asthma and allergy (17). Consistent with this line of evidence, gut microbiota profiles have also been shown to differ between infants who do or do not develop asthma in the CHILD cohort and other longitudinal studies (12, 13). In addition, early life exposures that alter the microbiota (such as antibiotic use, cesarean delivery, and formula feeding) have been linked to asthma development (18).

Human milk oligosaccharides (HMOs) and microbiota are two major milk components that influence infant gut microbiota and hence, development of the immune system. As such, breastmilk has prebiotic and probiotic properties that can modulate two of the main forces controlling the gut microbial community assembly, i.e., dispersal (acquiring new bacterial species) and selection (achieving a permissive environment to facilitate sustainable colonization). If these processes are disrupted, the infant gut microbiota developmental trajectory will be altered, potentially leading to a suboptimal final composition. This could be one of the underlying mechanisms of predisposition to a range of chronic diseases including allergy and asthma (19) (Figure 1). Here, we review the latest evidence and hypothesized mechanisms for the synergistic and/or additive effects of HMOs and milk microbiota in protecting against pediatric asthma.
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FIGURE 1. Hypothesized pathways of association between breastfeeding and lung health. Breastfeeding influences infant gut microbiota development and stability during the critical developmental period in early life via two of its main components: human milk oligosaccharides (HMOs) and milk microbiota. HMOs exert a selective pressure within the infant gut microbial niche, preferentially promoting the proliferation of specific bacteria including Bifidobacteria. Milk is also a source of viable bacteria originating from the maternal gut and infant oral cavity. HMO composition is influenced by maternal genetics, geography, and season while microbiota is affected by maternal weight status, mode of breastfeeding and infant sex (Table 1). Variations in HMOs and milk microbiota could modulate the effect of breastfeeding on the infant gut microbiota, which in turn shapes the infant immune system and could ultimately influence lung health and asthma development.





PREBIOTIC AND PROBIOTIC PROPERTIES OF HUMAN MILK

Breastfeeding affects both gut microbiota and immune system development (20, 21). Human milk functions as a bioactive food consisting of all essential nutrients plus immune components, hormones, HMOs, and microbiota, which serve crucial roles in early life metabolic and immune system homeostasis and development (22). HMOs and the microbiota are of particular interest because of their influence on the infant gut microbiota and potential long-term health importance (22) (Table 1).



Table 1. Evidence on factors influencing the composition of human milk oligosaccharides (HMOs) and milk microbiota and their association with pediatric asthma.
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Human Milk Oligosaccharides

HMOs constitute the third largest component of human milk (31). These structurally diverse carbohydrates are synthesized by sequential addition of monosaccharides to lactose, and various α-glycosidic linkages of fucose and/or sialic acid to the core molecules (23, 36). More than 100 different HMOs have been identified, with the amount and composition varying substantially between women and over the course of lactation (25, 28, 37, 38). HMO fucosylation is regulated by enzymes encoded by the fucosyltransferase 2 (FUT2) and FUT3 genes, which determine secretor status and Lewis blood group status, respectively (23, 24). However, geographical variation in HMO composition suggests that non-genetic factors such as sociocultural and environmental factors may also play a role (24, 25). In the CHILD cohort we have observed that, beyond genetic FUT2 secretor status, HMO composition is associated with ethnicity, lactation stage, parity, geographic location, season of collection, and breastfeeding exclusivity (26).

Although still an emerging field of research, many biological functions have been attributed to HMOs (24, 31). The majority of ingested HMOs reach the lower intestinal tract where they can function as prebiotics, providing selective substrates for gut bacteria (30), as discussed below. Preliminary evidence also suggests that specific HMOs could directly modulate the immune response, with studies in pigs (39) and mice (40, 41) demonstrating direct effects on viral pathogens as well as host immune cells. In breastfed infants, approximately 1% of HMOs are absorbed into the peripheral circulation, potentially reaching all organs including the lungs (31), thus it is plausible that HMOs could affect lung mucosal immunity by interacting with airway epithelia, immune cells, potential pathogens or resident microbes, providing another mechanism for protecting against asthma.

While the mechanisms are not fully elucidated, there is some evidence that supplementation with prebiotics (42, 43) or HMOs (44) may be protective against allergy and asthma in animal models and human studies. A recent systematic review reported a reduction in asthma among high-risk infants given prebiotics, such as galacto-oligosaccharide (GOS) and fructo-oligosaccharide (FOS) (45). However, GOS and FOS are structurally distinct from HMOs, which have not been widely studied in relation to asthma, although a few studies have examined their association with allergic disease. One study found that infants receiving milk with low Lacto-N-fucopentaose III concentrations were more likely to develop cow's milk allergy (33), an effect that might be modulated by birth mode (29). In the CHILD cohort, we have observed that HMO composition (but not any individual HMO) is associated with the development of allergic sensitization during infancy (26). Associations with asthma during early childhood are currently being explored. Altogether, epidemiological and experimental studies support the prebiotic effects of HMOs and suggest a potential role in asthma development (Table 1), but further research is needed to confirm and characterize this relationship.



Milk Microbiota

Culture-dependent and independent studies have confirmed the presence of bacteria in human milk (46). It is estimated that breastfed infants receive 104-106 bacteria per day (based on an average daily consumption of 800 mL of milk) with most isolated species belonging to the genera Staphylococcus, Streptococcus, Lactobacillus, and Bifidobacterium (47). Culture-independent (DNA sequencing-based) approaches in the CHILD cohort (34) and others (48) have recovered a higher diversity of bacteria in breast milk including lactic acid bacteria (Enterococcus and Lactococcus), oral-derived (Veillonella and Gemella), skin-associated (Cutibacterium and Staphylococcus), and environmental bacteria (Pseudomonas and Sphingomonas) with a high degree of inter-individual variability. While bacterial load appears to remain constant during milk maturation (49), it gradually decreases during one feed (50).

The milk microbiota is suggested to originate from the maternal gut, breast tissue, or infant oral cavity (51). Depending on the source of bacteria, different factors may contribute to shaping the milk microbiota (Table 1). For example, while maternal factors could influence the mother's gut bacteria, early life factors such as mode of delivery and mode of breastfeeding (directly at the breast vs. expressed and bottled breast milk) could potentially alter the exogenous bacteria derived from the infant (22). In the CHILD cohort, we have found that mode of breastfeeding was significantly associated with milk microbiota composition, with expressed milk feeding favoring depletion of Bifidobacteria and enrichment with potential pathogens and environmental bacteria (34). We also observed some sex-specific associations (e.g., maternal BMI associated with milk microbiota only if the infant is female) while other factors demonstrated a phylum-specific effect (e.g., maternal atopy associated with Actinobacteria richness) (34). As discussed below, the milk microbiota is suggested to provide a mechanism of vertical microbial transmission from the mother to the infant.

To the best of our knowledge, no study to date has directly linked milk microbiota with pediatric asthma and allergy. However, we have previously reported that indirect breastfeeding was associated with higher risk of pediatric asthma in the CHILD study (10), and we have also observed that mode of breastfeeding is consistently associated with milk microbiota composition in this cohort (34). It is plausible that the milk microbiota could play a role in asthma development, conceivably via the modulation of gut microbiota. Studies to date have been inconclusive regarding the use of commercial probiotics for preventing asthma (52

Immunological Effects of Human Milk Oligosaccharides
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Human milk oligosaccharides (HMOs) comprise a group of structurally complex, unconjugated glycans that are highly abundant in human milk. HMOs are minimally digested in the gastrointestinal tract and reach the colon intact, where they shape the microbiota. A small fraction of HMOs is absorbed, reaches the systemic circulation, and is excreted in urine. HMOs can bind to cell surface receptors expressed on epithelial cells and cells of the immune system and thus modulate neonatal immunity in the infant gut, and possibly also sites throughout the body. In addition, they have been shown to act as soluble decoy receptors to block the attachment of various microbial pathogens to cells. This review summarizes the current knowledge of the effects HMOs can have on infections, allergies, auto-immune diseases and inflammation, and will focus on the role of HMOs in altering immune responses through binding to immune-related receptors.
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INTRODUCTION

Based on its richness in immune-related components like human milk oligosaccharides (HMOs), milk proteins and lipids, breastmilk can be seen as the first functional food humans encounter during their life (1). HMOs comprise a group of structurally complex, unconjugated glycans found in human breastmilk (see Figure 1). Although the amount and precise composition of HMOs varies depending on time of lactation and the genetic makeup of each woman as well as potential environmental exposures, human breast milk contains an average of 5–15 g of oligosaccharides per liter, making HMOs the third most abundant solid component of breast milk after lactose and lipids (2). Each oligosaccharide is built on a lactose backbone expanded by the addition of galactose, N-acetylglucosamine, fucose or sialic acid, branched and elongated in different ways, generating approximately 200 different structures identified to-date (3). As they are only minimally digested in the gastrointestinal tract, HMOs reach the colon intact or are absorbed in small quantities, reach the systemic circulation and are excreted in urine (4). In this way, they may exert a plethora of functions at multiple sites throughout the body and beyond the intestinal lumen and intestinal mucosal surfaces, including the urinary tract or the immune system. HMOs were first described as prebiotic substrates for the infant gut microbiota, promoting the establishment of bifidobacteria and lactobacilli, based on striking differences in microbiota composition between breastfed and bottle fed infants (5).
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FIGURE 1. Human milk oligosaccharide composition blueprint. HMO composition follows a basic blueprint shown in the center. HMOs can contain 5 different monosaccharides in different number and linkages, namely glucose (blue circle), galactose (yellow circle), N-acetlylactosamine (blue square), fucose (red triangle), and sialic acid (purple diamond). All HMOs carry lactose at the reducing end. Lactose can be fucosylated or sialylated to generate the small HMOs 2′-fucosyllactose and 3-fucosyllactose or 3′-sialyllactose and 6′-sialyllactose, respectively (upper left corner). Alternatively, lactose can be elongated with type 1 or type 2 disaccharide units to form linear or branched HMOs (upper right corner). Elongated HMOs then can be sialylated (lower left corner) or fucosylated (lower right corner) or both sialylated and fucosylated (not shown). The HMOs in this figure are only a few relatively simple examples. So far, more than 150 different HMO structures have been identified.



However, HMOs are now recognized to have various additional benefits for the developing neonate. HMOs may modulate neonatal immunity by altering host epithelial and immune cell responses in the infant gut (6), modify immune responses systemically or act as soluble decoy receptors to block the attachment of various microbial pathogens to cell surface receptors (7), not only in the intestine but also in other sites such as the urinary tract (8). The benefits of HMOs can extend to health outcomes beyond infancy such as allergies (9) or cognitive functions (10), making HMOs the focus of intense current scientific research with increasing number of studies unraveling their role in human physiology.

This review summarizes recent findings, discusses the proposed modes of action, and identifies future prospects and scientific challenges, with a focus on immunity and infection.



HMO ABSORPTION

HMOs are resistant to digestion in the infant GI tract (11). Both neutral and acidic HMOs can cross the epithelial barrier, but active transport over intestinal epithelial monolayers has only been demonstrated for neutral HMOs (12). These findings suggest that HMOs may be taken up into the human body. Indeed, HMOs have been detected in feces and urine of breastfed infants (13–17), but also directly in the peripheral blood (18–21). However, lower concentrations of HMOs are detected in blood compared to urine, which may be a reflection of accumulation in urine from a larger volume of blood. For example, concentrations of 2′-fucosyllactose (2′FL), were around 1.5 mg/l in peripheral blood and 100 mg/l in urine (20).

Absorption of orally administrated single HMOs was also shown in an adult rat model showing indeed that the intestinal epithelium is permeable to HMOs although to a different extent in infancy and adulthood (22). Therefore, these publications indicate that HMOs may, in addition to effects in the GI tract, have effects throughout the human body. Such effects can be conveyed directly through binding to receptors for HMOs, or indirectly via induction of short chain fatty acids and other metabolites produced by the microbiota.



POTENTIAL HMO RECEPTORS, THEIR EXPRESSION AND FUNCTION


Potential HMO Receptors

Several classes of lectins (glycan-binding proteins) have been described in the literature that have different functions and ligand specificities, namely galectins, siglecs, c- type lectins, and selectins. Different HMOs can bind to these different types of receptors on human cells, primarily expressed on cells of the immune system.

Galectins are lectins that bind N-acetyllactosamine or lactose containing sugars (23–25). Galectins can also bind sulfated, sialylated or fucosylated galactose moieties (25). The work of Hirabayashi et al elegantly shows the oligosaccharide specificity of galectins for several HMO structures (23, 25, 26). More recently, Prudden et al. confirmed binding of HMOs with a terminal type 1 and 2 LacNAc to galectin 9 with a preference for type 1 structures on a solid surface (27). Similar findings were reported for HMO binding specificity for galectins in solution, corroborating these initial studies (28, 29).

Another family of lectins involved in HMO binding are the sialic acid binding immunoglobulin- like lectins (Siglecs). Siglecs have been shown to bind sialylated HMOs (30). Sialyllactose has been shown to bind to sialoadhesin (Siglec-1) (31), but also to Siglec-5 and Siglec-10 (32), Siglec-7 (33), and Siglec-9 (34). However, the affinity of sialyllactoses for Siglecs are relatively low.

In addition to galectins and siglecs, HMOs also interfere with another family of lectins involved in cell adhesion, the selectins (2, 35). Selectins bind to glycans that carry sialylated Le bloodgroup epitopes (36), which are sialylated and fucosylated lacto-N-bioses (Galβ1-3GlcNAc) or N-acetyllactosamines (Galβ1-4GlcNAc)—very similar to HMOs. In fact, HMOs contain Le blood group antigens (37) and are able to reduce selectin-mediated cell–cell interactions (38, 39). In addition, HMOs have been shown to interact with selectins (40), and integrins (39).

Finally, HMOs can bind to C-type lectins like DC-SIGN and Dectin-1. C-type lectins containing an EPN-motif (Glu-Pro-Asn) have high specificity for mannose- and fucose terminating glycans, whereas the presence of a QPD-motif (GlnPro-Asp) is important for galactose-or N-acetylgalactosamine(GalNAc) terminating glycans (41). HMOs were shown to bind specifically to DC-SIGN expressed by DCs (42). Although HMO binding to DC-SIGN seems to be weaker than binding to galectins, it was shown that structures containing α-linked fucose could bind to DC-SIGN (34). The results were also confirmed by binding of DC-SIGN to beads derivatized with 2′-FL or 3-FL, but not with LNT.

A limited number of reports have also discussed the possibility of binding of HMOs to other receptors belonging to the Toll like receptor (TLR) family that typically bind to pathogen-related molecules. TLR-4 dependent effects of HMOs have been described in two papers in which HMOs tested in vivo required the expression of TLR-4 for their effect (43, 44). However, formal demonstration of the binding of the HMOs (3′SL and LNFPIII) to TLR-4 in direct binding assays was not provided. In addition, in relation to TLR-signaling of HMOs, a recent paper highlighted the effect that low level LPS contamination of the commercially available HMO 3′SL can have in these studies, indicating that caution is warranted when studying TLR-mediated effects (45).

An overview of putative receptors for HMO is shown in Table 1.



Table 1. Putative receptors for HMOs on the immune system.
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Expression Profiles and Functions of Potential HMO Receptors

Galectins are mainly expressed on T cells, and can regulate T cell function (46), but are also present on intestinal epithelial cells (47–49), and on antigen presenting cells and granulocytes (25). Galectins can convert signals into the cell after binding to their ligands directly, but galectins can also be secreted, after which they bind to glycoproteins or receptors at cell surfaces and hence can regulate cell functions (50–52). Binding of HMOs or lactose can thus have direct effects or inhibit the interaction of galectins with their ligands on other cells.

Siglecs are involved in the immune system in multiple ways (53). Siglecs 1–16 are expressed on a variety of blood cells, including monocytes, macrophages, dendritic cells, neutrophils, eosinophils, basophils, and NK cells (53, 54). In contrast to galectins and Dectin-1, Siglecs are not expressed by intestinal epithelial cells. Many of the Siglecs have an intracellular immunoreceptor tyrosine-based inhibitory motif (ITIM), and are thus known as regulators of immune responses.

Selectins are cell adhesion molecules that mediate the earliest stages of leukocyte trafficking. At sites of inflammation, leukocytes need to migrate from the blood stream through the endothelium into sub endothelial regions of inflammation (55, 56). Induced by pro-inflammatory cytokines, endothelial cells express P- and E-selectin, which bind to glyco-conjugates on leukocytes passing by with the blood stream. This initial contact decelerates the leukocytes and makes them roll over the endothelial cell layer. Subsequently, additional adhesion molecules bring leukocytes to a complete stop and facilitate their transmigration into sub endothelial regions. Initial selectin-mediated rolling is essential for leukocyte extravasation and mucosal infiltration.

Sialylated HMOs have been shown to interact with selectins (40), and integrins (39), and affect leukocyte-endothelial cell and leukocyte-platelet interactions (39, 57–59). Similarly, sialylated HMOs reduce PNC formation and subsequent neutrophil activation in an ex vivo model with whole human blood (38). In both cases, non-sialylated HMOs are ineffective and pooled HMOs are more effective than monovalent sialyl-Le X, indicating the importance of Sia and suggesting potential multivalent interactions with higher molecular HMOs that carry more than one sialylated blood group epitope.

C-type lectins are primarily expressed by antigen presenting cells (monocytes, macrophages, dendritic cells) and are of crucial importance for regulating immune responses to pathogens. The can be divided into four subgroups, the sialo-glycoprotein receptor family (e.g., DC-SIGN), the dectin-1 subfamily of asialo glycoprotein receptors (e.g., Dectin-1), the DCIR subfamily (e.g., DCIR), and the Mannose receptor family (e.g., CD206) for a review see Geijtenbeek and Gringhuis (60).

In general, c- type lectins are primarily expressed on dendritic cells and macrophages, and play a role in the internalization of saccharide-containing antigens, resulting in antigen presentation (41). However, dectin-1 can also be detected on intestinal epithelial and on M cells, and play a role in IgA transcytosis (61–63). Apart from promoting antigen presentation, some c- type lectins like DCIR may—just like Siglecs—contain an immunoreceptor tyrosine-based inhibitory motif (ITIM) -motif in their intracellular domains, that inhibit immune activation.

DC-SIGN interacts with a variety of pathogens, including HIV-1, and binding of HMOs inhibited the transfer of HIV-1 to CD4+ T lymphocytes. These data may suggest that oligosaccharides act systemically and are thereby modulating the immune response in a microbiota-independent manner. In addition, recent publications have also demonstrated that the c-type lectin Dectin-1 can modulate innate immune function, possibly explaining the cross-protection against other pathogens seen after vaccination (64, 65).

The functions of these receptors thus indicates that binding of HMOs to these structures may result in regulation of adaptive and innate immune protection against infection and inflammation.




EFFECTS OF HMOS ON INFECTION, ALLERGY AND IMMUNE PARAMETERS IN HUMAN STUDIES

As can be seen in Table 2, there are currently only a few infant studies on effects of HMOs on infection and immune function. Most of these studies are observational studies on breastfeeding infants, correlating HMOs in breastmilk with these outcomes. Placebo controlled studies with HMOs have been performed but have to date focused on safety rather than on anti-infective and immunomodulatory effects (18, 77).



Table 2. Human studies with HMOs and measured outcomes.
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Four of these studies showed an effect of HMOs on prevention of diarrhea (67, 69), respiratory tract infections (69), and severe outcomes like sepsis and death (75). Morrow et al. showed in another study that HIV exposed, non-infected children receiving breastmilk of secretor+ mothers have a reduced risk of early mortality compared to secretor—breastfeeding (66).

Also, in relation to cow's milk allergy, the level of Lacto-N-fucopentaose (LNFP) III in breast milk correlated with the prevalence of cow's milk allergy (9). Similarly, Sprenger et al. reported that FUT2-dependent breast milk oligosaccharides, with the levels of 2′FL as proxy for secretor status, were associated with lower levels of IgE-mediated allergies and eczema (70).

Finally, Biesbroek et al. reported recently that 6 week old breastfed children have a different nasopharyngeal microbiota, suggesting that milk components like HMOs may influence the nasopharyngeal microbiota composition—which may contribute to the protective effect of breastfeeding on decreased respiratory infections (76).

It should be stressed that none of these studies have formally demonstrated direct effects of HMOs, and that other breastfeeding components may be associated with the effects described. Only in a recent study (71) the administration of 2′-FL in combination with LNnT could reversely correlate with parentally reported episodes of bronchitis, lower respiratory tract infections, and use of antipyretics or antibiotics at different ages.

However, as reviewed in detail in section Effects of HMOs on Infection, Allergy and Immune Parameters in Human Studies and in several recent reviews (2, 35, 78–88), quite some information is available of effects of effects of HMOs on microbiota composition, pathogens, and pathogen adhesion in vitro, as well as on infection in vivo. In addition, effects on intestinal epithelium and barrier function, as well as immune function have been described in these reviews and the underlying literature.

In infants another study showed that the secretor or non-secretor genotype of mothers of infants that were breastfed correlated with enterocolitis (low secretor) and sepsis (non-secretor) (66).

It has been shown as well that the amount of 2-linked fucosylated oligosaccharides in breast milk inversely correlates with the incidence of diarrhea in infants (89), and similarly the amount of fucosyl oligosaccharides in breast milk inversely correlates with the severity of infection with E coli that has a stable (68). Similarly, the amount of 2FL inversely correlated with Campylobacter diarrhea (89).

Bode et al demonstrated that the risk of HIV transmission in breastfeeding children of HIV infected mothers inversely correlates with HMO concentration (73). In another study the amount of LDFH-1 in breast milk inversely correlated with norovirus diarrhea (67). In addition to effects of HMOs on intestinal infections, HMOs have been linked to other infections such as infections of the urogenital tract (8, 90), and airway infection (69, 91, 92).

Such results were expanded lately with measuring inflammatory cytokines in systemic circulation if infants receiving infant formula supplemented with 2′-FL (72).

Much more is known about the direct effects of HMOs on pathogens, on adhesion and infection in in vitro models, and in animal models.



EFFECTS OF HMOS ON IMMUNE FUNCTION AND INFECTION IN IN VITRO AND ANIMAL STUDIES


Effects on Bacterial Adhesion and Infection

HMOs have been shown to prevent adhesion of several potential pathogens to epithelial surfaces in the intestine and other organs by acting as decoy receptors for bacterial pathogens like Campylobacter or E. coli (86, 93–95).

Several recent manuscripts report specific effects of isolated HMOs. For example, Weichert et al. showed that 2′FL, and to a lesser extent 3FL, reduce the adhesion of Campylobacter, EPEC, Salmonella and Pseudomonas, although the inhibitory effects were very small (96). Sialylated oligosaccharides were shown to reduce adhesion of EPEC (97, 98). In addition to reducing the adhesion of entire bacteria, HMOs may also compete with binding of bacterial toxins and mitigate their diarrheal activity (99, 100).

However, not always is the beneficial effect of HMOs to bacterial infection arising from preventing association or invasion of the pathogen. For example, HMOs can alter gene expression in intestinal cells that can block infection of Listeria monocytogenes (101), or have a direct effect on the growth of pathogens as was shown for neutral HMOs and especially LNT and LNFP I against group B Streptococcus (102). Similarly, HMOs were shown to modulate hyphal induction in Candida albicans, which is necessary for invasion of the intestinal epithelium (103). Another mechanism could be attenuation of pathogenic virulence through metabolites from fermentation of HMOs from the intestinal microflora. That seems to be at least partially the case for Escherichia coli O157:H7 and Salmonella typhimurium (104). When bifidobacteria of human and bovine origin were grown on medium containing 3′-SL, they could produce metabolites that could block expression of virulence genes in both pathogens. In addition, HMOs may have an indirect effect on bacterial infection by reducing epithelial inflammatory responses as it has been shown for 2′-FL and Campylobacter-induced inflammation (105).

While 2′-FL protected against adherent-invasive E. coli-induced pathology in mice (106), it failed to improve E. coli-induced diarrhea in piglets (107). These contradicting results could be explained by the difference in model, virulence of different E. coli strains, dosage and timing of administration of pathogens and HMOs, etc.



Effects on Intestinal Viruses

Shang et al. demonstrated that different HMOs can bind to norovirus (LNFPII and 2′FL) and Norwalk virus (LNFP I and LNDFHI), indicating that several potential Noro- and Norwalk virus-binding glycans are present in HMOs that can play a role in viral infection (108). Notably, they also showed that LNFP III-HSA and 2′-FL-BSA – but not heir monovalent forms (LNFP III-Gly and 2′-FL-Gly) bound to VA287 capsids. This suggests that polyvalent oligosaccharides on a carrier protein may be more potent in anti-adhesion effects than their monovalent sugars themselves. However, recently it was also shown that 2′-FL can block both the GI.1 and GII.17 noroviruses from binding to HBGAs (109).

In addition to effects on gut bacteria, HMOs can also have effects on viral pathogens as rotavirus, norovirus, and HIV [reviewed in (85)].

In Rotavirus infected piglets, HMO-supplemented piglets had a shorter duration of diarrhea compared to the control Group (110, 111). There have been several HMO structures identified that bind the glycan rotaviral receptor VP8*. The sialic acid containing HMOs inhibited rotavirus infection in vitro, but in vivo both neutral HMOs and sialic acid containing HMOs decreased replication during acute RV infection in situ. These data are confirmed by recent in vitro findings where 2′-FL, 3′-SL, and 6′-SL could block infectivity of human rotaviral strains in cells (7). Apparently simple HMO structures can act as decoy receptors for viruses. However, since there are differences in the infectious mechanism of porcine and human rotaviral strains extrapolation from porcine to human models can be treacherous and more research is needed to clarify the role of HMOs in rotaviral infections.



Effects on Respiratory Viruses

In addition to effects on intestinal pathogens, HMOs have been suggested to also play a role in infections from respiratory viruses. For example, 2′FL was shown to decrease RSV viral load, whereas LNnT and 6′SL decreased influenza viral load. Also effects were observed on innate cytokines in response to both viruses (92) suggesting an effect of HMOs on respiratory virus infection. This is supported by an early study by Stepans-Flanders on the fact that HMO consumption is inversely linked to respiratory infection (69). In this study higher LNFPII levels in breastmilk correlated with decreased respiratory and gastrointestinal infections in early infancy.

Immobilized 3′SL and 6′SL haven been shown to prevent infectivity of influenza viruses as a result of blocking the haemagglutins of influenza viruses (112, 113), and Yu et al. identified a number of additional sialic acid containing HMOs that bind to influenza virus (114). The effects of these HMOs was confirmed in a functional infection assay in vitro, where 6′SL and LNnT were shown to reduce the viral load of influenza in airway epithelial cells, and 2′FL did the same for respiratory syncytial virus (RSV) (92). In one recent in vivo study 2′FL enhanced responses to vaccination in mice (115). The mechanism was postulated to involve also a direct effect of 2′FL on dendritic cells as shown in vitro. However, concentrations used in their experiments were more than 1000-fold higher than what has been described to be found in circulation (20), warranting further clarification and research on the mechanism of action and relevance to human breast-fed infants.



Enterocolitis

In relation to necrotizing enterocolitis, Jantscher-Krenn et al. noted in a rat model that disialylated LNT (DSLNT) increased survival rates and improved pathology scores (116), while low amounts of DSLNT in mother's milk could be a predicting risk factor for the development of NEC in premature infants (117) corroborating the previous findings. More HMOs could have a beneficial effect in NEC as it was shown also in a rat study where 2′-FL ameliorated the pathology of NEC, however there was no association between 2′FL and NEC risk in the corresponding human cohort (115). Similar observations were made for rats fed sialylated galacto-oligosaccharides (Sia-GOS) (118). Studies in mice have also shown a beneficial effect of 2′-FL in an induced NEC model (119). However such effect could not be seen in a piglet model where piglets born with caesarian section were fed control formula or formula supplemented with 2′-FL and were let to develop NEC spontaneously (120). Differences between induction vs. natural progression to NEC or species differences could account for such outcomes. In infants another study showed that the secretor or non-secretor genotype of mothers of infants that were breastfed correlated with enterocolitis (low secretor) and sepsis (non-secretor) (66).



Effects of HMOs on Intestinal Epithelium

In another study immunomodulation by 2′FL in vivo was shown to be dependent on the downregulation of CD14 on intestinal epithelial cells (106). As CD14 is a co-receptor for LPS and is involved in TLR-4 signaling, this may lead to decreased inflammatory responses in the intestine after exposure to LPS.

In a recent study by He et al. the effect of colostrum oligosaccharides on gene expression in fetal immature intestinal mucosa was tested (121). They identified several immune related pathways were induced by HMOs, such as Immune cell communication, homeostasis, and intestinal immune differentiation. HMOs could reduce the response to TLR stimuli, and induced cytokines that are involved in tissue repair. 3′, 4', and 6′ galatosyllactoses were the most potent oligosaccharides.

Sialyllactose has been described to be able to promote the differentiation and growth of human intestinal epithelial cells as measured by upregulation of expression of alkaline phosphatase (122). Alkaline phosphatase is a molecule that is important in maintaining gut barrier function, possibly through the inactivation of LPS, by cleaving of a phosphate group from LPS. This suggests that on the one hand epithelial cells may yet have a receptor that recognizes Sialyllactose, and that Sialyllactose may be beneficial for promoting a good epithelial barrier in the gut.

In addition, two recent papers suggest that SL or goat milk oligosaccharides containing SL may have an effect on epithelial cells via activating through TLR4 (43, 123).

In contrast, another paper showed that 3′SL had anti-inflammatory activity by reducing the expression of IL-12 and IL-8 in Caco-2 cells, mediated via NFkB, and stimulates the anti-inflammatory nuclear receptor PPARg (124). Especially neutral HMOs have been shown to have an anti-inflammatory effects on the intestinal epithelium in in vitro inflammatory models (106, 121).

Lane compared effects of HMOs and BMOs on gene expression in HT-29 cells, noting that “both treatments including a response to stimulus, signaling, locomotion, and multicellular, developmental and immune system processes” (125).

Combined, these studies suggests that milk oligosaccharides contribute to the development and maturation of the intestinal immune response.



Effects of HMOs on Immune Function

Acidic HMOs (but not acidic cow's milk oligosaccharides) were shown to induce IFN-g and IL-10 in human cord blood T cells, and could decrease IL-4 production in allergen-specific T cells (126). These data suggest that acidic HMOs may downregulate Th2 responses in infants as well.

Such results were expanded lately with measuring inflammatory cytokines in systemic circulation if infants receiving infant formula supplemented with 2′-FL (72). In this study, supplementation of 2′-FL alone could lower levels of TNFα, IL-1α, IL-1β, and IL-6 resembling those found in breast fed infants. In early studies LNFP III and LNnT were shown to have immunosuppressive effects (127, 128), and LNFPIII can induce IL-10 in macrophages (129, 130). Unexpectedly, a link with helminth infections exists. It is now known that upon infection with helminths confers a protective effect on allergy development (131, 132). Schistosoma eggs, but not the helminth itself, induce potent IL-10 responses that inhibit Th2 responses (133, 134). These effects are at least in part mediated by the oligosaccharides LNFPIII GalNAcβ1-4(Fucα1-2Fucα1-3) GlcNAc (LDN-DF) and Lewis-X that is present in the egg shells. These oligosaccharides are also found in breast milk, suggesting a functional anti-allergic/anti-inflammatory role of these HMOs. Likewise, Comstock et al. demonstrated a similar effect of HMOs in vivo in piglets, where HMOs induced IL-10 levels and inhibited T cell proliferation (135). The same was noted by Hester et al that showed enhanced T helper type 1 (interferon-gamma) and anti-inflammatory (interleukin-10) cytokines in the ileum in response to HMO supplementation of piglets in a rotavirus infection model (110).

Interestingly, LNFPIII and Lewis X glycoconjugates can also inhibit TLR signaling in innate immune cells through possible involvement of c-type lectins (132). LNFPIII is a very well-studied HMO that has been linked to many different effects including hepatosteatosis and insulin resistance (136), autoimmunity (137), and transplantation (138). Especially in the case of insulin resistance and autoimmunity, HMOs have been shown to elicit a protective effect in a murine model of Type 1 Diabetes (T1D) (139). The paper shows that supplementation of HMOs can alter microbiota composition and SCFA production in a NOD-mouse model that can prevent spontaneous progression to diabetes. The protective effect of SCFA-producing diets on T1D has been documented beforehand (140, 141). On the other hand, by increasing barrier integrity HMOs may also reduce gut permeability, which has been argued to contribute to the onset of T1D (142).



Indirect Effects of HMOs on Intestinal Epithelium and Immune Function via SCFA

Another important role of HMOs is establishing and maintaining the intestinal microbiota. Breastfed infants have higher numbers of beneficial bifidobacteria and lactobaccilli than bottle fed infants. This is the result of preferential fermentation of HMOs by the microbiota by bifidobacterial and lactobacilli (143–145). Upon fermentation of HMOs these bacteria produce, in addition to lactic acid, the short chain fatty acids (SCFA) butyrate, actetate, and propionate. These SCFA improve intestinal barrier function (146) lower the pH in the colon, and have well established anti-inflammatory properties (147).

The notion that composition and metabolic activity of the intestinal microbiota affects the development of allergies has become clearer over the last years (148–151). Exactly how the microbiota composition influences allergy development is not clear at this point, but data from animal models strongly suggest a protective role for SCFA (152–155). A similar role was shown for the SCFA receptors GPR43 in asthma, arthritis, and colitis models (156), and for GPR41 in allergic airway inflammation.

Taken together, these data suggests that HMOs may also have an indirect effect on allergy.




HMOS AND ALLERGY

Several, but not all, studies on the association between breastfeeding and allergy have shown effects on allergic outcomes (157–159). One of the factors that may explain the conflicting findings described above may be the result of differences in breastmilk composition (in relation to milk proteins) (160). None of these studies have correlated their findings with HMO composition.

However, two studies have done just this. In a cohort study of cow's milk allergy (CMA) (9) it was observed that the concentration of 6SL, DSLNT, LNFPI, and LNFPIII was lower in the breast milk of mothers having infants with CMA. After further corrections, only breast milk levels of LNFPIII associated reversely and significantly with development of CMA. In the same study it was observed that FUT2 status of mothers correlated with a delayed onset of CMA while CMA infants born to non-secretor mothers (FUT2 negative) were prone to acute CMA (IgE-mediated). FUT2 status seemed to play a role also in IgE-mediated eczema developed in infants born with C-section (70). In a study of 266 infants followed for 5 years, they observed that infants born to secretor mothers had lower incidence of IgE-mediated eczema. That effect was evident at 2 years but not at 5 years of age though. 2′-FL (one of the main HMOs produced by secretor mothers) was shown to have a significant association with any allergic disease, acute or delayed in infants born with C-section in the same study. 2′-FL and 6′SL had also a beneficial effect in a mouse model of OVA-induced allergy (161). Both HMOs could increase numbers of IL10 producing Treg cells and alleviate allergic symptoms but through different mechanisms.



CONCLUSIONS

HMOs contribute to the development of the microbiota and the immune system of newborn infants. The mechanisms by which HMOs contribute have become clearer over the past few years, and our current knowledge is summarized in Figure 2.


[image: image]

FIGURE 2. Role of HMOs in developmental physiology of infants: Depending on the genetic background of the mother, HMO composition may differ. Depending on the HMO composition in breast milk, benefits of HMOs span a broad range from shaping the infant microbiome to preventing infections and having systemic effects in the infant after absorption in the intestine.



However, despite many in vitro- and animal experiments, HMOs have not been tested extensively in placebo controlled infant studies. It is clear that several HMOs will be introduced in the near future into infant nutrition to supplement or replace non-human prebiotics like galactooligosaccharides and/or fructooligosaccharides. Prebiotics have been added to infant nutrition in the early 2000's as non-digestible oligosaccharides in an attempt to mimic some of the function of HMOs. With these prebiotics a large number of studies have shown effects on intestinal infection, respiratory infection and allergy (162–167). As the selection of prebiotics is based on functional similarities with HMOs, and extrapolating from in vitro and animal experiments with HMOs, it is to be expected that inclusion of HMOs to infant formula will have additional benefits to infant health, and may supplement the functionality of the prebiotics that are already used. Still more research is needed to clarify whether HMOs may also have a therapeutic rather than a protective effect in human immune disorders. Our emerging evidence for the beneficial effects of HMOs once again provide a powerful rationale to encourage women to breastfeed their infants to provide the full scope of benefits that stem from a diverse composition of HMOs that is provided through mother's milk and could potentially be personalized to match the genetic context and environmental exposures of the mother-infant dyad.
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Background: Transforming growth factor (TGF)-β in breast milk is crucial for mucosal immune system in the neonatal period. We hypothesized that the level of exposure to TGF-β from breast milk in the first month of life is related to the development of eczema later in life. Thus, the present study investigated whether changes in TGF-β levels between colostrum and mature milk are associated with such occurrence in a birth cohort study.

Methods: Colostrum and 1-month breast milk samples were collected from mothers who participated in our birth cohort study. TGF-β1 and TGF-β2 levels in breast milk were measured using a commercial ELISA kit. The development of eczema in the first 6 months after birth was assessed based on parent's response to a questionnaire. Levels of TGF-β1 and TGF-β2 were compared in breast milk from mothers of infants with and without eczema.

Results: In children with eczema, TGF-β1 levels were higher in colostrum, but lower in 1-month milk. A lower TGF-β1 ratio (1-month milk/colostrum) was related to the development of eczema during the first 6 months of life. There was no difference in TGF-β2 ratio (1-month milk/colostrum) between eczema group and control group.

Conclusions: Concentration of TGF-β1 but not TGF-β2 in breast milk during the first month after birth may be associated with eczema later in life. Factors that increase TGF-β1 levels in breast milk may play a role in preventing allergic disease.

Keywords: TGF-β, breast milk, infants, allergy, eczema


INTRODUCTION

Breast milk contains a wide variety of immune mediators, such as secretory immunoglobulin A, soluble CD14, and transforming growth factor (TGF)-β (1). These mediators are crucial for mucosal immune system in the neonatal period.

TGF-β may play a role in preventing allergic diseases. In animal models, the oral administration of TGF-β1 maintained the biological activity in the intestinal mucosa and enhanced the induction of oral tolerance (2). It has also been reported to inhibit inflammation in the intestinal epithelium and systemic production of interleukin-6 and interferon-γ, reducing the incidence of necrotizing enterocolitis (NEC) (3). In contrast, developmental defects rather than immunological dysregulation were observed in TGF-β2- and TGF-β3-deficient mice (4, 5).

Several studies have been conducted to address whether the levels of TGF-β in breast milk are related to the development of allergic diseases. Although a review article reported TGF-β in breast milk is an effective cytokine in preventing allergic disease (6), the results of several other studies were controversial (7–9). Hence, we hypothesized that the amount of TGF-β received in the first month of life is important in the prevention of allergy, and in the present study we investigated whether changes in the TGF-β cytokine level in breast milk from colostrum to mature milk were related to the future development of eczema in infants.



MATERIALS AND METHODS


Study Design

This study is part of a birth cohort study of 500 newborn infants, which was conducted in Kawatetsu-Chiba Hospital from January 2007 to May 2008. The study design has been described in detail elsewhere (10). Briefly, all participants received a questionnaire when their infants were born. Data on parental allergic disease and various exposures were obtained. The parents also answered questionnaires on symptoms related to eczema in their infant at 1, 4, and 6 months of age. Eczema was defined as itchy skin rashes lasting >2 months in 6-month-old children.

Infants who presented with eczema at 6 months were included in the eczema group. As for the control group, we randomly selected infants who did not have eczema at 6 months. Both groups were matched in terms of feeding methods and history of atopic dermatitis or other allergic diseases in the mother (asthma, allergic rhinitis, food allergy, and pollen hypersensitivity). Levels of TGF-β1 and TGF-β2 in breast milk were measured in both groups.

The study protocol was approved by the Ethics Committee of Chiba University Graduate School of Medicine (No. 570). All parents provided written informed consent.



Breast Milk Collection and Processing of Breast Milk

Colostrum samples were collected within 5 days post-partum and mature milk samples were collected 1 month after delivery. Each sample was frozen within 12 h of collection and kept at −80°C. After thawing, the samples were centrifuged at 10,000 g for 10 min, the cellular debris and fat layer were discarded, and the clear middle layer was used for analyses.



Measurements of TGF-β1 and TGF-β2 in Breast Milk

TGF-β1 and TGF-β2 levels in breast milk were measured with the Quantikine Human TGF-β1 and TGF-β2 Immunoassays (R&D Systems Inc, MN, USA). Activation of TGF-β in breast milk was performed using 1N HCl and neutralized with 1N NaOH. The sensitivity threshold for both the TGF-β1 and TGF-β2 assays were 31.25 pg/mL. TGF-β1 levels below 31.25 pg/mL were also measured since we could confirm linearity with sequential dilution down to 1.95 pg/mL. We therefore defined 3.9 pg/mL as the detection limit of the TGF-β1 assay in this study. Since the clear middle layer was diluted 40 times in the neutralization step for TGF-β1 analysis, 156 pg/mL was defined as the detection limit. Undetectable levels of TGF-β1 were set as half the value of the minimum detectable level at 78 pg/mL. The clear middle layer was diluted 7.8 times in the neutralization step for TGF-β2 analysis, 243.75 pg/mL was defined as the detection limit. Undetectable levels of TGF-β2 were set as half the value of the minimum detectable level at 121.9 pg/mL.



Statistical Analysis

Differences in the characteristics of the participants were assessed by using chi-squared test or Fisher's exact test and expressed as p values. Mann-Whitney U-test was used to compare TGF-β levels in both colostrum and mature milk and TGF-β ratio (1-month milk/colostrum) between eczema and control group. Changes in TGF-β levels from colostrum to mature milk was assessed with the Wilcoxon signed rank test. Adjusted logistic regression analyses were conducted to evaluate the association between eczema and TGF-β ratio. The TGF-β ratio was categorized into tertile as low, medium, or high levels.

For all analyses, p < 0.05 was considered statistically significant. Statistical analysis was performed with SPSS software ver. 11.0 (SPSS INC., Chicago, IL, USA).




RESULTS


Study Subjects

Fifty-one infants developed eczema at 6 months of age. Because of the lack of mother's milk, 8 infants with eczema were excluded from the study, leaving 43 subjects for final analysis. As controls, 53 children without eczema were randomly selected. Table 1 shows the characteristics of the participants. The only difference between the two groups was gender proportion, with a higher number of girls in the control group.



Table 1. Characteristic of the participants.
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TGF-β Levels in Colostrum and Infant Eczema

In colostrum, TGF-β1 was undetectable in 29 samples of the control group, but only in 6 samples from the eczema group. TGF-β2 was detectable in all 96 samples. Undetectable TGF-β1 level in colostrum was set at 78 pg/mL.

Figure 1 shows the comparison of TGF-β1 and TGF-β2 levels in colostrum in both groups. TGF-β1 levels were significantly higher in the eczema group with a median 878.8 pg/mL (range 78–2,921 pg/mL) than that of control group (median: 78 pg/ml, range 78–5,538 pg/ml, p < 0.01, Figure 1A), while the levels of TGF-β2 was not significantly different between eczema group and control group (median: 4,129 pg/mL, range 1,175–31,900 pg/mL; and median: 4,977 pg/mL, range 721.2–26,260 pg/mL, respectively, p = 0.92, Figure 1B).
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FIGURE 1. TGF-β1 (A) and TGF-β2 (B) levels in colostrum in eczema group (43 subjects) vs. control group (53 subjects). Data is shown with medians and interquartile ranges.





TGF-β Levels in 1-Month Milk and Infant Eczema

In 1-month milk, TGF-β1 were undetectable in 19 samples from the control group and 24 in the eczema group. TGF-β2 were undetectable only in 4 samples of the eczema group. Undetectable levels of either TGF-β1 in 1-month milk was also set at 78 pg/mL. Undetectable levels of TGF-β2 in 1-month milk was also set at 121.9 pg/mL.

Figure 2 shows the comparison of TGF-β1 and TGF-β2 levels in 1-month milk in both groups. In contrast to colostrum, TGF-β1 levels in the eczema group was lower than those in the control group (median: 78 pg/mL, range 78–1,768 pg/mL; and median: 311.2 pg/mL, range 78–3,903 pg/mL, respectively, p < 0.01, Figure 2A), while there was no significant difference in the TGF-β2 levels between eczema group and control group (median:1,692 pg/mL, range 121.9–12,370 pg/mL; and median 1,550 pg/mL, range 255.2–8,273 pg/mL, respectively, p = 0.65, Figure 2B).
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FIGURE 2. TGF-β1 levels (A) and TGF-β2 levels (B) in 1-month milk in eczema group (43 subjects) and control group (53 subjects). Data is shown with medians and interquartile ranges.





TGF-β Levels Ratio and Eczema in Infants

Figure 3 shows the change in TGF-β levels in colostrum vs. 1-month milk in both groups. TGF-β1 concentration did not decrease in the control group (p = 0.21); however, there was a significant reduction in the eczema group (p < 0.01, Figure 3A). TGF-β2 concentration significantly decreased in both groups (p < 0.01, Figure 3B).
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FIGURE 3. Individual values of TGF-β1 (A) and TGF-β2 (B) in colostrum and 1-month milk in eczema group (43 subjects) and control group (53 subjects).



TGF-β1 ratio (1-month milk/colostrum) was lower in the eczema group than in the control group (p < 0.01, Figure 4A). The TGF-β2 ratio was not statistically different between the two groups (p = 0.33, Figure 4B).
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FIGURE 4. TGF-β1 ratio (1-month milk/colostrum) (A) and TGF-β2 ratio (1-month milk/colostrum) (B) in eczema group (43 subjects) and control group (53 subjects).





Multivariable Analysis

Table 2 describes the results of multivariate analysis with logistic regression. The risk of eczema was inversely related to TGF-β1 ratio.



Table 2. Multiple regression analysis for the effect of TGF-β ratio on eczema.
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Effect of Maternal Allergic History on TGF-β Levels in Breast Milk

We also compared TGF-β1 and TGF-β2 levels in both colostrum and 1-month milk in allergic mothers. The levels of TGF-β1 and TGF-β2 in colostrum were not significantly different between allergic mothers (median: 511.1 pg/mL, range 78–5,538 pg/mL; and median: 4,826 pg/mL, range 721.2–31,900 pg/mL, respectively, p = 0.56), and in non-allergic mothers (median: 511.1 pg/mL, range 78–2,799 pg/mL; and median: 4,553 pg/mL, range 1,402–16,650 pg/mL, respectively, p = 0.55), neither were their concentrations in 1-month milk in allergic (median: 169.1 pg/mL, range 78–3,903 pg/mL; and median: 1,678 pg/mL, range 121.9–12,370 pg/mL, respectively, p = 0.4) and non-allergic mothers (median: 183.4 pg/mL, range 78–3,119 pg/mL; and median: 1,129 pg/mL, range 121.9–7,852, respectively, p = 0.28).




DISCUSSION

We demonstrated that principally a lower TGF-β1 ratio (1-month milk/colostrum) was related to later eczema in infants.

Reports on the relationship between TGF-β in breast milk and onset of allergic diseases are controversial. Some studies have reported that neither TGF-β1 nor TGF-β2 was associated with the onset of allergic disease (7–9, 11), while others have demonstrated such an association (12–14). In the present study, we found a significant relationship between TGF-β1 levels in breast milk and the development of eczema. In the eczema group, the TGF-β1 concentration was higher in colostrum, but lower in 1-month milk. In contrast with previous reports, we measured TGF-β at multiple time points and assessed the TGF-β ratio.

The higher dose of TGF-β1 (long breast feeding and medium-high TGF-β1) in breast milk were shown to have a protective effect against wheezing (12); although the outcome was different, we saw a similar pattern with eczema in our study. Riggoti et al. reported that TGF-β1 was significantly higher in the mature milk of non-allergic mothers, and infants fed with this TGF-β1-rich breast milk had less risk of developing atopic diseases (15), further emphasizing the protective effects of this cytokine against eczema. Their results might be due to genetic causes as they had grouped their cohort based on the mother's allergic background. Levels of TGF-β1 reportedly decreases from colostrum to mature milk in urban mothers but not in rural mothers (16). These findings and our results suggest that a significant decrease in TGF-β1 in colostrum to mature milk is associated with later allergic disease.

Lower levels of TGF-β2 in colostrum were observed with Lactobacillus reuteri supplementation during pregnancy, leading to less sensitization in children of those mothers during the first 2 years of life (13). Nonetheless, higher levels of TGF-β2 in breast milk were reportedly related to higher risk of eczema (14). In our study, both TGF-β2 levels and 1-month/colostrum ratio for TGF-β2 were not different between eczema group and control group.

The factors influencing the levels of TGF-β in breast milk are not well known. TGF-β levels in breast milk differed between countries (17, 18), and even races in the same country (19, 20). Similar to our results, no difference was observed in the allergic history of mothers (21). There have been conflicting results between the supplementation of probiotics during pregnancy and TGF-β1 levels, with a previous study reporting a significant increase in TGF-β1 levels (22); although, other investigations did not support such a result (23–27). Further studies are needed to clarify the factors influencing the levels of TGF-β in breast milk.

As for the limitations of this study; first, in our recruitment, we had more boys in the eczema group. And second, we could not evaluate long-term outcomes. Nonetheless, the present study suggests that TGF-β1 levels in breast milk are related to the occurrence of eczema later in life.

In conclusion, the present investigation suggested that a higher 1-month/colostrum ratio for TGF-β1 is associated with a more consistent concentration or an increase of TGF-β1 across the first month, which has a protective effect in reducing the risk of eczema. Additional studies are needed to evaluate the relationship between TGF-β levels in breast milk and the development of allergic disease. Identifying factors that increase TGF-β1 levels in breast milk may contribute to preventing allergic diseases.
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Complex sugars found in breastmilk, human milk oligosaccharides (HMOs), may assist in early-life immune programming and prevention against infectious diseases. This study aimed to systematically review the associations between maternal levels of HMOs and development of immune-mediated or infectious diseases in the offspring. PubMed and EMBASE databases were searched (last search on 22 February 2018) according to a predetermined search strategy. Original studies published in English examining the effect of HMOs on immune-mediated and infectious disease were eligible for inclusion. Of 847 identified records, 10 articles from 6 original studies were included, with study quality ranging from low to high. Of three studies to examine allergic disease outcomes, one reported a protective effect against cow’s milk allergy (CMA) by 18 months of age associated with lower lacto-N-fucopentaose (LNFP) III concentrations (OR: 6.7, 95% CI 2.0–22). Another study found higher relative abundance of fucosyloligosaccharides was associated with reduced diarrhea incidence by 2 years, due to (i) stable toxin-E. coli infection (p = 0.04) and (ii) “all causes” (p = 0.042). Higher LNFP-II concentrations were associated with (i) reduced cases of gastroenteritis and respiratory tract infections at 6 weeks (p = 0.004, p = 0.010) and 12 weeks (p = 0.038, p = 0.038) and (ii) reduced HIV transmission (OR: 0.45; 95% CI: 0.21–0.97) and mortality risk among HIV-exposed, uninfected infants (HR: 0.33; 95% CI: 0.14–0.74) by 24 months. Due to heterogeneity of the outcomes reported, pooling of results was not possible. There was limited evidence that low concentrations of LNFP-III are associated with CMA and that higher fucosyloligosaccharide levels protect infants against infectious disease. Further research is needed.
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INTRODUCTION

Human milk contains a wide range of immunologically active components with the potential to protect against disease (1, 2). Research has emphasized the importance of human milk as an influential early-life exposure for the development of a healthy immune system; however, the mechanisms for this are still not clearly understood. Some studies have shown positive immunological effects and anti-infectious properties of human milk, particularly in the prevention of respiratory and gastrointestinal infections (3, 4). Other research suggests that breastfeeding influences the intestinal microbiome, which may in turn influence autoimmune and allergic disease development (4). The association between human milk and allergic disease is controversial, with numerous studies reporting inconsistent results (5). A possible explanation for the contradictory findings may lie in the diverse composition of bioactive factors present in human milk (6) and even when specific milk components are addressed, there may be significant differences in both quantity and variety between human milk from different mothers.

Human milk oligosaccharides (HMOs) are a key constituent of human milk. They are a structurally and biologically diverse group of complex indigestible sugars (7, 8). To date, more than 200 different oligosaccharides have been identified, varying in size from 3 to 22 monosaccharide units (9).

The most common HMOs are the neutral fucosylated and non-fucosylated oligosaccharides (10–13). The quantity and structure of these HMOs differs significantly among women and is dependent upon Secretor and Lewis blood group status (14, 15). Mutations in the fucosyltransferase 2 (FUT2) secretor gene results in human milk that is deficient in α1,2-linked fucosylated oligosaccharides (12).

Human milk oligosaccharides provide no direct nutritional value to the infant, and there is only minor absorption across the intestinal wall with approximately 1–5% detectable in serum and urine (8). It is proposed, instead, that HMOs have many different roles to play for the infant. They are preferred substrates for several species of gut bacteria and act as prebiotics, promoting the growth of beneficial intestinal flora and shaping the gut microbiome, thereby affecting immune responses (8, 16, 17). Short-chain fatty acids generated by the gut microbiome breaking down HMOs are critical for intestinal health. They further favor the growth of benign gut commensals along with providing nourishment for epithelial cells lining the intestine (18). HMOs also directly modulate host-epithelial responses, favoring reduced binding of pathogenic microbiota to the gut epithelium. Gut microbiota composition differs between formula-fed and breastfed infants, possibly due to the absence of HMOs in infant formula milk (19). There is also evidence that HMOs act as decoy receptors, inhibiting the binding of enteric pathogens to prevent infection and subsequent illness (20). Furthermore, HMOs provide a selective advantage for colonization by favorable bacteria, thereby inhibiting the growth of pathogenic species.

Despite substantial interest in this area, to date no systematic review has been undertaken to assess the effects of HMOs on disease prevention. This systematic review aims to identify and summarize the current evidence of the associations between HMOs and immune-mediated or infectious diseases in early childhood. Establishing a clear link between HMOs and disease outcomes may lead to intervention strategies.



METHODS


Search Strategy

PubMed and EMBASE electronic databases were systematically searched (last search date 22 February 2018) for original studies examining the effect of HMOs on childhood immune-mediated and infectious disease outcomes. The search strategy included MeSH and free text terms for HMOs, allergic disease, immune-mediated disorders and clinical infections (see Table E1 in Supplementary Material). All original studies published in English were included. Papers that did not report original results, or outcome data of interest, were excluded.

Titles and abstracts of papers were screened by two authors (Alice M. Doherty and Xin Dai) for inclusion. Reference lists of primary articles and related reviews were checked to identify any other studies appropriate for inclusion. Studies assessed as eligible, potentially eligible or unclear, were retrieved in full text where available. Any uncertainty concerning inclusion of specific studies was resolved by discussion with a third author (Adrian J. Lowe). Outcomes of interest were the development of any immune-mediated diseases (allergic or autoimmune disorders) or clinical infections in childhood.



Data Extraction

Study characteristics were extracted and tabulated from each of the included studies. The data extracted included the following: author’s name, date of publication, study design, location, population, exposure classification, outcome definitions, effect sizes, confounders and tests for potential effect modification, and potential sources of bias.



Quality Assessment

The Newcastle-Ottawa scale was used to assess the quality of individual studies (21). The quality assessment was performed independently by two authors (AD, XD) to meet PRISMA guidelines. Each study was scored using a star (*) method to report the quality based on selection of sample, comparability, and the ascertainment of the exposure or outcome measures for case–control or cohort studies, respectively. Included studies were graded on total score: unsatisfactory = 0–3; low = 4–5; moderate = 6–7; and high = 8–9 (see Table E2 in Supplementary Material). Studies were not excluded based on quality assessment.



Statistical Analysis

Where two or more papers reported the association between the same HMO and outcome, we pooled results using meta-analysis. The I2 statistic was used to document heterogeneity of study results, and random effect models were used where there was wide spread differences between studies (I2 > 80%).




RESULTS

The search identified 847 articles (see Figure 1). After title and abstract screening, 48 articles were selected for full-text assessment. In total, 10 records were included (see Table E3 in Supplementary Material for reasons for exclusion), from 6 original studies. Three articles reported on allergic disease outcomes (22–24), four articles on diarrheal disease outcomes, all from a single study (11, 25–27), one article on respiratory and gastrointestinal tract infections (28), and two articles on HIV outcomes from a single study (29, 30).
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FIGURE 1 | PRISMA flow diagram. Human milk oligosaccharides on immune-mediated and infectious disease outcomes.



Study Characteristics

Three prospective cohort studies assessed associations with allergic disease outcomes, all from Scandinavia, with sample sizes ranging from 20 (22) to 266 (23) mother–infant pairs (see Table 1). One study was population based (22), while the other two cohort studies sampled participants with parental allergic disease (23, 24). A prospective cohort of 93 mother–infant pairs conducted in Mexico City investigated associations between HMOs and infectious diarrhea (25). One prospective cohort study, of 73 participants, examined associations between HMOs and respiratory tract infections and gastroenteritis (28). The two publications examining associations with HIV outcomes were from one nested case–control study conducted in Lusaka, Zambia (29). Bode et al. reported HIV transmission from HIV-infected mothers to their exposed infants (29), and Kuhn et al. recorded mortality rates among HIV-exposed infants (30). Participants comprise 103 HIV infected and 143 HIV exposed but uninfected (HEU) children were randomly selected from an early weaning trial comprising of 958 HIV-infected mother–infant pairs (31).


TABLE 1 | Characteristics of studies included examining the association between maternal levels of human milk oligosaccharides (HMOs) and allergic and infectious diseases.
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HMO Assessment

Human milk oligosaccharides were quantified by high-performance liquid chromatography in all included studies. Sjögren and colleagues collected milk samples 2–4 days postpartum and reported exposure as median concentrations (nmol/mL) of nine common neutral oligosaccharides in colostrum (see Table E4 in Supplementary Material) (22). Sprenger et al. measured the presence or absence of FUT2-dependent oligosaccharides in mothers’ milk, collected at a mean postpartum day of 2.6; infants were classified as either FUT2-positive (had consumed levels of any FUT2-dependent HMOs) or as FUT2-negative (no FUT2-dependent HMOs) (23). Seppo et al. assessed concentration of 19 HMOs in milk samples at a median 1.0 month in mothers of non-cow’s milk allergy (CMA) infants and at median 1.4 months in mothers of CMA infants (24). An internal standard (Raffinose) was added to milk samples to allow for absolute quantification. Newburg et al. examined variations in fucosyloligosaccharides in human milk collected at 1–5 weeks postpartum (25). Exposure to HMOs was measured as the mean fucosylated oligosaccharide ratio: the concentrations of α1,2-linked fucosyloligosaccharides compared with oligosaccharides that contain only α1,3- and α1,4-linked fucose. Stepans et al. measured HMO exposure as levels of a major oligosaccharide, lacto-N-fucopentaose II (LNFP-II), at 2 weeks postpartum as a representative of HMO consumption (28). The HIV study defined the exposure of interest as HMO concentration, measured first as a continuous variable and second as a dichotomous variable with infants categorized as above or below the median HMO concentration (1.87 g/L) (29). Several different HMO groups were assessed. Human milk samples were collected at 1-month postpartum and were analyzed for HMO composition.



Outcome Assessment


Allergic Disease

Sjögren et al. characterized children as “allergic” if clinical symptoms of allergic disease at 18 months of age were present and “non-allergic” if no clinical symptoms of allergic disease were apparent, along with a negative skin prick test (SPT) (22). Allergic disease was defined as bronchial asthma, allergic rhinoconjunctivitis, atopic eczema, and food allergy, although it was not clear if this was based on parent report or clinical examination. Sprenger measured the associations with any physician diagnosed allergic disease (food allergy, eczema, asthma, and allergic rhinitis) and/or IgE-associated disease (any allergic disease and sensitization as assessed by SPT) at 2 and 5 years of age (23). Seppo et al. measured outcomes of CMA by 18 months of age (24). Cases of CMA were confirmed by a positive oral food challenge at median 6 months of age.



Diarrhea

Outcomes reported were all diarrhea episodes due to stable toxin (ST)-E. coli infection and diarrhea as a result of all causes (25). Diarrheal episodes were determined by the study physician. All diarrheal episodes were assessed using a standardized scoring system (32, 33). ST-E. coli related diarrhea was tested in a laboratory according to previously published methods (34).



Respiratory and Gastrointestinal Tract Infections

Outcomes were cumulative occurrences of either (a) respiratory problems, consisting of upper respiratory infections (runny nose or cold), cough, or pneumonia; (b) gastrointestinal tract problems, which included vomiting, diarrhea, or colic; and (c) ear infections; by 2, 6, 12, and 24 weeks (28). Associations with ear infection outcomes were reported as not significant.



HIV

Bode et al. (29) reported the outcome measure as HIV transmission postpartum. The same study population was used to measure mortality in infants exposed to HIV infection during and after breastfeeding (30). HIV infection was established by heel-stick blood samples collected first at birth, then at 1 week of age, then monthly to 6 months of age, and subsequently every 3–24 months of age (29). HIV DNA was tested by polymerase chain reaction. Causes of deaths were ascertained via verbal autopsy and a review of medical records. Death after weaning was defined if breastfeeding had ceased independently of events before death (30).




Study Quality

The included studies ranged from low to high quality (see Table E5 in Supplementary Material). Selection of participants was adequately reported for all included papers. The ascertainment of HMO exposure was based on laboratory assays for all included studies. Allergic disease outcomes were determined via parental reports in one study (22) and medical diagnosis for two studies (23, 24). While Newburg et al. reported physician confirmed diarrhea episodes (25), Stepans et al. used respiratory and gastrointestinal infections as reported by mothers (28). HIV status was confirmed via blood samples collected at several age intervals (29). Loss to follow-up was only reported in one study (28). Four of the six original studies considered possible bias as a result of confounding or effect modification (23, 24, 28, 29). One of the papers investigating allergic disease outcomes adjusted for potential confounders (siblings, delivery mode, gender, allergic parents, and gestational age) and tested for interactions (FUT2 status and delivery mode; and FUT2 status and siblings) (23), while another study adjusted for the age of the infant, maternal atopy, duration of lactation and Secretor status (24). Stepans et al. adjusted for breastfeeding behavior (28). Measures of association between HMOs and HIV transmission were adjusted for two potential confounders identified in the study, white blood cell count and human milk HIV RNA viral load at 1 month (29). Potential confounders and interaction terms for the association between HMOs and diarrheal diseases were reported as not significant; however, the authors did not discuss what covariates were tested (25). Sjögren et al. did not discuss confounding (22).



Study Findings


Allergic Disease

One of the three allergic disease studies found evidence of an association between HMOs and allergic disease (22, 24). Sjögren reported a weak trend for higher total concentrations of neutral oligosaccharides in the breastmilk consumed by infants who developed allergic disease by 18 months (p = 0.12) (22) (see Table 2). Seppo observed that infants who consumed breastmilk with low lacto-N-fucopentaose (LNFP) III concentrations (<60 nM) had an increased likelihood of CMA compared with higher concentrations of LNFP-III (OR 6.7, 95% CI 2.0–22) (24). Seppo also noted that infants who received human milk with lower levels of LS-tetrasaccharide c, disialyllacto-N-tetraose (DSLNT) and 6′-sialyllactose were more likely to develop atopic dermatitis. Although Sprenger reported a significant interaction with mode of delivery (C-section or vaginal birth) (p = 0.016) (23), an adjusted regression model found no statistically significant association between oligosaccharide status and allergic disease, regardless of mode of delivery.


TABLE 2 | Associations between HMO concentration and allergic disease outcomes.
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Diarrhea

It was found that infants with diarrhea due to ST-E. coli infection had a significantly lower mean fucosyloligosaccharide ratio than asymptomatically infected infants or uninfected infants (25) (see Table 3). In addition, lower fucosyloligosaccharide ratios were associated with more severe diarrheal disease due to any cause. Infants who developed moderate to severe diarrhea of any cause were fed with human milk that had lower fucosyloligosaccharides ratios than infants with no symptoms (25).


TABLE 3 | Associations between human milk oligosaccharide concentration and diarrhea infection.
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Respiratory and Gastrointestinal Tract Infections

Higher levels of LNFP-II in colostrum were associated with reduced respiratory infections by 6 and 12 weeks, after controlling for breastfeeding behavior (see Table 4).


TABLE 4 | The effect of HMO concentration on respiratory and gastrointestinal tract infections.
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Increasing LNFP-II concentration was also associated with reduced gastrointestinal illness in infants at 6 and 12 weeks (26). No significant results were reported at 24 weeks postpartum.



HIV

There was a non-significant trend toward a reduction in HIV transmission risk postpartum (29). An association was found between higher total HMO concentration and reduced risk of HIV transmission after adjustment for maternal CD4 cell count and human milk HIV RNA viral load at 1 month (see Table 5). Assessment of individual oligosaccharides found non-3′-sialyllactose HMOs to reduce HIV transmission at concentrations above the median (OR 0.38; 95% CI: 0.17–0.82). No other significant reductions in HIV transmission were reported for the other oligosaccharides, instead higher concentrations of 3′-sialyllactose oligosaccharides were associated with an approximately 2-fold increased risk of transmission (adjusted OR: 2.21; 95% CI: 1.04–4.73) (29). For HEU infants, higher HMO concentrations were found to reduce mortality during, not after, breastfeeding for both 2-linked fucosylated as well as non-2-linked fucosylated oligosaccharides, following control for maternal CD4 cell count and human milk HIV RNA viral load at 1 month (30). No significant associations between HMOs and mortality were observed for HIV-infected children.


TABLE 5 | Associations between HMO concentration and HIV transmission and mortality in children born to HIV-infected mothers.
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DISCUSSION

The six studies included in this systematic review have published 10 articles but provide only limited evidence that HMOs are associated with allergic and infectious diseases in early life. No studies were published on the associations between HMOs and other immune-mediated conditions. In terms of allergic disease, only one study showed that LNFP III was associated with increased risk of CMA. For infectious disease, the evidence was stronger although still limited with one study reporting that increased maternal levels of fucosyloligosaccharides were associated with reduced risk of diarrhea up to 2 years of age, as well as respiratory and gastrointestinal tract infections at 6 and 12 weeks of age. Evidence for an association between high HMO concentration and HIV outcomes was reported in two studies. In infants with a HIV positive mother, HMOs above the median concentration (≥1.87 g/L) had reduced risk of HIV infection. In addition, high concentrations of HMOs during breastfeeding were associated with a lower mortality rate for HIV-exposed, uninfected (HEU) infants but not for HIV-exposed infected infants.

Despite the recent interest and discussion surrounding breastmilk oligosaccharides and their potential impact on disease outcomes, very little original research has been conducted in this field. Furthermore, there are a number of important limitations with the available evidence, which prohibit strong conclusions being made at this time. Where two or more studies examined associations with similar outcomes, different measures of association were used (odds ratios versus mean differences in maternal HMO between affected and unaffected infants), preventing any pooling of the results in a meta-analysis. Most of the included studies measured disease outcomes from very small sample sizes (between 20 and 266 mother–infant pairs) both affecting the precision of the effect estimates and limiting the statistical power to detect important associations.

There were disparate HMO exposure classifications between the studies, making it difficult to compare the results of each study. Sprenger et al. measured exposure to HMOs as presence or absence of FUT2-dependent oligosaccharides (23). Using this dichotomy assumes that infants who consume high concentrations of FUT2-dependent oligosaccharides are just as likely to develop allergic disease as those exposed to low concentrations. Newburg et al. defined exposure to HMOs in terms of fucosylated oligosaccharide ratios (concentrations of α1,2-linked fucosyloligosaccharides compared with oligosaccharides that contain only α1,3- and α1,4-linked fucose), thus grouping a range of HMOs (25), whereas the remaining four studies measured associations with several specific common HMOs (22, 24, 28, 29). Furthermore, most of the techniques used to measure levels of HMO are unable to quantify absolute levels of HMO. Only three papers discussed using an internal standard in the HMO quantification process (23, 24, 29).

With over 200 structurally unique HMOs, it is possible that other important oligosaccharides not considered in the six studies may have important biological effects. It remains possible that the included studies have not measured the important HMO for each of the assessed outcomes. However, with so many different forms of HMOs, testing associations for each HMO will result in multiple comparisons, leading to spurious associations. As this area is novel, such exploratory “hypothesis generating” studies are still needed, but, care should be taken not to over-interpret any one finding in the absence of replication across cohorts.

Potential confounding was accounted for differently in each study. Four of the six original studies adjusted for potential confounders (see Figures E1–E3 in Supplementary Material) (23, 24, 28, 29). The remaining articles failed to acknowledge possible confounding (22) or stated confounding was not significant, with no description of how this was confirmed (25). Two of the allergic disease studies adjusted for a range of potential confounders in their analysis including siblings, gender, allergic parents/maternal atopy, and gestational age, which largely appears appropriate (23, 24). Bode et al. noted that associations between advanced maternal HIV infection, including low maternal CD4 counts and viral load, and higher HEU mortality were confined to breastfed children, thus CD4 counts and viral load were controlled for in the regression model (29). Stepans et al. controlled for breastfeeding behavior in the analysis; defined as the proportion of days breastfed (28), but it is unlikely that the duration of breastfeeding would confound the relationship between HMO consumption and disease outcomes as maternal levels of HMOs were measured for all women at one fixed time window—2 weeks after recruitment. As all of the available evidence is derived from observational studies (cohort and nested case–control), it is subject to potential unmeasured confounding factors.

It is possible that a range of factors modify the effects of HMOs, and this has been examined in some of the included studies. Delivery mode was reported to be a significant modifier of the association between the presence of FUT2-dependent oligosaccharides and allergic disease development, although the strata-specific effects were quite weak (23). It is possible that breastfeeding duration is an effect modifier; longer breastfeeding duration may result in a larger amount of HMOs consumed by the infant, thereby affecting outcomes. Similarly, total volume of breastmilk consumed may also vary between infants and could modify these associations. This possibility has not been examined previously.

Follow-up was complete for five of the six studies (22–25, 29). However, it is not clear whether the authors only reported results on participants with outcome data. Stepans reported that only 34 participants from the original sample of 73 (46%) remained after 24 weeks, leading to a high risk of attrition bias.

The generalizability of results may be affected by population homogeneity in the regions in which participants were recruited. As the proportion of women with FUT2 gene mutations varies in different ethnic populations, lack of genetic diversity among study participants may result in associations that are unique to that specific population. For example, in the study by Newburg et al., all participants secreted fucosylated HMOs (no mutations in the FUT2 gene in the Mexican population). This meant that there was less variation in the levels of FUT2-dependent oligosaccharides and hence higher fucosyloligosaccharide ratios were reported than would potentially be found in other ethnic populations. Therefore, these results cannot be directly translated to European populations where there is a higher proportion of non-secretors (35, 36). An additional limitation in these studies is that while the Secretor status of the mother is often known, based on expressed breastmilk HMOs, the status of the infant has not been measured. Secretor status of the child may also modify the associations between HMO and clinical outcomes. However, infant Secretor status is difficult to measure.

This review has a number of strengths and limitations. We prospectively registered the review, searched multiple databases, had duplicate study selection, and listed reasons for excluding studies and quality assessed the included papers. While only published works were included in the predetermined search strategy, additional sources in the form of conversations with colleagues were used to identify possible unpublished manuscripts. Publication bias may have influenced the results of this review, although this seems unlikely given the preponderance of negative associations that have been reported to date. While our search strategy allowed for their inclusion, none of the published papers reported outcomes beyond infancy or reported autoimmune disease outcomes, which are areas for future research.



CONCLUSION

We identified limited evidence to support a possible role for HMOs to influence cows’ milk allergy, diarrheal diseases, respiratory, gastrointestinal tract infections, and HIV infection in the infant in early life. Despite these positive findings, the evidence base is very limited and has numerous issues, with varying quality of the included studies from low to high. Further research into this area is needed, using larger observational studies with appropriate measures of outcomes and exposures and better control for confounding. Future research would benefit from considering multiple HMO exposures, which could be grouped appropriately, either by similar biological effects or by patterns of associations. Improved understanding of the complex chemical structures of oligosaccharides in milk may potentially allow for the design of intervention studies, to increase exposure to specific HMOs, which may reduce the burden of these conditions.
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A commentary on

Association of Breast Milk Fatty Acids With Allergic Disease Outcomes—A Systematic Review
by Waidyatillake NT, Dharmage SC, Allen KJ, Lodge CJ, Simpson JA, Bowatte G, et al. Allergy (2018) 73:295–312. doi: 10.1111/all.13300

We were pleased to read the systematic review of studies investigating associations between breast milk fatty acids and allergic disease outcomes by Waidyatillake et al. (1). A comprehensive overview of systematic reviews in allergy epidemiology (2) up to 2014 has identified several systematic reviews on the association of fatty acid intake with allergic disease risk (3–8). We are aware of two further systematic reviews on this topic published in 2015 (9, 10). While these previous reviews have largely synthesized evidence on fatty acid supplementation, also during lactation, only one of them has explicitly synthesized studies ascertaining evidence on breast milk fatty acid levels—but only for asthma as an outcome (8). We thus hope that this systematic review by Waidyatillake et al. will help to spur interest on this potentially important topic.

We have published an original study (11) after the search period of the most recent systematic review which offers additional insight and may thus provide further guidance for future investigations. In our study (11), we investigated associations between breast milk fatty acid composition and several wheeze phenotypes as well as asthma diagnosis up to age 13 years. Here, we addressed several limitations implicated by Waidyatillake et al. (1) as cause for further study (i.e., large sample size, analysis of diverse outcomes, comprehensive statistical analysis, and adjustment for multiple potential covariates or confounders but not for potential mediators). We also improved upon previous studies by employing statistical methodology to account for constant-sum constraint (11), a potentially serious issue when analyzing concentration data (12, 13).

As in the majority of the studies reviewed by Waidyatillake et al. (1), we identified no convincing evidence of association between fatty acid composition and childhood respiratory outcomes (11). Furthermore, we showed that previously reported significant associations for omega-3 and omega-6 fatty acids may have been overstated due to spurious correlation between fatty acids which was not accounted for (11). Yet despite our null findings, we also do not believe that this is the end of the story. Further study of breast milk fatty acids may shed light on potentially more complex relationships between breastfeeding and disease.

Since our results diverge from previous studies likely due to different statistical methodology, we believe a good first step could be to re-examine existing data using simple statistical methodology similar to our own (11). As the sum concentration of all fatty acids within any breast milk sample is bound at 100% of total fat weight, known as the constant-sum constraint, analysis of raw data may often result in spurious correlations (12, 13). Interestingly, though these analytical methods for compositional data analysis have been used extensively in investigations of bovine milk (14), few previous studies of human breast milk constituents have truly accounted for compositionality (15). Results from appropriate re-analyses of existing data would serve to test the validity of previous findings. Moreover, they could be used to identify correlations between fatty acid constituents which may be more meaningful to infant and childhood health and disease outcomes than total fat proportions of single fatty acids or fatty acids grouped based on chemical similarities (like grouping all omega-3 fatty acids). Importantly, we show that associations may be attenuated toward the null if negatively correlated (or non-correlated) fatty acids are grouped and analyzed as such (11).

In addition, breastfed children often constitute their own specific subgroup who may be more likely to have healthier and more educated mothers than children who were never breastfed or were breastfed for only a short period of time (16). To overcome this potential selection bias, it may be important to investigate those children not receiving breast milk alone or at all. In early infancy, before introduction of solids, infant formula will be their source of nutrition. Thus, future studies could embark on the strategy of investigating the association of fatty acid profiles of both breast milk and infant formulas forming the diet of an unselected study population with allergic outcomes.

Furthermore, fatty acid concentrations in breast milk have been shown to vary over the course of lactation (17). Infant formula may provide a more stable fatty acid profile which may allow researchers to identify associations which are difficult to observe in breast milk. Following the idea that the source of fatty acids could be extended from pure breast milk to formula, future investigations should also pay attention to the evidence of intervention studies on fatty acid supplementation in pregnancy, during lactation, or during infancy. Obviously, timing of exposure is an important issue. Moreover, for maternal supplementation, maternal uptake and secretion into breast milk can lead to variation across mothers. Also, child uptake of fatty acids may differ by a various factors associated with infant feeding such as timing, frequency, and maternal diet. Therefore, another approach to exposure assessment may be to directly measure fatty acid levels in infant serum. However, this may be limited due to practical and ethical reasons in small infants but could be easier and potentially informative in animal model settings.

Finally, early infancy is a particularly important period for development of the immune system and of the gut microbiome which may potentially be associated with childhood atopic outcomes. Therefore, we agree with the current review and believe future studies should add to ours by analyzing fatty acids and other constituents in colostrum which may be differentially associated with disease outcomes.

To move forward, we suggest (i) building on the existing systematic reviews, (ii) employing the centered log ratio transformation to overcome spurious correlation, (iii) considering alternative ways of grouping fatty acids, (iv) reducing selection bias by sampling infant formula, (v) further investigating other forms of exposure assessment (upstream as maternal fatty acid supplementation, downstream, or as part of animal models), and (vi) bearing in mind timing of exposure.
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*Unadjusted odds ratio.
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Upto5 years

Outcomes

Decreased sCD14 in 3 month HM is associated with
higher eczema incidence

SCD14 levels in 2 week HM showed no significant
‘association with infant wheeze

Decreased sCD14 levels in colostrum were associated
with a higher incidence of allergic sensitization and
eczema

SCD14 lovel in 1 month HM was not significantly
associated with eczema, wheeze, or allergic sensitization

SCD14 level in 1 and 4 week HM was not significantly
‘associated with eczema or allergic sensitzation
Increased sCD14 level in 3 month HM is associated with
higher incidence of allergic sensitization and eczema
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Maternal factors

Genetics (1, 16,26, 27)

Lactation phase (54, 57-59, 63)

Breast mik composition (such as
oligosaccharides, ipids)
(10,37, 38,72)

Body mass index (5, 82, 83)
Diet, lfestyle and habits
2.5,17,67,82)

Delivery route (vaginal, elective or
emergency cesarean section)
(6,72, 82-85)

Gestational age at delivery (86)

Administration of antibiotics
(17.39)

Dysbiosis and/or mastitis
@.17,73,74)

Effects on BM and/or neonatal gut
microbiota

Secretor status Se* (associated with high
presence of Bifidobacteria spp. in neonatal
stools) and non secretor status Se~ (higher
percentage of Streptococaus spp., Lewis
‘gene; ethnicity; other factors not completely
known.

Modulation of BM metabolites and microbial
‘community, directly influencing neonatal gut
microbiota and metabolic network

Modulation of BM metabolites and microbial
‘community, directly influencing neonatal gut
microbiota and metabolic network.

HMOs influence B. Fragils, E. ol efc... HMOs
and FAs influence Bifidobacteria spp. and
Staphylococci spp. in neonatal gut

Influence on materal metabolic status
Influence played by ingested foods, maternal
discases or metabolic status

Induce neonatal colonization with maternal
vaginal microbiota during spontaneous delvery.
S. Salivarius detected only in BM samples from
mothers undergone cesarean section.

Other factors not completely known
Modulation of BM metabolites and microbial
‘community, directly influencing neonatal gut
microbiota and metabolic network

Influence on matemal intestinal microbiota.

Neonatal contact with potentiall dangerous
microbial communities
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Maternal genotype

Secretor

Se/-

se/se
Se/-
se/se

Lewis

Le/~

Le/~
le/le
lefle

Frequency in
France/Europe (31)

69

20

Prominent HMOS expected in milk group

2'-FL, 8-FL, DFL, LNT, LNnT, LNFP I, LNFP Il, LNFP Il LNDFH I,
LNDFHII, 3'-SL, 6'-SL

3-FL, LNT, LNNT, LNFP Il, LNFP lll, LNDFH Il, 3'-SL, 6'-SL
2/-FL, 3-FL, DFL, LNT, LNnT, LNFP I, LNFP Ill, 3'-SL, 6"-SL
3-FL, LNT, LNnT, LNFP Ill, 3'-SL, 6/-SL.

Milk group

Type |

Type Il
Type Il
Type IV
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Eczemagroup  Controlgroup  p-value

(=43 (n=53)
Sex (boy: gir) 30:13 2132 <005
Father alergy 2 40 012
Mother allergy 28 38 0.49
Mother atopic dematitis 11 12 074
Mother smoking 2 5 087
Pet 1 16 062
Feeding methods
Mixed 22 30 0.59
Breast feeding
0-1 months 6 3 015
1-5 months. 4 4 052

> 6 months 1 16 062
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Milk
components

Human milk
oligosaccharides

Mik microbiota

Influenced by

Host genetics (23, 24)
Geography (2
Season (26, 27)

Party (26)

Lactation stage (28)

Birth mode (29)

Birth mode (22)

Mode of breastieeding (22)
Maternal BMI (34)

Infant sex (34)

Impact on gut microbiota

Influence nutrient availabilty for gut bacteria (30)
Enrich Bacteroides and Bifdobacterium spp. (30)
Prevent pathogen colonization (31)

Modify host-microbe interaction (32)

Provide pioneering species (11)
Enrich *beneficial” bacteria (35)
Increase colonization efficiency

Association with asthma

No published evidence, but associations found for atopic
sensitzation and food allergy (26, 33)

No published evidence.
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Fatty acids® % total fatty acids

Biological significance

Palmitic acid (16:0) 18-23 Energy metabolism (18); used in the synthesis of other bioactive lipids (18)

Oleic acid (18:1) 20-35 Energy storage and metabolism (19); alters cell membrane fluicity (13)

Linoleic acid (n-6 18:2) 8-18 Skin barier function (20); precursor to ARA; competes with n-3 fatty acid
metabolism (21)

Linolenic acid (n-3 18:3) 0.43-133 Precursor to EPA and DHA (22)

Arachidonic acid (n-6 20:4) 0.36-0.49 Eicosanoid synthesis (23); neurodevelopment (24)

Eicosapentaenoic acid (n-3 20:5) 0.07-0.26 Precursor to eicosanoids (23); immune function (23)

Docosahexaenoic acid (n-3 22:6) 0.17-099 Cell signaling; neurodevelopment and vision (25)

Phospholipids® % of total phospholipids Biological significance

Phosphatidylinositol 46 Cell signaling; activation of Akt (26)

Phosphatidylcholine 252 Membrane structure; lipoprotein assembly and secretion (27)

Phosphatidylserine 59 Induction of apoptosis (28); carrier of DHA (29)

Phosphatidylethanolamine 286 CGomponent of phospholipase D (30); cell proliferation and differentiation by
regulation of pathways including MAPK and NF-k8 (31)

Sphingomyelin 3.7 Metabolized to ceramide and sphingosine (32); vascular development (33);
immune function (34)

Gangliosides® 14.8-26.8 mg/L in human milk Cognitive development (35); altering membrane fluidity and function of
enterocytes (36-39); cell-cell communication (40); gut maturation and
immunity (41, 42)

Cholesterol® 90-150 mg/L in human milk Structural maintenance of membranes (43); compartmentalization of

2Fatty acid content represents mature mik collected in nine countries (46).
bPolar lipids were quantified using HPLC-ELSD (47).

©Total ganglioside content represent Malaysian mother's mik quantified using HPLC-MS (48).

Total cholesterol content adapted from Koletzko (45).
ARA, Arachidonic acid; EPA, eicosapentaenoic acid: DHA, docosahexaenoic acid.

membrane proteins to modulate functions (44); substrate for bile acids,
vitamin D, hormones and oxysterols (45)
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Records identified &
screened

(n=2847)

Records excluded by
Title/Abstract

(n="799)

Full text articles
assessed
(a=48) Full text excluded
(n=38)

1. Reviews (n=3)
2. Non-human oligosaccharides
(n=18)
3. Non-human study (n= 1)
4. Outcomes of interest not
Total records reported (n = 16)
included

(n=10)
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Variable Value

Maternal age, years (mean + SD) 25657
Maternal weight, kg (mean  SD) 63498
Gestational age at birth, weeks (mean = SD) 30025

Length of post partum (olow-up, days (rnean +5D) 61613

Hb > |1g/dL 33 (40)

Hb < 11g/dL 49 (60)
lliness during pregnancy 16(18)
No ilness during pregnancy 73(82)
Primiparous 21(21)
Multiparous 79(79)
287 weeks 76 (76)
< 37 weeks 24 (24)
Male 50 (50)
Female 50 (50)

Values are rounded to 1 decimal place.
Missing values: matemal weight =12, matemal Ho = 18, matemal ilness = 11.
SD, standard deviation; Hb, hemoglobin.
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Protein

Carbonic
anhydrase 6

Milk alkaline
phosphatase (AP)

Lysozyme

Lactoferrin

Osteopontin (OPN)

a-Lactalbumin

Immunoglobulins
(9., IoA a-chain G
region)

Toll-ike receptors
(e.9.TLR2, 4)

Clusterin

Tenascin

Molecular
weight (kDa)

35

86

17

78

41-75

16

37-38

~90

52

241

Location in milk
fraction

MFGM

MFGM

Predominantly in
whey and to lesser
extent in MFGM

Predominantly in
whey and to lesser
extent in MFGM

Precominantly in
whey and to lesser
extent in MFGM

Predominantly in
whey and to lesser
extent in MFGM

Predominantly in
whey and to lesser
extent in MFGM

MFGM

MFGM

Whey and MFGM

Function

Acid neutralizer,
antibacterial
component, and
growth factor

Immune system

Antibacterial
component,
immune system

Antibacterial
component,
immune system

Antibacterial
component,
immune system

Antibacterial
component,
immune system

Antibacterial
component,
immune system

Antibacterial
component,
immune system
Antibacterial
component

Antibacterial
component

Difference with
bovine MFGM

Not specified

Not specified

Higher in human than
in bovine MFGM
(P <0.08)

Higher in human than
in bovine MFGM
(P < 0.05)

Lower in human than
in bovine MFGM but
not significant

(P> 0.08)

Higher in human than
in bovine MFGM

(P <0087

Awider range of Ig
present in human
MFGM; IgA is more
enriched in human
than in bovine
MFGMP

Higher TLR2 in
human than in bovine
MFGM9

Higher in human than
in bovine MFGM

(P < 0.06)°,9; but
another study
reported lower
quantity in human
than in bovine
MFGM?

Not specified

Change over
lactation (Y/N)
No significant change Y
reported®, or 8-fold

higher in colostrum

MFGM than the

MFGM in mature milk®

Not specified Y

Higher at later stages Y
of lactation®®

No significant change Y
reported®; however,

higher in early milk

than in mature mik!

No significant change Y
reported®C; but in

bovine milk, higher in

carly milk MFGMd

Higher in mature Y
human MFGM than

colostrum MFGM2; o

no change reported®.

19G H chain, Ig heavy Y
chain variable region,

polymeric

immunoglobulin

receptor and

immunoglobulin J

chain were higher in

colostrum?

Higher TLR4 in mature Y
milk MFGM than in

colostrum MFGM"

No significant change Y

reported?; but in
bovine, colostrum
MFGM has
significantly higher
quantity than mature
MFGMP

Significantly higher in Y
colostrum MFGM than

in mature MFGM

(P <0.05°

Glycosylated Resistance to

digestion

Not specified

Not specified

Not detected in feces
of breastfed infants';
resistant to pepsin, but
susceptible to trypsinl
4-9 % of ingested
lactoferrin detected in
feces of breastfed
infants'

Partiall resistant to
proteolysis when
incubated with infant
gastric juice in vitroX
Digested in the small
intestine, releasing
bioactive peptides and
essential amino acids'
Resistant to digestion
and survived intact to
the stool™

Not specified

Resistant to gastric
hydrolysis™

Resistant to gastric
hydrolysis”

2Yang et al. (99), PHettinga et al. (1), °Liao et al. (97), *Reinharcit and Lippolis (100), °Karhumea et al. (110), 'Rei et al. (111), 9Lu et al. (107), "Cao et al. (98), 'Davidson and Lonnerdal
(112), /Hamosh (113), KDemmelmeir et al. (114), 'Layman et al. (115), ™Demers-Mathieu et al. (116), and "Dalas et al. (117).
Note that the study by “Reinhardt and Lippolis (100) used bovine MFGM.
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HIV transmission TR NTR OR (95% CI)

Reference n(%) n(%) Unadjusted Adjusted*

Bode et al. (29) Total log:o HMO conc 043(0.14-1.32) 031(008-1.21)
Median HMO conc. (g/L) >187 31419  43(88.1) 062 (0.34-1.15) 045 (0.21-0.97)

<1.87 50 (63.8) 43 (46.2)

Mortality Adjusted HR (95% CI)®

Reference Oligosaccharide HIV infected HEU

Kuhn et al. (30) Non-2/FL HMOs (LNFP-IIll + 3FL) > 200 mg/L. 089 (0.38-2.08) 0.28(0.13-0.67)
2FL+ LNFP | > 550 mg/L 1.4 0.64-3.21) 033(0.14-0.74)
LNT > 585 mg/L 1.43 0.77-2.67) 058 (0.34-0.98)

TR, HIV transmitting; NTR, HIV-non-transmitting; HEU, HIV-exposed uninfected; 2'FL, 2-linked fucosylated oligosaccharides; LNFF lacto-N-fucopentaose; LNT, lacto-N-tetraose;

3FL, 3-fucosyllactose; HMO, human milk oligosaccharide.

“ORs adjusted for maternal CD4 cell count and log:o breast-milk HIV ANA viral load at 1 month.

IRs adjusted for maternal CD4 cell count, mother symptomatic, matemal death, more than 2 other children aged <5 years in household, sex, and breastfeeding status.
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Maternal/infant factor

Maternal ilness
Gestation
Maternal age
Maternal weight
Maternal Hb
Gravida

Parity

Infant sex

All values are rounded to 3 decimal places.

B

0.646
0.095
0.018
0003
—0.200
0.082
0.085
-0.388

p-value

0.064
0.077
0.423
0.840
0.449
0.276
0.273
0.140

Lineer regression B coefficients for materal/infant factors predicting diference in WAZ at

birth and finel visi.
WAZ, Weight-for-age Z score; Hb, hemoglobin.
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(A) INFANT WEIGHT AND WAZ SCORES

Infant growth indicator, mean & SD Birth Final visit
Weight (kg)
Male 3.45 +0.43 524068
Female 3.27 £0.42 484£0.74
Al 3.36+0.48 504074
WAZ score
Male 0.18+0.85 —0571.05
Female 002 1.12 —0.611.34
Al 0.100.99 ~059+1.20

(B) INFANT WAZ CATEGORIES

WAZ categories, n (%) Birth Final visit
=-3
Boys 0 0
Gils 0 3(100)
Al 0 3
—3<WAZ=x-2
Boys o 8(72)
Girls 0 3(27)
Al 0 11
>-2
Boys 49 (51) 39(49)
Girls 48 (49) 41(51)
Al o7 80

All values are rounded to 2 decimal places; WAZ, Weight-for-age Z score; SD, standard
deviation.
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Title of study

Fucosyltransferase 2 non-secretor
and low secretor status prediots
severe outcomes in premature
infants.

Human milk oligosaccharides are
associated with protection against
diarrhea in breast-fed infants.

Innate protection conferred by
fucosylated oligosaccharides of
human mik against diarhea in
breastied infants

Early consumption of human milk
oligosaccharides s inversely related
to subsequent risk of respiratory and
enteric disease in infants.

FUT2-dependent breast mik
oligosaccharides and allergy at 2 and
§ years of age in infants with high
hereditary allergy risk

Human mik oligosaccharides and
development of cow’s milk allergy in
infants.

Effects of infant formula with human
mik oligosaccharides on growth and
morbidity: A randomized multicenter
trial

Infants fed a lower calorie formula
with 2'-fucosyliactose (2'FL) Show
Growth and 2'FL Upteke Like
Breast-Fed Infants

Similr to those who are
breastfed, infants fed a formula
containing 2'-fucosyllactose
have lower inflammatory
oytokines in a randomized
controlled trial

Human milk oligosaccharide
congentration and risk of
postnatal transmission of HIV
through breastfeeding.

Human mik oligosaccharides
differ between hiv-infected and
hiv-uninfected mothers and are
related to necrotizing
enterocolits incidence i their
preterm very-low-birth-weight
infants

Growth and Morbidity of
Gambian Infants are Influenced
by Maternal Mik
Oligosaccharides and Infant Gut
Microbiota.

Oligosaccharide composition of
breast milk influences survival of
uninfected children born to
hiv-infected mothers in Lusaka,
Zambia

The impact of breastfeecing on
nasopharyngeal microbial
communities in infants.

Health-related
effects

Mortality,

necrolizing
enterocolitis

(NEC), sepsis
Diarrhea

Diarrhea

Diarthea and

respiratory
infection

Eczema

CMA

Respiratory
infection
(bronceitis) and
antibiotic use

Growth

Immune
parameters

HIV transmission

NEC, HIV infection

Morbicity

HIV infection,
mortaity

Respiratory
infection

HMO used

Breastmilk

Breastmik

Breastmik

Breastmik

Breastmilk

Breastmilk

Formua containing
2Zfucosylactose (2'FL)
-+ lacto-N-neotetraose
nm

Formula supplemented
with 2-Fucosylactose
@FYand
galactooligosaccharides
(Gos)

Formula supplemented

with 2-FL and GOS

Breastmik

Breastmilk
(secretor/nonsecretor)

Breastmik

Breastmik

Breastmilk

Target group

Infants (n = 410)

Infants (1 = 93)

Infants (1 = 93)

Infants (2 = 49)

Infants at risk for allergy
(n=288)

Infants with (2 = 36) and
children without CMA

(=39

Infants receiving cow's
milk-based infant formula

(0 =87)vs. the same

formula with 2'FL and LNnT
=89

Infants exclusively

formula-fediin 3 groups:

(1:n= 101 control formula

GOS 2;n = 104 formula

high GOS and low 2'FL 3;

= 109 medium GOS and
‘medium 2FL) or breastfed

{n = 106) from envoliment to
4moof age

Infants exclusively formula-fed in
3 groups: (1; n = 75 control
formula GOS 2; n = 76 formula
high GOS and low 2'FL 3;n = 78
medium GOS and medium 2'FL)
or breastied (1 = 86) from
enrolment to 4 mo of age

Breast milk of HiV-infected
women who did not transmit HIV
despite breastleeding (1 = 86),
and uninfected women (1 = 36)

HIV infected mothers (0 = 41 of
which 22 secretor, 19
non-secretor) and non-infected
mothers (n = 41 of which 20
secretor, 21 non-secretor)

Mother/infant pairs (n = 33, of
Which 21 secretors and 22
non-secretors)

HiV-infected children (1 = 103)
and HIV exposed uninfected
chidren (1 = 143).

Infants receiving exclusive
breastieeding (7 = 101) vs. and
exclusive formula feeding
(n=101)

Study setup

Observational study

Observational study

Observational study

Observational pilot study

Observational study (n
placebo arm of controlled
study)

Observational study

Multicenter, randomized,
double-blind trial

A prospective, randomized,
controlled, multicenter
growth and tolerance study

Observational substudy
nested within a randomized,
double-blind, controlled
study

Nested case-control study
was concucted within a
larger cohort study

Substudy of alarger ciinical
trial on HiV-infected and
HIV-uninfected mothers and
their preterm infants

Sub-study embedded within
arandomized trial

Nested case-cohort study

Gase-cohort analysis.

Outcome of effect HMO (Short)

Mortality, NEC and gram - sepsis
increased in infants receiving low
‘secretoe status breast milk

(1) High levels of 2-FL in breastmik
protective against Campylobacter
diarrhea (2) Highlevels of
lacto-N-difucchexaose (LDFH-I), also
a2-linked fucosyloligaosaccharide,
protective against caiicivius diarrhea
Breast milk with higher 2-linked to
non-2-linked fucosyloligosaccharide
ratios affords greater protection
against infant diarhea

LNF-Il levels in breast milk and in
infant feces at 2 weeks of age (as
representative of total HMO)
associated with fewer infant
respiratory problems and
gastropintestinal problems by week 6
and week 12

At 2 years, but not at 5 years,
FUT2-dependent oligosaccharides
associated with lover IgE-associated
eczema manifestations. Only in
C-section-born infants with high
allergy risk

Infants receiving breast mik with low
LNFP Il lovels more likely to become
affected with CMA than infants
receiving higher levels of LNFP I
Infant formula supplemented with
2FLand LNnT associated with lower
parent-reported morbidity (particularly
bronchitis) and medication use
(antipyretics and antibiotics)

Growth and 2'FL uptake similar to
breast mik

Infants fed formuia supplemented
with 2/-FL exhibit lower plasma and
ex vivo inflammatory cytokine profiles,
ilar to those of a breastled
reference group.

(1) Higher concentrations of
non-3'-SL HMOs were associated
with protection against postnatal HIV
transmission (2) A trend toward higher
concentrations of
lacto-N-neotetraose (LNnT) being
associated with reduced transmission
(1) HIV-infected mothers have
relative abundances of &'-SL in
breastmikk (2) Low concentrations of
DSLNT in brestmilk increased infant's
risk of NEC

(1) Higher breast mikk levels of
lacto-N-fucopentaose | (secretor)
associated with decreased infant
morbidity (2) Higher breast ik levels.
of LNT (non-secretor) associated with
higher infant morbiity 3) Breast milk
levels of &'-sialyllactose indicator of
infant weight-for-age

High levels of fucosylated HMOs in
breastmilk of mothers of HEU chidren
protective against mortality

(1) Association between
breastfeeding and microbial
community composition in the upper
respiratory tract (2) Possible link to
protective effect of breasteeding on
respiratory infections and wheezing in
early infancy

Reference

©0)

©n

©8)

©9)

@)

©

@

18

@2)

@3)

@4

©)

@)

@6
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Type of lectin

C-type lectins

Siglecs

Galectins

Selectins

Name

DC-SIGN

Siglec-5,
Siglec-9
Galectins
1,23,
7.8.9

Function of
receptor

Immune (Antigen
presentation)
Immune
Immune

Leucocyte
adhesion

Ligand specificity

a-fucosylated structures,
mannose

sialylated HMO, 02,3- and
2 Blinked sialic acids

N-acetylactosarmine o lactose

Sialylated and fucosylated
lacto-N-bioses (Galp1-3GIcNAC)
or N-acetyllactosarmines

Known HMO ligands

2/-FL, 3FL, LNFP-IIl, LNFP-IV,
LNDFH-|

3 and 6 Sialyllactose

LNnT LNT NFP-I LNFP-1I
LNFP-IIl LNDFH FucLac
a-GalLac but not 6SL.

sialyl-Lewis x

Expression

Antigen presenting cells

Neutrophils, monocytes,
dendritic cells

Intestinal cels, lymphocytes,
antigen presenting cells

Leucocytes, endothelium

Reference

@4

@4

(23,25,26)

(37,39)
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Factor Adjusted odds ratio 95% CI p-value

Sex (Male) 2084 0774 ~ 5610 0.146
Mother allergy 0.560 0185 ~ 1699 0306
Breast feeding by 1 month 1208 0444 ~ 3288 0711
TGF-p1 RATIO (1-MONTH/COLOSTRUM)

Low 0.0267-0.224 1

Viddle 0229-1 0.161 0049 ~ 0534 <001
High 1.013-49.585 0.035 0006 ~ 0.188  <0.01
TGF-p2 RATIO (1-MONTH/COLOSTRUM)

Low 0.0182-0214 1

Midde  0.231-0.464 0848 0260 ~ 2878 0792
High 0.473-3.731 2959 0702 ~ 12467 0.139

Logistic regression models adjusted for sex, matemal history of allergies, breast feeding
by 1 month and TGF-B ratio.
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Protein Molecular
weight (kDa)

Butyrophiin 56

subfamily 1

member A1

(BTN1A1)

Mucin 1 (MUC 260-450

1/PAS 0)

Mucin 4 (MUC 4) 232

Xanthine oxidase 145

(XDH/XO, XOR)

Lactadherin (PAS 43

VINVI, MFG-E8)

Cluster of 40

differentiation 14

(CD14)

Adipophilin (ADPH) 52

Fatty-acid binding 13

protein (FABP)

Location in
milk fraction

MFGM

MFGM

MFGM

MFGM

MFGM

MFGM

MFGM

Whey and
MFGM

Function

Mik fat
globule
secretion,
immune
system
Immune
protection

Immune
protection

Milk fat
globule
secretion,
immune
system
Immune
system

Immune
system

Mik fat
globule
secretion

Fatty acid
transport,
milk fat
globule ipid
synthesis,

Difference with bovine
MFGM

Higher in human than in
bovine MFGM2

Lower in human than in
bovine MFGM, but not
significant (P > 0.06)>

Higher in human MFGM
(P < 0.05); not detected
in bovine MFGM®

Lower in human than in
bovine MFGM®; but not
significant in another study
(P> 0.05)P

Lower in human than in
bovine MFGM (P < 0.05)P

Higher in human than in
bovine MFGM (P < 0.06)° ;
D36 was dominant in
bovine MFGM¢

Not specified

Higher in human than in
bovine MFGM (no P value
reported)®

Change over
lactation

Higher in mature
MFGM than in
colostrum MFGM&S

No significant change
reported in human
MFGM; but in bovine
MFGM higher at d7
(7.7-fold) compare to
colostrumd

No significant change
reported®

Highest at 6 months
during 12 months
lactation®

No significant change
reported®

Not specified

No significant change
reported in human
MFGM; but in bovine
MFGM 3.4-fold
upregulated at day 7
compared to
colostrumd

Higher at later
lactation®

Glycosylated Resistance

(Y/N)

¥

to digestion

Rapidly digested in the infant
stomachf but more resistant
to pepsin compared to XORY;
well digested by trypsin and
by pronase EN

Significantly resistant to
gastric digestion and may
sunvive to the distal gut®i;
detected in feces of breastfed
infants

Not specified, but likely be
resistant to digestion due to
the heavy glycosylation as
glycoproteins tend to be
resistant to proteases relative
to non-glycoproteins!

Resistant to hydrolysis by
trypsin and partially attacked
by pronase EP

Resistant to human neonatal
gastric juice digestion at pH 4
(bovine lactadherin)i; detected
intact in gastric aspirate
samples of preterm-infants’;
resistant to hydrolysis by
trypsin and partally attacked
by pronase EP

Resistant to pepsinl

Well digested by trypsin and
by pronase EN

Not specified

2Yang etal. (99), PHettinga et al. (1), “Liao et al. (97), ®Reinharat and Lippolis (100), ®Yang et al. (107),'Peterson et al. (102), 9¥e et al. (103), "Vanderghem et al. (104), ‘Chatterton et al.
(105), and/iLe et al. (106). Note that the study by Reinhardt and Lippolis (100) used bovine MFGM.
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MFGM protein

a-lactalbumin

Butyrophilin subfamily 1 member A1
(BTN1A1)
Human leukocyte antigen If (HLAI)

Lactadherin (PAS VIVII, MFG-E8)

Lysozyme

Mucin-1 (MUC1)

Osteopontin (OPN)

Xanthine oxidoreductase (XOR)

Gangiiosides

Functions

« Proteolysis of a-lactalbumin generates peptices with bactericidal or immune-stimulatory activities (164, 165).
Protects against diarrhea caused by enteropathogenic Escherichia coll (166),

« Involved in the regulation of lipid secretion (167).
« Involved in T-cell proliferation and metabolism (168).
* May present maternal antigens to infant T-cells (169-171).

« Regulates apoptosis by phagocytes (127, 172).
* Induces anti-inflammatory responses (173).

* Regulates T-cell proiiferation and cytokine production profile by denditic cells (173).
« Involved in the protective effect against rotavirus (119, 174).

« Inhibits the growth of Gram-negative bacteria by disrupting the outer membrane and cooperating with
lactoferrin (175).

« Binds to microorganisms and chemicals to prevent infection and infiammation (176).

« Inhibits the growth of Salmonella enterica serovar Typhimurium (177), S-fimbriated Escherichia coli (178),
and rotavirus (179).

* Suppresses inflammation caused by Pseudomonas aeruginosa and its flagellin by down-regulating Toll-ke
receptor pathways (180, 181).

* Binds to Streptococcus agalactiae and Staphylococeus aureus, enhancing phagocytosis by macrophages
(162)

« Induces Th1 immune response (elevating IL-12 production from the macrophages) while suppressing the
Th2 immune response (reducing IL-10 secretion) [162)].

« Generates reactive oxygen species with antibacterial properties (182).

* Regulates activity and functionalities of immune cells including lymphocytes and dendritic cell, playing a
role in developing immune tolerance (41).
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Reference ~ HMO  Time N Odds  95%Cl  p-Value
(weeks) ratio®
Stepans etal.  Respiratory tract inection
@8 NPl 6 45 0672 0457,0988 001
12 42 0797 06201026 004
24 3 0882 0697,1115 028
Gastrointestinal tract infections
INFPIl 6 44 0662 0468,0935 0004
12 42 0806 06321020 004
24 34 1048