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Abstract

:

Breastfeeding is the best source of nutrition during infancy and is associated with a broad range of health benefits. However, there remains a significant and persistent need for innovations in infant formula that will allow infants to access a wider spectrum of benefits available to breastfed infants. The addition of human milk oligosaccharides (HMOs) to infant formulas represents the most significant innovation in infant nutrition in recent years. Although not a direct source of calories in milk, HMOs serve as potent prebiotics, versatile anti-infective agents, and key support for neurocognitive development. Continuing improvements in food science will facilitate production of a wide range of HMO structures in the years to come. In this review, we evaluate the relationship between HMO structure and functional benefits. We propose that infant formula fortification strategies should aim to recapitulate a broad range of benefits to support digestive health, immunity, and cognitive development associated with HMOs in breastmilk. We conclude that acetylated, fucosylated, and sialylated HMOs likely confer important health benefits through multiple complementary mechanisms of action.
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1. Introduction


Lactation is a defining feature of all mammals, including humans, and results in the production of milk, a highly specialized food that serves as a complete and sole source of nutrition for breastfed infants. Breastmilk supports optimal growth, digestion, immune defense, cognition, and many other functions necessary for healthy growth and development [1]. Decades of scientific evidence demonstrates that breastfeeding provides the best source of nutrition for infants. For example, breastfed infants have lower rates of respiratory and gastrointestinal infections compared to formula-fed infants [2,3,4]. Breastfeeding is associated with reduced risk of allergy and autoimmune disease in childhood [5] as well as decreased incidence of obesity [6]. Breastfed infants generally exhibit improved cognitive development and may score higher in standardized testing during childhood in comparison to formula-fed infants [7]. These benefits extend well into adulthood, with individuals who were breastfed as infants having generally lower rates of metabolic syndrome and inflammatory disease [5,6]. Thus, the World Health Organization [8] and the American Academy of Pediatrics [9] recommend exclusive breastfeeding for all infants for the first six months of life and have widely advocated for continued breastfeeding of all infants for up to two years.



Despite the consensus that breastfeeding is the best source of nutrition for all infants, breastfeeding is not universally practiced. Social and economic pressures often mean that it is difficult for many women to maintain breastfeeding for a full 12 months [10]. In addition, there are rare but compelling medical circumstances in which breastfeeding may not be advisable or not possible at all, such as the potential for exposure to pharmacologic or chemotherapeutic agents through breastmilk, potential for transmission of infectious disease, or mastectomy [9]. Infant formula is the only suitable, nutritionally complete alternative to breast milk, adapted to provide the nutrients infants need. Thus, there remains a significant and persistent need for innovations in infant formula composition that allow infants to access a wide spectrum of benefits typically associated with breastfeeding.



The addition of human milk oligosaccharides (HMO), structurally and functionally identical to those occurring naturally in human breast milk, represents the most significant innovation in infant formula technology of the past decade. Only very recently have advances in the large-scale production of HMOs made fortification of infant formula feasible [11,12]. There exists a growing body of scientific literature on the safety and benefits of HMO fortification [13,14,15,16], notably 2′-fucosyllactose (2′-FL) [17,18,19,20,21], the first HMO to be widely added to commercial infant formula, which is now available from several manufacturers. Researchers have identified as many as 150 unique HMOs occurring naturally in human milk at widely varying concentrations and prevalence [22,23]. Continuing innovation in the bulk synthesis of HMOs will likely enable fortification of infant formula with more complex mixtures of HMO structures in the near future, expanding the range of benefits for infants and more closely replicating the function of breastmilk.



This review will characterize the structure of HMOs in human breastmilk and will propose a set of core HMOs that recapitulate a wide range of the HMO functions that are provided naturally in breastmilk. We summarize the scientific literature demonstrating that these HMOs serve critical functions in supporting the developing immune system, promoting digestive health and development of the gut microbiome, and supporting cognitive function.




2. HMO Structure and Composition


HMOs are defined as a carbohydrate of one lactose disaccharide covalently bound to one or more additional monosaccharides or disaccharides. Lactose serves as the essential base upon which a wide range of biochemical modifications are affixed. This lactose subunit is modified by the terminal monosaccharides fucose or sialic acid (i.e., N-acetylneuraminic acid), or it may be extended by the addition of lacto-N-biose (Galβ1-3GlcNAc) and/or N-acetyllactosamine (Galβ1-4GlcNAc) disaccharides. The addition of terminal monosaccharides to either lactose or a complex HMO of lactose plus lacto-N-biose and/or N-acetyllactosamine terminates the carbohydrate chain and prevents any further glycans from being added to that branch of the structure. Because the addition of one or more sialic acid residues introduces a negatively charged carboxyl group, the pool of HMOs with terminal sialic acid residues are commonly referred to as acidic or sialylated HMOs. By contrast, neutral HMOs terminate in fucose (fucosylated HMO) or N-acetylglucosamine (GlcNAc i.e., acetylated HMO).



The lactose core may or may not also be elongated by one or more units of the disaccharides lacto-N-biose (Galβ1-3GlcNAc) and/or N-acetyllactosamine (Galβ1-4GlcNAc) in either a linear or branching pattern. This enables the addition of multiple fucose or sialic acid residues at the terminal positions or at the branching C6 position of galactose, as seen in disialyllacto-N-tetraose (DSLNT) [24]. Notably, while the two elongating disaccharide structures differ only in the nature of the linkages between galactose and N-acetylglucosamine (C1 to C3 vs. C1 to C4), this linkage may determine whether the HMO is subject to degradation by lactase expressed at the brush border of the proximal small intestine [25]. The β1-3 linkage is not a substrate for lactase or any other enzyme produced by the host tissues of the infant gastrointestinal tract and is therefore presented intact to the intestinal microbiota; the β1-4 linkage is a substrate for lactase and is primarily cleaved by digestive enzymes in the proximal small intestine. This may have significant consequences for the presentation of HMO structures in the gut [25,26]. For example, while lacto-N-tetraose (LNT) and lacto-N-neotetraose (LNnT) are isomers of the same four monosaccharides, the presence of a β1-4 linkage in LNnT may make the structure susceptible to cleavage by endogenous or microbial lactases in the proximal small intestine [25]. Conversely, LNT passes intact to the distal GI tract, where it is available as a substrate for microbial fermentation or as a ligand for immune modulation [27]. Thus, from a small pool of components (lactose, fucose, sialic acid, lacto-N-biose, and N-acetyllactosamine), we derive at least 150 unique HMO structures found in nature [22]. There are likely additional rare or low abundance variants that occur naturally but have not yet been characterized.



HMOs are distinct from all other dietary carbohydrates in that their only natural source is breastmilk. Bovine milk oligosaccharides (BMOs) share some structural similarities with HMOs but occur at far lower concentrations [28,29,30]. Human evolutionary history has exerted strong selective pressure that shaped both the maternal production of HMOs and the utilization of HMOs by the nursing infant in favor of enhanced reproduction and survival [31,32]. HMOs are naturally synthesized by the mammary epithelium during lactation and are secreted in milk at a total concentration of roughly 5–15 g/L [25,33,34]. As other reviewers have commonly noted, this makes HMOs the third most abundant solid component of human milk following free lactose and lipids. Synthesis of indigestible oligosaccharides is energetically costly for the nursing mother and diverts the calories contained in lactose into an alternate form that cannot be directly metabolized [35]. This implies that HMOs have non-nutritional functions that are highly adaptive and beneficial to the developing infant. Indeed, many such functions have now been identified and are reviewed below in the section “Essential Functions of HMOs”.



While natural selection has strongly favored the presence of the robust and diverse pool of HMOs found in all human milk, the specific composition of human milk and HMOs varies widely between individuals and across global populations [22,36,37,38,39]. Other reviewers have assembled exemplary summaries of the various studies measuring concentrations of HMOs in human milk [22]. At least a portion of this variation is determined by genetic factors. Discrete genetically encoded traits are known to determine the frequency of terminal fucose residues in HMOs and mucosal glycoproteins. Two genes encoding fucosyltransferase enzymes, FUT2 and FUT3, transfer fucose to carbohydrate chains at different linkages: FUT2 (i.e., the Secretor gene) adds fucose to galactose with an α1-2 linkage [40], and FUT3 (i.e., the Lewis gene) adds fucose to glucose or N-acetylglucosamine in α1-3 or α1-4 linkages [41]. Secretor and Lewis polymorphisms occur at variable frequency across different populations and have a complex evolutionary history resulting from competing selective pressures [42]. FUT2 polymorphisms are associated with protection from some infectious diseases as well as increased susceptibility to others [43,44,45,46,47,48,49]. There have also been notable reports in which Secretor status was shown to have no significant impact on clinical outcomes [50].



Beyond the genetics that determine the potential for fucosylation of HMOs, other aspects shaping differences in HMO structure and composition in milk are less clear. There is some evidence to suggest that maternal diet and exercise may play a role in breastmilk HMO composition [25,51]. Studies that draw a direct relationship between maternal environment or lifestyle, HMO composition, and pediatric outcomes are inherently difficult to conduct. There has been recent progress in this area [52,53], including substantial associations between HMO composition and maternal diet [53]. Several researchers have speculated that HMO composition is uniquely tailored by mothers to meet the needs of their individual babies over time, although the specific genetic and enzymatic mechanisms that would be required to regulate the synthesis of HMOs in the mammary gland to this level of specificity have yet to be described. Mothers and their children have at least a 25% chance of sharing the same Secretor and Lewis phenotypes [54]; beyond this, the means by which breastmilk HMO composition is matched to the needs of the infant requires further investigation and the clear distinction of such interactions from the influence of a shared maternal–infant environment. Indeed, we propose that it is not yet clear that all the factors shaping the HMO pool composition are specifically regulated. There may be sufficient tolerance and redundancy that has evolved within the mother–infant feeding dynamic such that as long as a diverse pool of HMO structures are present in the diet, a stable microbial and immunological phenotype is likely to develop in early life. This would be consistent with the consistently positive outcomes associated with milk banking, in which the donor and recipient have no shared home environment, close genetic relationship, or personal contact [55,56].



Core HMOs


What then constitutes the necessary subset of the HMO pool required to perform the full range of functions attributed to HMOs in breastmilk (Figure 1)? Given the current incomplete state of our understanding of HMO structure and function, defining such a set of core HMOs will certainly remain an active and dynamic area of investigation for some time to come. Yet, this effort is both necessary and justified within the broader goals of pediatric nutrition in that it provides a target for future research and innovation and may be used as a basis for improved infant formula fortification strategies. We define the term Core HMOs as follows: among all possible HMOs found in nature, a subset of specific structures composed of acetylated, sialylated, and fucosylated HMOs that provide the range of functional benefits attributed to the HMOs found in breastmilk. Therefore, any proposed set of Core HMOs must be necessarily guided by an examination of the functions of HMOs. In the next section, we will examine the essential functions of HMOs and the specific HMO structures that perform those functions.





3. Essential Functions of HMOs


HMOs are energetically costly for the mother to produce and secrete in breastmilk yet provide few direct calories for her infant [31,32]. At the heart of HMO research is the mystery of why a system would evolve that seemingly diverts calorie-rich lactose and other carbohydrates to produce indigestible HMOs. Milk oligosaccharides are highly conserved across all mammals [30,31,32,63], suggesting that the presence of these structures in milk confers selective advantages. A growing body of evidence has outlined functions of HMOs in promoting gut health in the protection from pathogens and immune disease and in cognitive development (Figure 2). Collectively, HMOs ensure robust growth and development in these systems through multiple complementary structures and diverse mechanisms of action.



3.1. Digestive Health


Ingested HMOs exert multiple direct and indirect benefits as they pass through the gastrointestinal tract. Perhaps most important is their influence on the assembly and function of the community of microorganisms that inhabits the gastrointestinal tract, the gut microbiome. HMOs have also been shown to support robust intestinal barrier function and to regulate gut motility. Collectively, these mechanisms of action ensure complete nutrition and immune protection that enables healthy growth and development in infancy.



3.1.1. Prebiotic Functions of HMOs


The human microbiome encompasses a vast diversity of microorganisms that exist within and on our bodies and that integrate in essential ways with our physiology. Research over the past decade has revealed that the gut microbiota plays a key role in human health and disease [64,65]. Trillions of microorganisms within the digestive tract process ingested food for maximum nutritional benefit. In addition, intestinal bacteria perform essential functions in the maturation and education of the immune system, protection against pathogens, regulation of intestinal endocrine functions and neurologic signaling, and provision of vast metabolic capabilities [64]. Infancy represents a critical window for the establishment of the host–microbe symbiosis within the gastrointestinal tract, with mode of delivery, nutrition, and environmental exposure to bacteria collectively shaping the developing microbial community in the newborn [66]. Disruptions in the formation of a stable intestinal microbiota promote inflammation in premature infants [67,68,69] and may contribute to the development of allergy [70,71], asthma [72], obesity and diabetes [73,74], and inflammatory bowel disease later in life [75,76]. Thus, it is critical to provide all infants with an environment that supports healthy microbiota development.



Nutrition remains perhaps the most significant modifiable factor in promoting the formation of a healthy microbiota [77,78]. It has long been understood that breastfed infants harbor microbial communities that are distinct from their formula fed peers, and this difference in microbial colonization may underlie some of the differences in health outcomes associated with mode of feeding in infancy [79,80]. In recent years, HMOs have been revealed as unique, multifunctional candidate prebiotic carbohydrates, or “substrate[s] selectively utilized by host microorganisms conferring a health benefit” [81]. Numerous preclinical studies and emerging clinical data have demonstrated the highly selective utilization of HMOs by the infant gut microbiota and the resulting competitive advantage to organisms that can metabolize these compounds. For example, beneficial microbes Bifidobacterium infantis and B. bifidum express specialized enzymes that allow for the rapid consumption of fucosylated, acetylated, and sialylated HMOs and which are not commonly found in other gut-associated bifidobacteria [26,82,83,84]. Other Bifidobacterium species, namely B. breve, have specialized in the metabolism of the acetylated HMOs LNT and LNnT [85]. Bacteroides species, including B. thetaiotamicron, which are characteristic of the healthy mature gastrointestinal tract and provide robust metabolic and immune support, are also proficient HMO degraders [86,87,88]. By contrast, other gut microbes and opportunistic pathogens, such as E. coli, C. perfringens, Staphylococcus spp., and Enterobacter spp., do not utilize HMOs and may be inhibited by the fermentation products of HMO-degrading bifidobacteria [87,88]. In the highly competitive microbial environment of the developing gastrointestinal tract, this advantage in HMO utilization dramatically impacts the survival and persistence of beneficial Bifidobacterium species and reduces the burden of potentially detrimental or infectious environmental bacteria [89]. The presence of fucosylated HMOs in breastmilk has been directly associated with changes in microbial composition [90]. This relationship between HMO consumption and gut microbial community composition may extend to formula-fed infants as well. Recently, infants fed formula containing 2′-FL and LNnT were shown to be more likely to harbor a bifidobacteria-rich microbial community relative to infants fed standard formula [91]. Furthermore, the study found that infants harboring high levels of bifidobacteria at three months of age were less likely to be prescribed with antibiotics during the first year of life [91]. Likewise, supplementation of laboratory mouse diets with either 6′-SL or 3′-SL for up to 20 weeks led to substantial alterations in the major phlya in samples of colonic contents [92]. Finally, the presence of Bifidobacterium and Bacteroides spp. with the ability to use specific glycan structures that are shared between intestinal mucin and milk provides added benefits for the HMO-consuming infant. This capability, which belongs to certain Bacteroides spp., may result in a more stable microbial community with a wider spectrum of enzymatic capabilities that aid in the transition to a solid food diet after weaning [93]. Taken together, dietary HMOs clearly provide direct support for the expansion of health-associated bacteria in the developing gastrointestinal tract and likely confer associated health benefits.



The presence of HMOs also supports cross-feeding, a phenomenon in which metabolic byproducts produced by one bacterium serve as a nutrient source for another type of bacterium present in the ecosystem [94]. Utilization of HMOs by species such as B. bifidum supports cross-feeding among bifidobacteria and between bifidobacteria and other genera. B. bifidum externally degrades diverse HMO structures into a variety of metabolites [95] that support other bifidobacteria species, thus promoting diversity and dominance of this genus during early life [96]. Utilization of HMOs by B. bifidum also supports cross-feeding between bifidobacteria and butyrate-producing bacteria that convert the co-substrates, acetate and lactate, to butyrate, a short-chain fatty acid (SCFA) that plays a critical role in host health [97,98]. In vitro experiments examining infant fecal microbiota cultured in the presence of HMOs demonstrate decreasing concentrations of lactate coinciding with the accumulation of butyrate have been interpreted as evidence of cross-feeding between HMO-consuming bifidobacteria and other butyrate-producing bacterial species [99,100,101]. Lactobacilli, which commonly inhabit the infant gut [102], participate in HMO degradation by scavenging of mono- and disaccharides generated by other bacterial genera rather than degrading intact oligosaccharides [103]. In general, Lactobacillus species have limited ability to degrade intact HMOs [84,86,88], but some strains, such as L. acidophilus NCFM, have been shown to grow on mixtures of HMOs, presumably on acetylated structures, such as LNnT [84]. Bacterial growth experiments also revealed that the ability to utilize N-acetylglucosamine was widespread among probiotic- and human-associated Lactobacillus strains, while the ability to grow on fucose [84,104] and sialic acid is far less common [103]. These findings point to both the direct prebiotic activity of HMOs in supporting the growth of bifidobacteria and the added benefits of the cross-feeding mutualist relationships that this nutritional support fosters.




3.1.2. Generation of Beneficial Microbial Metabolites


The metabolic byproducts of HMO fermentation and microbial cross-feeding also have direct benefits for the infant intestine. SCFAs, such as acetate, proprionate, and butyrate, exert multiple beneficial physiological effects in the host: acting as anti-inflammatory agents, supporting the barrier function of intestinal epithelial cells, serving as modulators of chemotaxis and adhesion of immune cells, promoting GI motility through direct inhibition of G-coupled-receptors, inhibiting histone deacetylases, and serving as energy substrates for intestinal epithelial cells [97,105]. SCFAs produced by Bifidobacterium and cross-fed microbial communities also act as general growth suppressants for a variety of gut pathogens [87,106]. These same SCFAs may slow bacterial translocation from the intestine, limiting the scope of infection through enhanced epithelial barrier function [107]. Other metabolites of B. bifidum and B. crudilactis produced from fermented 3′-SL suppress expression of virulence factors found in E. coli and Salmonella [108]. The presence of Bifidobacterium is associated with broad changes in gene expression within the neonatal intestine [109]. Preclinical experiments have repeatedly demonstrated that B. infantis and its fermentation products act to reduce intestinal permeability and support intestinal barrier function [110,111,112,113]. These effects may be at least partially explained by the ability of B. infantis to secrete indole-3-lactic acid (ILA), a specialized tryptophan metabolite with specific anti-inflammatory effects only in immature intestinal enterocytes [114]. B. infantis grown in the presence of HMOs appear to be particularly effective in promoting epithelial barrier integrity and anti-inflammatory immune signaling [113,115].



Changes in the microbiota fueled by the presence of HMOs may contribute to long-term changes in the immune environment that protect against autoimmune or metabolic disease. For example, provision of HMOs prevented the development of severe pancreatic insulinitis in a mouse model of type 1 diabetes by promoting beneficial changes in the composition of the intestinal microbiota that resulted in increased SCFA production and the expansion of tolerogenic T regulatory cells and dendritic cells [116]. Likewise, 2′-FL feeding significantly decreased the severity of colitis in Il10-deficient mice in part through the expansion of commensal microbes and increased production of SCFA [117]. Finally, 2′-FL feeding was shown to reduce weight gain in mice fed a high-fat diet and was associated with changes in microbiome composition, immune signaling, adipogenesis, and the production of satiety signals in the gut [118]. It is therefore evident that HMOs promote the development of a Bifidobacterium-enriched intestinal microbiome that provides protection from infection, enhances epithelial barrier function, and produces beneficial immunomodulatory metabolites. These changes in the developing intestinal environment may contribute to long-term protection from autoimmune, metabolic, or inflammatory disease.




3.1.3. Intestinal Barrier Protection


Recently, direct benefits of HMOs on gut function have been described which complement the broad indirect benefits resulting from microbial fermentation of HMOs. 3-FL stimulated production of mucin and antimicrobial peptides in goblet cells, and 2′-FL may have a similar effect on goblet cell function when inflammatory stressors are also present [119]. Animal models have reported similar effects for pooled HMOs [120]. Both 2′-FL and 3-FL appear to also stimulate maturation of the glycocalyx, a thin layer of glycoproteins on the epithelial cell surface that underlies the intestinal mucus barrier [121]. 2′-FL and 6′-SL appear to have divergent but potentially complementary effects on cell proliferation in culture models, suggesting that HMOs may confer the most effective benefits when multiple structures are delivered in concert [122]. Natividad et al. tested this hypothesis by examining the effects of a variety of fucosylated, sialylated, and acetylated HMO structures both individually and in combinations of up to six structures for their ability to modify epithelial barrier function. They found that a combination of fucosylated, sialylated, and acetylated HMOs at proportions comparable to levels in human milk enhanced intestinal barrier integrity under inflammatory conditions. Subsequent experiments with individual HMOs revealed that much of the effect could be attributed to 2′-FL alone [123]. These effects on mucus production and goblet cell differentiation may also reflect altered enteroendocrine and enteric nervous system function, which is integral to mucus secretion [124]. Ex vivo experiments using rodent tissues indicate that fucosylated HMOs modulate intestinal motility. Intestinal segments submerged in buffer containing either 2′-FL or 3-FL reduced the frequency, velocity and amplitude of contractions, while lactose, galactooligosaccharide (GOS), LNnT, 3′-SL, and 6′-SL had little if any effect. Fucose alone also decreased contractility but to a much lesser degree than the fucosylated HMOs [125]. In a follow-up study using the same model but with intestinal segments harvested from mice subjected to acute restraint stress, Farhin et al. demonstrated that stress reduced propulsive motility in the small intestine and that it could be reversed by perfusing the segments with 2′-FL. The stress-induced increase in colonic motility was similarly mitigated by treating with 2′-FL [126].



HMOs confer substantial benefits to digestive health through both indirect support to the microbiome and direct action on the intestinal mucosa itself. The full implications of these benefits for developing infants remains to be determined, but it is clear that supporting microbiome health and digestion is an essential component to establishing complete nutrition and immune homeostasis. Multiple fucosylated, acetylated, and sialylated HMOs act in concert to deliver these benefits, and fortification of infant formula with diverse HMOs representing each of the major categories may be the most effective strategy to deliver digestive health support comparable to breastfeeding.





3.2. Immune Support


HMOs act to support immunity and immune development through mechanisms of action that directly target potential pathogens as well as mechanisms that modulate the behavior of immune cells or promote beneficial immune signaling [1,25,33]. Collectively, these multiple actions seem to underlie the beneficial effects of HMOs in animal models of necrotizing enterocolitis, allergy, and autoimmunity. Future studies may expand on the potential contributions of HMOs to other aspects of immune development.



3.2.1. Direct Anti-Infective Activity


Viral pathogens are widespread in human populations [127] and particularly among infants [128,129,130]. All viruses must obtain entry to host cells in order to replicate and spread to new hosts, often causing disease in the process. This requires the virus, which circulates passively, to bind to structures on the surface of appropriate host cells. Disruption of this process is key to the passive immunity conferred to breastfeeding infants [3]. Viral binding targets are frequently composed of oligosaccharide moieties, which are widespread within the intestinal mucosa and serve as a buffer to the external environment. HMOs share extensive structural similarities with the glycans that compose the epithelial mucus layer [33]. Soluble HMOs occupy binding sites present on the surface of viral particles, substantially reducing the cumulative avidity of a viral particle towards its target host cell [1]. Multiple HMOs exhibit direct antiviral activity (Table 1). In epithelial cell cultures, 2′-FL and 3′-SL significantly inhibit the replication of respiratory syncytial virus [131], a major viral pathogen affecting the lower respiratory tract in infants [132]. Likewise, 6′-SL was shown to inhibit the replication of influenza A strain H1N1 in cultured respiratory epithelial cells in a dose-dependent manner [131]. HMOs also exhibit inhibitory activity against gastrointestinal viruses [133]. Sialylated HMOs including 3′-SL and 6′-SL have been shown to inhibit rotavirus infection in vitro and in animal models [134]. In groundbreaking work, Weichert et al. [135] demonstrated that both 2′-FL and 3-FL inhibit the binding of norovirus surface proteins to target receptors and elucidated the functional basis of this observation: 2′-FL and 3-FL fit precisely within the primary binding pocket of a recently characterized norovirus surface protein. Similarly, rotavirus spike protein VP4 contains a binding pocket with a high affinity for LNT, suggesting that LNT in milk may prevent viral binding to its target host cell moieties [136]. Thus, there is a compelling body of literature based on both structural biology and in vitro and in vivo experiments to support the direct antiviral activity of HMOs, leading some to propose that HMOs should be evaluated as a novel class of antiviral nutritionals [137].



Airflow produced during respiration, the mucocilliary action of respiratory epithelium, and peristalsis of the intestine generate constant flow across epithelial surfaces, which helps to clear bacteria, viruses, and other particles. To overcome this obstacle, many common bacterial pathogens utilize low-affinity, high-avidity interactions to increase the strength of adherence to epithelial surfaces. Terminal carbohydrate moieties, such as fucose and sialic acid, are ubiquitous on mucosal surfaces and provide ample opportunities for bacterial adhesion. HMOs serve a unique role as soluble decoys for these surface molecules, coating pathogens and preventing them from establishing stable adherence to epithelial surfaces [1]. The cumulative evidence for this phenomenon is summarized in Table 1. 2′-FL is arguably the most well-established example of this phenomenon and has been shown to inhibit the adhesion of Campylobacter jejuni, enteropathogenic Escherichia coli, Salmonella enterica, and Pseudomonas aeruginosa in multiple intestinal and epithelial cell culture model systems [138,139,140]. 3-FL appears to function in a similar but potentially complementary manner to inhibit adherence of E. coli and P. aeruginosa to epithelial cell lines [140]. These preclinical findings are supported by clinical research correlating the concentration of fucosylated HMOs in breast milk with reduced incidence of Campylobacter diarrhea [141] and E. coli infection [142]. Sialylated HMOs may act in a similar manner to inhibit strong bacterial adhesion. 3′-SL has been shown to prevent adherence of Helicobacter pylori to cultured gastric epithelial cells [143], and a primate trial later demonstrated that 3′-SL could assist in clearing persistent H. pylori infection [144].



In addition to reducing the rate of bacterial adherence through receptor decoy activity, HMOs have other direct effects that disrupt bacterial pathogenesis. Both 2′-FL and LNT exhibit extensive binding to secreted bacterial toxins produced by E. coli and Vibrio cholerae, potentially reducing their ability to inflict host damage [145]. Similarly, sialylated HMOs prevent cholera-toxin-induced diarrhea in animal models [146]. 3′-SL and 6′-SL enhance clearance of P. aeruginosa infection in mice, and there is evidence that the coating of P. aeruginosa with these HMOs may facilitate rapid endocytosis by resident tissue macrophages [147]. Additional research has shown that pooled HMOs effectively suppress the growth and formation of biofilms by Streptococcus agalactiae (group B Streptococcus, GBS) [148]. Follow-up studies clearly demonstrated that while some acetylated HMOs, such as LNT and LNnT, and complex fucosylated HMOs played an outsized role in this inhibition, the cumulative effect of pooled HMOs in both inhibition of GBS biofilm formation and direct bacterostatic activity was greater than the apparent sum of the effects of individual HMOs [149]. Thus, the binding of HMOs to bacterial pathogens represents a multi-faceted and non-specific mechanism that reduces the burden of pathogenic microbes on epithelial surfaces and promotes their clearance by innate immune cells. A rich pool of HMOs representing fucosylated and other neutral oligosaccharides as well as sialylated HMOs offers comprehensive anti-adhesive protection for developing mucosal surfaces.




3.2.2. Immune Modulation


The direct action of HMOs to prevent pathogen binding to mucosal surfaces reduces the overall microbial burden. These same HMOs often act to stimulate effective cellular immunity, which greatly enhances the overall efficacy and efficiency of the immune response. Recent data examining the effects of 3′-SL and 6′-SL demonstrates the multifaceted role that HMOs play in enhancing innate immunity [147]. The presence of 3′-SL or 6′-SL stimulates robust chemokine expression and immune cell recruitment to sites of infection. Once innate immune cells arrive at the site of infection, coating of bacteria with sialylated HMOs makes these pathogens more susceptible to phagocytosis [147]. These phagocytosed bacteria are efficiently destroyed as a result of the upregulation of reactive oxygen species production stimulated by the binding of sialylated HMOs to cell surface receptors expressed by macrophages [147]. Other immune signaling pathways have also been explored. 3′-SL is also a ligand for CD33, a cell surface receptor specific to the megakaryocyte, and acts as a potent activator of their differentiation into circulating platelets [157]. Lectins are frequently proposed as potential immune cell receptors for circulating HMO [33]. LNT binds to galectin-8, a key receptor involved in defense against intracellular bacterial pathogens [158]. Both 2′-FL and 3-FL bind the dendritic cell-specific cell surface receptor DC-SIGN with a high degree of specificity, potentially modulating the behavior of these key drivers of adaptive immune cell maturation [159]. Key animal studies demonstrated that 3′-SL in milk serves as a direct stimulant for dendritic cells present in the mesenteric lymph nodes, resulting in signaling that expands T-cell populations and may contribute to the maturation of mucosal immunity [160]. Suckling rats fed supplemental 2′-FL exhibit elevated plasma IgG and IgA, suggesting that the presence of HMOs boosts the function of the developing adaptive immune system [161].



Overly responsive immune defense can itself be damaging, particularly in infants [162]. 2′-FL, 3′-SL, and 6′-SL suppress release of inflammatory cytokines associated with acute viral infection in epithelial cell culture models [131]. 3′-SL suppresses inflammatory signaling in both intestinal epithelial cells [163] and in a variety of mesenchymal cell culture models [164,165]. This may occur through the modulation of Toll-like Receptor signaling, a network of cell surface receptors that detect the presence of conserved viral and microbial components [166]. For example, He et al. demonstrated that 2′-FL suppresses CD14, a key co-factor required for the induction of inflammation following engagement of TLR4 with its ligand, lipopolysaccharide (LPS). This effectively mitigates the damaging inflammatory response that would otherwise result in bacterial pathogenesis during enterotoxigenic E. coli infection [167]. Both 2′-FL and 6′-SL have been shown to interact directly with TLR-4-MD2 complex to inhibit inflammatory NF-κB signaling [168]. These types of interactions may have lasting beneficial effects on the function of immune cells. In a clinical study examining > 400 healthy infants who were either exclusively breastfed, fed control formula with prebiotic galactooligosaccharides (GOS), or fed a formula containing 2′-FL and GOS, both breastfed infants and infants fed the formula containing 2′-FL exhibited lower plasma concentrations of IL-1ra, IL-1α, IL-1β, IL-6, and TNF-α compared to infants fed control formula [18]. Peripheral blood mononuclear cells (PBMCs) collected from infants who participated in this study differed in their response to ex-vivo RSV infection, with PBMCs from breastfed or 2′-FL fed infants showing reduced inflammatory cytokine expression relative to PBMCs from infants who were fed a control formula [18]. The same clinical study also showed that infants fed a formula with 2′-FL had fewer parent reports of respiratory infections [20]. This evidence suggests that not only do HMOs serve as acute modulators of immune signaling but that their presence defines and informs the complex immune environment with the potential to shape both immediate and long-term health outcomes.




3.2.3. Mitigating Inflammation Associated with Preterm Birth


Perhaps the best example of the potential of HMOs as systemic immune mediators comes from studies examining the use of HMOs as therapeutic nutrients in models of necrotizing enterocolitis. Necrotizing enterocolitis (NEC) is a leading cause of morbidity and mortality in premature infants. NEC is characterized by the loss of epithelial barrier integrity and subsequent tissue inflammation and necrosis [169]. NEC affects 1% of all newborns in the United States [170], with mortality occurring in up to 30% of cases [171]. NEC risk is elevated seven-fold among premature and low-birth-weight infants [172], and the prevalence of NEC may be increasing over time [173,174]. Studies of tissue from NEC patients indicate the loss of epithelial barrier integrity and hyperacute inflammation [67,69,175]. Infants who develop NEC are more frequently colonized with certain types of bacteria [68,176,177]. This suggests a multifactorial etiology by which immature intestinal barrier function predisposes the preterm infant to intestinal injury and inflammation following postpartum microbial colonization [68,69,169].



However, the precise mechanistic basis of NEC remains elusive, and there are few treatment options available. Breastfeeding or access to human milk through a milk bank remains both the best strategy to prevent NEC in premature infants as well as a critical component of disease management in patients who develop NEC [178,179,180]. HMOs promote the growth of beneficial bacteria, suppress bacterial and viral pathogens, and have potent anti-inflammatory and immunomodulatory effects [1,33]. In an animal model of NEC, HMOs reduced intestinal barrier permeability and increased mucus production [120]. Administration of 2′-FL alone is sufficient to protect against NEC in rodents, lowering inflammatory markers and altering the composition of the intestinal microbiota [181]. Further studies demonstrated that both 2′-FL and 6′-SL reduced inflammation and apoptosis in a piglet model of NEC, often considered the gold-standard animal model of NEC [168], and that 2′-FL improved the integrity of the epithelial barrier in human intestinal tissue cultured ex vivo [182]. These experimental data are strikingly consistent with epidemiological data demonstrating that premature infants who carried the non-secretor trait had a much higher risk of morbidity and mortality due to NEC [46]. Following a similar model of investigation, early studies implicated DSLNT as an additional protective HMO in rodent models of NEC [183]. More recent epidemiological work has associated low levels of DSLNT in breastmilk with higher risk of NEC [184,185]. Thus, in the near future, supplementation of breastmilk or formula with HMOs may be a viable strategy for reducing the incidence of NEC among premature and low-birth-weight infants [186].




3.2.4. Managing and Reducing the Risk of Allergy


The first two years of life represent a critical window for immune education [187]. Exposure to microoorganisms and the introduction of dietary antigens present challenges to the developing immune system. Successful navigation of these challenges results in robust adaptive immune defense as well as tolerance to dietary antigens and beneficial microbes [188]. The increasing incidence of allergic disease and asthma among children has been linked to changes in diet, environmental pollutants, and widespread hygienic practices that limit antigen exposure [70,189]. Traditional infant formulas lacking HMOs have been associated with higher risk of dietary allergy in comparison to breastfeeding, particularly cow’s milk allergy [5]. Likewise, asthma development later in childhood has also been associated with mode of feeding in infancy [72]. Given the immunomodulatory properties of HMOs, several investigations have sought to establish whether HMO fortification might offer substantive benefits for the prevention of allergic disease and asthma. Landmark work by Castillo-Courtade et al. demonstrated that dietary supplementation with 2′-FL and 6′-SL attenuated IgE-mediated anaphylactic symptoms in ovalbumin sensitized mice [190]. An increase in IL-10-expressing T regulatory cells in these mice suggested that a pro-tolerogenic immune environment formed in response to dietary HMO supplementation [190]. Further studies showed that 2′-FL and 6′-SL act on intestinal epithelial cells through distinct but complementary mechanisms to inhibit the inflammatory response that results from antigen-IgE conjugation [191].



Emerging clinical evidence may validate observations made in preclinical models suggesting that HMOs reduce the risk of allergic disease. C-section born, allergy-prone, breastfed infants whose mothers express FUT2, resulting in robust 2′-FL production in milk, are at a significantly lower risk of developing IgE-mediated eczema at two years of age [192]. This effect may apply to formula-fed infants as well. In a large-scale trial evaluating the safety and tolerability of 2′-FL fortified infant formula, Marriage et al. observed a significantly lower incidence of eczema among infants fed 2′-FL-enriched formula compared to their counterparts who received control infant formula [19]. Another recent study examined levels of 19 HMOs in 285 mothers and evaluated the risk of allergic disease in their offspring [52]. The authors observed extensive variation in HMO profiles among the study subjects but noted that the infants of mothers who expressed a rich HMO pool that was biased towards higher concentrations of neutral HMOs (2′-FL, 3-FL, LNT, etc.) relative to acidic HMOs (3′-SL, 6′-SL) had a reduced risk of asthma at 18 years of age [52]. Future studies are needed to evaluate the incidence of allergic disease in the context of infant formula fortified with similar complex mixtures of HMOs.





3.3. Cognitive Development


Among the more exciting and novel benefits associated with HMOs has been the discovery that HMOs may contribute significantly to cognitive development. From pre-conception through infancy and childhood, complete nutrition is among the most essential factors in ensuring healthy brain development [193]. A broad base of evidence demonstrates that breastfeeding confers substantial benefits to cognitive function in childhood even after adjustment for multiple complex confounding factors [194,195]. These benefits compound with time and likely extend into adulthood [196]. Thus, identifying the components of breastmilk that contribute to cognitive development is critical for the derivation of optimized infant formula fortification protocols.



Fucosylated proteins are present along the neural synapses of the brain, especially within the hippocampus, where they play an important role in the formation of memory and learning [197]. In vitro studies have demonstrated that supplementation with 2′-FL enhances the excitatory potential of hippocampal neurons [198]. Bienenstock et al. showed that fucosylated HMOs stimulate enteric neurons, and Goehring et al. demonstrated that 2′-FL, 3-FL, and 6′-SL in breast milk are present in plasma and/or urine [125,199]. As a result, it seems plausible that HMOs present in breastmilk or infant formula may be distributed systemically and may potentially confer direct benefits to cognitive function. Extensive follow-up studies conducted in both mice and rats showed that chronic oral administration of 2′-FL resulted in substantial improvements in spatial learning, working memory, and operant conditioning. This functional data coincided with improved long-term potentiation of hippocampal neurons and elevated expression of multiple synaptic proteins associated with memory retention [200]. These benefits extended into maturity: rats fed supplemental 2′-FL during the suckling period exhibited improved performance in spatial reasoning and object recognition tasks immediately after weaning and at one year of age [201]. Although clinical and epidemiological studies linking nutrition to developmental outcomes are inherently complex, there is recent evidence to suggest that increased exposure to 2′-FL in the early months of life is correlated with improved performance in tests of infant cognitive development [202] and motor skills [203]. Similarly, increased abundance of fucosylated HMOs in breastmilk is associated with improved language skills at 12 and 18 months of age [204].



Sialylated glycoproteins are richly distributed on cell surfaces and as a component of the extracellular matrix throughout the brain [205]. Animal models indicate that exogenous sialic acid supplementation in early life is associated with increased deposition of sialylated glycoproteins and gangliosides in the brain [206] and has positive effects on learning [207]. Breastfed infants exhibit significantly higher levels of sialic acid deposition within the frontal cortex compared to formula-fed infants, suggesting that sialylated HMOs in breastmilk are an important source of sialic acid found in brain tissue [208]. This was confirmed by an animal study showing that supplementation of formula with either 3′-SL or 6′-SL resulted in enriched sialic acid deposition within the brain tissue of suckling piglets [209]. Additional animal work revealed changes in white matter composition and connectivity in pigs fed 3′-SL [210]. A recent study found that a combination of 3′-SL and 6′-SL altered multiple brain metabolites and neurotransmitters in suckling piglets compared to control-fed littermates [211]. Together, these reports associating sialylated HMOs with changes in brain structure and signaling suggest that sialylated HMOs promote cognitive function in the developing brain. A study conducted by Tarr et al. examined the response of immature mice to social disruption stress and found that mice fed a diet supplemented with either 3′-SL or 6′-SL were highly resistant to the development of both behavioral and molecular indicators of anxiety following exposure to stressful conditions [92]. Likewise, suckling rats fed supplemental 6′-SL had improved scores on multiple cognitive tests at one year of age compared to control-fed animals or rats fed sialic acid [212]. 3′-SL promotes myelination within the hippocampus, leading to improved spatial cognition in preterm piglets [213]. Recent clinical studies have demonstrated an association between elevated levels of sialylated HMOs in breastmilk and advanced language skills at 12 and 18 months of age [204] and a specific association between increased 6′-SL concentration in breastmilk and improved cognitive and motor skills at 18 months of age [203]. Together, these studies indicate that many of the benefits seen in preclinical experiments likely apply to human infants. Thus, there is a robust body of evidence demonstrating that sialylated HMOs are associated with broad molecular and cellular changes in the developing brain and appear to play an essential role in promoting cognitive development.



There is a growing appreciation for the role of the intestinal microbiota beyond the digestive tract, including the proposal of a complex signaling relationship between gut microbes and the central nervous system known as the gut–brain axis [214,215]. Modulation of the gut–brain axis for improved learning and cognitive development outcomes is a highly promising area of investigation [214]. Given that HMOs serve as uniquely potent prebiotics, several researchers have proposed that HMOs in breastmilk confer additional indirect benefits to brain development through their effects on the composition and function of the intestinal microbiota [92]. Evidence to support this intriguing hypothesis is beginning to emerge. While a portion of dietary HMOs is clearly absorbed and distributed systemically [199], radiolabeling experiments in rodents indicated that much of the ingested HMO appears in the feces as microbial metabolites [216,217]. However, a portion of these metabolic byproducts are systemically available and potentially cross the blood–brain barrier, which may account for some of the beneficial cognitive effects of 2′-FL [216] and 3′-SL [217]. Groundbreaking work by Vázquez et al. demonstrated that while dietary 2′-FL improved hippocampal long-term potentiation and elevated scores on associated functional learning assessments, bisection of the distal portion of the vagus nerve abrogated functional benefits associated with dietary 2′-FL supplementation [218]. This study suggests that 2′-FL and/or microbial metabolites thereof act via the vagus nerve to enhance cognitive function. As our scientific understanding of the gut–brain axis continues to expand, there will be new opportunities to examine the impact of HMOs and their role in promoting beneficial microbial activity that supports brain development in infancy [219].





4. Summary


There now exists a large body of work defining the discrete functions of various HMOs found in human breastmilk. As detailed above, these HMOs play essential roles in promoting digestive health and the development of the microbiome, provide both direct and indirect immune protection, and support cognitive function in the developing brain. Perhaps most important, several HMOs have been proven to be safe and suitable for infants either as a supplement to breastfeeding or as a replacement when breastfeeding is not possible. There may be specific indications, such as NEC, where HMOs have an elevated importance and in which their use as supplements should be strongly considered. Recapitulating the full range of functional benefits is foremost in considering which HMOs should be part of a set of core structures utilized in the continual improvement of infant formula fortification. In addition, simple HMO structures composed of 3–6 monosaccharides are both the most common and abundant in human milk [22] and the most practical structures to produce at large scale for infant formula fortification [11,12]. An HMO fortification scheme composed of fucosylated, sialylated, and acetylated structures may deliver broad ranging benefits to formula fed infants and be practically achievable and economically viable in the near term. The core set of HMOs proposed in Figure 1, composed of 2′-FL, 3-FL, 3′-SL, 6′-SL, and LNT, would encompass a majority of the benefits described above and come closer than ever before to delivering a wide portion of the protection associated with breastfeeding. Indeed, this set of HMOs has been demonstrated to be safe and well tolerated in a recent multicenter clinical trial conducted in healthy full term infants up to four months of age [16].



Innovations that recapitulate the diversity of HMO structures found naturally in breastmilk promise to yield crucial gains for digestive and immune health and cognitive development of formula fed infants (Figure 3). New studies on the role of HMOs in healthy development will continue to emerge in the years ahead. Critical questions are expected to be addressed by this research, including clarification of the application of HMO fortification in preterm infants or infants with NEC. Long-term studies may well demonstrate a role for early-life HMO fortification in the prevention of chronic diseases with immune and metabolic components, such as allergy, asthma, and type 1 diabetes. Likewise, the full benefits of early-life nutrition to cognitive development may not fully manifest for years or even decades. The continued expansion of HMO fortification and the characterization of its effects on infant health will remain perhaps the most significant development in infant nutrition for some time to come.
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Figure 1. Approximate relative proportions of macronutrients in human breastmilk and range of acetylated, sialylated, and fucosylated HMOs naturally occurring in breastmilk [22,23,57,58,59,60,61,62]. The proposed set of 5 core HMOs used in the fortification of infant formula likely recapitulates a wide range of benefits associated with HMOs in human breastmilk. HMO, human milk oligosaccharides; 2′-FL, 2′-fucosyllactose; 3-FL, 3-fucosyllactose; 3′-SL, 3′-sialyllactose; 6′-SL, 6′-sialyllactose; and LNT, lacto-N-tetraose. 
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Figure 2. Summary of known benefits of acetylated (red), fucosylated (blue), and sialylated (green) HMOs. The cumulative evidence for each potential benefit is approximated by the number of independent primary research publications demonstrating evidence of an association between a given HMO and health benefit, indicated here by a stacked bar chart colored by HMO structure. HMO, human milk oligosaccharides; 2′-FL, 2′-fucosyllactose; 3-FL, 3-fucosyllactose; 3′-SL, 3′-sialyllactose; 6′-SL, 6′-sialyllactose; and LNT, lacto-N-tetraose. 






Figure 2. Summary of known benefits of acetylated (red), fucosylated (blue), and sialylated (green) HMOs. The cumulative evidence for each potential benefit is approximated by the number of independent primary research publications demonstrating evidence of an association between a given HMO and health benefit, indicated here by a stacked bar chart colored by HMO structure. HMO, human milk oligosaccharides; 2′-FL, 2′-fucosyllactose; 3-FL, 3-fucosyllactose; 3′-SL, 3′-sialyllactose; 6′-SL, 6′-sialyllactose; and LNT, lacto-N-tetraose.
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Figure 3. Summary of the known beneficial effects of HMOs in supporting digestive health, immunity, and cognition and an illustration of the interconnections between these benefits. Potential impacts on infant health, such as reduced risk of chronic disease and enhanced cognitive development, are highlighted in blue text. ENS, enteric nervous system; SCFA, short chain fatty acid; NEC, necrotizing enterocolitis; HMO, human milk oligosaccharides. 
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Table 1. Summary of primary research manuscripts demonstrating that specific HMOs inhibit pathogen adhesion to host cells. Individual HMO structures exhibit distinct pathogen-binding specificity; this suggests that multiple diverse HMO structures expand the cumulative profile of anti-adhesive activity in milk. HMO, human milk oligosaccharides.
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	Pathogen
	2′-FL
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	3-FL
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	LNT
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	3′-SL
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	6′-SL
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	Campylobacter jejuni
	[139,140,150]
	
	
	
	



	Enteropathogenic E. coli
	[140,145,151]
	[140]
	
	[152]
	[151]



	Vibrio cholerae toxin
	
	
	[145]
	[146]
	



	Salmonella enterica
	[140]
	[140]
	
	
	



	Helicobacter pylori
	
	
	
	[143,144]
	[143]



	Group B Streptococcus
	
	
	[153]
	
	



	Pseudomonas aeruginosa
	
	
	
	[147]
	[147]



	Entamoeba histolytica
	
	
	[154]
	
	



	Respiratory Syncytial virus
	[131]
	
	
	
	



	Influenza virus
	
	
	
	
	[131]



	Norovirus
	[135,155]
	[135]
	
	
	



	Rotavirus
	[156]
	
	
	[134,156]
	[134,156]
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