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Abstract

:

Human milk is the most complete and ideal form of nutrition for the developing infant. The composition of human milk consistently changes throughout lactation to meet the changing functional needs of the infant. The human milk proteome is an essential milk component consisting of proteins, including enzymes/proteases, glycoproteins, and endogenous peptides. These compounds may contribute to the healthy development in a synergistic way by affecting growth, maturation of the immune system, from innate to adaptive immunity, and the gut. A comprehensive overview of the human milk proteome, covering all of its components, is lacking, even though numerous analyses of human milk proteins have been reported. Such data could substantially aid in our understanding of the functionality of each constituent of the proteome. This review will highlight each of the aforementioned components of human milk and emphasize the functionality of the proteome throughout lactation, including nutrient delivery and enhanced bioavailability of nutrients for growth, cognitive development, immune defense, and gut maturation.






Keywords:


human milk; protein; glycoprotein; endogenous peptide; breastfeeding












1. Introduction


Human milk via breastfeeding is the gold standard for infant feeding, as it provides not only nutritional excellence, but also protective effects during a time of unmatched antigenic and pathogenic challenges. Both short and long term health benefits have been attributed to breastfeeding by clinical and epidemiological studies [1]. Some short and long term benefits include, but are not limited to, lower incidences of diarrhea, respiratory and urinary tract infections, and otitis media; reduction of disease risk, such as, asthma, allergy, and type I and II diabetes mellitus [2,3,4,5]. Additionally, it has been shown to have protective effects against the development of noncommunicable diseases commonly associated with inflammatory pathogenesis, such as obesity and cardiovascular disease [2,3,4,5]. The act of breastfeeding has also shown to be beneficial for maternal health, including reduced risk for development of rheumatoid arthritis, cardiovascular disease, diabetes, and breast and ovarian cancer [1]. For all these reasons and more, exclusive breastfeeding for six months, and in conjunction with complementary food feeding through one year of life or longer, as desired by the mother and infant, are recommended by the American Academy of Pediatrics and the World Health Organization [1].



The human milk proteome is comprised of not only proteins, which are highly glycosylated, but also endogenous peptides that are derived from proteins within the mammary gland maintaining their own distinct functions. One must consider the overall composition of milk, as it is one of the most complex and dynamic biofluids of the human body, to understand the function of the human milk proteome. Human milk is comprised of three major macronutrients, carbohydrates, fats, and proteins, listed by order of their relative abundance [6]. These macronutrients are continuously changing in their composition and concentration throughout lactation to meet the demanding needs of the infant during growth and development.



In this review, we aimed to provide a comprehensive overview of the human milk proteome, which is obtained by applying multiple omics approaches, including proteomics, peptidomics, and glycoproteomics. We believe that combined analysis of multiple omics approaches will help in providing an increased understanding of the functionality of each constituent of the proteome. This review will highlight each component of the human milk proteome, proteins, including enzymes/proteases, glycoproteins, and endogenous peptides. Additionally, we will emphasize the functionality of the proteome throughout lactation, including nutrient delivery and enhanced bioavailability of nutrients for growth, cognitive development, immune defense, and gut maturation.




2. Factors that Affect Milk Composition


The lactational stage is one of the key designators for determining the composition of human milk, which is traditionally based on day postpartum and further categorized as colostrum (< 72 h postpartum), transitional (> 3–15 days), and mature (> 16 days) milk [1,6,7]. These stages of lactation are more accurately categorized by the maturity of the mammary gland and the functions of the proteome it is producing. Colostrum is produced in the lactational stage when the protein concentration is highest, especially regarding immune modulatory proteins, as the mammary gland is still maturing. Typically, the maturity of the mammary gland involves tight junction closures of the mammary epithelium and regulation of the Na+:K+ efflux [7]. Colostrum is then followed by transitional milk, in which there is an upregulation of protein synthesis and an inhibition of protein degradation. Last is mature milk in which there is a switch from protein production to fatty acid synthesis.



Reports indicate that breast milk composition becomes relatively stable between 2–12 weeks of lactations and that as the mammary gland matures from a transitional to a mature stage there is less protein variance [8]. Overall, while considering the entire lactational period, the protein concentration in human milk is typically in the range of 10–20 g/L [9], starting high in colostrum and then steadily declining until it reaches a plateau and then becomes designated as mature milk. Table 1 illustrates detailed protein concentrations and functionality. For generating Table 1, individual proteins were searched, articles were considered first for term milk and mass spectrometry (MS) derived data. If this was not available, then literature values based on preterm milk and or immune assays were used. Overall, we aimed to use the most current literature possible. The overall shift in milk composition is important, because it shows the adaptability of milk to meet the changing functional needs of the infant. Shifting from innate immune initiation to adaptive immune learning and becoming more energy dense to better meet the caloric needs of the growing infant [10] and their diversifying gut microbiome.



Recent research has focused on exploring the human milk proteome longitudinally and determined that the protein content of human milk changes throughout the course of lactation based on functionality, rather than by differing mothers or differing populations [11,12,13]. This change in functionality meets the changing needs of the developing infant where an early lactational stage was characterized by greater concentrations of the immunoglobulins IgA and IgM and a switch at later lactational stage was characterized by the enhanced abundance of IgG [11,12]. This data suggests that human milk transitions from a defense mechanism of the newborn and direct pathogen-killing, to a more mature milk supporting an independent immune system [11,12]. Overall, there is ample evidence that human milk helps to establish both innate and adaptive immune responses of the infant as the infant matures.



There are many factors that affect the composition of human milk, independent of the lactational stage. These factors can be maternal, such as diet, smoking status, exercise, BMI, and infant factors, such as gestational age and sex of the infant [9,10]. Additionally, the breast milk composition can fluctuate within feeds and diurnally, and it is influenced by maternal diet [10]. Recent evidence has shown that foreign proteins, from bovine milk, can be detected in human milk, and that the most likely source for these foreign proteins is via the maternal diet [14]. Diurnal changes have been identified in the fat composition of milk, but such changes are not well investigated or reported for proteins, protein post-translational modifications (PTMs), and/or endogenous peptides. Additionally, the overall proteome can be impacted by inhibitors and activators, present within the mammary gland, and throughout the body allowing for constituents of the proteome to be translocated to the mammary gland via circulation, as described in more detail in Section 2.1. Future research should aim to explore the diurnal changes of the human milk proteome and all of its components.



Human milk cannot be artificially mass-produced in all details of its natural complexity, instead it is tailor made to meet the precise and unique needs of each mother-infant pair. Moreover, it has undergone more than 300 million years [15] of evolutionary selective pressure to become this intricate, dynamic, and essential element of human nutrition. The proteome is an exemplary model of this, as it can reveal the complex differences between individuals while meeting the functional needs of the infant. Wherein the biological functionality of human milk is determined by a series of interacting and synergistic factors that are conserved, regardless of the considerable qualitative and quantitative differences in the human milk proteome between individuals.



2.1. Mammary Gland Physiology


The lactating mammary gland, which is comprised of branching networks of ducts formed from epithelial cells making up extensive lobulo-alveolar clusters, is the site of milk production and secretion. These lactocytes are responsible for 80–90% of the protein content of human milk, with the remaining percentage coming from maternal circulation [10]. Proteins and endogenous peptides enter the inner luminal space of the mammary gland through four general pathways (Figure 1), belonging to either transcellular or paracellular routes that were extensively summarized by other reviews [26,34,35,36,37]. In brief, the exocytotic pathway (pathway 1) is the dominant way for the secretion of endogenously generated proteins, including the major milk proteins, e.g., caseins, α-lactalbumin, and lactoferrin. This secretion mechanism is similar to exocytotic pathways that were found in other cell types [37]. Lipid-associated proteins existing in milk fat globule membrane (MFGM) are secreted by a process that is unique to mammary epithelial cells (pathway 2) [38], including mucins and enzymes [39]. Another transcellular pathway, the transcytosis pathway (pathway 3), is responsible for the transporting of proteins from serum or stromal cells, e.g., secretory immunoglobulin A (sIgA) [40], albumin [41] and transferrin [42]. A benefit of this pathway is that proteins can be released into the lumen in their intact and active forms [26]. Finally, one paracellular pathway (pathway 4), directly transports serum substances and cells [43]. This paracellular pathway is only available on special occasions, such as inflammation or preterm birth [44], and it is normally closed by the tight-junctions between epithelial cells [44,45].



Human milk glycoproteins follow these same four general pathways, but glycosylation can be locally impacted by the glycan biosynthesis in the mammary gland or globally throughout the body. Maternal genetic factors may also contribute to the protein glycosylation profile that is produced. Two fucosyltransferases, including fucosyltransferases 2 (FUT2) and fucosyltransferases 3 (FUT3), which are encoded by the secretor and Lewis genes, respectively, are responsible for adding the terminal fucose in an α1,2 linkage and subterminal fucose in α1,3 and α1,4 linkage [46]. Some glycans that are bound to proteins then carry distinct elongated glycan epitopes that are determined by polymorphisms [47].



The secretion and transport of endogenous peptides is impacted by protein associations and conformational availability to be digested, or not, to shorter peptides by proteases and protease inhibitors. The transport of proteases from circulation to MECs is not fully understood and much remains unanswered, such as, whether proteases pass MECs by transcellular or paracellular pathways or whether specific receptors and transports exist for proteases [26]. Literature referring to bovine milk indicates that proteases in milk are not the source of somatic cells and that these proteases are therefore derived from blood [26,48]. Maternal health also plays a role in protein degradation to peptides as infections, especially those within the mammary gland, can result in an increase in proteolysis [26]. The health of the infant can influence this same process, as there is feedback communication between the infant and the mother during breastfeeding. When the infant is sick salivary proteins can make their way up the mammary ducts via the nipple during suckeling, which then signals the transcription of immune modulating proteins within the mammary gland that are needed by the infant [49,50]. This opens up an exciting and unexplored avenue of research to better elucidate the maternal infant communication mechanism that is taking place at the mammary-oral interface. Furthermore, this could then lead to potentially novel human milk protein and or endogenous peptide biomarkers in relation to infant health.





3. Proteins


Human milk, as the preferred source of infant nutrition, provides essential and non-essential amino acids via its protein and free peptide fraction, which in turn are used by the infant for protein synthesis required for growth. Therefore, the analysis of human milk proteins is important for the determination of protein requirements to meet the infant’s needs. Moreover, these needs are individual specific and they are based on the infant’s ability to utilize and break down dietary proteins.



Historically milk proteins have been classified into two groups, whey and caseins, and they have recently expanded to include a third group, proteins from the MFGM [6,16]. Within these groups, the proportions of whey and casein change throughout lactation, with the ratio of whey to casein being the highest during colostrum and then reaching a steady state in mature milk [9,11,12,16,51], see Table 1 for details. This effect is also attributed to the increase in milk volume throughout lactation [51]. Mucins are found within the MFGM, and therefore are not designated as a percentage of protein, since they are associated within the fat layer and typically make up less than one percent of total protein [6]. Proteins making up the whey fraction of milk predominantly include: α-lactalbumin, lactoferrin, secretory IgA (sIgA), albumin, and lysozyme; and, the casein fraction of milk include: α-S1-, β-, and κ-casein. Unlike bovine milk, human milk does not contain β-lactoglobulin or α-S2-casein, which can trigger immunogenic responses to cow’s milk proteins and then potentially other subsequent food allergies later in life when consumed by susceptible infants [52,53,54,55].



It is often difficult to make comparisons of the protein content in human milk across differing literature sources due to the variability in protein concentrations reported. These variations arise because of the expanse of laboratory methods that are used to determine protein concentration. Examples of differing methods of protein assessment include, in order of low to increasing complexity and accuracy: colorimetric assays, like bicinchoninic acid (BCA); nitrogen determination methods, like Kjeldahl; and, chromatographic methods, like matrix-assisted laser desorption/ionization (MALDI) and nano-spray liquid chromatography tandem mass spectrometry (LC-MS/MS). Mass spectrometry-based methods for the analysis of the human milk proteome are the most ideal, as they allow for both quantitative and qualitative analysis of the entire proteome, proteins with PTMs, like glycosylation, and the endogenous peptidome in one systematic approach.



Clear objectives need to be determined prior to protein analysis to define whether protein assessment is to be done, as true protein measurement vs total nitrogen estimates. This distinction is important, because measurements between the two can differ anywhere from 1–37% [8]. Protein estimated from the measurement of nitrogen often over-estimates the true protein content of human milk because it is assumed that all nitrogen is protein and does not consider the non-protein nitrogen (NPN) compounds [8]. In human milk, protein accounts for approximately 75% of nitrogen-containing compounds [56]. The remaining 25% of the nitrogen in milk is accounted for by NPN compounds, such as urea, nucleotides, endogenous peptides, free amino acids, DNA, and RNA [57,58]. From this, it is estimated that endogenous peptides make up 10–15% of NPN [58]. However, nitrogen studies have not considered glycosylation, and therefore what percentage of nitrogen is coming from this PTM has not be determined.




4. Glycoproteins


Protein glycosylation, the process of adding sugar units to a protein, is one of the most prominent PTMs on human milk proteins. It has been estimated that up to 70% of human milk proteins are glycosylated [59]. Unlike protein sequences, the biosynthesis of glycosylation cannot be directly predicted from the gene. However, the enzymes, including glycosyltransferases, glycosidases, and transporters, which are involved in the process, are directly encoded in the genome [60,61]. A glycoprotein carries one or more glycans covalently attached to a polypeptide backbone, usually via N- or O-linkages [62,63]. The N-glycosylation in human biology is designated as a sugar chain, starting with a N-acetylglucosamine (GlcNAc) residue that is linked to an asparagine residue of a polypeptide chain, normally with consensus peptide sequence: Asn-X-Ser/Thr (X is any amino acid except Pro) [64,65]. Additionally, some human milk proteins have N-glycans that occur at Asn-X-Cys, e.g., alpha-lactalbumin [66]. Alternatively, O-glycosylation is frequently linked glycans via N-acetylgalactosamine (GalNAc) to a serine or threonine residue of the polypeptide [67]. The expression level and glycosylation level of glycoproteins in human milk can vary throughout lactation and or biological situations [68]. Protein glycosylation in milk is of special interest, since it is relevant to proteolytic susceptibility, and it functions as competitive inhibitors of pathogen binding and immunomodulators in the gut. As a result, the glycosylated protein in human milk helps to shape the developing gut and immune system of the growing infant [47].



The quantitative variation in expression for some major glycoproteins has been reported, (Table 1). The level of glycosylation, especially the site-specific information throughout lactation, is less detailed in the literature, with the exception of a few proteins e.g., lactoferrin, bile salt activated lipase (BSSL), sIgA, secretory IgM (sIgM), and α-antitrypsin [69]. The less characterized site-specific glycosylation is mainly due to two analytical challenges: (1) the dynamic range of human milk proteins and (2) the complexity of glycosylation.



The global human milk glycosylation analyses is not often carried out on the intact glycopeptide level with respective site-specific glycosylation information due to these analytical challenges. Instead, analysis has mainly focused on the mapping of N-glycosylation sites of enzymatic deglycosylated peptides or on the enzymatically released N-glycans, as these analyses circumvent the analytical challenges. Interestingly, the analysis of the released N-glycans has revealed that a specific feature of human milk glycosylation is the multiple and abundant N-glycan fucosylation, when compared with bovine milk or human serum [70]. In humans, mono-fucosylation tends to be core fucosylation [71], while additional fucosylation is likely terminal fucosylation. Core fucosylation is important, because it can prevent the enzymatic cleavage of proteins from membrane surfaces [72]. The feature of having terminal fucosylation on glycoproteins represents a structural homology to human milk oligosaccharides (HMOs). This is of interest, because, if these two components have similar structures, then perhaps they share similar functionalities, which is not well characterized for terminal fucosylation on glycoproteins. However, it is well described that the fucosylated HMOs are correlated with the increasing diversity of the neonates gut microbiota. Future research should aim to further investigate the glycoproteome and the development of the infant gut.




5. Endogenous Peptides


To date, the literature on the endogenous peptidome in human milk remains limited and there are no studies investigating PTMs of the peptidome, to our knowledge. This is truly astounding when considering that human milk peptides are more diverse than proteins [73]. Additionally, peptides make ideal signaling molecules and they have extreme potential for biomarkers, as they serve as messengers encoding the status of specific regions of the body and potentially the entire organisms as they are less restricted in the movement in relation to proteins.



Several groups have developed similar MS-based methods to investigate endogenous peptides in human milk [74,75,76,77]. Recently, we established and validated an MS-based method, optimizing peptide extraction, MS fragmentation, and database searching, for a robust and reproducible analysis of endogenous peptides in human milk [78]. Within this method development, we determined that the most optimal workflow for endogenous peptides in human milk fundamentally depended on the depth of analysis desired and the time to be invested.



An understanding of naturally occurring endogenous human milk peptides verses peptides that are the digestion products of proteins in the infant’s intestinal tract is important. This distinction is required for understanding functionality. Human milk peptidome studies have consistently found peptides abundantly from the casein fraction of milk proteins, where approximately 50% are derived from β-casein [74,75,76,77,79]. In addition to this, other studies have reported no endogenous peptides identified from major whey proteins, such as α-lactalbumin, lactoferrin, or immunoglobulins, [74,75,76,77,79]. Further studies suggested that the proteases in human milk are responsible for the observed proteolytic activity and that this activity is specific and conserved [76]. However, since the whey portion of the proteome is heavily glycosylated, peptides from these proteins are either not degraded by proteases or are not detected due to the binding glycan. Future analysis of endogenous peptides in human milk should aim to address this gap in knowledge.



Human milk peptides have been shown to have functional properties beyond the sources of amino acids; for instance, they are involved in immunomodulation, opioid-like activity, antioxidant, antimicrobial, and antiviral action, and probiotic action [74,77,80,81,82,83]. The functionality of human milk peptides require that they are hydrolyzed from their parent protein, in which case proteins can be seen as the carriers of functional peptides. Previous studies have suggested that the peptide sequences of human milk are not due to random proteolytic digestion but rater selective proteolysis of the mammary gland [77]. The driving forces for this selectivity may be for protective factors for both the mother and the infant [77]. The benefits of intact peptides for the mother and infant must have served an evolutionary advantage as the energy cost of protein production is high, and therefore it would not be opportune for biological systems to break down these proteins if they did not serve some importance. The proposed health benefits for the mother and infant include the prevention of bacterially induced mastitis and protection against gastrointestinal infections, respectively [77]. Additionally, it has been shown that proteolysis within the mammary gland is increased during times of inflammation or infection [26], leading to altered milk compositions, which can include increased serum proteins and potentially serum derived peptides in milk. Thus, the analysis of the human milk peptidome could provide insights into the maternal-infant health dynamic.



To date, there is huge interest in determining the functionality of human milk endogenous peptides, which are unique and diverse from that of their parent protein. Particularly, endogenous peptides with a wide range of bioactivities, including antimicrobial, antihypertensive, antithrombotic, and immunomodulatory [84]. While some peptides have established functionalities, other peptides only have proposed functionalities that are based on sequence motif. Additionally, biological insights of endogenous peptides can be achieved by different strategies, such as site visualization, mapping the peptide to the precursor protein back bone; enzymatic mapping, assessing which enzymes released the peptide from the precursor protein; peptide structure predictions, predicting the three-dimensional structure of the peptide from the amino acid sequences and PTMs; and, predicted functionality by homology searches against databases of known functional sequences. Dallas et al. previously reviewed these topics in detail [84]. A major limitation in the analysis of bioactive functionality is that it is reliant on predictive bioinformatics, which is contingent on the quality and completeness of databases currently available. One group has sought to bridge this gap in knowledge by deriving a database specific to milk peptides from various mammalian species with known functionality, Milk Bioactive Peptide Database (MBPDB) [83].




6. Enzymes


Human milk is comprised of a mixture of proteolytic enzymes, zymogens, protease activators, and protease inhibitors, and therefore the net proteolytic activity is dependent on the quantitative interaction of these components. Additionally, these numerous enzymes all have differing functionalities. The main proteases in human milk include plasmin, trypsin-2, cathepsin-D, neutrophil elastase, thrombin, kallikrein, and several amino- and carboxypeptidases [26]. These proteases are secreted in their inactive form and are then activated by protease activators, such as tissue-type plasminogen activator (t-PA) and urokinase-type activator (u-PA) [26]. The system maintains balance with protease inhibitors, such as α1-antichymotrypsin and α1-antitrypsin [85,86]. The mammary gland is an ideal environment for these proteolytic enzymes, as most of them are capable of functioning at body temperature and they can function at milk’s neutral pH [82].



In general, it is well established that human milk contains higher levels of enzymes than bovine milk [87], and further that the enzymes in human milk are inherently different than the same enzyme being expressed in a different body fluid. This difference arises from human milk enzymes having a more highly organized tertiary structure, resulting in greater hydrophobicity, which in turn may account for their resistance to proteolysis and denaturation in the infant’s gastrointestinal system [26,85,86,87,88,89,90]. Studies have shown that the neutral pH of human milk provides a buffering capacity in the infants stomach, which increases the pH and limits proteolysis from pepsin [91]. This increase in the pH of the infant’s stomach is thought to be important for facilitating bacterial colonization of the gut, and that proteolysis is facilitated by milk proteases, which remain active in the infants stomach, such as cathepsin_D and plamin [91]. There are extensive reviews on the enzymes in the mammary gland, human milk, and throughout infant digestion [26,85,86,87,88,89,90,91], for this reason we choose to highlight enzymes that function within the mammary gland to establish the proteome, especially highlighting plasmin, and enzymes that act in secreted milk, which function later on in the infant’s digestive tract.



6.1. Enzymes that Function in the Mammary Gland


Within the mammary gland, enzymatic proteolysis specifically and reproducibly acts as a controlled proteolytic system [88]. Evidence for this can be observed by endogenous peptides, which are characterized by overlapping ladder peptide products that originate from a specific region of the parent protein. These characteristics are due to the nature of the parent protein, PTMs, secondary and tertiary structure, and the abundance in relation to available proteases. It has been identified by Timmer et al. that four key factors determine the specificity of proteolysis: (1) spaciotemporal co-localization, (2) exosite interactions, (3) sub-site specificity, and (4) structural presentation [92]. Guerrero et al. considered these aspects of proteolysis in their analysis of endogenous peptides in human milk and investigated the intrinsic disorder of a protein in relation to the identified peptides [76]. Wherein, the intrinsic disorder is where a part of the protein is “natively unfolded” [93], containing regions that lack stable tertiary structures, which allow for easier proteolytic access and degradation. Overall, in this analysis, it was determined that the observed specificity of endogenous peptides could be explained by the protease activity within the mammary gland. This activity was explained by three factors: (1) the intrinsic disorder of proteins; (2) the advantage of a single cleavage for the generation of peptides at the N and/or C-termini; and, (3) the participation of enzymes with high specificity for peptides being observed at internal regions of proteins [76].



It has been previously demonstrated that peptides from major whey proteins, such as lactoferrin, α-lactalbumin, and secretory immunoglobulins, remain intact and they do not contribute to the milk peptidome [74,76,77,84], under healthy conditions. These studies demonstrated that the majority of endogenous peptides were derived from caseins, osteopontin, and polymeric immunoglobulin receptor, and that these peptides represented a minority of the total protein content. Further, these studies hypothesized that this was due to the proteases that were present in human milk, originating in the mammary gland, such as plasmin, cathepsin D, elastase, cytosol aminopeptidase, and carboxypeptidase B2, and that they were active throughout lactation. It is also thought that major whey proteins are not digested in the mammary gland due to a lack of association with micelles and inhibited protease activity, potentially due to PTMs [77].



Plasmin is one of the main proteases that hydrolyzes human milk proteins in the mammary gland [77]. It is thought to be an important protease in human milk, as it helps to facilitate the capacity for protein digestion of the infant. Plasmin is a trypsin-like, serine-type protease and it is highly specific for cleavage of peptide bonds of lysine, and to a lesser extent, arginine, at the N-terminal domain. Plasmin activity in milk is controlled by a heterogeneous system of inhibitors and activators. The inactivated zymogen, plasminogen, is converted to active plasmin by two serine proteases, t-PA and u-PA [26]. In addition to these activators are inhibitors of plasmin, including type-1 plasminogen activator inhibitor (PAI-1), inter-α-trypsin inhibitor, and α1-antitrypsin [26]. The inactive form of plasmin, plasminogen is known to associate with the casein micelles in milk [94], as does the activator t-PA. Therefore, the majority of active plasmin in milk is associated with the casein micelle structure. This has been demonstrated in studies that showed β-casein derived peptides that were made up the greatest abundance and relative peptide count, even though it is not the most abundant protein in milk [26,77]. Subsequently, it is also reasonable to expect low amounts of endogenous peptides from whey derived proteins in human milk, due to a lack of association with plasminogen and activator t-PA, and an association with plasmin inhibitors [26,77].




6.2. Enzymes Present in Milk


The incorporation of proteases in human milk may be an inherent evolutionary design, which is meant to aid in infant digestion. This is important, as infants are born with developmentally naïve digestion systems, starting in the mouth with little salivary proteases and extended to the gastrointestinal system, in which they produce relatively little gastric acid and express low protease activity in comparison to older children and adults. Additionally, the consumption of milk makes the pH of the stomach more neutral than that of an adult. However, even with these known developmental disadvantages, we know that infants are capable of digesting and absorbing milk proteins. It has been hypothesized that this is because proteases are simultaneously delivered via milk to aid in infant digestion [26], which makes sense, taken together with the infant’s low digestive capacity. Evidence for supporting this has been recently reported via peptidomic and bioinformatics analysis that showed milk proteases were actively breaking down protein within the human infant’s gastrointestinal tract [95,96,97]. The concentrations of proteases, their inhibitors, and activators have also been reported to change across lactation. Wherein, the mean protease activity, in milk, is reported to decline throughout lactation, reducing in concentration as the infant becomes more capable of utilizing its own digestive system. It is reported that protease activity increases during involution, and it is thought that this is to aid in returning the mammary gland to pre-gestation status. Dallas et al. recently reviewed these topics extensively [26].



The digestibility of the human milk proteome in the infant’s gastrointestinal tract is of importance, because of the consequences of a lack of digestion. For instance, if proteins are not properly digested in the small intestine than this can result in an incomplete amino acid hydrolysis required for growth and would, therefore, increase the infant’s total protein requirements. Further on, if proteins reach the colon, and they are not excreted in feces, they could contribute to over growth of bacteria that are capable of protein-fermentation, such as Clostridium perfringens and various Bacteroides species [26]. This, in turn, could result in lower populations of beneficial carbohydrate consuming bacteria in the infant gut, such as bifidobacteria [26].





7. Functionality


The human milk proteome contributes to a wide range of functionalities, including: growth as sources of amino acids; enhanced bioavailability of micronutrients, such as vitamins, minerals, and trace elements; improved cognitive development; immunogenic training as innate and adaptive immunity; and, promoting intestinal growth and maturation via interactions with the microbiome. These functionalities are achieved by varying proteins, endogenous peptides, and their PTMs. Importantly, some proteins are capable of exerting multiple functionalities. One example of this is lactoferrin, which can act as a nutrient transporter, defend against pathogens, stimulator of commensal microbiota, and more [2,3,4,9]. Moreover, the individual components of the human milk proteome are able to synergistically work to drive functionality. Several examples of this exist, including the interaction of lactoferrin and lysozyme on antibacterial functionality and the interplay between sIgA and endogenous peptides from pIgR to sequester bacteria at the mucosal interface in the gut. We break down these functional topics over the next several sections and discuss the major parts of the proteome that contribute to specific functions.



7.1. Growth


Dietary reference intake values for infant protein are based on the protein content of human milk, as this is optimal for meeting the requirements for growth and maintenance. Across the ages of 0 to 4 months, the average protein intake for infants consuming human milk is 8 g/day [98]. The composition of the human milk proteome is one of the major contributing factors to infant growth trajectories. For example, an overall high percentage of whey vs casein proteins corresponds to slowing growth rates in human infants [10]. This is due to an even lower level of casein protein in human milk that already contains one of the lowest concentration of caseins relative to other studied species [51]. Human milk proteins drive infant growth, as they are important sources of essential amino acids after digestion. Moreover, proteins and their derived peptides support infant growth by the enhancement of nutrient absorption and digestion.



One way digestive enhancement is achieved is by increasing the solubility and bioavailability of nutrients. A well-known example is β-casein, which forms casein phosphopeptides (CPPs) in the mammary gland and during infant digestion and it functions to chelate with minerals and promote the absorption of calcium, zinc, and iron [99,100,101]. Another example is the most prevalent whey protein α-lactalbumin, which has binding sites for calcium and zinc [102,103], which help to increase mineral absorption. The glycoprotein haptocorrin helps to protect the acid-sensitive vitamin B12 pass the infants’ stomach, for later absorption in the small intestine [104]. Another mechanism of enhanced nutrient uptake is via protein receptors. For instance, iron that is bound to lactoferrin is not released in the intestine due to the high binding affinity, but for infants, the uptake of iron is increased via the lactoferrin receptor [105]. The lactoferrin receptor is suggested to be the principal iron transport pathway in early life [106], which indicates the nutritional importance of lactoferrin for iron absorption for neonates. Additionally, iron that is provided by lactoferrin is also well utilized in adults [107].



Enzymes in human milk are essential as they contribute to digestion in neonates, as they have rather immature digestive systems and are incapable of producing sufficient quantities of enzymes to fully facilitate digestion [88]. One well-accepted example is bile salt-stimulated lipase (BSSL) which has a wide substrate specificity to hydrolyze mono-, di-, and triglycerides, cholesterol esters, fat-soluble vitamin esters, phospholipids, galactolipids as well as ceramides [108,109], thus aiding in the digestion of milk lipids. [110]. The newborn normally has the ability to digest lactose, the main carbohydrate in human milk, by lactase present in the small intestine [111]. However, the main enzyme for complex carbohydrates, α-amylase, is low at birth [112], but it is supplemented by human milk [113] and it may aid in the digestion of complex carbohydrates when complementary foods are introduced to breastfed infants [114].



Cognitive development is another important aspect of growth, however the proteome is often overlooked in this regard and more attention is placed on human milk oligosaccharides and fatty acids. Human milk lactoferrin and proteins of the MFGM have been shown to be important in the cognitive development of the infant [9]. In piglet models, it has been shown that feeding bovine lactoferrin at human milk concentrations was associated with the differential expression of 10 genes in the brain-derived neurotrophin factor (BDNF) signaling pathway and later downstream target proteins of this pathway that are important for neurodevelopment and cognition [115]. Other studies using piglet models have shown that feeding lactoferrin resulted in upregulated intestinal gene expression of BDNF and improved gut maturation, linking the gut-brain-microbe axis in a way not previously reported [116]. While intriguing, these results have not been investigated in the human infant. The only randomized controlled trial (RCT) investigating formula with supplemented MFGM containing 4% protein vs standard formula found that the MFGM supplemented group had significantly higher mean cognitive scores in the Bayley Scales of Infant and Toddler Development when compared to the standard formula group [117]. Moreover, the cognitive scores of the MFGM supplemented group were not different as compared to that of the breast-fed reference group at 12 months of age [117].




7.2. Immune


The specificity of human milk composition to meet the needs of an individual infant can be exemplified in the immune modulating components, which aim to protect the infant and help to drive the immune development of the infant’s naive immune system. There are a multitude of immune modulating components in human milk, including: antigens, cytokines, immunoglobulins (Ig), polyunsaturated fatty acids, and chemokines [118]; leucocytes, including macrophages, neutrophilic granulocytes, and lymphocytes [119]; immune stimulating proteins and glycoproteins, such as lactoferrin and sIgA [54]; and, additional components, such as hormones, growth factors, and endogenous peptides [120]. The immunogenic activities of the milk proteome are critical for establishing innate immunity and developing adaptive immunity. Additionally, it may play a role to some extent in allergy prevention or development, depending on whether it is acting to build tolerance or potentially cause sensitization. However, many characteristics of this are unknown and current research is aiming to better understand these mechanisms.



7.2.1. Innate Immunity


The innate immune system is the first line of host defense against pathogens [121] and it is extremely important for infants, since they are lacking mature adaptive immunity. The human milk proteome compensates neonatal innate immunity through many different ways: (1) the inhibition of growth of pathogens; (2) the inhibition of the binding of a pathogen to its receptor; and, (3) regulation of immune response and inflammation.



One way to inhibit the growth of pathogens is to have competition for the resources required for growth. For example, lactoferrin has a high affinity to bind free ions, which are essential for bacterial growth. By making the free ions unavailable, lactoferrin has a broad bacteriostatic effect. Same holds true for haptocorrin, as the major vitamin B12 binding protein, normally unsaturated in human milk, to withhold vitamin B12 and inhibit the growth of bacteria [122]. However, haptocorrin does not have a general antibacterial activity, rather its activity was found for a single enteropathogenic Escherichia coli (E. coli) O127 strain (EPEC) [123] and Bifidobacterium breve [124].



Another way to inhibit the growth of pathogens is the disruption of membrane structure. Human milk contains a high concentration of lysozyme, which is an enzyme that is capable of hydrolyzing β-1,4 linkages of N-acetylmuramic acid (NAM) and N-acetylglucosamine (NAG) in bacterial cell walls, leading to the instability of cell wall and bacterial cell death [125]. Lysozyme has been shown to synergistically work with lactoferrin to kill gram-negative bacteria in vitro [126]. With the help of lactoferrin to bind and remove lipopolysaccharide from the outer cell membrane of gram-negative bacteria, the inner proteoglycan matrix is left accessible for lysozyme. Human milk also contains defensins and cathelicidins [127], which have shown to have synergistic antibacterial effects with lysozyme [128]. In addition to the enzymatic activity, human lysozyme is cationic [129] and it can insert into and form pores in negatively charged bacteria membranes [130,131].



The membrane attack complex (MAC) as a result of the activation of the complement system is capable of forming pores in the lipid bilayers of bacteria and it leads to cell lysis and death [132]. The complement system is an important part of innate immunity and it also plays a role in adaptive responses [133]. Human milk contains many proteins in the complement system, yet in low levels, although systematic research of the whole system is still lacking. The assessment of individual complement proteins indicate that the complement system in human milk might provide additional immunological and non-immunological protection for infants [134].



The membrane structure of pathogens could be damaged and the pathogen growth could be inhibited by a so-called “lactoperoxidase system (LPS)”, which consists of lactoperoxidase and thiocyanate (SCN−) which occur naturally in human milk, and H2O2, which is generated by bacteria [135]. When the H2O2 is present, lactoperoxidase uses it to oxidase SCN− to hypothiocyanite (OSCN−), which has broad antimicrobial activity [136]. Moreover, the overexpressed OSCN− could be eliminated by antioxidants presented in milk to limit the local tissue damage by oxidative stress [5]. Lactoperoxidase is a glycoprotein and it is resistant to proteolysis [137], thus playing a role in infant host defense.



When pathogens enter the infant’s gastrointestinal tract, the first stage of the infection is colonization by adhesion to host epithelial cells. The intestinal epithelial cells are heavily covered with glycans. Cell surface glycan epitope recognition is the first step of enteric pathogens in their pathogenesis [138]. Milk glycans, in the free form of HMOs or conjugated form in glycoprotein and glycolipid, might have epitopes as part of their structures, and competitively recognize and bind to either the lectin receptors of epithelial cells or pathogen lectin receptors [139]. Thereby, inhibiting the adhesion of a pathogen and infection afterward. Many glycoproteins in human milk have demonstrated the capability to block the interaction of epithelial cells and enteric pathogens, e.g., Tenascin-C for HIV-1 [140]; lactoferrin for Escherichia coli O157:H7 and Salmonella enterica [141]; BSSL for Norwalk virus [142]; mucins for rotavirus [143], Norwalk virus [142]; and, Salmonella enterica serovar Typhimurium SL1344 [144]. One critical aspect in exploring the roles of milk glycoproteins is to characterize the attached glycans and their specificities since the epitope recognition is structure-based. Lactoferrin has a lower ability to interrupt the adhesion of bacteria to epithelial cells when fucose moieties are enzymatically removed [141]. Sialylated glycans of secretory immunoglobulin A (sIgA) were able to bind the S-fimbriated E. coli strains and inhibit adhesion [145]. Moreover, mothers have different abilities to produce specific glycan structures [146], as discussed in the glycoproteomics section, as well as attached glycans of glycoproteins [71]. The individual-specific properties add another level of complexity and lead to unique selective inhibition for endemic pathogens.



The immature intestinal mucosa of the neonates is overly sensitive to infection, because of overexpressed inflammatory genes and under-expressed negative feedback regulator genes [147]. Human milk helps to regulate this immunologic balance in neonates, not only by reducing exposure to pathogens and the prevention of infection, but also via modulating the immune response to minimize inflammation pathology for the breastfed infant [148]. Many components in human milk, including proteins/glycoproteins and peptides, have immunomodulatory functions. For example, soluble isoforms of toll-like receptor (TLR)-2 serves as a decoy receptor, suppressing TLR2 activation and decreasing interleukin (IL)-8 and tumor necrosis factor (TNF)-α release, thus reducing inflammation [149]. Glycoproteins, such as CD14 [150], lactoferrin [151], and lactadherin [152], can regulate TLR4 signaling, whereas the endogenous peptide, β-defensin 2, suppresses TLR7 expression [153]. In a recent RCT, bovine osteopontin was added to infant formula and the infants were fed either regular formula or osteopontin supplemented formula [154]. The results from this RCT showed that infants consuming osteopontin supplemented formula had significantly lower serum concentrations of pro-inflammatory cytokine transforming growth factor-α as compared to non-supplemented infants, and moreover that these infants had cytokine profiles more similar to that of breastfed infants [154].




7.2.2. Adaptive Immunity


While their own adaptive immune system is maturing, neonates may get protection from the products of the adaptive immune system of the mother, which was first reported in 1892 [155]. One primary protective product is a protein family, called immunoglobulins or antibodies, which come from several sources and they are transported into milk by receptor-mediated processes, reflecting the antigenic stimulation of immunity of the mother [156]. Immunoglobulins include several classes, like IgM, IgA, IgG, IgE, and IgD [157]. In human milk, the most abundant immunoglobulin is sIgA, followed by sIgM and IgG [158].



Both sIgA and sIgM are polymeric, typically dimeric IgA and pentameric IgM, which are formed through the covalent interaction with a joining (J) chain and secretory component (SC) from the endoproteolytic cleavage of the polymeric immunoglobulin receptor (pIgR) [159]. sIgA and sIgM are produced in a similar manner and represent the history of the antigenic stimulation of mucosal immunity in the mother [119]. When a pathogen enters the mother’s gut or upper airways, the Peyer’s patch acquires the pathogen and its antigens are presented by M cells to circulating B cells, which migrates to the serosal (basolateral) side of the mammary epithelial cell and it produces IgA and IgM. As the IgA and IgM move from the serosal to the luminal (apical) side of the mammary epithelial cell, they are glycosylated and complexed to form sIgA and sIgM, which are secreted into milk [160]. When the infant consumes milk, the sIgA and sIgM associate with free SC and they are resistant to digestion [161]. Additionally, free SC is responsible for intracellular neutralization of some viruses and it is capable of binding bacterial components, like Streptococcus pneumonia-derived SpsA protein and prevent the invasion of epithelial cells [161]. sIgA and sIgM both carry the memory of pathogens faced by the mother, which allows for them to provide the same protection to the infant by binding to recognized pathogens and inhibiting their ability to infect the infant [162]. This mechanism is called the enteromammary link, where maternal immunity is transferred to the breastfed infant [163]. Milk sIgA is considered to be the dominant immunoglobulin to protect mucosal surfaces of infants from pathogens and enteric toxins, through intracellular neutralization, virus excretion, and immune exclusion [158,164]. Additionally, sIgM has been demonstrated to activate the complement cascade in vitro [165].



IgG is required to provide systemic immunity and it is transferred before birth. During pregnancy, IgG is transferred from mother to the fetus via transplacental passage and it provides crucial protection to the neonate in the first weeks of life after birth [166]. The main portion of human milk IgG is transported from serum through neonatal Fc receptor (FcRn) [167], and its four subclasses are ordered in cord serum level as IgG1, IgG2, IgG4, and IgG3 [168]. The concentration of IgG in human milk is much less than sIgA since the human mammary gland has considerably less FcRn than pIgR. Additionally, IgG is less resistant to digestion than sIgA. The remaining intact IgG in the intestinal lumen might be involved in immune surveillance by binding antigens and enhancing the local mucosal immune response by transporting the IgG-antigen complexes into lamina propria for the subsequent induction of immune activation or tolerance [169]. On the other hand, maternal antibodies may inhibit infant vaccine response depending on the ratio of maternal antibodies to the vaccine antigen [170], although maternal vaccination, such as pertussis and influenza, showed protective effects for infants [171,172].




7.2.3. Potential Allergens in Human Milk and Immunity


The presence of non-human proteins in human milk was reported many decades ago [173], especially some potential food allergens, including proteins from cow’s milk, eggs, peanuts, and wheat, in the form of degraded peptides, intact proteins, and/or an immune complex with antibodies [14,174,175,176,177,178,179]. Besides food proteins, other sources are also reported to be present in human milk, e.g., house dust mite [180]. It is still not quite clear how foreign proteins enter human milk and the consequences for infant health. It is difficult to elucidate the exact roles of foreign proteins in a complicated mixture as human milk, where pro-inflammatory and anti-inflammatory factors are both present and change constantly [53]. However, some critical reviews have revealed that breastfeeding positively promotes the development of tolerance in the infant and protects against allergic diseases, asthma, and atopic dermatitis [53,181,182]. Moreover, studies have shown that avoidance of food allergens in maternal diet during lactation, or postponed introduction of risky foods in children have not shown a clear benefit [183]. Instead, introducing a food antigen in early life with low levels of continuous exposure might reduce the risk of developing related allergies [184]. The potential allergens introduced in human milk by months of breastfeeding might be the ideal way to promote tolerance [185]. Tolerance to harmless antigens plays a crucial role in immune homeostasis by preventing potentially dangerous hypersensitivity reactions [186].





7.3. Gut Development


The infant’s immune system and gut develop concurrently. As the infant’s immune system is immature at birth, so is the mucosal lining of the gastrointestinal tract and the gut with limited microbiota. The maturation of the gut during infancy relies, extensively, on adequate nutritional support, and it is shaped by the delivery of human milk bioactive constituents. The human milk proteome plays a large role in this maturation by providing support to intestinal epithelia, the mucosal lining and gut microbiota for developmental programming [187]. Moreover, intestinal tropism is primarily derived from human milk protein, rather than by lipid or carbohydrate [187]. The bacteriostatic properties of the milk proteome help to create an environment within the infants’ gastrointestinal tract, where unrestrained bacterial growth is prohibited and the microorganisms are removed from the small intestine without causing inflammation [3]. In turn, this contributes to the development of a healthy microbiome for the infant [3]. All together, the milk proteome results in enhanced responsiveness of the intestine to dietary, physiological, and pathological challenges [187].



The infants gut physiology consists of intestinal epithelial cells (IECs) covered by a mucus layer, and it is at this interface that innate and adaptive immunities must cooperatively function to protect the infant from the vast assault of stimuli [161]. Intestinal homeostasis is maintained by IECs, which act as a physical barrier driving synergistic immunity against invading pathogens. The main player of the IECs is the polymeric immunoglobulins (pIgs). As described in the adaptive immunity section, pIgR is complexed to dimeric IgA (dIgA) by the J-chain; this is a critical step in the translocation of IgA across the IECs and secreted into the lumen, where sIgA can exert its protective functions. This complex formation and translocation occurs both in mammary epithelial cells and in IECs. Once this dIgA-pIgR complex is expressed on the apical surface of IECs, it is released by proteolytic cleavage. Research studies have shown that pIgR cleavage occurs on the cell surface and not inside the cells, which indicates that this is a highly localized process [161]. However, the enzyme responsible for the cleavage of pIgR has not been identified, although some research suggests that the enzyme is a serine proteinase [161]. Maternal sIgA in breast milk is supplied to the infant in sufficient quantities to promote gut health and maturation, as the infant is incapable of producing sufficient quantities of sIgA until approximately two years of age. After sIgA is translocated from the IECs it enters the intestinal mucus layer where it helps to maintain spatial segregation between the microbiota and epithelial surface [188]. It has been postulated that the production of sIgA and pIgR is regulated by the gut microbiota by products that are shed from the microbial community [188]. This, in turn, helps to stimulate a commensal relationship between the hosts gut and microbiome, in which the human milk proteome is a key driver for the developing infant.



Mucosal development is a major determinant of infant’s gut health and homeostasis. Mucus producing goblet cells, Paneth and M cells in the intestine, function beyond nutrient absorption and have a major role in bacterial mucosal cross talk and innate barrier function [187]. These cells are responsible for the secretion of mucus and mucin proteins, which are important in the nonspecific protection of the gut lining [187]. Mucus in the gut lining is a complex gel that is primarily composed of water and electrolytes, but it also contains many proteome components, such as mucins, glycoproteins, immunoglobulins, albumin [187], and bioactive peptides. It is at the mucus interface that a commensal microbiome can be established, while pathogenic bacteria can become trapped and acted upon by the functional proteome.



Many human milk proteins play a part in this, for instance, the sIgA-pIgR complex, as just described. Another protein, κ-casein, which is heavily glycosylated with glycan structures that are similar to exposed glycans on mucosal surfaces, helps to prevent pathogen binding. This protective functionality is most likely occurring from the proteolytic product of κ-casein, glycomacropeptide (GMP), which binds to mucosal surfaces, thereby preventing the attachment and infection of pathogens [4]. Similarly, haptocorrin may act in the fashion as κ-casein in inhibiting pathogen interaction at the mucosal surface.



Proteins that are associated with the MFGM are important for gut development, such as mucin-1, xanthine oxidoreductase, butyrophilin, CD36, adipophilin, lactadherin, and fatty acid-binding protein [3,4,9]. These proteins help to stimulate intestinal epithelial health, promote gastric stability, and contribute to the antiviral and antibacterial activities in the infant gastrointestinal tract [3,4,9]. Specifically, mucin-1 has been shown to inhibit the invasion of Salmonella typhimurium, in a model of fetal intestinal cells, at concentrations that are similar to that of human milk [144].



Recent research has investigated the proteome as a cipher for functionally encrypted peptides that are released upon infant digestion. As this review aimed to assess the human milk proteome and endogenous peptides and not the products of digestion, we did not address these current topics. However, we wanted to point readers in the right direction, as these functional peptides are described to exert their bioactivities directly in the gastrointestinal lumen and at peripheral organs after being absorbed at the intestinal mucosa. Please see a recent review by Y. Wada and B Lonnerdal [80], and a few experimental studies [95,96,97].



Some proteins have been hypothesized to be more beneficial for the infants gut as intact, such as lactoferrin, lysozyme, α-lactalbumin, and immunoglobulins due to their important functions as antimicrobial and immunologic, and for the presence of the glycan groups. An overall lack of digestion of these proteins may then be functionally beneficial for helping to drive the establishment of commensal gut microbiome, as it is commonly observed that these proteins can be found back intact in infant feces [2,4]. The glycans that are released from these undigested glycoproteins by microbial glycosidases are bifidogenic [189]. Further, it has been suggested that the degree of glycan diversity and rate of glycan site occupancy of these glycoproteins changes to meet the developing gut microbial diversity [141].





8. Conclusions


Human milk has historically been known to prevent high morbidity and mortality rates of infants in the first months of life. This is, in large part, due to the human milk proteome, which helps the immature infant fight against infectious diseases, such as otitis media, respiratory tract infections, gastrointestinal infections, and more. Additionally, breastfeeding, in general, has been shown to reduce the risk of development of maternal cancer and the proteome in particular has been shown to reduce the risk of mastitis. The power of the human milk proteome is derived from the enteromammary transfer of maternal immunity and its broad and synergistic functionality, Figure 2. Moreover, the protective and developmental proteome is unique to each individual mother-infant pair.



There is an overall need for a more comprehensive characterization and quantification of the human milk proteome throughout lactation. Preferred methodologies, such as modern MS, should be considered, especially for human milk, where the complex matrix can cause unwanted complications in other types of analysis, to fully characterize the proteome and derive deeper understandings of its functionality. These current gaps in knowledge could be overcome by some of the topics covered throughout this review, such as quantitative MS to derive concentrations of individual proteins and endogenous peptides, and advanced MS methodologies to better characterize PTMs, like glycans. The complexity of the human milk proteome and its corresponding functions is a challenging but demanding topic for personalized nutrition, as it is responsible for driving infant growth and development, and it even has the potential for the discovery of novel biomarkers and therapeutics.







Author Contributions


Conceptualization, investigation, data curation, writing—Original draft preparation, writing—Review and editing, and visualization: K.A.D. and J.Z.




Funding


We acknowledge Albert Heck for supporting us to write this review independently. Both K.A.D. and J.Z. received support from Utrecht University and Danone Nutricia Research. J.Z. additionally acknowledges support from the Chinese Scholarship Council (CSC).




Acknowledgments


We thank Zorah Vogel for her contribution to the literature searching for this project and for her contributions in helping to put together Table 1. Additionally, we thank Marko Mank (Danone Nutricia Research), Bernd Stahl (Danone Nutricia Research), Vojtech Franc (Utrecht University), Lynette K. Roggers (Nationwide Children’s Hospital) and Albert J. R. Heck (Utrecht University) for proof-reading parts of this review.




Conflicts of Interest


Kelly A. Dingess and Jing Zhu were enrolled as Ph.D. students at Utrecht University during this study, partly financially supported by Danone Nutricia Research.




References


	



Eidelman, A.I.; Schanler, R.J. Breastfeeding and the use of human milk. Pediatrics 2012, 129, 827–841. [Google Scholar] [CrossRef]

	



Donovan, S.M. The Role of Lactoferrin in Gastrointestinal and Immune Development and Function: A Preclinical Perspective. J. Pediatr. 2016, 173, S16–S28. [Google Scholar] [CrossRef] [PubMed]

	



Demmelmair, H.; Prell, C.; Timby, N.; Lonnerdal, B. Benefits of Lactoferrin, Osteopontin and Milk Fat Globule Membranes for Infants. Nutrients 2017, 9, 817. [Google Scholar] [CrossRef] [PubMed]

	



Lonnerdal, B. Bioactive Proteins in Human Milk: Health, Nutrition, and Implications for Infant Formulas. J. Pediatr. 2016, 173, S4–S9. [Google Scholar] [CrossRef] [PubMed]

	



Palmeira, P.; Carneiro-Sampaio, M. Immunology of breast milk. Revista da Associação Médica Brasileira 2016, 62, 584–593. [Google Scholar] [CrossRef] [PubMed]

	



Ballard, O.; Morrow, A.L. Human milk composition: Nutrients and bioactive factors. Pediatr. Clin. 2013, 60, 49–74. [Google Scholar] [CrossRef]

	



Lemay, D.G.; Ballard, O.A.; Hughes, M.A.; Morrow, A.L.; Horseman, N.D.; Nommsen-Rivers, L.A. RNA sequencing of the human milk fat layer transcriptome reveals distinct gene expression profiles at three stages of lactation. PLoS ONE 2013, 8, e67531. [Google Scholar] [CrossRef]

	



Gidrewicz, D.A.; Fenton, T.R. A systematic review and meta-analysis of the nutrient content of preterm and term breast milk. BMC Pediatr. 2014, 14, 216. [Google Scholar] [CrossRef]

	



Donovan, S.M. Human Milk Proteins: Composition and Physiological Significance; Karger Publishers: Basel, Switzerland, 2019. [Google Scholar]

	



Andreas, N.J.; Kampmann, B.; Mehring Le-Doare, K. Human breast milk: A review on its composition and bioactivity. Early Hum. Dev. 2015, 91, 629–635. [Google Scholar] [CrossRef]

	



Xinliu, G.; Robert, J.M.; Jessica, G.W.; Barbara, S.D.; Ardythe, L.M.; Qiang, Z. Temporal changes in milk proteomes reveal developing milk functions. J. Proteome Res. 2012, 11, 3897–3907. [Google Scholar] [CrossRef]

	



Zhang, Q.; Cundiff, J.; Maria, S.; McMahon, R.; Woo, J.; Davidson, B.; Morrow, A. Quantitative Analysis of the Human Milk Whey Proteome Reveals Developing Milk and Mammary-Gland Functions across the First Year of Lactation. Proteomes 2013, 1, 128–158. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; de Waard, M.; Verheijen, H.; Boeren, S.; Hageman, J.A.; van Hooijdonk, T.; Vervoort, J.; van Goudoever, J.B.; Hettinga, K. Changes over lactation in breast milk serum proteins involved in the maturation of immune and digestive system of the infant. J. Proteom. 2016, 147, 40–47. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, J.; Garrigues, L.; Van den Toorn, H.; Stahl, B.; Heck, A.J.R. Discovery and quantification of non-human proteins in human milk. J. Proteom. Res. 2018, 18, 225–238. [Google Scholar] [CrossRef]

	



Oftedal, O.T. The evolution of milk secretion and its ancient origins. Animal 2012, 6, 355–368. [Google Scholar] [CrossRef] [PubMed]

	



Liao, Y.; Weber, D.; Xu, W.; Durbin-Johnson, B.P.; Phinney, B.S.; Lonnerdal, B. Absolute Quantification of Human Milk Caseins and the Whey/Casein Ratio during the First Year of Lactation. J. Proteome Res. 2017, 16, 4113–4121. [Google Scholar] [CrossRef] [PubMed]

	



Gan, J.; Robinson, R.C.; Wang, J.; Krishnakumar, N.; Manning, C.J.; Lor, Y.; Breck, M.; Barile, D.; German, J.B. Peptidomic profiling of human milk with LC-MS/MS reveals pH-specific proteolysis of milk proteins. Food Chem. 2019, 274, 766–774. [Google Scholar] [CrossRef] [PubMed]

	



Lonnerdal, B.; Erdmann, P.; Thakkar, S.K.; Sauser, J.; Destaillats, F. Longitudinal evolution of true protein, amino acids and bioactive proteins in breast milk: A developmental perspective. J. Nutr. Biochem. 2017, 41, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Ke, X.; Chen, Q.; Pan, X.; Zhang, J.; Mo, W.; Ren, Y. Quantification of lactoferrin in breast milk by ultra-high performance liquid chromatography-tandem mass spectrometry with isotopic dilution. RSC Adv. 2016, 6, 12280–12285. [Google Scholar] [CrossRef]

	



Chatterton, D.E.; Nguyen, D.N.; Bering, S.B.; Sangild, P.T. Anti-inflammatory mechanisms of bioactive milk proteins in the intestine of newborns. Int. J. Biochem. Cell Biol. 2013, 45, 1730–1747. [Google Scholar] [CrossRef]

	



Huang, J.; Kailemia, M.J.; Goonatilleke, E.; Parker, E.A.; Hong, Q.; Sabia, R.; Smilowitz, J.T.; German, J.B.; Lebrilla, C.B. Quantitation of human milk proteins and their glycoforms using multiple reaction monitoring (MRM). Anal. Bioanal. Chem. 2017, 409, 589–606. [Google Scholar] [CrossRef]

	



Shin, K.; Hayasawa, H.; Lonnerdal, B. Purification and quantification of lactoperoxidase in human milk with use of immunoadsorbents with antibodies against recombinant human lactoperoxidase. Am. J. Clin. Nutr. 2001, 73, 984–989. [Google Scholar] [CrossRef] [PubMed]

	



Cole, F.S.; Schneeberger, E.E.; Lichtenberg, N.A.; Colten, H.R. Complement biosynthesis in human breast-milk macrophages and blood monocytes. Immunology 1982, 46, 429–441. [Google Scholar] [PubMed]

	



Kassim, O.O.; Afolabi, O.; Ako-Nai, K.A.; Torimiro, S.E.; Littleton, G.K.; Mbogua, C.N.; Oke, O.; Turner, W.; Grissom, F. Immunoprotective factors in breast milk and sera of mother-infant pairs. Trop. Geogr. Med. 1986, 38, 362–366. [Google Scholar] [PubMed]

	



Peterson, J.A.; Hamosh, M.; Scallan, C.D.; Ceriani, R.L.; Henderson, T.R.; Mehta, N.R.; Armand, M.; Hamosh, P. Milk Fat Globule Glycoproteins in Human Milk and in Gastric Aspirates of Mother’s Milk-Fed Preterm Infants. Pediatr. Res. 1998, 44, 499–506. [Google Scholar] [CrossRef] [PubMed]

	



Dallas, D.C.; Murray, N.M.; Gan, J. Proteolytic Systems in Milk: Perspectives on the Evolutionary Function within the Mammary Gland and the Infant. J. Mammary Gland Biol. Neoplasia 2015, 20, 133–147. [Google Scholar] [CrossRef]

	



Demers-Mathieu, V.; Nielsen, S.D.; Underwood, M.A.; Borghese, R.; Dallas, D.C. Changes in Proteases, Antiproteases, and Bioactive Proteins From Mother’s Breast Milk to the Premature Infant Stomach. J. Pediatr. Gastroenterol. Nutr. 2018, 66, 318–324. [Google Scholar] [CrossRef]

	



Khodabakhshi, A.; Ghayour-Mobarhan, M.; Rooki, H.; Vakili, R.; Hashemy, S.I.; Mirhafez, S.R.; Shakeri, M.T.; Kashanifar, R.; Pourbafarani, R.; Mirzaei, H.; et al. Comparative measurement of ghrelin, leptin, adiponectin, EGF and IGF-1 in breast milk of mothers with overweight/obese and normal-weight infants. Eur. J. Clin. Nutr. 2015, 69, 614–618. [Google Scholar] [CrossRef]

	



Aydin, S.; Aydin, S.; Ozkan, Y.; Kumru, S. Ghrelin is present in human colostrum, transitional and mature milk. Peptides 2006, 27, 878–882. [Google Scholar] [CrossRef]

	



Ilcol, Y.O.; Hizli, Z.B.; Ozkan, T. Leptin concentration in breast milk and its relationship to duration of lactation and hormonal status. Int. Breastfeed. J. 2006, 1, 21. [Google Scholar] [CrossRef]

	



Gridneva, Z.; Kugananthan, S.; Rea, A.; Lai, C.T.; Ward, L.C.; Murray, K.; Hartmann, P.E.; Geddes, D.T. Human Milk Adiponectin and Leptin and Infant Body Composition over the First 12 Months of Lactation. Nutrients 2018, 10, 1125. [Google Scholar] [CrossRef]

	



Martin, L.J.; Woo, J.G.; Geraghty, S.R.; Altaye, M.; Davidson, B.S.; Banach, W.; Dolan, L.M.; Ruiz-Palacios, G.M.; Morrow, A.L. Adiponectin is present in human milk and is associated with maternal factors. Am. J. Clin. Nutr. 2006, 83, 1106–1111. [Google Scholar] [CrossRef] [PubMed]

	



Lubetzky, R.; Weisman, Y.; Dollberg, S.; Herman, L.; Mandel, D. Parathyroid hormone-related protein in preterm human milk. Breastfeed. Med. 2010, 5, 67–69. [Google Scholar] [CrossRef] [PubMed]

	



Truchet, S.; Honvo-Houeto, E. Physiology of milk secretion. Best Pract. Res. Clin. Endocrinol. Metab. 2017, 31, 367–384. [Google Scholar] [CrossRef] [PubMed]

	



McManaman, J.L.; Neville, M.C. Mammary physiology and milk secretion. Adv. Drug Deliv. Rev. 2003, 55, 629–641. [Google Scholar] [CrossRef]

	



Truchet, S.; Chat, S.; Ollivier-Bousquet, M. Milk secretion: The role of SNARE proteins. J. Mammary Gland Biol. Neoplasia 2014, 19, 119–130. [Google Scholar] [CrossRef] [PubMed]

	



Linzell, J.L.; Peaker, M. Mechanism of milk secretion. Physiol. Rev. 1971, 51, 564–597. [Google Scholar] [CrossRef] [PubMed]

	



Wooding, F.B. The mechanism of secretion of the milk fat globule. J. Cell Sci. 1971, 9, 805–821. [Google Scholar]

	



Lee, H.; Padhi, E.; Hasegawa, Y.; Larke, J.; Parenti, M.; Wang, A.; Hernell, O.; Lonnerdal, B.; Slupsky, C. Compositional Dynamics of the Milk Fat Globule and Its Role in Infant Development. Front. Pediatr. 2018, 6, 313. [Google Scholar] [CrossRef]

	



Hunziker, W.; Kraehenbuhl, J.P. Epithelial transcytosis of immunoglobulins. J. Mammary Gland Biol. Neoplasia 1998, 3, 287–302. [Google Scholar] [CrossRef]

	



Monks, J.; Neville, M.C. Albumin transcytosis across the epithelium of the lactating mouse mammary gland. J. Physiol. 2004, 560, 267–280. [Google Scholar] [CrossRef]

	



Ollivier-Bousquet, M. Transferrin and prolactin transcytosis in the lactating mammary epithelial cell. J. Mammary Gland Biol. Neoplasia 1998, 3, 303–313. [Google Scholar] [CrossRef] [PubMed]

	



Ninkina, N.; Kukharsky, M.S.; Hewitt, M.V.; Lysikova, E.A.; Skuratovska, L.N.; Deykin, A.V.; Buchman, V.L. Stem cells in human breast milk. Hum. Cell 2019, 32, 223–230. [Google Scholar] [CrossRef] [PubMed]

	



Verd, S.; Ginovart, G.; Calvo, J.; Ponce-Taylor, J.; Gaya, A. Variation in the Protein Composition of Human Milk during Extended Lactation: A Narrative Review. Nutrients 2018, 10, 1124. [Google Scholar] [CrossRef] [PubMed]

	



Shennan, D.B.; Peaker, M. Transport of milk constituents by the mammary gland. Physiol. Rev. 2000, 80, 925–951. [Google Scholar] [CrossRef] [PubMed]

	



Ma, B.; Simala-Grant, J.L.; Taylor, D.E. Fucosylation in prokaryotes and eukaryotes. Glycobiology 2006, 16, 158R–184R. [Google Scholar] [CrossRef] [PubMed]

	



Georgi, G.; Bartke, N.; Wiens, F.; Stahl, B. Functional glycans and glycoconjugates in human milk. Am. J. Clin. Nutr. 2013, 98, 578S–585S. [Google Scholar] [CrossRef] [PubMed]

	



Wickramasinghe, S.; Rincon, G.; Islas-Trejo, A.; Medrano, J.F. Transcriptional profiling of bovine milk using RNA sequencing. BMC Genom. 2012, 13, 45. [Google Scholar] [CrossRef] [PubMed]

	



Riskin, A.; Almog, M.; Peri, R.; Halasz, K.; Srugo, I.; Kessel, A. Changes in immunomodulatory constituents of human milk in response to active infection in the nursing infant. Pediatr. Res. 2012, 71, 220–225. [Google Scholar] [CrossRef] [PubMed]

	



Hassiotou, F.; Hepworth, A.R.; Metzger, P.; Tat Lai, C.; Trengove, N.; Hartmann, P.E.; Filgueira, L. Maternal and infant infections stimulate a rapid leukocyte response in breastmilk. Clin. Transl. Immunol. 2013, 2, e3. [Google Scholar] [CrossRef]

	



Lonnerdal, B. Nutritional and physiologic significance of human milk proteins. Am. J. Clin. Nutr. 2003, 77, 1537s–1543s. [Google Scholar] [CrossRef]

	



Kramer, M.S. Breastfeeding and allergy: The evidence. Ann. Nutr. Metab. 2011, 59 (Suppl. 1), 20–26. [Google Scholar] [CrossRef] [PubMed]

	



Iyengar, S.R.; Walker, W.A. Immune factors in breast milk and the development of atopic disease. J. Pediatr. Gastroenterol. Nutr. 2012, 55, 641–647. [Google Scholar] [CrossRef] [PubMed]

	



Matheson, M.C.; Allen, K.J.; Tang, M.L. Understanding the evidence for and against the role of breastfeeding in allergy prevention. Clin. Exp. Allergy 2012, 42, 827–851. [Google Scholar] [CrossRef] [PubMed]

	



Matheson, M.C.; Erbas, B.; Balasuriya, A.; Jenkins, M.A.; Wharton, C.L.; Tang, M.L.; Abramson, M.J.; Walters, E.H.; Hopper, J.L.; Dharmage, S.C. Breast-feeding and atopic disease: A cohort study from childhood to middle age. J. Allergy Clin. Immunol. 2007, 120, 1051–1057. [Google Scholar] [CrossRef] [PubMed]

	



LÖNnerdal, B.O.; Atkinson, S. CHAPTER 5—Nitrogenous Components of Milk: A. Human Milk Proteins. In Handbook of Milk Composition; Jensen, R.G., Ed.; Academic Press: San Diego, CA, USA, 1995. [Google Scholar]

	



Carlson, S.E. Human milk nonprotein nitrogen: Occurrence and possible functions. Adv. Pediatr. 1985, 32, 43–70. [Google Scholar] [PubMed]

	



Atkinson, S.A.; LÖNnerdal, B.O. B-Nonprotein Nitrogen Fractions of Human Milk. In Handbook of Milk Composition; Jensen, R.G., Ed.; Academic Press: San Diego, CA, USA, 1995. [Google Scholar]

	



Froehlich, J.W.; Dodds, E.D.; Barboza, M.; McJimpsey, E.L.; Seipert, R.R.; Francis, J.; An, H.J.; Freeman, S.; German, J.B.; Lebrilla, C.B. Glycoprotein expression in human milk during lactation. J. Agric. Food Chem. 2010, 58, 6440–6448. [Google Scholar] [CrossRef] [PubMed]

	



Lairson, L.L.; Henrissat, B.; Davies, G.J.; Withers, S.G. Glycosyltransferases: Structures, functions, and mechanisms. Annu. Rev. Biochem. 2008, 77, 521–555. [Google Scholar] [CrossRef]

	



Henrissat, B.; Surolia, A.; Stanley, P. A Genomic View of Glycobiology. In Essentials of Glycobiology, 3rd ed.; Varki, A., Cummings, R.D., Esko, J.D., Stanley, P., Hart, G.W., Aebi, M., Darvill, A.G., Kinoshita, T., Packer, N.H., Eds.; Cold Spring Harbor Press: Cold Spring Harbor, NY, USA, 2015; pp. 89–97. [Google Scholar]

	



Chung, C.Y.; Majewska, N.I.; Wang, Q.; Paul, J.T.; Betenbaugh, M.J. SnapShot: N-Glycosylation Processing Pathways across Kingdoms. Cell 2017, 171, 258. [Google Scholar] [CrossRef]

	



Joshi, H.J.; Narimatsu, Y.; Schjoldager, K.T.; Tytgat, H.L.P.; Aebi, M.; Clausen, H.; Halim, A. SnapShot: O-Glycosylation Pathways across Kingdoms. Cell 2018, 172, 632. [Google Scholar] [CrossRef]

	



Schwarz, F.; Aebi, M. Mechanisms and principles of N-linked protein glycosylation. Curr. Opin. Struct. Biol. 2011, 21, 576–582. [Google Scholar] [CrossRef]

	



Aebi, M. N-linked protein glycosylation in the ER. Biochim. Biophys. Acta 2013, 1833, 2430–2437. [Google Scholar] [CrossRef] [PubMed]

	



Giuffrida, M.G.; Cavaletto, M.; Giunta, C.; Neuteboom, B.; Cantisani, A.; Napolitano, L.; Calderone, V.; Godovac-Zimmermann, J.; Conti, A. The unusual amino acid triplet Asn-Ile-Cys is a glycosylation consensus site in human alpha-lactalbumin. J. Protein Chem. 1997, 16, 747–753. [Google Scholar] [CrossRef] [PubMed]

	



Levery, S.B.; Steentoft, C.; Halim, A.; Narimatsu, Y.; Clausen, H.; Vakhrushev, S.Y. Advances in mass spectrometry driven O-glycoproteomics. Biochim. Biophys. Acta 2015, 1850, 33–42. [Google Scholar] [CrossRef] [PubMed]

	



Orczyk-Pawilowicz, M.; Hirnle, L.; Berghausen-Mazur, M.; Katnik-Prastowska, I.M. Lactation stage-related expression of sialylated and fucosylated glycotopes of human milk alpha-1-acid glycoprotein. Breastfeed. Med. 2014, 9, 313–319. [Google Scholar] [CrossRef] [PubMed]

	



Goonatilleke, E.; Huang, J.; Xu, G.; Wu, L.; Smilowitz, J.T.; German, J.B.; Lebrilla, C.B. Human Milk Proteins and Their Glycosylation Exhibit Quantitative Dynamic Variations during Lactation. J. Nutr. 2019. [Google Scholar] [CrossRef] [PubMed]

	



Yoshida, Y.; Furukawa, J.I.; Naito, S.; Higashino, K.; Numata, Y.; Shinohara, Y. Quantitative analysis of total serum glycome in human and mouse. Proteomics 2016, 16, 2747–2758. [Google Scholar] [CrossRef] [PubMed]

	



Schneider, M.; Al-Shareffi, E.; Haltiwanger, R.S. Biological functions of fucose in mammals. Glycobiology 2017, 27, 601–618. [Google Scholar] [CrossRef] [PubMed]

	



Sumer-Bayraktar, Z.; Grant, O.C.; Venkatakrishnan, V.; Woods, R.J.; Packer, N.H.; Thaysen-Andersen, M. Asn347 glycosylation of corticosteroid-binding globulin fine-tunes the host Immune response by modulating proteolysis by pseudomonas aeruginosa and neutrophil elastase. J. Biol. Chem. 2016, 291, 17727–17742. [Google Scholar] [CrossRef]

	



Schrader, M. Origins, Technological Development, and Applications of Peptidomics. Methods Mol. Biol 2018, 1719, 3–39. [Google Scholar] [CrossRef]

	



Dallas, D.C.; Smink, C.J.; Robinson, R.C.; Tian, T.; Guerrero, A.; Parker, E.A.; Smilowitz, J.T.; Hettinga, K.A.; Underwood, M.A.; Lebrilla, C.B.; et al. Endogenous human milk peptide release is greater after preterm birth than term birth. J. Nutr. 2015, 145, 425–433. [Google Scholar] [CrossRef]

	



Wan, J.; Cui, X.W.; Zhang, J.; Fu, Z.Y.; Guo, X.R.; Sun, L.Z.; Ji, C.B. Peptidome analysis of human skim milk in term and preterm milk. Biochem. Biophys. Res. Commun. 2013, 438, 236–241. [Google Scholar] [CrossRef] [PubMed]

	



Guerrero, A.; Dallas, D.C.; Contreras, S.; Chee, S.; Parker, E.A.; Sun, X.; Dimapasoc, L.; Barile, D.; German, J.B.; Lebrilla, C.B. Mechanistic peptidomics: Factors that dictate specificity in the formation of endogenous peptides in human milk. Mol. Cell. Proteom. 2014, 13, 3343–3351. [Google Scholar] [CrossRef] [PubMed]

	



Dallas, D.C.; Guerrero, A.; Khaldi, N.; Castillo, P.A.; Martin, W.F.; Smilowitz, J.T.; Bevins, C.L.; Barile, D.; German, J.B.; Lebrilla, C.B. Extensive in vivo human milk peptidomics reveals specific proteolysis yielding protective antimicrobial peptides. J. Proteome Res. 2013, 12, 2295–2304. [Google Scholar] [CrossRef] [PubMed]

	



Dingess, K.A.; van den Toorn, H.W.P.; Mank, M.; Stahl, B.; Heck, A.J.R. Toward an efficient workflow for the analysis of the human milk peptidome. Anal. Bioanal. Chem. 2019, 411, 1351–1363. [Google Scholar] [CrossRef] [PubMed]

	



Dingess, K.A.; de Waard, M.; Boeren, S.; Vervoort, J.; Lambers, T.T.; van Goudoever, J.B.; Hettinga, K. Human milk peptides differentiate between the preterm and term infant and across varying lactational stages. Food Funct. 2017, 8, 3769–3782. [Google Scholar] [CrossRef] [PubMed]

	



Wada, Y.; Lonnerdal, B. Bioactive peptides derived from human milk proteins-mechanisms of action. J. Nutr. Biochem. 2014, 25, 503–514. [Google Scholar] [CrossRef]

	



Dallas, D.C.; Weinborn, V.; de Moura Bell, J.M.; Wang, M.; Parker, E.A.; Guerrero, A.; Hettinga, K.A.; Lebrilla, C.B.; German, J.B.; Barile, D. Comprehensive peptidomic and glycomic evaluation reveals that sweet whey permeate from colostrum is a source of milk protein-derived peptides and oligosaccharides. Food Res. Int. 2014, 63, 203–209. [Google Scholar] [CrossRef]

	



Nielsen, S.D.; Beverly, R.L.; Dallas, D.C. Milk Proteins Are Predigested Within the Human Mammary Gland. J. Mammary Gland Biol. Neoplasia 2017, 22, 251–261. [Google Scholar] [CrossRef]

	



Nielsen, S.D.; Beverly, R.L.; Qu, Y.; Dallas, D.C. Milk bioactive peptide database: A comprehensive database of milk protein-derived bioactive peptides and novel visualization. Food Chem. 2017, 232, 673–682. [Google Scholar] [CrossRef]

	



Dallas, D.C.; Guerrero, A.; Parker, E.A.; Robinson, R.C.; Gan, J.; German, J.B.; Barile, D.; Lebrilla, C.B. Current peptidomics: Applications, purification, identification, quantification, and functional analysis. Proteomics 2015, 15, 1026–1038. [Google Scholar] [CrossRef]

	



Hamosh, M. Bioactive factors in human milk. Pediatr. Clin. 2001, 48, 69–86. [Google Scholar] [CrossRef]

	



Hamosh, M. C—Enzymes in Human Milk. In Handbook of Milk Composition; Jensen, R.G., Ed.; Academic Press: San Diego, CA, USA, 1995; pp. 388–427. [Google Scholar]

	



Shahani, K.M.; Kwan, A.J.; Friend, B.A. Role and significance of enzymes in human milk. Am. J. Clin. Nutr. 1980, 33, 1861–1868. [Google Scholar] [CrossRef] [PubMed]

	



Dallas, D.C.; German, J.B. Enzymes in Human Milk; Karger Publishers: Basel, Switzerland, 2017. [Google Scholar]

	



Shahani, K.M. Milk enzymes: Their role and significance. J. Dairy Sci. 1966, 49, 907–920. [Google Scholar] [CrossRef]

	



Jenness, R. The composition of human milk. Semin. Perinatol. 1979, 3, 225–239. [Google Scholar] [PubMed]

	



Dallas, D.C.; Underwood, M.A.; Zivkovic, A.M.; German, J.B. Digestion of Protein in Premature and Term Infants. J. Nutr. Disord. 2012, 2, 112. [Google Scholar] [CrossRef]

	



Timmer, J.C.; Zhu, W.; Pop, C.; Regan, T.; Snipas, S.J.; Eroshkin, A.M.; Riedl, S.J.; Salvesen, G.S. Structural and kinetic determinants of protease substrates. Nat. Struct. Mol. Biol. 2009, 16, 1101–1108. [Google Scholar] [CrossRef] [PubMed]

	



Tompa, P. Intrinsically unstructured proteins. Trends Biochem. Sci. 2002, 27, 527–533. [Google Scholar] [CrossRef]

	



Heegaard, C.W.; Larsen, L.B.; Rasmussen, L.K.; Hojberg, K.E.; Petersen, T.E.; Andreasen, P.A. Plasminogen activation system in human milk. J. Pediatr. Gastroenterol. Nutr. 1997, 25, 159–166. [Google Scholar] [CrossRef]

	



Beverly, R.L.; Underwood, M.A.; Dallas, D.C. Peptidomics Analysis of Milk Protein-Derived Peptides Released over Time in the Preterm Infant Stomach. J. Proteome Res. 2019, 18, 912–922. [Google Scholar] [CrossRef]

	



Dallas, D.C.; Guerrero, A.; Khaldi, N.; Borghese, R.; Bhandari, A.; Underwood, M.A.; Lebrilla, C.B.; German, J.B.; Barile, D. A peptidomic analysis of human milk digestion in the infant stomach reveals protein-specific degradation patterns. J. Nutr. 2014, 144, 815–820. [Google Scholar] [CrossRef]

	



Holton, T.A.; Vijayakumar, V.; Dallas, D.C.; Guerrero, A.; Borghese, R.A.; Lebrilla, C.B.; German, J.B.; Barile, D.; Underwood, M.A.; Shields, D.C.; et al. Following the digestion of milk proteins from mother to baby. J. Proteome Res. 2014, 13, 5777–5783. [Google Scholar] [CrossRef] [PubMed]

	



Richter, M.; Baerlocher, K.; Bauer, J.M.; Elmadfa, I.; Heseker, H.; Leschik-Bonnet, E.; Stangl, G.; Volkert, D.; Stehle, P. Revised Reference Values for the Intake of Protein. Ann. Nutr. Metab. 2019, 74, 242–250. [Google Scholar] [CrossRef] [PubMed]

	



Kibangou, I.; Bouhallab, S.; Bureau, F.; Allouche, S.; Thouvenin, G.; Bougle, D. Caseinophosphopeptide-bound iron: Protective effect against gut peroxidation. Ann. Nutr. Metab. 2008, 52, 177–180. [Google Scholar] [CrossRef] [PubMed]

	



Garcia-Nebot, M.J.; Barbera, R.; Alegria, A. Iron and zinc bioavailability in Caco-2 cells: Influence of caseinophosphopeptides. Food Chem. 2013, 138, 1298–1303. [Google Scholar] [CrossRef] [PubMed]

	



Hansen, M.; Sandstrom, B.; Lonnerdal, B. The effect of casein phosphopeptides on zinc and calcium absorption from high phytate infant diets assessed in rat pups and Caco-2 cells. Pediatr. Res. 1996, 40, 547–552. [Google Scholar] [CrossRef] [PubMed]

	



Lonnerdal, B.; Glazier, C. Calcium binding by alpha-lactalbumin in human milk and bovine milk. J. Nutr. 1985, 115, 1209–1216. [Google Scholar] [CrossRef] [PubMed]

	



Ren, J.; Stuart, D.I.; Acharya, K.R. Alpha-lactalbumin possesses a distinct zinc binding site. J. Biol. Chem. 1993, 268, 19292–19298. [Google Scholar] [PubMed]

	



Adkins, Y.; Lonnerdal, B. Mechanisms of vitamin B(12) absorption in breast-fed infants. J. Pediatr. Gastroenterol. Nutr. 2002, 35, 192–198. [Google Scholar] [CrossRef]

	



Suzuki, Y.A.; Shin, K.; Lonnerdal, B. Molecular cloning and functional expression of a human intestinal lactoferrin receptor. Biochemistry 2001, 40, 15771–15779. [Google Scholar] [CrossRef]

	



Lopez, V.; Suzuki, Y.A.; Lonnerdal, B. Ontogenic changes in lactoferrin receptor and DMT1 in mouse small intestine: Implications for iron absorption during early life. Biochem. Cell Biol. 2006, 84, 337–344. [Google Scholar] [CrossRef]

	



Lonnerdal, B.; Bryant, A. Absorption of iron from recombinant human lactoferrin in young US women. Am. J. Clin. Nutr. 2006, 83, 305–309. [Google Scholar] [CrossRef] [PubMed]

	



Blackberg, L.; Hernell, O. Further characterization of the bile salt-stimulated lipase in human milk. FEBS Lett. 1983, 157, 337–341. [Google Scholar] [CrossRef]

	



Li, X.; Lindquist, S.; Lowe, M.; Noppa, L.; Hernell, O. Bile salt-stimulated lipase and pancreatic lipase-related protein 2 are the dominating lipases in neonatal fat digestion in mice and rats. Pediatr. Res. 2007, 62, 537–541. [Google Scholar] [CrossRef] [PubMed]

	



Hamosh, M. Lipid metabolism in premature infants. Neonatology 1987, 52 (Suppl. 1), 50–64. [Google Scholar] [CrossRef]

	



Segurel, L.; Bon, C. On the Evolution of Lactase Persistence in Humans. Annu. Rev. Genom. Hum. Genet. 2017, 18, 297–319. [Google Scholar] [CrossRef]

	



Sevenhuysen, G.P.; Holodinsky, C.; Dawes, C. Development of salivary alpha-amylase in infants from birth to 5 months. Am. J. Clin. Nutr. 1984, 39, 584–588. [Google Scholar] [CrossRef]

	



Hamosh, M. Enzymes in milk: Their function in the mammary gland, in milk, and in the infant. Biol. Hum. Milk 1988, 15, 45–61. [Google Scholar]

	



Heitlinger, L.A.; Lee, P.C.; Dillon, W.P.; Lebenthal, E. Mammary amylase: A possible alternate pathway of carbohydrate digestion in infancy. Pediatr. Res. 1983, 17, 15–18. [Google Scholar] [CrossRef]

	



Chen, Y.; Zheng, Z.; Zhu, X.; Shi, Y.; Tian, D.; Zhao, F.; Liu, N.; Hüppi, P.S.; Troy, F.A.; Wang, B. Lactoferrin Promotes Early Neurodevelopment and Cognition in Postnatal Piglets by Upregulating the BDNF Signaling Pathway and Polysialylation. Mol. Neurobiol. 2015, 52, 256–269. [Google Scholar] [CrossRef]

	



Yang, C.; Zhu, X.; Liu, N.; Chen, Y.; Gan, H.; Troy, F.A.; Wang, B. Lactoferrin up-regulates intestinal gene expression of brain-derived neurotrophic factors BDNF, UCHL1 and alkaline phosphatase activity to alleviate early weaning diarrhea in postnatal piglets. J. Nutr. Biochem. 2014, 25, 834–842. [Google Scholar] [CrossRef]

	



Timby, N.; Domellof, E.; Hernell, O.; Lonnerdal, B.; Domellof, M. Neurodevelopment, nutrition, and growth until 12 mo of age in infants fed a low-energy, low-protein formula supplemented with bovine milk fat globule membranes: A randomized controlled trial. Am. J. Clin. Nutr. 2014, 99, 860–868. [Google Scholar] [CrossRef] [PubMed]

	



Friedman, N.J.; Zeiger, R.S. The role of breast-feeding in the development of allergies and asthma. J. Allergy Clin. Immunol. 2005, 115, 1238–1248. [Google Scholar] [CrossRef] [PubMed]

	



Brandtzaeg, P. The mucosal immune system and its integration with the mammary glands. J. Pediatr. 2010, 156, S8–S15. [Google Scholar] [CrossRef] [PubMed]

	



Field, C.J. The immunological components of human milk and their effect on immune development in infants. J. Nutr. 2005, 135, 1–4. [Google Scholar] [CrossRef] [PubMed]

	



Akira, S.; Uematsu, S.; Takeuchi, O. Pathogen recognition and innate immunity. Cell 2006, 124, 783–801. [Google Scholar] [CrossRef] [PubMed]

	



Morkbak, A.L.; Poulsen, S.S.; Nexo, E. Haptocorrin in humans. Clin. Chem. Lab. Med. 2007, 45, 1751–1759. [Google Scholar] [CrossRef]

	



Adkins, Y.; Lonnerdal, B. Potential host-defense role of a human milk vitamin B-12-binding protein, haptocorrin, in the gastrointestinal tract of breastfed infants, as assessed with porcine haptocorrin in vitro. Am. J. Clin. Nutr. 2003, 77, 1234–1240. [Google Scholar] [CrossRef]

	



Jensen, H.R.; Laursen, M.F.; Lildballe, D.L.; Andersen, J.B.; Nexo, E.; Licht, T.R. Effect of the vitamin B12-binding protein haptocorrin present in human milk on a panel of commensal and pathogenic bacteria. BMC Res. Notes 2011, 4, 208. [Google Scholar] [CrossRef]

	



Callewaert, L.; Michiels, C.W. Lysozymes in the animal kingdom. J. Biosci. 2010, 35, 127–160. [Google Scholar] [CrossRef]

	



Ellison, R.T.; Giehl, T.J. Killing of gram-negative bacteria by lactoferrin and lysozyme. J. Clin. Investig. 1991, 88, 1080–1091. [Google Scholar] [CrossRef]

	



Grapov, D.; Lemay, D.G.; Weber, D.; Phinney, B.S.; Azulay Chertok, I.R.; Gho, D.S.; German, J.B.; Smilowitz, J.T. The human colostrum whey proteome is altered in gestational diabetes mellitus. J. Proteome Res. 2015, 14, 512–520. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.; Niyonsaba, F.; Ushio, H.; Okuda, D.; Nagaoka, I.; Ikeda, S.; Okumura, K.; Ogawa, H. Synergistic effect of antibacterial agents human beta-defensins, cathelicidin LL-37 and lysozyme against Staphylococcus aureus and Escherichia coli. J. Derm. Sci. 2005, 40, 123–132. [Google Scholar] [CrossRef] [PubMed]

	



Nash, J.A.; Ballard, T.N.; Weaver, T.E.; Akinbi, H.T. The peptidoglycan-degrading property of lysozyme is not required for bactericidal activity in vivo. J. Immunol. 2006, 177, 519–526. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Jiang, A.; Yu, H.; Xiong, Y.; Zhou, G.; Qin, M.; Dou, J.; Wang, J. Human Lysozyme Synergistically Enhances Bactericidal Dynamics and Lowers the Resistant Mutant Prevention Concentration for Metronidazole to Helicobacter pylori by Increasing Cell Permeability. Molecules 2016, 21, 1435. [Google Scholar] [CrossRef] [PubMed]

	



Ragland, S.A.; Criss, A.K. From bacterial killing to immune modulation: Recent insights into the functions of lysozyme. PLoS Pathog. 2017, 13, e1006512. [Google Scholar] [CrossRef] [PubMed]

	



Serna, M.; Giles, J.L.; Morgan, B.P.; Bubeck, D. Structural basis of complement membrane attack complex formation. Nat. Commun. 2016, 7, 10587. [Google Scholar] [CrossRef] [PubMed]

	



Dunkelberger, J.R.; Song, W.C. Complement and its role in innate and adaptive immune responses. Cell Res. 2010, 20, 34–50. [Google Scholar] [CrossRef]

	



Ogundele, M. Role and significance of the complement system in mucosal immunity: Particular reference to the human breast milk complement. Immunol. Cell Biol. 2001, 79, 1–10. [Google Scholar] [CrossRef]

	



Sharma, S.; Singh, A.K.; Kaushik, S.; Sinha, M.; Singh, R.P.; Sharma, P.; Sirohi, H.; Kaur, P.; Singh, T.P. Lactoperoxidase: Structural insights into the function, ligand binding and inhibition. Int. J. Biochem. Mol. Biol. 2013, 4, 108–128. [Google Scholar]

	



Sarr, D.; Toth, E.; Gingerich, A.; Rada, B. Antimicrobial actions of dual oxidases and lactoperoxidase. J. Microbiol. 2018, 56, 373–386. [Google Scholar] [CrossRef]

	



Kussendrager, K.D.; van Hooijdonk, A.C. Lactoperoxidase: Physico-chemical properties, occurrence, mechanism of action and applications. Br. J. Nutr 2000, 84 (Suppl. 1), S19–S25. [Google Scholar] [CrossRef] [PubMed]

	



Newburg, D.S. Neonatal protection by an innate immune system of human milk consisting of oligosaccharides and glycans. J. Anim. Sci. 2009, 87, 26–34. [Google Scholar] [CrossRef] [PubMed]

	



Lis-Kuberka, J.; Orczyk-Pawilowicz, M. Sialylated Oligosaccharides and Glycoconjugates of Human Milk. The Impact on Infant and Newborn Protection, Development and Well-Being. Nutrients 2019, 11, 306. [Google Scholar] [CrossRef] [PubMed]

	



Fouda, G.G.; Jaeger, F.H.; Amos, J.D.; Ho, C.; Kunz, E.L.; Anasti, K.; Stamper, L.W.; Liebl, B.E.; Barbas, K.H.; Ohashi, T.; et al. Tenascin-C is an innate broad-spectrum, HIV-1-neutralizing protein in breast milk. Proc. Natl. Acad. Sci. USA 2013, 110, 18220–18225. [Google Scholar] [CrossRef] [PubMed]

	



Barboza, M.; Pinzon, J.; Wickramasinghe, S.; Froehlich, J.W.; Moeller, I.; Smilowitz, J.T.; Ruhaak, L.R.; Huang, J.; Lonnerdal, B.; German, J.B.; et al. Glycosylation of human milk lactoferrin exhibits dynamic changes during early lactation enhancing its role in pathogenic bacteria-host interactions. Mol. Cell. Proteom. 2012, 11. [Google Scholar] [CrossRef] [PubMed]

	



Ruvoen-Clouet, N.; Mas, E.; Marionneau, S.; Guillon, P.; Lombardo, D.; Le Pendu, J. Bile-salt-stimulated lipase and mucins from milk of ‘secretor’ mothers inhibit the binding of Norwalk virus capsids to their carbohydrate ligands. Biochem. J. 2006, 393, 627–634. [Google Scholar] [CrossRef] [PubMed]

	



Yolken, R.H.; Peterson, J.A.; Vonderfecht, S.L.; Fouts, E.T.; Midthun, K.; Newburg, D.S. Human milk mucin inhibits rotavirus replication and prevents experimental gastroenteritis. J. Clin. Investig. 1992, 90, 1984–1991. [Google Scholar] [CrossRef]

	



Liu, B.; Yu, Z.; Chen, C.; Kling, D.E.; Newburg, D.S. Human milk mucin 1 and mucin 4 inhibit Salmonella enterica serovar Typhimurium invasion of human intestinal epithelial cells in vitro. J. Nutr. 2012, 142, 1504–1509. [Google Scholar] [CrossRef]

	



Schroten, H.; Stapper, C.; Plogmann, R.; Kohler, H.; Hacker, J.; Hanisch, F.G. Fab-independent antiadhesion effects of secretory immunoglobulin A on S-fimbriated Escherichia coli are mediated by sialyloligosaccharides. Infect. Immun. 1998, 66, 3971–3973. [Google Scholar]

	



Bode, L. Human milk oligosaccharides: Every baby needs a sugar mama. Glycobiology 2012, 22, 1147–1162. [Google Scholar] [CrossRef]

	



Nanthakumar, N.; Meng, D.; Goldstein, A.M.; Zhu, W.; Lu, L.; Uauy, R.; Llanos, A.; Claud, E.C.; Walker, W.A. The mechanism of excessive intestinal inflammation in necrotizing enterocolitis: An immature innate immune response. PLoS ONE 2011, 6, e17776. [Google Scholar] [CrossRef] [PubMed]

	



Buescher, E.S. Anti-inflammatory characteristics of human milk: How, where, why. Adv. Exp. Med. Biol. 2001, 501, 207–222. [Google Scholar] [CrossRef] [PubMed]

	



Langjahr, P.; Diaz-Jimenez, D.; De la Fuente, M.; Rubio, E.; Golenbock, D.; Bronfman, F.C.; Quera, R.; Gonzalez, M.J.; Hermoso, M.A. Metalloproteinase-dependent TLR2 ectodomain shedding is involved in soluble toll-like receptor 2 (sTLR2) production. PLoS ONE 2014, 9, e104624. [Google Scholar] [CrossRef] [PubMed]

	



Kitchens, R.L.; Thompson, P.A. Modulatory effects of sCD14 and LBP on LPS-host cell interactions. J. Endotoxin Res. 2005, 11, 225–229. [Google Scholar] [CrossRef] [PubMed]

	



Ando, K.; Hasegawa, K.; Shindo, K.; Furusawa, T.; Fujino, T.; Kikugawa, K.; Nakano, H.; Takeuchi, O.; Akira, S.; Akiyama, T.; et al. Human lactoferrin activates NF-kappaB through the Toll-like receptor 4 pathway while it interferes with the lipopolysaccharide-stimulated TLR4 signaling. FEBS J. 2010, 277, 2051–2066. [Google Scholar] [CrossRef] [PubMed]

	



Aziz, M.; Jacob, A.; Matsuda, A.; Wang, P. Review: Milk fat globule-EGF factor 8 expression, function and plausible signal transduction in resolving inflammation. Apoptosis 2011, 16, 1077–1086. [Google Scholar] [CrossRef] [PubMed]

	



Stroinigg, N.; Srivastava, M.D. Modulation of toll-like receptor 7 and LL-37 expression in colon and breast epithelial cells by human beta-defensin-2. Allergy Asthma Proc. 2005, 26, 299–309. [Google Scholar] [PubMed]

	



Lonnerdal, B.; Kvistgaard, A.S.; Peerson, J.M.; Donovan, S.M.; Peng, Y.M. Growth, Nutrition, and Cytokine Response of Breast-fed Infants and Infants Fed Formula With Added Bovine Osteopontin. J. Pediatr. Gastroenterol. Nutr. 2016, 62, 650–657. [Google Scholar] [CrossRef]

	



Famulener, L. On the transmission of immunity from mother to offspring: A study upon serum hemolysins in goats [with discussion]. J. Infect. Dis. 1912, 10, 332–368. [Google Scholar] [CrossRef]

	



Hurley, W.L.; Theil, P.K. Perspectives on immunoglobulins in colostrum and milk. Nutrients 2011, 3, 442–474. [Google Scholar] [CrossRef]

	



Mix, E.; Goertsches, R.; Zett, U.K. Immunoglobulins-basic considerations. J. Neurol. 2006, 253 (Suppl. 5), V9–V17. [Google Scholar] [CrossRef] [PubMed]

	



Van de Perre, P. Transfer of antibody via mother’s milk. Vaccine 2003, 21, 3374–3376. [Google Scholar] [CrossRef]

	



Johansen, F.E.; Braathen, R.; Brandtzaeg, P. Role of J chain in secretory immunoglobulin formation. Scand. J. Immunol. 2000, 52, 240–248. [Google Scholar] [CrossRef] [PubMed]

	



Newburg, D.S. Innate immunity and human milk. J. Nutr. 2005, 135, 1308–1312. [Google Scholar] [CrossRef] [PubMed]

	



Asano, M.; Komiyama, K. Polymeric immunoglobulin receptor. J. Oral Sci. 2011, 53, 147–156. [Google Scholar] [CrossRef] [PubMed]

	



Hanson, L.; Silfverdal, S.A.; Stromback, L.; Erling, V.; Zaman, S.; Olcen, P.; Telemo, E. The immunological role of breast feeding. Pediatr. Allergy Immunol. 2001, 12 (Suppl. 14), 15–19. [Google Scholar] [CrossRef]

	



Goldman, A.S. Evolution of the mammary gland defense system and the ontogeny of the immune system. J. Mammary Gland Biol. Neoplasia 2002, 7, 277–289. [Google Scholar] [CrossRef]

	



Mantis, N.J.; Rol, N.; Corthesy, B. Secretory IgA’s complex roles in immunity and mucosal homeostasis in the gut. Mucosal Immunol. 2011, 4, 603–611. [Google Scholar] [CrossRef]

	



Michaelsen, T.E.; Emilsen, S.; Sandin, R.H.; Granerud, B.K.; Bratlie, D.; Ihle, O.; Sandlie, I. Human Secretory IgM Antibodies Activate Human Complement and Offer Protection at Mucosal Surface. Scand. J. Immunol. 2017, 85, 43–50. [Google Scholar] [CrossRef]

	



Wilcox, C.R.; Holder, B.; Jones, C.E. Factors Affecting the FcRn-Mediated Transplacental Transfer of Antibodies and Implications for Vaccination in Pregnancy. Front. Immunol. 2017, 8, 1294. [Google Scholar] [CrossRef]

	



Jiang, X.; Hu, J.; Thirumalai, D.; Zhang, X. Immunoglobulin Transporting Receptors Are Potential Targets for the Immunity Enhancement and Generation of Mammary Gland Bioreactor. Front. Immunol. 2016, 7, 214. [Google Scholar] [CrossRef] [PubMed]

	



Gasparoni, A.; Avanzini, A.; Ravagni Probizer, F.; Chirico, G.; Rondini, G.; Severi, F. IgG subclasses compared in maternal and cord serum and breast milk. Arch. Dis. Child. 1992, 67, 41–43. [Google Scholar] [CrossRef] [PubMed]

	



Rojas, R.; Apodaca, G. Immunoglobulin transport across polarized epithelial cells. Nat. Rev. Mol. Cell Biol. 2002, 3, 944–955. [Google Scholar] [CrossRef] [PubMed]

	



Siegrist, C.A. Mechanisms by which maternal antibodies influence infant vaccine responses: Review of hypotheses and definition of main determinants. Vaccine 2003, 21, 3406–3412. [Google Scholar] [CrossRef]

	



Munoz, F.M. Current Challenges and Achievements in Maternal Immunization Research. Front. Immunol. 2018, 9, 436. [Google Scholar] [CrossRef] [PubMed]

	



Blanchard-Rohner, G.; Eberhardt, C. Review of maternal immunisation during pregnancy: Focus on pertussis and influenza. Swiss Med. Wkly. 2017, 147, w14526. [Google Scholar] [CrossRef] [PubMed]

	



Donnally, H.H. The question of the elimination of foreign protein (egg-white) in woman’s milk. J. Immunol. 1930, 19, 15–40. [Google Scholar]

	



Kilshaw, P.J.; Cant, A.J. The passage of maternal dietary proteins into human breast milk. Int. Arch. Allergy Appl. Immunol. 1984, 75, 8–15. [Google Scholar] [CrossRef] [PubMed]

	



Chirdo, F.G.; Rumbo, M.; Anon, M.C.; Fossati, C.A. Presence of high levels of non-degraded gliadin in breast milk from healthy mothers. Scand. J. Gastroenterol. 1998, 33, 1186–1192. [Google Scholar] [PubMed]

	



Palmer, D.J.; Gold, M.S.; Makrides, M. Effect of maternal egg consumption on breast milk ovalbumin concentration. Clin. Exp. Allergy 2008, 38, 1186–1191. [Google Scholar] [CrossRef] [PubMed]

	



Coscia, A.; Orru, S.; Di Nicola, P.; Giuliani, F.; Varalda, A.; Peila, C.; Fabris, C.; Conti, A.; Bertino, E. Detection of cow’s milk proteins and minor components in human milk using proteomics techniques. J. Matern. Fetal Neonatal Med. 2012, 25 (Suppl. 4), 54–56. [Google Scholar] [CrossRef] [PubMed]

	



Bernard, H.; Ah-Leung, S.; Drumare, M.F.; Feraudet-Tarisse, C.; Verhasselt, V.; Wal, J.M.; Creminon, C.; Adel-Patient, K. Peanut allergens are rapidly transferred in human breast milk and can prevent sensitization in mice. Allergy 2014, 69, 888–897. [Google Scholar] [CrossRef] [PubMed]

	



Metcalfe, J.R.; Marsh, J.A.; D’Vaz, N.; Geddes, D.T.; Lai, C.T.; Prescott, S.L.; Palmer, D.J. Effects of maternal dietary egg intake during early lactation on human milk ovalbumin concentration: A randomized controlled trial. Clin. Exp. Allergy 2016, 46, 1605–1613. [Google Scholar] [CrossRef] [PubMed]

	



Baiz, N.; Macchiaverni, P.; Tulic, M.K.; Rekima, A.; Annesi-Maesano, I.; Verhasselt, V. Early oral exposure to house dust mite allergen through breast milk: A potential risk factor for allergic sensitization and respiratory allergies in children. J. Allergy Clin. Immunol. 2017, 139, 369–372. [Google Scholar] [CrossRef] [PubMed]

	



van Odijk, J.; Kull, I.; Borres, M.P.; Brandtzaeg, P.; Edberg, U.; Hanson, L.A.; Host, A.; Kuitunen, M.; Olsen, S.F.; Skerfving, S.; et al. Breastfeeding and allergic disease: A multidisciplinary review of the literature (1966–2001) on the mode of early feeding in infancy and its impact on later atopic manifestations. Allergy 2003, 58, 833–843. [Google Scholar] [CrossRef] [PubMed]

	



Dogaru, C.M.; Nyffenegger, D.; Pescatore, A.M.; Spycher, B.D.; Kuehni, C.E. Breastfeeding and childhood asthma: Systematic review and meta-analysis. Am. J. Epidemiol. 2014, 179, 1153–1167. [Google Scholar] [CrossRef] [PubMed]

	



Mavroudi, A.; Xinias, I. Dietary interventions for primary allergy prevention in infants. Hippokratia 2011, 15, 216–222. [Google Scholar] [PubMed]

	



Ierodiakonou, D.; Garcia-Larsen, V.; Logan, A.; Groome, A.; Cunha, S.; Chivinge, J.; Robinson, Z.; Geoghegan, N.; Jarrold, K.; Reeves, T.; et al. Timing of Allergenic Food Introduction to the Infant Diet and Risk of Allergic or Autoimmune Disease: A Systematic Review and Meta-analysis. JAMA 2016, 316, 1181–1192. [Google Scholar] [CrossRef] [PubMed]

	



Jeurink, P.V.; Knipping, K.; Wiens, F.; Baranska, K.; Stahl, B.; Garssen, J.; Krolak-Olejnik, B. Importance of maternal diet in the training of the infant’s immune system during gestation and lactation. Crit. Rev. Food Sci. Nutr. 2019, 59, 1311–1319. [Google Scholar] [CrossRef] [PubMed]

	



Pabst, O.; Mowat, A.M. Oral tolerance to food protein. Mucosal Immunol. 2012, 5, 232–239. [Google Scholar] [CrossRef] [PubMed]

	



Neu, J. Gastrointestinal maturation and implications for infant feeding. Early Hum. Dev. 2007, 83, 767–775. [Google Scholar] [CrossRef] [PubMed]

	



Kaetzel, C.S. Cooperativity among secretory IgA, the polymeric immunoglobulin receptor, and the gut microbiota promotes host-microbial mutualism. Immunol. Lett. 2014, 162, 10–21. [Google Scholar] [CrossRef] [PubMed]

	



Karav, S.; Le Parc, A.; Leite Nobrega de Moura Bell, J.M.; Frese, S.A.; Kirmiz, N.; Block, D.E.; Barile, D.; Mills, D.A. Oligosaccharides Released from Milk Glycoproteins Are Selective Growth Substrates for Infant-Associated Bifidobacteria. Appl. Environ. Microbiol. 2016, 82, 3622–3630. [Google Scholar] [CrossRef] [PubMed]








[image: Nutrients 11 01834 g001 550]





Figure 1. Physiology and transport of the proteome in a lactating mammary gland. (A) One lobulo-alveolar cluster connected to a lactiferous duct is depicted. The alveolus cluster, made up of a monolayer of polarized alveolar mammary epithelial cells (MEC) surrounding the lumen, and is connected to the lactiferous duct that is surrounded by a bilayer of ductal MEC. The alveolar MEC are surrounded by basement membrane and a single layer of polarized myoepithelial cells that contract to stimulate milk ejection from the lumen. The alveoli are embedded in a stoma of vascularized connective-tissue that contains lipid-depleted adipocytes, fibroblasts, endothelial cells and capillaries. (B) A zoomed in representation of the alveolar MEC is depicted to show the four key transport pathways of the milk proteome. Pathway (1) The exocytotic pathway is the dominant way for the secretion of endogenously generated proteins. These proteins and other aqueous components of milk are transported in secretory vesicles (SVs). Pathway (2) Secretion of lipid-associated proteins by the formation of lipid droplets (LDs), formed in the endoplasmic reticulum (ER), that move to the apical membrane to be secreted as milk fat globule (MFG). MFG are excreted by budding and are enwrapped by the apical plasma membrane of the MEC and become MFGM. Pathway (3) The vesicular transcytosis of proteins from serum or stromal cells. Pathway (4) Direct transport via the paracellular pathway for serum substances and cells, such as immune cells and stem cells. This route of transport is only available during pregnancy, early lactation prior to tight junction closure of MEC, involution, during times of inflammation or preterm birth. 
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Figure 2. The power of the human milk proteome stems from an evolutionary advantage of cross communication between the mother-infant dyad, via the enteromammary pathway, which in turn stimulated the rise of the uniquely functioning proteome and all of its components. These components work both individually and synergistically to provided protective immunity and overall development to the infant while maintaining health benefits for the mother as well. 
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Table 1. Overview of reported human milk protein concentrations over lactation and functionality.
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Proteins

	
Protein Name

	
Total

	
Colostrum

	
Early

	
Transitional

	
Mature

	
References

	
Function




	
Total protein

	
203–1752

	
360–1690

	
606–1675

	
203–1752

	
362–1632

	
[16]

	




	
Total caseins

	
19–591

	
42–507

	
103–355

	
87–591

	
19–743

	
[16]

	




	
Ratio whey/casein

	

	
90:10

	
78:22

	
72:28

	
60:40

	
[9,16]

	




	
Whey Proteins




	
α-Lactalbumin

	
275–372

	
300–560

	
NA

	
420

	
275–372

	
[17,18]

	
Lactose synthesis




	
Lactoferrin

	
97–291

	
291

	
NA

	
180

	
97

	
[17,19]

	
Antimicrobial; Gut development




	
Osteopontin

	
6–149

	
149

	
NA

	
NA

	
6–22

	
[3,20]

	
Cell adhesion




	
sIgA

	
22–545

	
545

	
NA

	
150

	
22–130

	
[17,18]

	
Adaptive immunity




	
IgG

	
2–7

	
NA

	
NA

	
5

	
2–7

	
[18,21]

	
Adaptive immunity




	
sIgM

	
1–3

	
NA

	
NA

	
12

	
1–3

	
[18,21]

	
Adaptive immunity




	
Lysozyme

	
3–110

	
32

	
NA

	
30

	
3–110

	
[17,18]

	
Antimicrobial




	
α1-Antitrypsin

	
2–5

	
NA

	
NA

	
NA

	
2–5

	
[21]

	
Protease inhibitor




	
Serum albumin

	
35–69

	
35

	
NA

	
62

	
37–69

	
[18]

	
Transport




	
Lactoperoxidase

	
70 *

	
NA

	
NA

	
NA

	
70 *,#

	
[22]

	
Antimicrobial




	
Haptocorrin

	
70–700 *

	
NA

	
NA

	
NA

	
70–700 *

	
[3]

	
Vitamin B12 transport




	
Complement C3

	
11–12

	
NA

	
11

	
NA

	
12

	
[23,24]

	
Innate immunity




	
Complement C4

	
5

	
NA

	
5

	
NA

	
5

	
[23,24]

	
Innate immunity




	
Complement factor B

	
2

	
NA

	
2

	
NA

	
NA

	
[23]

	
Innate immunity




	
Casein Proteins




	
β-casein

	
4–442

	
4–364

	
18–204

	
6–414

	
5–442

	
[17]

	
Calcium transport




	
α-S1-casein

	
4–168

	
12–58

	
15–85

	
9–110

	
4–168

	
[16]

	
Calcium transport




	
κ-casein

	
10–172

	
25–150

	
47–134

	
10–172

	
10–134

	
[16]

	
Calcium transport




	
MFGM Proteins




	
Mucin 1

	
13–294 §

	
NA

	
NA

	
13–250 §

	
35–294 §

	
[25]

	
Growth promoter




	
Lactadherin

	
3–33 §

	
NA

	
NA

	
4–33 §

	
3–13 §

	
[25]

	
Cell adhesion




	
Butyrophilin subfamily 1

	
500–10,000 *,§

	
NA

	
NA

	
800–8200 *,§

	
500–10,000 *,§

	
[25]

	
Regulation of immune response




	
Bile salt-activated lipase

	
10–20

	
NA

	
NA

	
NA

	
NA

	
[3]

	
Lipid digestion




	
Enzymes

	
Total protease activity

	
0.76–1.38 †

	
1.38 †

	
NA

	
NA

	
0.76 †

	
[26]

	




	
Thrombin

	
7100 **,§

	
NA

	
NA

	
NA

	
7100 **,§,#

	
[27]

	
Coagulation




	
Plasmin

	
14600 **,§

	
NA

	
NA

	
NA

	
14,600 **,§,#

	
[27]

	
Proteolysis




	
Elastase

	
200 **,§

	
NA

	
NA

	
NA

	
200 **,§,#

	
[27]

	
Proteolysis




	
Hormone peptides

	
Total endogenous peptides

	
1–2

	
NA

	
NA

	
NA

	
NA

	
[3]

	




	
Ghrelin

	
7–16 **

	
6–9 **

	
NA

	
7–10 **

	
13–16 **

	
[28,29]

	
Appetite stimulator




	
Leptin

	
16–194 **

	
16–700 **

	
NA

	
20–84 **

	
165–194 **

	
[28,30,31]

	
Energy regulator




	
Epidermal growth factor

	
4–5 **

	
NA

	
NA

	
NA

	
4–5 **

	
[28]

	
Stimulates magnesium reabsorption




	
Insulin-like growth factor-1

	
6–12 *

	
NA

	
NA

	
NA

	
6–12 *

	
[28]

	
Insulin regulator and growth-promoting




	
Adiponectin

	
420–8790 **

	
NA

	
NA

	
661–2156 **

	
420–8790 **

	
[31,32]

	
Glucose and fat regulator




	
Parathyroid

	
1029–5840 ‡

	
1029 ‡

	
4584 ‡

	
5840 ‡

	
NA

	
[33]

	
Epidermis de