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1. Variation in human milk oligosaccharide composition among mothers makes it difficult to
design a targeted infant formula enriched with these components for all babies.
(this thesis)

2. The extent of human milk protein degradation in vitro is not directly affected by protease
inhibitors.
(this thesis)

3. PhD research should be based on a proof of concept.

4. Functional foods should be tested as drugs.

5. Secondments need to be made mandatory for doctorate students.

6. Although chemists and chefs are both using step-by-step guided recipes, a good chemist
is not necessary a good chef.
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General introduction




Chapter 1

Human milk is the best source of nutrition for infants

The World Health Organization advices mothers to exclusively breastfeed babies for the first
6 months of lifel. In addition to its nutritional advantage, breastfeeding stimulates the
infant’s physical and mental state, improves maternal bonding, and significantly decrease
the risk of having food allergies and osteoporosis®*. Comparison studies between breast and
formula-fed infants have shown that breastfed infants are less likely to develop infections,
including bacterial meningitis, urinary tract infection, and diarrhoea®. Although human milk
is superior to infant formula, only 41% of the breastfed infants exclusively receive milk for
the entire first 6 months of life®. Among the world’s regions, Europe has the lowest rates
(circa 25%) for exclusive breastfeeding at month 67.

The composition of human milk cannot be duplicated easily. Human milk is a complex
mixture of nutrients (e.g. lipids, lactose, proteins) and bioactive constituents, contributing to
the infant’s growth, development and health®°. There are numerous immune modulating
components in human milk, including polyunsaturated fatty acids, leucocytes, serum
proteins such as lactoferrin and immunoglobulins, and components like hormones, growth
factors, oligosaccharides, and peptides®®. This PhD thesis will focus on serum proteins, serum
protein N-glycans, and human milk oligosaccharides (HMOs), and addresses the enzymatic
hydrolysis of human milk proteins in an in vitro infant (0—3 months) digestion model.

Composition of human colostrum and mature milk

Human milk is a complex food containing water, macronutrients and micronutrients,
including lactose, lipids, HMOs, proteins, vitamins and minerals®. Lipids comprise the second
largest component of human milk after lactose (Figure 1), providing infants with energy and
essential vitamins, and bioactive components like triacylglycerides and phospolipids®. HMOs
are the third largest part and exceed the protein content in human milk (Figure 1).

Human milk composition varies among mothers, between populations and over lactation®®.
The milk produced by mothers in the first two weeks after delivery is colostrum, which differs
in volume, appearance and composition with milk from other timepoints further in
lactation®. When the lactose concentration increases, the production of transition milk
begins, which shares some of the characteristics of colostrum. Human milk is considered fully
mature around the first month after birth®. The level of lactose is lower in colostrum
(between 0-2 weeks), and increases in transition milk, and then remains constant in mature
milk (> 4 weeks postpartum)®. The lipid concentrations in human stay constant over a 6
month lactation period®®. In early life, infants have an immature intestinal immune system,
making them more vulnerable to infection by opportunistic pathogens®®. The higher levels
of HMOs and serum proteins in colostrum and transition milk in comparison to mature milk
might provide additional protection to the infant in this sensitive stage of its development.
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Figure 1. An approximate of the human milk composition of colostrum?®. Major nutritional
components of human milk are carbohydrates, lipids and proteins'®. Other includes vitamins
and minerals.

Human milk proteins

Human milk consists of 2 distinct types of proteins, serum proteins (e.g. a-lactalbumin,
lactoferrin, immunoglobulins) and caseins (B-, as;-and k-casein)!!. The ratio between serum
proteins and caseins in colostrum is circa 70:30, while in mature milk the ratio is circa 50:50.
The total protein concentrations in colostrum range from 14 to 16 g/L, and in mature milk
from 7 to 10 g/L. The most abundant proteins in Dutch human milk can be found in Table 1.
The glycosylation status of these proteins will be further discussed later in this introduction.
Caseins are generally described as transport proteins and many bioactive peptides are
encrypted within their primary structure?14. Caseins are relatively easy digested in peptides
and amino acids by proteases and peptidases in the infant’s digestive tract, which facilitates

the uptake of relatively small peptides, minerals and essential amino acids®>®,
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Table 1. The 15 most abundant proteins in milk of Dutch mothers, as based on literature!?.

Function Protein Name Glycosylation status *
Enzyme  o-lactalbumin (PO0709) N (2)
Bile salt-activated lipase (P19835) N (1), O (10)
Immunity Lactoferrin (P02788) N (3), 0 (1)
Immunoglobulins
lg oi-chain c-region (P01876) N (2), O (5)
lg A,-chain c-region (PODOY2) X
lg k-chain c-region (P01834) X
Polymeric immunoglobulin receptor (P01833) N (7)
Clusterin (P10909) N (6)
Osteopontin (P10451) 0 (5)
B,-microglobulin (P61769) X
Transport [-casein (P05814) X
as1-casein (P47710) X
Serum albumin (P02768) N (2)
Fatty acid-binding protein (P05413) X
K-casein (P07498) 0 (8)

* Information on the glycosylation status of the proteins was gathered from the Uniprot
database (https://www.uniprot.org, accessed September 2016). The number indicates the
number of glycosites. N, known N-linked glycoprotein; O, known O-linked glycoprotein; X, no
N- and O-linked glycans.

Next to the caseins, more than 200 serum proteins can be found in human milk. These serum
proteins have a broad range of functionalities. The most abundant human milk serum protein
a-lactalbumin is essential for the synthesis of lactose, supplies infants with large amounts of
tryptophan, and facilitates the absorption of essential minerals when a-lactalbumin is
digested?®?. Several other human milk serum proteins, like lactoferrin and immunoglobulins,
protect infants against pathogens and decrease the risk of having acute or chronic diseases®.
Lactoferrin, a globular glycoprotein of the transferrin family, partially ends up intact in the
infant’s faeces, and was shown to influence the microbiota composition of neonates®’.
Immunoglobulins are transferred via human milk from mother to child, and especially high
quantities of secretory immunoglobulin A (slgA) are present in human milk in the first days
of lactation'®. These immunoglobulins are also resistant to proteolysis and can therefore be
partially found intact in the stool of infants'’. Next to immunoglobulins, innate immune-
active proteins, including complement proteins (complement factors 3, 4, 7, 9, B, and 1),
antibacterial proteins (e.g. lactoferrin, lactadherin and lysozyme) are highly abundant in
colostrum!!. The newborn infant is known to be deficient in CD14, which is part of the Toll-
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like receptor complex. This Toll-like receptor complex can detect lipopolysaccharides on
gram-negative bacteria and subsequently activate the innate immune system!. These innate
immune-active proteins in colostrum may be needed against broad groups of pathogens in
the infant’s gastrointestinal tract'!. The relatively high amount of both innate and adaptive
immune-active proteins in colostrum suggests the importance of both the innate and
adaptive immune system in the protection of the neonate.

Polymeric immunoglobulin receptor (PIGR) assists in the transportation of slgA'®. PIGR in
human milk is mainly described as immune-active protein. Likewise, clusterin, B,-
microglobulin, and osteopontin are highly abundant in human milk and important for the
development of the infant’s immune system?®®. These latter proteins are also more abundant
in colostrum than in mature milk!2. Lysozyme also plays an important role in the mucosal
immune system, and the concentration of this antibacterial protein is much higher in
colostrum than in mature milk!®. Serum albumin is transferred from the maternal blood
circulation to milk, and is mainly involved in the transportation of a broad range of ligands
(e.g. fatty acids, calcium, hormones)*3. The digestion and uptake of lipids in infants is aided
by bile salt-activated lipase!®, whereas fatty acid-binding protein is important for
transporting fatty acids and other lipophilic substances like eicosanoids and retinoids?. The
digestive enzyme, lipoprotein lipase hydolyzes triglycerides and is involved in promoting the
cellular uptake of chylomicron remnants, colesterol-rich lipoproteins, and free fatty acids.
Overall, there are many serum proteins in human milk contributing to the infant’s growth
and development, with 15 proteins covering >90% of the total protein content!. In addition,
transport, enzymes, and immune-active proteins are the most abundant in human milk*?.
The levels of the immune-active proteins generally decrease over lactation!. Given the
various potential benefits of milk serum proteins, especially immune-active proteins, it
would be of interest to obtain insight in the variability of serum proteins in milk from mothers
from different geographical and ethnic origin, as individual differences in type and level of
milk serum proteins between mothers and over time have been already reported?*.

The differences between human and bovine milk proteins have been already extensively
studied'®®3. The protein levels in bovine milk range between 30 and 35 g/L, and the casein
content represents 80% of the bovine milk proteins over lactation!2. In contrast to human
milk, B-lactoglobulin is the most abundant serum protein in bovine milk, followed by a-
lactalbumin and serum albumin®2. The proteins, as,-casein and B-lactoglobulin can only be
found in bovine milk!3. The concentration of lactoferrin and lysozyme is much lower in bovine
than in human milk!’. Bovine colostrum was found to contain similar amounts of
immunoglobulins as human colostrum, but their concentrations in bovine milk declines
faster after the first days of lactation than human milk!?. The differences in the dominant
digestive enzymes found in human milk (bile salt-activated lipase) and bovine milk
(pancreatic ribonuclease) may reflect the differences in the developmental needs of the
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digestion system between human and cows®?. Pancreatic ribonuclease plays a major role in
the digestion of nucleic acids of microorganisms in the rumen of calves and thereby promote
the nutrient uptake in the intestine®?. Lipoprotein lipase was found in both human and
bovine milk, which is important for nutrient digestion and adsorption*?.

The digestion of proteins in human milk and in the infant’s gastrointestinal tract

Some of the major proteins (caseins, osteopontin, clusterin, PIGR) are predigested by
proteases, resulting in the existence of peptides in human milk'4. Some endogenous peptides
have bioactivities in which they e.g. prevent infections and pathogen colonisation*. Most
milk proteins are degraded into peptides and amino acids in the digestive tract?’. Some of
the peptides formed during digestion are known for their bio-active/immune-active
properties??2. Besides peptides of B-casein, studies have shown that lactoferrin contains
unique antibacterial peptides, such as lactoferricin and lactoferrampin?%22,

Around 3-10% of the proteins in human milk are not digested in the gastrointestinal tract,
resulting in the visibility of proteins in the stool of the newborn?’. The mechanism how this
happens is still unclear. Protease inhibitors are present in human milk, but present studies
do not show what functions they exert during infant digestion'?3, This is where a gap in
knowledge exists which leads us to the question, whether protease inhibitors can reduce the
extent of protein digestion in the infant’s gastrointestinal tract. A possible mechanism behind
the survival of colostral human milk serum proteins can be found in Figure 2.

Protease inhibitors in human milk and their possible role against proteolytic enzymes in
the gastrointestinal tract

Human milk contains a wide range of proteases, protease inhibitors, protease activators, and
zymogens?>?4. These constituents together determine the proteolytic activity of human
milk?3. Several enzymes activated by the proteolytic system are plasmin, trypsin, thrombin,
amino-, and carboxypeptidase, cathepsin, elastase, and kalikrein?3. The most abundant
protease inhibitors found in human milk are a-antichymotrypsin, oii-antitrypsin, cystatin
C. Milk also contains antithrombin IlI, but this protease inhibitor is only found in trace
amounts®. Antithrombin Ill protects the proteins from proteolysis caused by thrombin.
Thrombin is not only a protease, but also an activator of trypsin*!. By inhibition of thrombin,
performed by antithrombin Il and a;-antichymotrypsin, the activation of trypsin is
declined?®. The protease inhibitor oy-antitrypsin inhibits multiple proteases (elastase,
chymotrypsin, trypsin, plasmin and thrombin)?L.
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The concentrations of ai;-antichymotrypsin (0.4-0.7 g/L) and a-antitrypsin (0.1-0.4 g/L) are
higher in colostrum than in mature milk?®>. These latter two protease inhibitors are not
completely digested by proteases, and may escape from fermentation in the colon as they
may even end up in the infant’s faeces'’.

Protease inhibitors are involved in both the innate and adaptive immune system of the
newborn?!. In addition, a positive correlation in human milk between the level of protease
inhibitors and serum proteins content involved in the innate and adaptive immune system
has been reported®!. This might imply that protease inhibitors have a protective role against
the degradation of these immune-active serum proteins in human milk!. It has also been
suggested that as-antichymotrypsin and as-antitrypsin, especially in colostrum, play an
important role in the protection against enzymatic protein hydrolysis by serine proteases in
human milk (e.g. trypsin) and might limit the activity of pancreatic enzymes in the infant’s

small intestine (e.g. trypsin and chymotrypsin)?24

, possibly causing proteins to remain intact
and therefore bioactive in the small intestine. Especially during the first weeks after birth
when the concentration of protease inhibitors is higher in colostrum than in mature milk

(Figure 2), there may be a reduced protein digestion.

Extending an adult in vitro digestion model to infant populations

Studies on the role of protease inhibitors in resistance of immune-active serum proteins
against digestion can be performed using an infant in vitro digestion model. The infant’s
digestive tract is not fully developed after birth?*?%. The concentrations and activities of
amylase, pepsin, chymotrypsin, and trypsin are typically lower for 3-month-old infants than
in older infants and adults?*#?®. The gastrointestinal tract of young infants might result in a
reduced protein digestion compared to older infants and adults.

Several child in vitro methods have been developed over the years?®?%?°. The majority of
these child in vitro digestion models are based on the INFOGEST adult in vitro digestion
model*°. This INFOGEST model makes use of 3 phases, namely the oral, gastric and intestinal
phase. The simulated salivary, gastric, and intestinal fluid were based on human in vivo data
retrieved from the mouth, stomach and small intestine. These fluids were investigated for
their salt composition, pepsin activity, trypsin activity and the bile salt concentration.

In an infant (0-3 months) in vitro model, the oral phase can be excluded®'. The next phase in
the digestion model is the gastric phase. The gastric pH is higher in infants compared to
adults?’. Research showed that infants, in the first three months, had an average pH of 5 in
the gastric phase?’. The activity of pepsin for young infants is only 18% at four weeks after
parturition, as compared to the full activity of the enzyme in older infants®*. Another
important parameter of the infant’s stomach is the incubation time or gastric emptying time.
It was found that 90% of the human milk was transferred from the stomach within one
hour3!. In previous studies it was found that the best incubation time to mimic the infant’s
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digestion was one hour3l. Not only the transit time was investigated, but also the enzyme
release in the small intestine and the bile salt concentrations®!. Investigating the data
obtained from infant in vivo experiments?®3!, the enzyme concentrations in the duodenal
mixture is a twelvefold lower and the bile salt concentrations six times lower. Such a model
has not yet been developed for a 0 to 3-month-old infants.

HMOs in human milk

The carbohydrate fraction in human milk consists of lactose and HMOs*. Lactose is a
disaccharide made up of glucose and galactose joined by a B1,4 glycosidic linkage. HMOs are
the most abundant solid component in human milk, after lactose and lipids32. HMO
concentrations generally range between 20-23 g/L in colostrum, and 7-12 g/L in mature
milk32.

HMOs are complex lactose-based glycans synthesized in the mammary gland during
lactation33. HMOs are composed of five monosaccharides; glucose (Glc), galactose (Gal), N-
acetylglucosamine (GlcNAc), fucose (Fuc), and N-acetylneuraminic acid (NeuAc)?3. During the
synthesis of HMOs, lactose can be elongated with a GIcNAc residue through 1,3 or 1,6
linkages, and these core HMO structures can be further decorated with Gal, GIcNAc, Fuc or
sialic acid NeuAc residues?3. With these five monosaccharides a large number of structures
can be formed, which are either branched or linear. A schematic representation of the main
HMOs in human milk can be found in Figure 3.

HMOs have a remarkable structural and functional diversity, with >150 structures identified
in human milk32, while typically 15 of these structures account for >90% of the total HMO
content®. HMOs can be classified as neutral or acidic HMOs, with acidic oligosaccharides
generally being present at a 10-fold lower concentration than neutral oligosaccharides®3.
Fucose decorates up to 70% of all the oligosaccharides in human milk. The biosynthesis of
the neutral HMOs includes the enzyme N-acetylglucosaminyltransferases, which is able to
attach GlcNAc in a B1,3 or B1,6 linkage to a terminal Gal residue®3. Galactosyltransferases
attach a Gal residue via a B1,3 or B1,4 linkage to the GIcNAc residues®®. The synthesis of
sialylated HMOs requires sialyltransferases, which produce sialic acid containing HMOs with
either a.2,3 or 02,6 linkages®3.

HMO fucosylation depends on the presence of specific fucosyltransferases (FUT) enzymes,
which are genetically determined by the mother’s secretor (Se) and Lewis (Le) histo-blood
group (Figure 4)3*35. The FUT2 Se gene determines the presence of al,2-fucosylated
oligosaccharides in human milk. On the basis of the Lewis (Le) blood group system, the FUT3
Le gene determines the presence of al,4-fucosylated oligosaccharides in human milk.
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Milk-types Type of linkage (Fucosylation) % Worldwide
FUT2 (Se) al,4 m GlcNAc
R——> R o Gal
Group 1: (SE+LE+) ﬁl,a FUT3 (LE) 31‘3 70%
Y Fuc
al,2

o1,2 and a1,4 fucosylated oligosaccharides

FU}({Se) ald

Group 2: (Se—Le") R——> &— R 20%
BL3  FUT3(Le) 81,3

al,4 fucosylated oligosaccharides
FUT2 (Se)
. + —_ R H R
Group 3: (Se'lLe™)
BL3  FUM(Le) B1,3 10%
al,2

a1,2 fucosylated oligosaccharides

FUF (Se)
Group 4: (Se~Le™) R —> R <1%
BL3  FUM(le) B3

Figure 4. The synthesis of HMOs in human milk depend on the mother’s SelLe blood group
status, as based on literature3*. Secretor Lewis positive, Se*Le*; Nonsecretor Lewis positive,
Se~Le*; Secretor Lewis negative, Se*Le™; Nonsecretor Lewis negative, Se~Le™. Human milk
can be classified according to the presence and absence of al,3/4- and al,2-fucosylated
oligosaccharides, which indicate the activity of the FUT3 and FUT2 gene of the mother.

Women with an active Se locus are classified as secretor (Se*), whereas women with an active
Le locus are classified as Lewis positive (Le*). Women without FUT2 or FUT3 activity are
classified as nonsecretor (Se™) or Lewis negative (Le™), lacking al,2-fucosylated or al,4-
fucosylated oligosaccharides, respectively. Figure 4 shows that circa 70% of the women
worldwide can be classified as Se*Le* mother, containing in their milk a1,2-fucosylated, al,3-
fucosylated and al,4-fucosylated HMOs. Se~Le* mothers (20%) produce milk containing only
al,3-fucosylated and al,4-fucosylated HMOs, due to the lack of the FUT2 gene. The Se*Le™
mothers (10%) produce milk without al,4-fucosylated HMOs. The Se~Le™ milk-type is found
in rare cases (<1%), with the al,3-fucosylated HMOs being the only type of fucosylated
HMOs. The variability in type and levels of HMOs between and within the 4 SelLe groups are
not yet investigated in depth.

Having many biological functions, HMOs are able to prevent pathogens from binding to
epithelial cell surfaces, and to alter host epithelial and immune cell responses®-37. HMOs



Chapter 1

may bind directly to bacteria in the gut lumen, causing conformational change in binding
sites, preventing binding to cell receptors (Figure 5). Additonally, HMOs may bind directly to
gut epithehial cells causing altered availability of cell receptors, which may prevent pathogen
binding to the gut epithelial cells (Figure 5). HMOs also offer natural protection against
necrotizing enterocolitis, and specific HMOs containing sialic acid residues provide nutrients
for brain development®*>?’. In addition, HMOs are not digested in the small intestine and
these HMOs might serve as substrates for most beneficial microbes, contributing to the
shaping of infant’s gut flora3®4°. It has been reported that, e.g. Bifidobacteria are equiped
with enzymes capable of breaking down HMOs. These Bifidobacteria contribute up to 90%
of the microbial community in the gut of breastfed infants32. Different microbial species and
strains in the infant’s digestive tract might have their own mechanisms for the degradation
of HMOs leading to potentially diverse metabolisation products in the feces**#2. In addition,
intact HMOs have been discovered in the feces of breastfed infants*. Overall, HMOs are
complex indigestible carbohydrates, which are fermented in the large intestine, and
important for the healthy development of the newborn’s microbiota. HMOs are present in
large amounts in human milk, however, these structures are not yet present in infant
formula'®. The most common prebiotic supplementation in bovine mik and infant formula is
galacto- and fructo-oligosaccharides. Despite these latter oligosaccharides having simplified
structures compared to HMOs, they have been recognized for their “bifidogenic” or
prebiotic effects3®.

No Decoy Oligosaccharide
oligosaccharides oligosaccharide prevents
binds to pathogen attachment

Oligosaccharide

decoy Bacteria
Bacteria cannot
Bacteria Oligosaccharide attach
binds and
signals cell
Cell Cell { Altered cell
receptor receptor
receptor l ecepior,
t Cellmakes
Cell altered
Cell Cell receptor
Signal changes

activity of genes

Figure 5. Mechanism of action of HMOs to prevent abberant pathogen colonization®’.
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Glycoproteins containing O- and N-glycans

Glycans can be covalently attached to proteins and lipids to form glycoconjugates*®. The
majority of the glycolipids in human milk are present in the milk fat globule membrane, while
most of the glycoproteins can be found in the milk serum**. The glycosylation of proteins
occurs in the endoplasmic reticulum and Golgi apparatus of the mammary gland via various
glycosyltransferases*:. It has been shown that circa 70% of the human milk proteins are
glycosylated to some extent®*,

It has been reported that as;- and B-casein in human milk do not have any glycosylated
amino acid residues (Table 1), while k-casein contains multiple O-glycosylation sites at
various threonine (Thr) and serine (Ser) residues®. No specific sequence of amino acids is
needed for O-glycosylation*® . Caseinmacropeptide is released from k-casein during digestion
in the infant’s stomach!. The sialic acid residues attached to the O-glycans in this
caseinmacropeptide might be important for the infant’s brain development. Serum proteins
such as lactoferrin, immunoglobulins, serum albumin, and a-lactalbumin form the main
portion of the glycoproteins present in human milk (Table 1), and mainly contain N-glycans.
These glycans are attached to the amide nitrogen of an asparagine (Asn) residue of the
protein®®4’. The Asn belong to a specific sequence of amino acids, Asn-X-Ser-Thr. X can be
any arbitrary amino acid, with the exception of proline*®. The N-glycans attached to the
immunoglobulins, serum albumin, and lactoferrin might protect these glycoproteins from
digesting by proteolytic enzymes during digestion, and help these glycoproteins to arrive in
the intestine®,

A schematic representation of O- and N-glycotails attached to proteins can be found in Figure
6. More than 75% of the serum proteins in number are N-glycosylated, based on the most
abundant human milk proteins (Table 1). N-glycans are composed of six monosaccharides;
Fuc, Gal, mannose (Man), GIcNAc, N-acetylgalactosamine (GalNAc), and the sialic acid NeuAc
structure*®*’. The sialic acid residue, N-glycosylneuramimic acid can be only found in bovine
milk*. The N-glycans in bovine and human milk have all an essential pentasaccharide core
consisting of three Man residues and two GlcNAc residues®®. The two GlcNAc residues are
linked via a 1,4 linkage, whereas the GIcNAc dimer is B1,4-linked to a Man residue. The Man
residue is connected with two other Man residues, through a a1,3- and al,6-linkage.
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- 0-glycans 2 Major types of N-glycans
m GlcNAc !T. /. H{‘ N-glycans |3

[0 GalNAc ’ . 2
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O Gal

High-
mannose

@ NeuAc Hybrid Complex

Figure 6. Schematic representation of O- and N-glycotails attached to proteins*. The
essential core of N-glycans consists of three Man and two GlcNac residues.

The structure of N-glycans can be classified into three types, namely the high-mannose type,
complex type, and hybrid type*®. High mannose N-glycans merely consists of Man residues.
Hybrid N-glycans contain a unsubstituted terminal Man residue (as are present in high
mannose N-glycans) and substituted Man residue linked to a GIcNAc residue (as are present
in complex N-glycans). These GIcNAc residue added to the N-glycan core in hybrid and
complex N-glycans are part of the antennae (Figure 6). The biantennary N-glycan consists of
two GlcNAc branches linked to the core, while triantennary N-glycan consists of three GIcNAc
branches. Complex N-glycans differ from high mannose and hybrid N-glycans by having
added GIcNAc residues at both al,3- and al,6 Man sites. Unlike the high mannose
structures, complex N-glycans do not contain Man residues apart from the core structure.
Both the hybrid and complex N-glycans are often decorated by Fuc and NeuAc residues*>7.
Based on these building blocks, N-glycans can also be classified as acidic and neutral N-
glycans, which can be further divided in nonfucosylated and fucosylated structures. The core
fucosylation level (al,6-linkages) of the complex and hybrid N-glycans is associated with the
FUT8 enzyme*. Fucosylation of N-glycans might partially depend on the mother’s SeLe histo-
blood group, like with HMOs, which results in the presence and absence of a1,3/4- and al,2-
fucosylated oligosaccharides. So far, none of the studies have investigated the possible link
of mother’s Sele status to the fucosylation of N-glycans in human milk.

The characterization of N-glycans from serum proteins in human milk might lead to a better
understanding of the structural and functional properties of serum proteins. Several
glycosylated serum proteins (e.g. lactoferrin, immunoglobulins, lysozyme, ou-
antichymotrypsin) can be partially found in the infant’s stool, and they may preserve their
bioactivity during digestion to protect the infant’s small intestine!’. These N-glycans might
influence the stability of these proteins®. So far, no information is available on the
composition of N-glycans in milk among mothers and over lactation.



General introduction

Thesis outline

The work in this PhD thesis provides advanced knowledge on the variability in type and levels
of HMOs and serum proteins in milk of Chinese and Dutch mothers during lactation. In
addition, it gives insight in the variability of serum protein N-glycans in milk of Chinese
mothers over time, and elaborates on the enzymatic digestion of proteins from colostrum
and mature milk of Chinese mothers in an in vitro infant (0-3 months) digestion model.

In Figure 6 an overview of the PhD thesis is given including the used analytical techniques
highlighted in orange. Chapter 2 provides insights in the variability in type and levels of
serum proteins in milk from Chinese and Dutch mothers over a 20-week lactation period.
Chapter 3 describes the disappearance of intact proteins in an in vitro infant (0—3 months)
digestion model, and the potential role of protein content and protease inhibitors. Large
peptides and undigested proteins remaining after digestion (Chapter 3) were analysed using
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) in combination with
liquid chromatography mass spectrometry (LC-MS/MS). Chapter 4 describes a developed
method to release N-linked glycotails from serum proteins, and compared the serum protein
N-glycans in colostrum (week 1) and mature milk (week 4) of Chinese mothers, using matrix
assisted laser desorption ionization time of flight mass spectrometry (MALDI-TOF-MS).
Chapter 5 provides insights in the variability of the lactose and HMO concentrations in milk
of Chinese and Dutch mothers over a 20-week lactation period, using capillary
electrophoresis laser-induced fluorescence (CE-LIF). Chapter 6 discusses all the findings and
provides information on the peptide composition in human milk from 2 lactation periods,
and in digesta from in vitro infant (0—3 months) digestion.
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Chapter 2

Abstract

To better understand the variability of type and level of serum proteins in human milk, the
milk serum proteome of Chinese mothers over lactation was investigated using proteomic
technigues and compared to the milk serum proteome of Dutch mothers. This study showed
that total milk serum protein concentrations in Chinese human milk decreased over a 20-
week lactation period, although with variation between mothers in rate of decrease.
Variation was also found in the composition of serum proteins in both colostrum and mature
milk, although the group of immune-active proteins, enzymes, and transport proteins were
the most abundant for all mothers. These three protein groups encompass many of the 15
most abundant proteins, covering >95% of the total protein concentrations, in both the
Chinese and Dutch milk serum proteome. The Dutch and Chinese milk serum proteome were
also compared based on 166 common milk serum proteins, which showed that 22% of the
166 serum proteins differed in level. These differences were observed mainly in colostrum
and concern several high abundant proteins. This study also showed that protease inhibitors,
which are highly correlated to immune-active proteins, are present in variable amounts in
human milk and could be relevant during digestion.

Keywords
Mammary gland, immune-active proteins, proteases, protease inhibitors, digestive tract
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Introduction

Human milk is the best source of nutrition for babies, which enhances children’s immune
system and influences the microbiotal. Health benefits have been related to the presence
and concentration of human milk components like oligosaccharides and proteins*®. There
are two distinct groups of proteins in human milk; caseins and milk serum proteins®. Human
milk in early lactation consists of approximately 30% caseins and 70% serum proteins, with
a 50:50 ratio typically found after a 6 month lactation period®.

Serum proteins in human milk have been categorized according to their main and highly
diverse biological functions’®. It was found that immune-related proteins, transport
proteins, and enzymes were present in the largest quantities, and their concentrations
generally decrease over lactation”®. Immune-active proteins not only protect infants against
pathogenic microorganisms, but also confer passive immunity to the neonate until its own
immune system has been fully developed®*!. Serum proteins in human milk also include an
array of blood coagulation proteins, membrane proteins, signaling proteins, and protease
9-11

inhibitors®*!. Protease inhibitors play a key role in the blood coagulation cascade and

complement pathway!?14

, and might protect proteins against degradation by proteases in
the mammary gland and even in the infant’s gastrointestinal tract'?8,

There is a wide range of proteins (e.g., asi-, B-, and Kk-casein, lactoferrin, immunoglobulins,
serum albumin, and a-lactalbumin) in relatively high concentrations in human milk®®. Most
milk proteins are synthesized in the mammary gland, except for immunoglobulins and serum
albumin®®. Serum albumin can enter milk via the paracellular pathway and immunoglobulins
are transported from blood through mammary epithelial cells by a receptor-mediated
mechanism?®®. Caseins are transport proteins that form micelles, and these micelles are
capable of binding, and thereby transporting, minerals. Caseins can easily be digested in the
infant’s gastrointestinal tract’>8, being a valuable source of amino acids and minerals, which
can easily be absorbed. Milk serum proteins such as lactoferrin, immunoglobulins, serum
albumin, and a-lactalbumin cover 90% of the milk serum proteome in abundance®. The milk
serum protein a-lactalbumin is required for the synthesis of lactose, supplies infants with
large amounts of tryptophan, and facilitates the absorption of essential minerals?!. Several
other milk serum proteins, like lactoferrin and immunoglobulins, protect infants against
pathogens and decrease the risk of having acute or chronic diseases??2. Lactoferrin, a
globular glycoprotein of the transferrin family, partially ends up intact in the infant’s faeces,
and was shown to influence the microbiota composition of neonates??. Human milk is also a
rich source of antibodies or immunoglobulins, which are able to recognize and bind to unique
epitopes of pathogens, preventing their colonisation?32°. Serum albumin is a protein mainly
involved in the transportation of hormones, fatty acids, and other milk components?*.
Individual differences in milk serum proteins between mothers have been reported, where
it was found that there was a large overlap in identified proteins in human milk among
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mothers, whereas there were also major quantitative changes, both between mothers and
over time’. Given the various potential benefits of milk serum proteins, it would be of
interest to obtain insights in the variability of serum proteins in human milk from mothers
from other geographical and ethnic origin.

Therefore, the main objective of this study was to investigate the milk serum proteome of 7
Chinese mothers and to investigate the variability in type and level of serum proteins in
Chinese human milk over a 20-week lactation period using liquid chromatography—tandem
mass spectrometry (LC-MS/MS). Additionally, the type and level of serum proteins in Chinese
human milk were compared to colostrum and mature milk from Dutch mothers.

Materials and Methods

Set-up study and sample collection

Chinese participants were recruited in the Hohhot region, China, between August 2014 and
November 2015 by the Yili Innovation Center (Hohhot, CN). Yili organized the collection of
the human milk, including sampling using a human milk pump. For every time point, a volume
of 10 mL was collected in a polypropylene bottles. Milk bottles were shaken gently, aliquoted
directly into 2 mL Eppendorf tubes, and stored at —20 °C. Milk samples of 7 healthy mothers
who delivered term (38—42 weeks) infants were assessed in week 1, 2, 4, 8, 12, and 20
postpartum. Human milk collection was approved by the Chinese Ethics Committee of
Registering Clinical Trials (ChiECRCT-20150017). Written informed consent was obtained
from all mothers. Milk collection and analysis of milk of 4 Dutch mothers over a 24-week
lactation period is described before and was a collaboration with the Dutch Human Milk Bank
(Amsterdam, NL)’. Healthy women who delivered singleton term infants (38—42 weeks) were
eligible for that study. The data from these analyses were re-used and made compatible with
the Chinese data within this research facilitating direct comparison, as explained further in
this section under data analysis.

Milk serum preparation and concentrations

Human milk samples (5 mL) were fractionated, as described previously'°. Briefly, the milk fat
was removed by centrifugation (10 min, 1,500 g, 4 °C) and the obtained skim milk was
transferred to ultracentrifuge tubes. After ultracentrifugation (90 min, 100,000 g, 4 °C), the
top layer represented the remaining milk fat still present, the middle layer was milk serum
(with some free soluble caseins), and the bottom layer consisted of micellar casein. The free
soluble caseins are part of the milk serum proteome. A comparative study previously showed
that ultracentrifugation is the most effective method to separate caseins from serum
proteins?®, although it is not possible to rule out low amounts of serum proteins in the casein
pellet®. Milk serum concentrations were measured in duplicate using the bicinchoninic acid
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(BCA) protein assay kit (Thermo Scientific Pierce, Massachusetts, U.S.), to ensure that the
same amount of protein (10 pg) was used for further sample preparation. Bovine serum
albumin was used as standard for making a BCA calibration curve.

Sample preparation, dimethyl labeling, protein digestion, and peptide analysis

Milk serum samples were prepared for protein analysis using filter-aided sample preparation
and dimethyl labeling, as described previously?’. Milk serum (20 uL) was mixed with a buffer
containing sodium dodecyl sulfate (SDS) for protein denaturation and dithiothreitol (DTT) to
reduce the disulfide bridges in proteins, after which the samples were loaded on a Pall 3 K
omega filter (10-20 kDa cutoff, OD003C34, Pall, Washington, U.S.) for protein digestion. The
lysis buffer contained 0.1 M Tris/HCl pH 8.0 + 4% SDS + 0.1 M DTT to get a 1 pg/uL protein
solution. Next, 180 uL of 0.05 M iodoacetamide/urea (0.1 M Tris/HCl pH 8 + 8 M urea) was
used for protein alkylation. Samples were washed three times with 100 plL of 8 M urea, using
centrifugation, followed by 110 pL of 50 mM ammonium bicarbonate (ABC). Then 0.5 pg
trypsin in 100 puL ABC was added, followed by overnight incubation at room temperature
while mildly shaking, and centrifuged to separate peptides from undigested material. The
trypsin digested samples were then labeled, using distinct combinations of isotopic isomers
of formaldehyde and cyanoborohydride, leading to a unique stable isotope composition of
labeled peptide doublets with different masses?’. After dimethyl labeling, the prepared
samples were analysed using LC-MS/MS, as described before’. For LC-MS/MS, a 0.10x30 mm
ProntoSil 300-5-C18H (Bischoff, Leonberg, DE) pre-concentration column (prepared in house
at a maximum of 270 bar) was used, and the full scan FTMS spectra were measured in
positive mode between m/z 380 and 1400 on a Thermo LTQ-Orbitrap XL. MS/MS scans of
the four most abundant doubly- and triply-charged CID fragmented peaks in the FTMS scan
were obtained in data-dependent mode in the linear trap (MS/MS threshold = 5.000).

Data analysis

The MS/MS spectra obtained were processed by the software package Maxquant 1.3.0.5
with the Andromeda search engine, as described previously?®. Protein identification and
quantification was done according to literature’. Maxquant created a decoy database
consisting of reversed sequences to calculate the false discovery rate (FDR). The FDR was set
to 0.01 on peptide and protein level. Minimum required peptide length was 7 amino acids,
and proteins were identified based on minimally 2 distinct peptides. The intensity based
absolute quantification (iBAQ) values were selected, representing the total peak intensity as
determined by Maxquant for each protein, and after correction for the number of
measurable peptides’. The iBAQ values have been reported to have a good correlation with
known absolute protein amounts over at least four orders of magnitude®®. For data
normalization, iBAQ values for each protein were transformed into BCA equivalent milk
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serum protein concentrations, by dividing the iBAQ values of each protein in a sample by the
summed iBAQ values of all protein within a sample, and multiplied with the corresponding
milk serum protein concentration based on the BCA assay. To facilitate direct comparison
between Chinese and Dutch data within this research, BCA equivalent values at time points
week 12 and 20 postpartum were compared to week 16 and 24, respectively. The biological
function was assigned to all the serum proteins using the online UniprotKB database, as done
previously’. To assign a specific function to multifunctional proteins, DAVID Bioinformatics
Resource 6.7 was used additionally for further protein biological function classification and
clarification®°,

Statistical analysis

Statistics was based upon previously described methods’, with modifications. For the BCA
equivalent values of each protein in Chinese and Dutch human milk over lactation, a
regression line was fitted using R (Lucent Technologies, New York, U.S.), summarizing the
profile over time for each protein into an intercept and slope. The calculated intercepts are
the protein BCA equivalent values at week 1, the calculated slopes indicate the decrease or
increase in BCA equivalent values per week. To determine the significant different milk
serum proteins over lactation per country, a comparison was done based on the calculated
slope. Only BCA equivalent values of the common serum proteins found in both Chinese and
Dutch human milk were used for comparison. The common serum proteins in Chinese and
Dutch human milk were then evaluated based on the calculated intercept and slope using a
two-tailed t-test, with a significance level set on a = 0.05. Next, these common milk serum
proteins were compared in Chinese and Dutch human milk using a two-tailed t-test in
Perseus3!, separately for each lactation week, with correction for multiple testing based on
permutation-based FDR. The BCA equivalent values of serum proteins in Chinese and Dutch
human milk were also summed per function and were then compared using a two-tailed t-
test. To quantify the relation between biological function groups, Pearson correlation
coefficients were calculated for summed BCA equivalent values and visualized in correlation
matrix plots. Pearson correlation coefficients > 0.5 were considered good. All the serum
proteins in Chinese and Dutch human milk were plotted in a graph, to visualize the
differences in serum proteins over lactation.

Results

The objective of this study was to investigate the variability in type and level of serum
proteins in Chinese human milk over a 20-week lactation period. For this, the milk serum
proteome of 7 mothers over lactation was investigated using LC-MS/MS.
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Level and type of milk serum proteins in Chinese human milk

Total milk serum protein concentrations in Chinese human milk of the 7 mothers over
lactation are presented in Figure 1. Concentrations ranging from 12 to 25 g/L decreased
significantly (oo < 0.05) over a 20-week lactation period, although with large individual
variations (Figure 1).
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Figure 1. Total BCA serum protein concentrations (g/L) in Chinese human milk per mother
over a 20-week lactation period.

Serum proteins in human milk were grouped based on their main biological functions (data
not shown). Not only the total protein concentrations, but also the protein composition
differed among mothers and over lactation as measured after protein digestion and
subsequent LC-MS/MS analysis (Figure 2).

The figure shows that immune-active proteins, transport proteins, and enzymes were the
most abundant for all mothers (Figure 2). The percentage of total protein attributable to
these main biological functions, however, varied widely among mothers (Figure 2). Although
the BCA equivalent values were always higher in colostrum than in mature milk, the rate of
decline for the three main groups varied among mothers (Figure 2).
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Variability of serum proteins in human milk during lactation

To facilitate the comparison between Chinese and Dutch human milk, data were averaged
among mothers, as shown in Figure 3. Average total BCA equivalent values in Chinese human
milk for enzymes, immune-active proteins, and transport proteins ranged between 4.5-10.0
g/L, 2.9-7.8 g/L, and 2.9-5.0, respectively (Figure 3).
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Figure 3. Averaged BCA equivalent values (g/L) of serum proteins for human milk from 7
Chinese mothers categorized per biological function over a 20-week lactation period.

Comparison of the Chinese and Dutch milk serum proteome

The type and level of serum proteins in Chinese human milk were also compared to Dutch
human milk. The raw data on Dutch human milk was reprocessed to be compatible with the
Chinese data. The total BCA milk serum protein concentrations in Dutch human milk per
mother and over lactation are available as supplementary information (Figure S1). Total BCA
equivalent values in Dutch human milk decreased over a 24-week lactation period from 21.6
to 13.6 g/L (Figure S2). Enzymes, immune-active proteins, and transport proteins were also
the most abundant in Dutch human milk over lactation (Figure S2). The BCA equivalent values
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for the groups enzymes, immune-active proteins, and transport proteins in Dutch human
milk ranged from 4.5-9.0 g/L, 3.8-5.6 g/L, and 4.8-6.8 g/L, respectively. Although different
patterns in Chinese and Dutch human milk can be observed, the difference was not
significant between the same group of biological functions (data not shown), except for cell
and signaling, where levels were higher in Chinese human milk.

The relations between the levels of different biological function groups of serum proteins
within the Chinese and within the Dutch human milk population were visualized in a
correlation matrix plot (Figure 4).

Individual milk serum proteins

A total of 469 and 200 serum proteins were measured in Chinese and Dutch human milk,
respectively. The milk serum proteome of different Chinese and Dutch mothers were
compared based on 166 common milk serum proteins. The overall 15 most abundant milk
serum proteins can be found in Table 1.

Table 1. The 15 most abundant serum proteins categorized per function in both Chinese and
Dutch human milk over lactation, with their corresponding BCA equivalent values (g/L) values

at week 1.
Function Protein Name BCA equivalent values (g/L)
Chinese Dutch

Enzyme a-lactalbumin 6.98 8.73
Bile salt-activated lipase 0.29 0.19

Immunity Lactoferrin 3.74 2.10
Ig ay-chain c-region 0.91 0.71
Ig Ao-chain c-region 0.47 0.54
Ig k-chain c-region 0.39 0.90
Polymeric immunoglobulin receptor0.41 0.39
Clusterin 0.23 0.17
Osteopontin 0.17 0.19
B,-microglobulin 0.16 0.16

Protease inhibitors o4-antichymotrypsin 0.11 0.08

Transport B-casein ' 1.17 391
ols;-casein ' 1.33 1.34
Serum albumin 0.93 1.06
k-casein ' 0.23 0.29
Fatty acid-binding protein 0.07 0.13

* Micellar caseins were completely removed, while this was not the case for the free soluble
part of the caseins.
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In Chinese human milk, ai-antichymotrypsin belongs to the top 15 serum proteins and not
the transport protein fatty acid-binding protein (Table 1). Within the group enzymes, the
highly abundant a-lactalbumin and bile salt-activated lipase are mainly responsible for the
changes in this group in human milk over the course of lactation (Table 1). Many immune-
active proteins, like lactoferrin, osteopontin, different types of immunoglobulins, polymeric
immunoglobulin receptor, and clusterin, belong to the most abundant serum proteins in
human milk (Table 1). The changes within the group of transport proteins over lactation can
mainly be explained by the caseins (Table 1). The caseins in Table 1 probably refer to the
free, non-micellar casein, as the micellar casein should have been removed by the sample
preparation. With the majority of the caseins in milk being part of the micellar fraction, the
caseins in Table 1 therefore do not reflect levels of total casein.

Differences in protein patterns between Chinese and Dutch human milk were examined by
comparison of both the intercept (representing colostrum) and slope (representing the
decline over lactation) of curves, fitted for the 166 common milk serum proteins. The p-
values for these differences are shown in Figure 5, after using a two-tailed t-test.

The levels of two serum proteins (elongation factor 2 and myristoylated alanine-rich c-kinase
substrate) varied in Chinese and Dutch human milk over lactation, as shown by the
significantly different slope (Figure 5, area A). Next to that, levels of 35 serum proteins varied
in intercept (Figure 5, area B), including several proteins from the top 15 (Table 1), as seen
in green. The complete list of significantly different serum proteins in Chinese and Dutch
human milk are shown in Table 2, grouped according to their biological function.
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Figure 5. Comparison of the common serum proteins in Chinese and Dutch human milk over
lactation. Green squares indicate the proteins displayed in Table 1. For each serum protein
in Chinese and Dutch human milk over lactation, a regression line was fitted, summarizing
the profile for each protein into an intercept (representing week 1) and slope (representing
rate of change over lactation). These profiles were used for comparison between Chinese
and Dutch human milk and the p-values for differences between them plotted. (A) Significant
different proteins in Chinese and Dutch human milk over lactation, based on difference in
slope, (B) significant different proteins in Chinese and Dutch human milk at week 1, based
on intercept, and (C) no significant difference.
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Table 2. Significantly different serum proteins in Chinese and Dutch human milk, with p-
values for week 1 (intercept) and over lactation (slope).

p-values of serum
Function Protein Name proteins (Chinese
versus Dutch)

Intercept Slope

Cell Actin 0.002 " 0.540
Calreticulin 0.000 " 0.620
Follistatin-related protein 1 0.003 " 0.140
MARCKS-like protein 1 0.004 " 0.959
Protein deglycase DJ-1 0.000 " 0.051
Peroxiredoxin 2 0.002 " 0.233
Enzyme 4-trimethylaminobutyraldehyde dehydrogenase 0.000 " 0.590
a-lactalbumin 0.010" 0.922
Fructose-bisphosphate aldolase A 0.000 " 0.710
Isocitrate dehydrogenase 1 0.000 " 0.310
L-lactate dehydrogenase A 0.000 " 0.772
Nucleoside diphosphate kinase A 0.000 " 0.082
Protein disulfide-isomerase 0.000 " 0.685
Transketolase 0.023" 0.707
Triosephosphate isomerase 0.000 " 0.912
Tryptophan-tRNA ligase 0.000 " 0.131
UTP-glucose 1-phosphate uridylyltransferase 0.000 " 0.630
Immunity Complement C4B 0.000 " 0.200
Ig az-chain c-region 0.000 * 0.210
Ig ys-chain c-region 0.000 " 0.190
Ig k-chain c-region 0.001" 0.490
Ig A>-chain c-region 0.045" 0.640
Granulins 0.018" 0.800
Lysozyme C 0.000 " 0.937
Monocyte differentiation antigen CD14 0.015" 0.770
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Table 2 (continued)

p-values of serum
Function Protein Name proteins (Chinese
versus Dutch)
Intercept Slope

Protease inhibitors Inter-a-trypsin inhibitor heavy chain H2 0.000 * 0.522
Protein synthesis Elongation factor 2 0.547 0.050"
Signaling 14-3-3 protein B/a 0.000 0.372
Transport Apolipoprotein E 0.036" 0.500
B-casein 0.000 " 0.590
Fatty acid-binding protein 0.000 " 0.790
Heat shock protein HSP 90-beta 0.040" 0.810
k-casein ¥ 0.038" 0.950
Selenium-binding protein 1 0.006 0.536
Serum albumin 0.031° 0.760
Transcobalamin 1 0.000 " 0.509
Other Myristoylated alanine-rich c-kinase substrate 0.001 0.028~

Bold: indicates the proteins displayed in Table 1. ¥ Micellar caseins were completely
removed, while this was not the case for the free soluble part of the caseins. * Corresponding
p-values (two-tailed t-test, a < 0.05).

The levels of the 166 common milk serum proteins in the Chinese and Dutch population that
increased or decreased over lactation, can be found as supporting information (Table S1).
The levels of 17 (10%) and 21 (12%) of the 166 common milk serum proteins changed over
lactation in Chinese and Dutch human milk, respectively. In addition, the 166 common serum
proteins were compared between Chinese and Dutch human milk for each week separately
(Table S2). This showed that 16 of 17 proteins that significantly differed in week 1 were also
significantly differing in one or more of the other weeks.

Discussion

The level and type of serum proteins in Chinese human milk

The total protein concentrations decrease significantly over a 20-week lactation period per
mother, although with individual variations (Figure 1). These milk serum protein
concentrations match with those observed in earlier studies, ranging from 12 to 25 g/L73%"
34 although other studies report lower values from 7 to 16 g/L over lactation®?43>736, These
differences may be explained by the BCA method® =8, which generally overestimates the
total protein in human milk by about 25-40%3738. The serum protein levels in this study
should thus be regarded as semi-quantitative, although this did not influence the
comparisons reported here, as they are all based on the BCA method. Although the protein
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content seems high for milk serum, it should be taken into account that the samples with
the highest protein content are actually those in early lactation. These samples are known
to have higher protein and relatively lower casein contents®, leading to higher milk serum
protein contents. In addition, part of the casein remained in the sample after sample
preparation and therefore also counted towards the BCA protein content.

As described previously®, human milk becomes fully mature between 4 to 6 weeks
postpartum, with amounts of bioactive components decreasing relatively to the nutrients.
In early life, infants have an immature intestinal immune system, making them more
vulnerable to infection by opportunistic pathogens®. The high levels of immune-related milk
serum proteins in colostrum (Figure 3) may provide protection to the infant in this sensitive
stage of its development.

It was also observed that a large variability exists in the milk serum protein composition in
colostrum among Chinese mothers (Figure 2). The results in this study comprising milk of 7
mothers shows that immune-active proteins, enzymes, and transport proteins are highly
abundant in Chinese human milk (Figure 3), which can also be observed from the individual
data of mothers (Figure 2). Earlier studies had already shown that immune-active proteins,
enzymes, and transport proteins were present in the largest quantities over lactation”%*,

The top 15 most abundant milk serum proteins

The large quantities of immune-active proteins are especially driven by the abundance of
lactoferrin, immunoglobulins, polymeric immunoglobulin receptor, clusterin, osteopontin,
and Br-microglobulin  (Table 1), which may protect infants against pathogenic
microorganisms, and confer passive immunity to the neonate until its own immune system
has been developed®*!. As shown in Table 1, transport proteins, like free soluble caseins,
serum albumin, and fatty acid binding protein were present in large quantities over lactation.
Free soluble caseins could not be removed from the milk, unlike the micellar casein that can
be pelleted by ultracentrifugation, a phenomena that is also reported by others”!%24 Free
soluble and micellar caseins belong to the most abundant proteins in human milk and these
proteins mainly supply infants with amino acids and minerals needed for their growth?3=2°, |t
can also be observed from Table 1 that enzymes are the largest group of proteins across
lactation. The large quantities of enzymes in human milk can be explained by the presence
of a-lactalbumin, which is known to be the most abundant milk serum protein (Table 1). This
enzyme is required for the synthesis of lactose, the main macronutrient in milk>2. It should
be noticed that a-lactalbumin does not have enzymatic activity on its own. Besides a-
lactalbumin, bile salt-activated lipase belongs to the 15 most important enzymes in Chinese
and Dutch human milk over lactation (Table 1). Bile salt-activated lipase supports the
digestion of fats in the immature infant digestive tract, and facilitates the absorption of
cholesterol, vitamin A, and triacylglycerols’. The protease inhibitor az-antichymotrypsin is
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also among the 15 most abundant human milk serum proteins, and, like other protease
inhibitors and proteases, might play a key role in digestion of human milk'>*#. Overall, the
15 most abundant proteins identified in this study were in levels dominating the entire milk
composition, covering >95% of both the Chinese and Dutch milk serum proteome.

Proteases and protease inhibitors

Proteases may play a key role in digestion of human milk. Although trypsin was the most
abundant protease in Chinese and Dutch human milk, many other proteases (e.g., cytosol
aminopeptidase, elastase, kallikrein, plasmin, cathepsins) were found, albeit to a lesser
extent (data not shown). As described by others, proteases might be present in human milk
to hydrolyze proteins in the mammary gland to regulate casein micelle size?*>. Protein
digestion in human milk by proteases target specific proteins (e.g., caseins, polymeric
immunoglobulin receptor, osteopontin) that do not have an extensive tertiary structure and
are thus more accessible to proteolytic cleavage'®!®. These proteins were, in this study, part
of the overall 15 most abundant proteins in Chinese and Dutch human milk over lactation
(Table 1). Especially the caseins are much digested®™8, which indicates that proteases and
bile salt-activated lipase in human milk aids overall in the digestion of two of its main
macronutrients, fats and proteins®®.

Besides proteases, human milk also contains protease inhibitors. The ratio between protease
inhibitors and proteases in colostrum is circa 10:1. The most abundant protease inhibitors
were ay-antichymotrypsin, aii-antitrypsin, cystatin C, and phosphatidyletanolamine-binding
protein. As described by others, as-antichymotrypsin binds to chymotrypsin and other
chymotrypsin-like serine proteases in human milk, while o -antitrypsin inhibits proteases,
such as trypsin, elastase, plasmin, and thrombin, and irreversibly deactivates trypsin in
vitro'>. A correlation was found between protease inhibitors and immune-active proteins
in Chinese and Dutch human milk (Figure 4). Previous literature focused specifically on the
relation between serine protease inhibitors and immunoglobulins’, which also in our data
showed stronger correlations than for all protease inhibitors and all immune proteins (Figure
S3). A correlation higher than 0.7 was also found in both Chinese and Dutch milk between
proteases and protease inhibitors specifically (data not shown). A previous study presented
an overview of the proteolytic system network in human milk®®, which consists of several
proteases, protease inhibitors, and blood coagulation proteins, indicating that these protein
groups share a common biochemical pathway, which may explain their correlations.

Where some of the major proteins are partially digested by milk proteases in human milk,
most immune-active proteins are less sensitive to digestion by these proteases, due to their
compact folded globular structure, that can’t be as easily digested!®. For these immune-
active proteins to have an immune-activating role in the small intestine, they must be
protected against intestinal digestion, because they are sensitive to chymotrypsin and
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trypsin?’~t8, That might be the reason that protease inhibitors present in human milk seem
to target intestinal enzymes, specifically blocking trypsin, chymotrypsin, and other

17-18
proteases!’8,

especially through the relative abundant as-antichymotrypsin and ou-
antitrypsin. Overall, protease inhibitors may thus ensure that specific proteins stay intact in
the infant’s digestive tract. This may also explain previous findings that several immune-
active proteins (e.g., lactoferrin, lysozyme, immunoglobulins) and protease inhibitors (e.g.
as-antichymotrypsin, as-antitrypsin) can be found intact in the stool of breastfed infants'’~
18 The intact proteins in the infant’s stool may also be related to the simultaneous decrease
in the content of immune-active proteins and protease inhibitors over lactation. Protection
is less necessary later in lactation due to the development of the infant’s immune system
and digestive tract over time, while digestion becomes important for the release of nutrients

later in lactation.

Comparison of high and low abundant serum proteins in Chinese and Dutch human milk

It appears that the milk serum proteome of Chinese and Dutch mothers is similar (Figure 3
and S2). The main purpose of this study was to evaluate the common serum proteins in
Chinese and Dutch human milk over lactation. A total of 469 and 200 serum proteins were
found in Chinese and Dutch human milk, respectively. Although a lower number of serum
proteins was identified in Dutch human milk, still 166 serum proteins in Chinese human milk
overlapped, which represents more than 95% of the milk serum proteome in concentrations.
The reason for the higher number of serum proteins annotated in Chinese human milk might
be due the larger sample size (48 versus 24 human milk samples), which generally leads to
more identified proteins?®,

In total, 22% (37 out of 166) of the common serum proteins in human milk differed between
Chinese and Dutch mothers either at week 1 or over lactation. The levels of 35 of the 166
(circa 21%) common serum proteins varied between Chinese and Dutch mothers in week 1
(Figure 5, area B). This, together with the results presented in table 2 and table S2, indicates
that the differences between Chinese and Dutch human milk serum proteins were mainly in
their level throughout lactation, and not in their changes over lactation, as the levels of only
2 of the 166 (circa 1%) common serum proteins identified in this study (myristoylated
alanine-rich c-kinase substrate and elongation factor 2) differed over the course of lactation
(Figure 5, area A, showing difference in slope). Overall, the main differences in the milk
serum proteome between Chinese and Dutch human milk were observed in the level of
individual proteins, and not in rate of change over lactation.

Conclusions

The milk serum proteome of Chinese and Dutch mothers was similar in relative abundance
of different functional groups as well as the most abundant proteins. Some quantitative
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differences were found, especially in absolute levels and not in rate of change over lactation.

Human milk contains enzymes that can assist the digestion of milk proteins and lipids in the

immature infant’s digestive tract. Protease inhibitors, which are highly correlated to the

immune-active proteins, are present in variable amounts in human milk and could be

relevant during digestion and might be involved in controlling protein breakdown in the

infant’s intestinal tract.
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Supporting information

Table S1. Significantly different serum proteins in Chinese and Dutch human milk over lactation, based
on the BCA equivalent values (g/L) over lactation (slope).

Function Protein Name p-value slope
Chinese Cell Actin (1) 0.040
Platelet glycoprotein 4 (1) 0.040
Enzyme Legumain (1) 0.047
Lipoprotein lipase (1) 0.049
Prosaposin (1) 0.042
Triosephosphate isomerase () 0.045
Immunity Chitinase 3-like protein 1 (1) 0.042
Ig heavy chain V-IlI-region TRO () 0.049
Ig y3-chain c-region (1) 0.050
Ig k-chain c-region (1) 0.046
Lactadherin (1) 0.035
Lactoferrin (1) 0.034
Mucin 1 (1) 0.031
Xanthine dehydrogenase () 0.044
Protease inhibitor ~ Plasma protease Cs-inhibitor (1) 0.043
Signaling G-protein coupled receptor family C-5B (1) 0.048
Other Fibrinogen gamma chain (1) 0.045
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Table S1 (continued)

Function Protein Name p-value slope
Dutch * Cell Galectin 3-binding protein (1) 0.013
Leucine-rich a,-glycoprotein (1) 0.039
Nucleobindin 2 (1) 0.003
Tenascin (1) 0.018
Enzyme Bile salt-activated lipase (1) 0.010
L-lactate dehydrogenase () 0.000
Sulfhyldryl oxidase 1 (1) 0.031
UTP-glucose 1 phosphate uridylyltransferase (1) 0.012
Immunity Haptoglobin (T) 0.031
Lysozyme C (1) 0.034
Zinc a-glycoprotein (T) 0.002
Protease inhibitors  a-antitrypsin (1) 0.046
Phosphatidylethanolamine binding protein 1 (1) 0.015
Transport asi-casein (1)7 0.006
Fatty acid-binding protein (T) 0.012
Kk-casein (1)* 0.010
Selenium binding protein 1 (1) 0.025
Serotransferrin (1) 0.018
Serum albumin (T) 0.001
Other Chordin-like protein 2 (1) 0.034
Gelsolin (1) 0.011

Bold: Indicate the proteins displayed in Table 1. ¥ Micellar caseins were completely removed, while this
was not the case for the free soluble part of the caseins. Arrows are indicative for an increase or
decrease over lactation for each protein. * Significantly different serum proteins in Dutch human milk
over lactation were already previously reported’.
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Table S2. Serum proteins that were significantly different in at least one of the lactation
weeks. Numbers are the p-value for the difference between the Chinese and Dutch human
milk serum proteins. To facilitate direct comparison between Chinese and Dutch data within
this research, the time points week 12 and 20 postpartum were compared to week 16 and
24, respectively.

Week Week Week Week Week Week

Protein Name 1 2 4 8 12/16 20/24
Ig a,-chain c-region <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0000
Ig u-chain c-region <0.0001 0.0113 0.0254 0.0032 0.0007 0.0457
Complement C4A 0.0001 0.0029 0.0298 0.0064 <0.0001 0.0031
Galectin-3-binding protein 0.0001 0.7715 0.4929 0.3741 0.4760 0.0787
Ig a1-chain c-region 0.0004 0.0002 <0.0001 <0.0001 0.0001 0.0001
Ig y3-chain c-region 0.0010 0.0025 0.0011 0.0003 0.0009 0.0021
Ig k-chain c-region 0.0016 0.0764 0.5174 0.0236 0.2549 0.1576
Mucinl 0.0017 0.0328 0.3881 0.6801 0.2955 0.0190
Protein S100-A9 0.0026 0.1452 0.5719 0.0526 0.0137 0.1594
Chordin-like protein 2 0.0031 0.0035 0.6800 0.8939 0.1924 0.5632
Complement C4B 0.0041 0.0004 0.0100 0.0010 <0.0001 0.0005
Sclerostin domain-containing protein 1 0.0048 0.0430 0.0183 0.1233 0.0204 0.1964
Apolipoprotein E 0.0050 0.0012 0.0038 0.0119 0.0091 0.0550
Transcobalamin-1 0.0084 0.1100 0.5721 0.1655 0.4203  0.0004
Ezrin 0.0169 0.0100 0.0230 0.0774 0.0032 0.0229
Myristoylated alanine-rich C-kinase 0.0196 0.7578 0.1413 0.5531 0.0030 0.0306
substrate

Apolipoprotein B-100 0.0398 0.0147 0.0000 0.0489 0.1484  0.1247
B-casein 0.0533 0.8070 0.7004 0.0015 0.8484  0.0491
Protein disulfide-isomerase 0.1661 0.0074 0.1549 0.0599 0.0121 0.0055
Selenium-binding protein 1 0.2163 0.1200 0.0577 0.0235 0.0024 0.0011
45 kDa calcium-binding protein 0.3497 0.0942 0.2351 0.0084 0.0047 0.2351
Ribonuclease T2 0.3545 0.0076 0.0094 0.9075 0.0028 NA
Beta-2-glycoprotein 1 0.5483 0.0002 0.3685 0.0230 0.0545 0.6026
Legumain 0.6446 0.9789 0.6999 0.4638 0.8119  0.0025
Complement C3 B-chain 0.6921 0.1056 0.0542 0.0422 0.0000 0.0197
Protein S100-A11 0.7731 0.8635 0.0007 0.8139 0.4929 0.0940
Apolipoprotein D 0.7739 0.0991 0.0657 0.0006 0.5928  0.3749
Gamma-glutamyltranspeptidase 1 0.8008 0.2640 0.0301 0.2631 0.1578 0.0024
Heat shock cognate 71 kDa protein 0.9118 0.1782 0.0241 0.0977 0.0002 0.0380
Triosephosphate isomerase 0.9866 0.0144 0.0912 0.1336 0.0028 0.0172
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Figure S1. Total BCA serum protein concentrations (g/L) in Dutch human milk per mother
over a 24-week lactation period. Raw data from Dutch human milk was re-used’.
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Figure S2. BCA equivalent values (g/L) of serum proteins in human milk of 4 Dutch mothers
categorized per biological function over a 24-week lactation period. Raw data from Dutch
human milk was re-used’.
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immunoglobulins and non-immunoglobulins) in Chinese human milk, using BCA equivalent
values (g/L) over a 20-week lactation period.
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Abstract

This study gives insight in the degradation of human milk proteins in an in vitro infant
digestion model, comparing colostrum (week 1) and mature milk (week 4) of 7 Chinese
mothers individually. In this study, we used a new in vitro model, representing 0 to 3-month-
old infants. The level of undigested proteins was analysed after gel-electrophoretic
separation and in-gel tryptic digestion by LC-MS/MS. Using the BCA protein assay, it was
shown that the total undigested milk protein content decreased from the start to the end of
digestion with large variation between mothers, especially in the gastric phase (25—-80%). It
was also observed that undigested proteins could still be found after intestinal digestion,
ranging from 0.5% to 4.2% of initial protein content. Based on LC-MS/MS analysis, protein
digestion varies for the milk from the mothers individually, especially during gastric
digestion. No differences could be observed between protein digestion from colostrum and
mature milk after intestinal phase. The highest levels of proteins remaining after intestinal
digestion can be linked to the group immune-active proteins, for all mothers. The level of
protease inhibitors and total protein content in the milk did not correlate with the overall
proteolysis during digestion. The results also showed that serum proteins were not
completely digested during gastric digestion: with 33% remaining for colostrum and 37%
remaining for mature milk, respectively. More than 40 serum proteins could be detected
after intestinal digestion. Some of the highly abundant serum proteins (lactoferrin, serum
albumin, bile salt-activated lipase, immunoglobulins, aii-antichymotrypsin) were still partially
present intact after intestinal digestion, for all mothers. Caseins were also not completely
digested during gastric digestion: with 35% remaining for colostrum and 13% remaining for
mature milk, respectively, whereas caseins were almost completely digested after intestinal
digestion in most mothers. The complete degradation of these caseins into peptides might
be related to their structural features. Overall, this study showed that digestion differed for
the various human milk proteins, as well as between milk of the different mothers, using a
newly developed infantin vitro digestion model, and the main differences between digestion
could be observed after gastric digestion among mothers over lactation.

Keywords
Human milk proteins, infant digestion, protease inhibitors, casein, serum proteins

50



Infant in vitro digestion of human milk proteins

Introduction

Human milk is a complex mixture of nutrients and bioactive constituents, contributing to the
infant’s growth, development and health®. Human milk proteins among others play a pivotal
role in protecting the infant’s gut mucosa against pathogens?. There are two distinct types
of proteins in human milk, caseins and serum proteins, with changing quantities and ratios
over lactation®. Caseins (as1-, B-, and x-casein) are generally described as transport proteins
due to their calcium-binding properties, and become bioavailable after digestion?. The
hydrophobic regions of caseins consist of a high number of proline residues, which prevents
the formation of close-packed secondary structures?. The serum proteins in human milk have
many different functions®. The most abundant serum protein groups in human milk are
enzymes (e.g. a-lactalbumin, bile salt-actived lipase), transport proteins (e.g. serum albumin,
fatty acid-binding protein), and immune-active proteins (e.g. lactoferrin, immunoglobulins)>.
This latter study also showed that the serum protein composition varied among mothers and
between different populations®.

It has been assumed that caseins in human milk are fully digested in infant’s digestive tract,
facilitating the uptake of relatively small peptides, essential amino acids and minerals
associated with the micelles®®. Human milk serum proteins that do not have an extensive
tertiary structure (e.g. polymericimmunoglobulin receptor, osteopontin) also may be broken
down completely during infant digestion, in contrast to more tightly folded serum proteins
like lactoferrin and immunoglobulins®!3. Some of the major proteins (caseins, osteopontin,
clusterin, PIGR) are predigested by proteases, resulting in the visibility of peptides in human
milk, independent of lactation period!?. A variety of studies have reported that specific serum
proteins like lactoferrin, immunoglobulins, and as-antitrypsin in human milk can be found
intact in the stool of breastfed infants, showing that those proteins are able to partially
survive digestion in the infant’s digestive tract'#18,

It has been suggested that the extent of protein digestion might be reduced by the presence
of protease inhibitors (e.g. as-antichymotrypsin and a-antitrypsin) or by the high total
protein levels in human milk. Protease inhibitors might inhibit the function of trypsin and
other serine proteases during small intestinal digestion'®22. Colostrum contains a relative
higher quantity of protease inhibitors than mature milk®, which might lead to more
undigested proteins from colostrum at the end of digestion. In addition, protein digestion
might also be influenced by the total protein content in colostrum. Colostrum contains a
higher total amounts of proteins (14-16 g/L) compared to mature milk (7-10 g/L).
Therefore, it would be of interest to investigate both the variation in level of protease
inhibitors as well as total protein content in relation to the degree of protein hydrolysis.
Different static in vitro digestion models have been developed over the years, mimicking the
gastrointestinal tract of adults and 3-year-old infants?>3!. Colostrum (between 0-2 weeks)
and mature milk (> 4 weeks postpartum) are quite different in protein content and
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composition®. Based on the gene expression of the infant’s gastrointestinal tract, infant’s at
4 weeks of age have among others 40% of their chymotrypsin capacity, and only 10% of
their pepsin capacity available compared to adults®?. To elaborate and better comprehend
the digestion of proteins from colostrum and mature milk, a new in vitro digestion model
was developed representing 0 to 3-month-old infant’s digestion. This model is different from
an existing adult in vitro digestion model?3, by having a higher gastric pH of 5, lower enzyme
activities (pepsin 200 U/mL in gastric phase; trypsin 8.33 U/mLin intestinal phase), and
shorter transition time (1 h each for gastric and intestinal)®?. Based on these modifications,
this would more mimic the situation in infants, who have generally decreased protein
digestion than adults.

The aim of this study was to better understand the variation in protein digestion. The
enzymatic hydrolysis of proteins in milk of 7 Chinese mothers from 2 different lactation
periods (colostrum, week 1; mature milk, week 4) was investigated in a newly developed in
vitro digestion model representing 0 to 3-month-old infants. The level of undigested proteins
was analyzed by a combination of bicinchoninic acid (BCA) protein assay, sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and liquid chromatography—tandem
mass spectrometry (LC—-MS/MS).

Material and Methods

Sample collection

Human milk was collected as described previously® and samples of 7 different Chinese
mothers from 2 different lactation stages (colostrum, week 1; mature milk, week 4) were
used. The samples used in this study were aliquots, but not the same samples, as described
previously®. Healthy Chinese women who delivered singleton term infants (38-42 weeks)
were eligible for this study. Human milk collection was approved by the Chinese Ethics
Committee of Registering Clinical Trials (ChiECRCT-20150017). Written informed consent
was obtained from these 7 mothers.

The infant in vitro protein digestion model

The INFOGEST static adult in vitro digestion model, as described previously?3, was modified
to an in vitro infant (0-3 months) protein digestion model32. In comparison to adults, the pH
and porcine pepsin concentrations in the gastric phase were adjusted, as well as the porcine
pancreatin and porcine bile salt concentrations in the intestinal phase. The time to mimic
each digestion phase was changed to 1 h. Briefly, skim milk (8 mL) was mixed with 6 mL of
simulated gastric fluid, after which 5 plL of 0.3 M calcium chloride (CaCly) and 695 uL of water
was added. Porcine pepsin diluted in simulated gastric fluid was added to reach an enzyme
activity of 200 U/mL instead of 2000 U/mL for the adult model in the final gastric mixture.
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The pH of the chyme was adjusted to 5 instead of 3 with 1 M HCl. The mixture was then
incubated at 37 °C for 1 h while mildly shaking at 200 rpm. After incubation, the pH was
adjusted to 7 with 1 M sodium hydroxide solution. For duodenal digestion, 7.5 mL of gastric
chyme was mixed with 4 mL of simulated intestinal fluid electrolyte stock solution?3. Porcine
pancreatin was added to reach a trypsin enzyme activity of 8.33 U/mL instead of 100 U/mL
for the adult model. After that, 2.5 mL of bile salts (40 mM), 40 plL of 0.3 M CaCl,, and 1.31
mL water was added. The pH of the chyme was then again adjusted to 7 with 1 M hydrogen
chloride solution. The duodenal chyme was then incubated at 37 °C for 1 h in a water bath
while mildly shaking at 200 rpm. After incubation, the enzyme was inactivated with 50 uL of
the irreversible serine protease inhibitor 4-(2-aminoethyl) benzenesulfonylfluoride (100
mM) in the duodenal chyme. The skim milk was diluted 4 times, while the samples after the
gastric phase were diluted twice, facilitating direct comparison with the samples of the
duodenal phase3?.

Total concentrations of proteins before and after infant in vitro digestion

The total protein concentration of the blank and digesta were measured in duplicate using
the BCA protein assay kit 23225 (Thermo Scientific Pierce, Massachusetts, U.S.). Standards
and reagents were prepared according to the manufacturer’s instructions. Before analysis,
1 mL of the sample was mixed 1:1 with absolute trichloroacetic acid (TCA). After
centrifugation (1,500 g for 30 min, 4 °C), the supernatant containing peptides was removed.
TCA-precipitated proteins were washed twice with cold acetone to completely remove TCA,
and the pellet dried at 70 °C in a heating block (Labtherm Graphit, Liebisch, DE) for 60 min.
The dried proteins were re-dissolved in 2 mL of the BCA working reagent, and incubated at
37 °Cin a water bath for 30 min. After cooling down to room temperature, the samples were
ready for spectrophotometric measurements. Based on the BCA calibration curve using
bovine serum albumin, concentrations were expressed as g/L for the diluted samples.

SDS-PAGE, in-gel digestion, and purification by solid phase extraction

For every sample, 2 uL was taken and diluted in 5 pL lithium dodecyl sulfate (LDS) sample
buffer (pH 8.4, Life Technologies, Carlsbad, U.S.) and 15 uL water. This mixture was
centrifuged at 1,500 g for 1 min and the supernatant heated at 70 °C in a heating block for
10 min. Samples and prestained marker (5-165 kDa, Jena Bioscience, De) were then loaded
onto NUPAGE 12% Bis-Tris gels (Life Technologies, Carlsbad, U.S.). Gels were run with a LDS
running buffer (containing 50 mM MES, 50 mM Tris base, 0.1% SDS, 1 mM EDTA, pH 7.3)
under non-reducing conditions at 120V in a vertical electrophoresis cell (Bio-Rad, Hercules,
U.S.). The gels were stained with colloidal Coomassie G-250 (Bio-Rad, Hercules, CA), followed
by destaining with water and washing buffer (10% ethanol, 7.5% acetic acid in water). The
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gels were scanned after staining with Image Lab version 4.1 (Bio-Rad) to visualize the protein
patterns, and determine the location of a-lactalbumin on the gel.

In-gel digestion was used to digest proteins into peptides. As described previously®3, SDS-
PAGE gels were incubated in 25 mL of ammonium bicarbonate (ABC) containing 0.039 g
dithiothreitol (= 10 mM DTT, pH 8) for 1 h at 60 °C. Subsequently, the gels were incubated in
25 mL of Tris buffer pH 8 containing 0.092 g iodoacetamide (= 20 mM IAA, pH 8) for 1 h at
room temperature in the dark. To separate proteins (> 10 kDa) from small peptides, single
lanes of the SDS-PAGE gels were cut into <1 mm? small pieces and pieces above the band of
a-lactalbumin were transferred to 1.5 mL Eppendorf low protein binding tubes. The gel
pieces were frozen and thawed 3 times to increase the accessibility for trypsin. Then, 100 pL
of 50 mM ABC (pH 8) containing 0.5 ug trypsin was added to the gel pieces, followed by 100
1L ABC to cover the gel pieces completely. According to the manufactures, the activity of
bovine sequencing grade trypsin was >7500 benzoyl-L-arginine-ethyl-ester U/mL protein
(Roche, Basel, CH). After trypsin digestion overnight, 15 uL of 10% trifluoroacetic acid in
water was added to adjust the pH between 2 and 4 (pH-indicator strips).

Solid phase extraction was done to purify peptides, as described previously!?. Stage tips
containing 2 mg Lichroprep C18 (25 um particles) column material (C18+ Stage tip) were
made in-house. The peptides were transferred to a methanol washed and 0.1% formic acid
equilibrated C18 stage tip column. The peptides were eluted with 50 uL of 50% acetonitrile
in water containing 0.1% formic acid. The samples were dried in a vacuum concentrator
(Eppendorf, Nijmegen, NL) at 45 °C for 1 h until the volume of each sample decreased to 15
ulL or less. The content of the tubes was transferred to empty low protein binding tubes, and
samples reconstituted to 50 plL by adding water containing 0.1% formic acid.

LC-MS/MS and data analysis

LC-MS/MS was used to measure the amounts of distinct peptides. As described previously?3,
18 plL of each sample was injected on a 0.10x30 mm ProntoSil 300-3-C18H (Bischoff,
Leonberg, DE) pre-concentration column (prepared in house at a maximum of 270 bar),
peptides were eluted from the pre-concentration column onto a 0.10x200 mm ProntoSil
300-5-C18H analytical column, and the full scan FTMS spectra were measured in positive
mode between m/z 380 and 1400 on a LTQ-Orbitrap XL (Thermo Fisher Scientific, Waltham,
U.S.). MS/MS scans of the four most abundant doubly- and triply-charged CID fragmented
peaks in the FTMS scan were obtained in data-dependent mode in the linear trap (MS/MS
threshold = 5.000)%3,

MS/MS spectra for each run were obtained and analysed using Maxquant and the built-in
Andromedia search engine with the Uniprot human protein database®*. Protein
identification and quantification was done as described previously®. Maxquant created a
decoy database consisting of reversed sequences to calculate the false discovery rate (FDR).
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The FDR was set to 0.01 on peptide and protein level. The minimum required peptide length
was seven amino acids, and proteins were identified based on a minimum of two distinct
peptides. The intensity based absolute quantification (iBAQ) values were used, representing
the total peak intensity as determined by Maxquant for each protein, after correction for the
number of measurable peptides®. The iBAQ values have been reported to have a good
correlation with known absolute protein amounts over at least four orders of magnitude®.
The Uniprot database was also used to assign functions to all individual identified proteins,
as described previously®. The iBAQ values for each protein were used individually and
summed per function, and per digestion phase (predigestion, gastric phase, intestinal phase).
The iBAQ values of the proteins individually and grouped per function per phase were also
converted in percentages of the total iBAQ intensity. The total iBAQ intensities of the skim
milk from colostrum and mature milk were set to 100%.

To compare colostrum and mature milk of the 7 Chinese mothers on total protein (based on
the BCA protein assay) after both gastric and intestinal digestion, a t-test for independent
samples was used (R, Lucent Technologies, New York, U.S.). For this comparison, the total
BCA protein concentrations were preferred over the summed iBAQ values. For statistical
analysis, a FDR adjusted p-value of < 0.05 was considered significant. Scatterplots were
generated with both the total protein (based on the BCA protein assay) and the levels of
protease inhibitors (iBAQ values) in human milk against the relative change of total protein
from milk to gastric and to intestinal digestion.

Results and discussion

Determination of total protein before and after digestion by the BCA protein assay

An in vitro digestion model was developed representing 0 to 3-month-old infant’s digestion,
which differed from an existing adult in vitro digestion model?3, by having a higher gastric pH
of 5, lower enzyme activities in gastric phase and intestinal phase, and shorter digestion
times. The parameters of the newly developed in vitro model, which was based on
literature3? including references and citations in that paper, represents the in vivo infant
digestive conditions better than the adult model. Bovine milk serum was used for method
development and validation of the model, as more was known about in vitro digestion of
bovine milk proteins in older infants*®!. As the findings for bovine milk were showing similar
trends with previous studies*®1!, although using different age-specific models, the newly
developed 0 to 3-month-old infant in vitro digestion model was then used for human milk
samples.

The disappearance of human milk proteins was quantified using the BCA protein assay.
Information was obtained on the total protein content before and after digestion for milk of
7 mothers from 2 lactation periods (colostrum, week 1 and mature milk, week 4). The total
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BCA protein concentrations in skim milk were ranging from 7.1 to 16.6 g/L for colostrum, and
from 6.6 to 13.8 g/L for mature milk (Figure 1A). The lowest protein concentrations in
colostrum (7.1 g/L) and mature milk (6.6 g/L) were for mother 7, whereas the highest protein
concentrations in colostrum (16.6 g/L) and mature milk (15.3 g/L) were found for mother 4
and 1, respectively (Figure 1A).
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Figure 1. The total BCA protein content (g/L) (A) and total BCA protein content (%) (B) in
skim milk for colostrum (week 1) and mature milk (week 4) of 7 Chinese mothers after
dilution of the samples, and after gastric and intestinal stage. The total BCA protein
concentrations (g/L) in diluted skim milk for colostrum and mature milk of the individual
mothers was set to 100%. MX; X = mother. The letter behind the hyphen indicates colostrum
(C) and mature milk (M).
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Colostrum contained higher total protein concentrations compared to mature milk, although
the rate of decline varied among mothers during digestion (Figure 1A).

It can be observed that the total BCA milk protein content decreased from the start to the
end of digestion with large variation in decline between mothers in the gastric phase (25—
80%) (Figure 1B). The total BCA protein concentrations in colostrum for mother 5 and 3 both
started at 13.3 g/Land 11.7 g/L (Figure 1A), although showing the lowest (19.6%) and highest
(75.3%) decline during gastric digestion (Figure 1B), respectively. It was also observed that
still some undigested proteins can be found after intestinal digestion, ranging from 0.5% to
4.2% of total protein content (Figure 1B). The higher starting total protein concentrations in
colostrum did not seem to be associated with a higher degree of total undigested proteins,
as will be discussed in more detail later.

The most abundant human milk proteins identified by SDS-PAGE

The undigested human milk proteins were initially monitored using SDS-PAGE before
performing in-gel digestion and LC-MS/MS analysis. An example of a SDS-PAGE gel is given
in Figure 2, showing the outcomes of in vitro digestion of the most abundant proteins in
colostrum and mature milk for a single mother. It can be seen from Figure 2 that caseins and
a-lactalbumin from colostrum and mature milk were not readily digested in the gastric
phase, but are completely digested after intestinal digestion. Lactoferrin and serum albumin,
on the other hand were still partially present after the intestinal digestion (Figure 2). Bands
of the individual human milk proteins on the SDS-PAGE gels were not quantified, however,
it can be observed that proteins in mature milk were digested to a rather similar extent by
the in vitro infant model as colostrum (Figure 2).

The survival of human caseins in the gastric phase, as shown in Figure 2, might be explained
by the casein micellar size in human milk. It has been reported that the mean casein micellar
size varies between mammal species (e.g. human, bovine, equine species) in milk and that
casein micelles in human milk are much smaller in size than bovine milk?*. The milk from
bovine and human showed different degradation patterns when digested with adult
gastrointestinal enzymes for 30 min at their respective pH values (pH 2.5 in gastric phase, pH
8.0 in the intestinal phase)?*. During adult gastric digestion the caseins in human and bovine
milk were poorly degraded with 69% and 39% of remaining protein, respectively?*. Further
digestion of caseins with intestinal enzymes resulted in a very fast digestion of the caseins
from all species?®, with 20% of the caseins remaining intact after 5 min, while after 30 min
almost no caseins were left?.
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Infant in vitro digestion of human milk proteins

A randomized controlled trial with 12 hospitalized tube-fed preterm infants, showed that a-
lactalbumin, lactoferrin, B-casein, and serum albumin were in vivo only partially digested in
the infant’s stomach?’, which matched with our findings (Figure 2). Overall, specific human
milk serum proteins partially survived in vitro digestion, which will be further discussed while
evaluating the findings obtained by LC-MS/MS.

The protein composition before digestion by LC-MS/MS

Although a more quantitative analysis of all proteins together was done by BCA protein assay,
BCA protein assay can only determine the total protein content (Figure 1). A general
decrease of individual proteins was observed by SDS-PAGE, whereas SDS-PAGE is only able
to identify some of the most abundant human milk proteins (Figure 2). LC-MS/MS can
provide a more complete overview of the protein composition during in vitro infant
digestion. Lanes of the SDS-PAGE gels were cut above the band of a-lactalbumin, which was
thus used as threshold for in-gel digestion, meaning that proteinaceous material >10 KDa
was assumped to be identified and quantified as intact protein.

The average relative protein composition in human milk of 7 Chinese mothers from 2
different lactation periods can be found in Figure 3. Proteins as present in both colostrum
and mature milk were dominated by immune-active proteins, enzymes, and transport
proteins (Figure 3). Colostrum contained relatively higher quantities of protease inhibitors,
cell proteins, and “other”, as compared to mature milk (Figure 3, insert). The relative levels
of the latter protein groups were much lower than the transport, enzymes, and immune
active proteins.

The higher relative levels of transport proteins in colostrum and mature milk in Figure 3, as
compared to a previous study of the Chinese human serum proteome®, might be explained
by the presence of both free soluble and micellar caseins. In this previous study during
isolation of serum proteins, micellar caseins were completely removed, but not the free
soluble part of the caseins®. The levels of the groups enzymes and immune-active proteins
in human milk are showing a similar trend as described previously®. The relative levels of
enzymes were significantly higher in mature milk than colostrum, whereas the relative levels
of immune-active proteins were significantly higher in colostrum compared to mature milk®.
It was also reported before that large variation in protein composition existed among
mothers, between populations and over time>. In this study, it could also be observed that
the protein composition differed among mothers and over lactation (Figure S1). For Chinese
mother 5, both the relative levels of immune-active proteins and enzymes increased over
lactation, whereas the relative levels of transport proteins decreased from colostrum to
mature milk (Figure S1). For Chinese mother 6, immune-active proteins became relatively
less abundant over lactation (Figure S1).
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Infant in vitro digestion of human milk proteins

The protein composition after gastric and intestinal digestion by LC-MS/MS

The relative levels of undigested protein for each protein group after gastric and intestinal
digestion can be found in Table 1, for both colostrum and mature milk. Comparing colostrum
and mature milk, it can be seen that higher percentages of undigested protein can be found
in the gastric phase for most protein groups in colostrum (Table 1). In addition, the relative
levels of undigested protein for the groups protease inhibitors and protein synthesis in
colostrum was the highest during gastric digestion (Table 1). For mature milk protease
inhibitors and immune-active proteins were digested to a lesser extent during gastric
digestion (Table 1).

Table 1. Undigested human milk proteins (%) in an in vitro infant (0—3 months) model, based
on the summed iBAQ values obtained by LC-MS/MS, categorized per biological function, for
both colostrum and mature milk of 7 Chinese mothers averaged, and for gastric and
intestinal digestion. The data has been normalized to 100% per protein group, based on
predigestion data.

Colostrum (week 1) Mature milk (week 4)

Protein function groups  Gastric (%) Intestinal (%) Gastric (%) Intestinal (%)
Blood coagulation 25 0 7 0
Cell 31 0 18 0
Enzyme 22 0 20 0
Immunity 29 2 32 3
Protease inhibitors 44 1 35 3
Protein synthesis 41 1 14 1
Signaling 27 1 12 4
Transport 30 0 17 0
Other 22 0 22 0
Total 29 0.3 18 0.4

It should be noticed that a lot of variation in the human milk protein composition exists
among mothers post-intestinal digestion (Figure S1), however, with all samples having in
common that the survival level was the highest for the immune-active proteins after
intestinal digestion (Figure S1). This can also be observed in Table 1. Transport proteins were
quite stable against gastric digestion, but not against intestinal digestion (Table 1). This might
be explained by the caseins, which were the main proteins within the transport protein
group. Caseins were almost completely digested after intestinal digestion, as can be
observed from Table 2. The variation in protein digestion might be affected by the initial milk
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composition and protein profiles of the individual mothers. The static in vitro digestion model
did not attribute to the variability in milk digestion for all the 7 mothers, as the conditions
for both lactation points were identical.

The effect of the higher levels of protease inhibitors and total protein content in colostrum on
protein digestion

The variation in levels of protease inhibitors and total protein were investigated in relation
to the level of undigested protein, as both were hypothesized to reduce overall proteolysis.
It can be observed that more intact proteins from colostrum (29%) can be found after gastric
digestion compared to mature milk (18%) (Table 1). This effect is not expected to be related
to the level of protease inhibitors, as no pepsin inhibitor has been found in human milk>.
Large fragments of proteins and undigested proteins leaving the stomach may be relevant in
vivo, as they may still be biologically active before they are further degraded in smaller
peptides, amino acids, and finally absorbed.

In addition, still some undigested proteins can be found after intestinal digestion (Table 1).
The total protein content after intestinal digestion was similar: with 0.3% and 0.4% remaining
for colostrum and mature milk, respectively (Table 1). Protease inhibitors were not
completely digested during intestinal digestion, with 1% and 3% remaining for colostrum and
mature milk, respectively (Table 1). In addition, it can be observed in Figure 1, that protein
digestion varies between mothers, with no indications that higher total protein content in
colostrum than mature milk influences protein digestion. The degradation of human milk
proteins during gastric and intestinal digestion could not be explained by the higher levels of
protease inhibitors and total protein content in colostrum than mature milk, as the r-squared
values were ranging between 0-0.3 (Figure S2), and as seen above (Figure 1 for total
protein).

The enzymatic hydrolysis of individual human milk proteins in an infant in vitro model after
gastric digestion

It can also be observed in Figure 2 that some human milk proteins remained partially intact
after in vitro infant intestinal digestion. Table 2 is based upon the 15 most abundant proteins
in Chinese human milk. The other human milk proteins still present intact after intestinal
digestion can be found in Table S1, but not in all cases for both lactation periods.

The results showed that both serum proteins and caseins were not completely digested
during gastric digestion: with 33% and 35% remaining for colostrum and 37% and 13%
remaining for mature milk, respectively (Table 2). Interestingly, the levels of undigested
caseins after gastric digestion were higher for colostrum than for mature milk (Table 2). The
ratio between serum proteins and caseins in our study was ranging from 33:67 to 38:62 over
lactation, respectively (data not shown). The findings in Table 2 might be attributed to the
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hypothesis that lower levels of caseins in mature milk become easier to digest in the gastric
phase than in colostrum.

Table 2. The top 15 most abundant Chinese human milk proteins after in vitro infant (0-3
months) digestion, categorized per function (N = 7). The data has been normalized to 100%

per protein.
Colostrum (week 1) Mature milk (week 4)

Protein function Name of proteins Gastric (%) Intestinal (%) Gastric (%) Intestinal (%)
Enzymes a-lactalbumin 22 0 20 0

Bile salt-activated lipase 55 3 21 1
Immunity Lactoferrin 33 1 12 3

Ig a1-chain c-region 12 2 84 2

Ig A,-chain c-region 16 6 46 6

Ig k-chain c-region 9 8 64 12

PIGR 39 0 61 0

Clusterin 46 0 43 0

Osteopontin 36 0 14 0

B2-microglobulin 24 0 4 0
Protease inhibitor a-antichymotrypsin 53 1 40 1
Transport Serum albumin 45 2 32 3

B-casein 29 0 15 0

asi-casein 39 0 2 0

K-casein 37 0 23 0
Basedontop 15  Total serum proteins 33 2 37 2

Total caseins 35 0 13 0

The reason for the high level of gastric casein digestion (Table 2), but still partial survival of
caseins, may be due to the low pepsin activity. Pepsin exerts its maximum activity at a pH of
2%, Another reason for this phenomenon may be the curd forming properties of casein,
which happened at pH 5*731. These “curds” are difficult to digest, which might result in a
lower gastric casein digestion!!. Caseins can be degraded more easily by enzymes during
intestinal digestion due to their flexible non-compact structure and no curd forming at the
pH 758 As mentioned, there is also survival of many serum proteins in the gastric phase
(Table 2). For example, lactoferrin can appear in the iron rich form, hololactoferrin, and the
iron free form, apolactoferrin. This iron rich form of lactoferrin might stabilize the protein
structure above pH 4, making hololactoferrin more resistant against enzymatic degradation
in an infant in vitro model during gastric digestion. Previous studies have confirmed that

tl7,24»25

lactoferrin is resistant against digestion in the infant’s gastrointestinal trac , although
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using different in vitro digestion models. Another example, a-lactalbumin in colostrum and
mature milk is not fully digested (remaining 22% and 20%) (Table 2), respectively, which
might be due to the fact that the gastric pH is too high to form the molten globule structure?.
On lowering the pH to 3 in another in vitro model, the acidic side chains are protonated and
a-lactalbumin adopts the molten globule state, which is a less compact conformation that is
easier to digest by pepsin®. With regard to immunoglobulins, the heavy and light chains of
the different immunoglobulins are connected via disulphide bridges in human milk, making
them more resistant against digestive enzymes'®, which might explain their low gastric
digestion (Table 2). The reason for the large differences in rate of digestion between
immunoglobulins from colostrum and mature milk remains unclear.

The survival of individual human milk proteins after infant in vitro intestinal digestion

After gastric digestion, the human milk proteins where further hydrolyzed by intestinal
enzymes. It can be observed in Table 2 that some of the highly abundant serum proteins
(lactoferrin, bile salt-activated lipase, immunoglobulins, o;-antichymotrypsin, serum
albumin) from both colostrum and mature milk were still partially present after intestinal
digestion (range: 1-12%) (Table 2). These specific serum proteins were always present in all
the individual intestinal digesta samples (data not shown). Other abundant serum proteins,
a-lactalbumin, polymeric immunoglobulin receptor (PIGR), clusterin, osteopontin, B,-
microglobulin, and the 3 caseins (B-, asi-and k-casein) from both colostrum and mature milk
were almost completely digested after in vitro intestinal digestion (Table 2). These proteins
were absent in the intestinal digesta samples of most (N = 6) mothers (data not shown).
Thirty-seven other human milk proteins were found after intestinal digestion (Table S1),
although, the survival levels of these proteins varied between colostrum and mature milk
during digestion. Among these 37 serum proteins, several low abundant immunoglobulins
can be found after intestinal digestion (Table S1), but also e.g. lysozyme, a.1-antitrypsin, and
fatty acid-binding protein.

Lactoferrin, lysozyme, immunoglobulins, antichymotrypsin, ai-antitrypsin, and serum
albumin were previously found in the infant’s faeces'®, even surviving fermentation. The
proportion of intact human milk proteins found in the faeces varied with the age of the
infants, and about 10% of the total protein intake of the breastfeed infants was undigested
in the faeces during the early neonatal period up to 1 month of age, while only 3% was found
at 4 months of age'®. The findings in Figure 1 and Table 1 are in the same range'®. From the
current study, it became clear that overall more than 40 serum proteins, including several
immune-active proteins (e.g. lactoferrin, immunoglobulins) and protease inhibitors (e.g. ot1-
antichymotrypsin and a.;-antitrypsin), were still partially present intact after in vitro intestinal
digestion, and these proteins might be involved in supporting the infant’s digestive tract
against pathogens'®24,
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Undigested immunoglobulins after gastric and intestinal digestion might be important for
infants in the first months of life, and might provide additional protection when the infant’s
immune system and digestive tract is not fully developed®. This might also account for the
other immune-active proteins, which survive gastric digestion, as they might still be
biologically active before being further degraded during intestinal digestion. PIGR, clusterin,
osteopontin, and B,-microglobulin are highly abundant in human milk and exert important
functions for the development of the infant’s immune system®. Bile salt-activated lipase and
serum albumin, which are highly abundant in human milk, were also found to be resistant
(relative levels ranging from 3 to 1%) against gastrointestinal enzymes from both colostrum
mature milk, and able to survive intestinal digestion in an in vitro infant model.

Conclusions

This study provided, for the first time, detailed information on the digestion of proteins in a
newly developed infant (0—3 months) in vitro digestion model using both colostrum and
mature milk of 7 individual Chinese mothers. LC-MS/MS was used to provide a more
complete overview of the human milk protein composition before, during and after in vitro
infant digestion. Protein digestion vary for the milk from the mothers individually. Large
variation in total undigested protein was found between mothers after gastric digestion.
Colostrum and mature milk were digested after intestinal digestion to a similar extent. In
contrast to expections, the extent of protein degradation was not directly influenced by
protease inhibitors and the total protein content. Caseins were more digested after digestion
than most serum proteins. The relative levels of the immune-active serum proteins were
overall the highest after intestinal digestion. The resulting intact immune-active proteins, like
antibacterial proteins, might supports the infant’s intestine against pathogens.
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Figure S1. Classes of proteins in colostrum (week 1) and mature milk (week 4) of 7 Chinese
mothers (A), and in an in vitro infant (0-3 months) digestion model for the gastric phase (B)
and intestinal phase (C), with proteins grouped having similar functions. C and M stands for
colostrum and mature milk and the number behind the hyphen indicates the mother. The
composition in the gastric and intestinal phase were based on total remaining proteins set
on 100%.
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Figure S2. The initial total protein content (based on the BCA protein assay) (A) and levels of
protease inhibitors (iBAQ values) (B) in milk of 7 Chinese mothers from 2 different lactational
periods (week 1 and 4) plotted versus undigested protein to gastric and to intestinal
digestion. A trendline with r close to zero indicates no relationship between the two
variables. The different dots represent the different samples of the mothers per lactation
stage.
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Table S1. List of undigested proteins found after in vitro gastric (G) and intestinal digestion
(1) using colostrum (C) and mature milk (M) of 7 Chinese mothers. The data has been
normalized to a scale of 100% per protein. The most abundant human milk proteins from
Table 3 are here excluded.

Protein names Function CG MG ClI M-
Actin, cytoplasmic 1 Cell 39 14 0 1
Erythrocyte band 7 integral membrane protein Cell 20 28 1 2
Galectin-3-binding protein Cell 98 3 0 2
a-enolase Enzyme 46 39 1 0
Annexin Immunity 19 32 4 3
Complement C3 Immunity 20 73 1 2
Complement C4A Immunity 46 17 1 0
Ig a-chain c-region Immunity 4 13 0 1
Ig y1-chain c-region Immunity 27 10 3 12
Ig yo-chain c-region Immunity 17 7 3 1
lg ys-chain c-region Immunity 15 4 1 2
Ig k-chain V-Il region TEW Immunity 7 32 1 3
Ig Ap-chain V-l region SH Immunity 9 52 1 2
Immunoglobulin a-like polypeptide 5 Immunity 9 53 5 4
Lactadherin Immunity 34 37 1 1
Lysozyme C Immunity 41 16 1 1
Neutrophil defensin 3 Immunity 18 29 0 1
Xanthine dehydrogenase Immunity 42 53 1 3
Zinc ap-glycoprotein Immunity 20 51 7 11
Heat shock protein HSP 90-alpha Other 21 18 0 3
Heat shock protein HSP 90-alpha Other 21 18 0 3
Hornerin Other 70 33 24 5
Glyceraldehyde-3-phosphate dehydrogenase Other 53 21 5 3
Macrophage mannose receptor 1 Other 69 17 1 0
Zinc finger protein 337 Other 53 6 0 1
Putative elongation factor 1 a-like 3 Protein synthesis 37 29 0 1
al-antitrypsin Protease inhibitor 35 44 1 2
Cystatin A Protease inhibitor 72 50 30 9
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Table S1 (continued)

Protein names Function C-G MG C- M-
| |
14-3-3 protein I/ 6 Signaling 26 9 1 1
Guanine nucleotide-binding protein G subunit y-12 Signaling 31 23 5 4
Ubiquitin-60S ribosomal protein L40 Signaling 56 13 0 16
Suprabasin Signaling 40 36 15 5
ADP-ribosylation factor 1 Transport 41 30 12 O
Apolipoprotein B-100 Transport 56 32 24 18
Ceruloplasmin Transport 25 36 6 O
Epididymal secretory protein E1 Transport 25 26 5 9
Fatty acid-binding protein Transport 41 1 6 2
Serotransferrin Transport 91 12 1 O
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Chapter 4

Abstract

To study the Chinese human milk serum glycoproteome over lactation, N-glycans were
released and separated from serum proteins, purified by solid phase extraction, and
analysed by MALDI-TOF-MS. In total, 66 different serum protein N-glycans were found in
colostrum (week 1) and mature milk (week 4) of 7 Chinese mothers. A clear difference was
observed between milk of 5 secretor and 2 non-secretor mothers, based on the type and
relative amounts of the individual N-glycans. Principal component analysis enable a further
distinction between colostrum and mature milk of the 5 secretor mothers. Further analysis
showed that the relative levels of the total neutral nonfucosylated and the fucosylated N-
glycans in milk of 5 secretor mothers increased and decreased over lactation, respectively.
This pattern could not be observed for the milk from the 2 non-secretor mothers. The
relative levels of the total acidic N-glycans remained constant over lactation for both genetic
groups. The individual N-glycan profiles in milk of the 5 secretor and 2 non-secretor mothers
mainly differed with regard to their levels of individual neutral fucosylated N-glycans. Despite
these differences, the total neutral fucosylated glycan level was approximately the same for
both genetic groups. The relative levels of the total neutral (sum of nonfucosylated and
fucosylated) N-glycans covered >90% of the total N-glycan content, for all 7 mothers. Overall,
this was the first study that provided detailed information on individual serum protein N-
glycans in milk among mothers and over time, and that fucosylation of the serum protein N-
glycans in milk was associated with the mother’s secretor status.

Keywords
Glycoproteins, oligosaccharides, glycosylation, intestinal mucosal barrier
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Introduction

Human milk is the best nutrition for infants during the first 6 months of life!, and stimulates
the maturation of the infant’s intestinal immune system?. Human milk contains many
biofunctional components, such as proteins and human milk oligosaccharides (HMOs)3.
HMOs represent complex lactose-based glycans synthesized in the mammary gland during
lactation, which reach the colon intact, and are able to stimulate the development of the
bifidogenic flora*®. Human milk proteins among others play a pivotal role in protecting the
infant’s gut mucosa against pathogens®. It has been reported that 70% of the human milk
proteins in number are glycosylated’. These protein-bound glycans among others might
affect the folding and stability of proteins and modulate neonatal immunity by altering host
epithelial and immune cell responses in the infant’s gut”°.

Caseins are divided into three main types (osi-, B-, and k-casein), and are mainly described
as transport proteins'!. The proteins as;- and B-casein in human milk do not have any
glycosylated amino acid residues, while k-casein has multiple O-glycosylation sites at various
threonine and serine residues'?. Serum proteins such as lactoferrin, immunoglobulins, serum
albumin, and a-lactalbumin form the main portion of the glycoproteins present in human
milk, and mainly contain N-glycans'?. These glycans are attached to the amide nitrogen of an
asparagine residue of the protein3®. There are also serum proteins that only contain O-
glycans (e.g. osteopontin) or contain both O-glycans and N-glycans (e.g. bile salt-activated
lipase). Osteopontin, lactoferrin and immunoglobulins have direct bactericidal properties®?.
In addition, many other glycosylated serum proteins can be found in human milk having a
reported immune activity*2.

N-glycans are composed of five types of neutral monosaccharides; fucose (Fuc), galactose
(Gal), mannose (Man), N-acetylglucosamine (GIcNAc), N-acetylgalactosamine (GalNAc), and
the sialic acidic structure N-acetylneuraminic acid (NeuAc)'**°. All identified N-glycans in
human milk have a pentasaccharide as common core, consisting of three Man and two
GlcNAc residues'*6. N-glycans can be classified into three types, namely high mannose,
complex, and hybrid N-glycans?>%3. High mannose N-glycans typically contains between 2
and 6 Man residues attached to the pentasaccharide core, whereas complex N-glycans can
be elongated at the mannose residues by GIcNAc residues, which are often further decorated
by Gal and GalNAc residues?®?3. Hybrid N-glycans are composed of a pentasaccharide core,
with one branch of mannose residues and another branch with one or two GIcNAc residues?®
23

Complex and hybrid N-glycans have a large variety of structures, and fucosylation might
affect their conformation and functional properties!®. Up to date, 13 different
fucosyltransferases (FUT) have been detected in the human genome?*. The FUT8 gene
encodes for the al,6-fucosyltransferase that transfers a Fuc reside to the innermost GIcNAc
unit of N-glycan chains®#?°. Fucosylation of N-glycans also might partially depend on the
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FUT2 and FUT3 genes?*?°, which determine the mother’s secretor (Se) and Lewis (Le) status.
The FUT2 Se gene determines the presence of al,2-linked fucosylated glycans®®. The
addition of Fuc residues by an a1,3/4-linkage on the antennae of GIcNAc might be regulated
by FUT3 or other al,3-genes (FUT4, 5, 6, 7 and 9)%°. The fucosylated glycotypes on serum
glycoproteins in milk from 43 healthy mothers were analysed semi-quantitatively by lectin-
blotting, where three specific biotinylated lectins were able to recognize and differentiate
between the a1,2-, a1,3- and al,6-Fuc linkages?’.

The type and levels of N-glycans have been previously investigated in mature milk (week 12—
16) of three mothers!*. From the total 52 N-glycans identified, 34 (65%) N-glycans were
fucosylated®. The relative levels of the fucosylated N-glycans covered >80% of the total N-
glycan content!*. However, the type and level of individual N-glycans in milk of the individual
mothers have not yet been investigated**?’. More recently, the variation of N-glycans in
human milk over lactation has been studied?®. In this latter study, milk from 10 mothers was
collected and combined per lactation stage (colostrum, 3 days; transition milk, 9 days; and
mature milk, 40 days)®. It was reported that levels of fucosylated N-glycans dropped from
circa 61% in colostrum to 37% in transition milk, and then remained constant in mature
milk. This current study set out to investigate the individual differences in type and levels
of N-glycans in milk between mothers. The main objective was to profile and compare N-
glycans in colostrum (week 1) and mature milk (week 4) of 7 Chinese mothers differing in
secretor status using matrix assisted laser desorption ionization time of flight mass
spectrometry (MALDI-TOF-MS).

Material and methods

Chemicals

Ammonium bicarbonate, sodium chloride, acetonitrile (MeCN), trifluoroacetic acid (TFA),
and ethanol (EtOH) were purchased from Biosolve B.V. (Valkenswaard, NL). Water was
filtered using the Milli-Q water purification system of Merck Millipore (Molsheim, FR).
Sodium dodecyl sulfate (SDS), 2-mercaptoethanol (2-BME), 2.5 dihydroxybenzoic acid, and
branched octylphenoxy poly(ethoxy)ethanol (IGEPAL CA-630) were provided by Sigma-
Aldrich (St. Louis, U.S.). A mixture of maltodextrins was obtained from Avebe (Veendam, NL).
The complex N-glycans NA; (No. 24) and NAyF (No. 33), and the high mannose structures
Man6 (No. 11) and Man8 (No. 27) (Table 1) were provided by Ludger (Oxfordshire, UK).
Peptidyl N-glycosidase F (PNGase F) was bought from Asparia Glycomics (San Sebastian, ES).

Human milk collection and the mother’s Sele status

Milk of 7 Chinese mothers from 2 different lactation periods (colostrum, week 1; mature
milk, week 4) was collected, as described previously!!. Human milk collection was approved
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by the Chinese Ethics Committee of Registering Clinical Trials (ChiECRCT-20150017). Written
informed consent was obtained from all mothers. The milk was categorized based on the
mother’s Sele group, as described previously (M1 =26, M2 = 20, M3 = 22, M4 =25, M5 =
23, M6 =21, M7 = 24)?8. Mother 1 and 4 belong to the the Se~Le*group, whereas mother 2,
3, 5, 6 and 7 were assigned to the Se*Le* group. Milk samples from Se*lLe™ and Se~Le™
mothers are not represented in this study.

Isolation of human milk serum proteins

The lipid layer was removed from the human milk samples (7 mL) after centrifugation (10
min, 1,500 g, 4 °C), and the obtained skim milk was transferred to ultracentrifuge tubes'!.
After ultracentrifugation (90 min, 100,000 g, 4 °C), the top layer represented the remaining
milk fat still present, the middle layer was milk serum (consisting of serum proteins and free
oligosaccharides), and the bottom layer consisted of micellar casein!. Serum proteins were
separated from the HMOs via EtOH precipication®®, with modifications. Milk serum (3 mL)
was diluted twice, and then absolute EtOH was added till a relative concentration of 67%
EtOH was reached. After 67% EtOH precipitation (60 min, 4 °C) and centrifugation (15 min,
1,500 g, 4 °C), the supernatant containing HMOs was discarded. The pellet containing serum
proteins was re-dissolved in 0.5 mL of water and EtOH precipitation was repeated three
times. Finally, serum proteins in the pellet were re-dissolved in 0.5 mL of 200 MM ammonium
bicarbonate (pH 8) using alternately a vortex and an ultrasonic bath at room temperature.
The final experiments (after method optimization and validation) were done in duplicate.

The release and purification of N-glycans from serum proteins

Methods were based upon previously described methods!**>2°32 with modifications.
Briefly, 1 uL of 1M SDS in water and 10 pL of 2-BME were combined with 100 pL of the
solution containing the human milk serum proteins, and kept 10 min at 95 °C. After cooling
down to 37 °C, solutions with the denatured serum proteins were diluted with 50 puL 100
mM ammonium bicarbonate, and mixed with 50 pL of 4% (v/v) IGEPAL CA-630. A wide range
of concentrations (range: 50-200 mM) have been used before starting incubation with
PNGase F*?%32 and here the final concentration of the samples was 100 mM. In order to
protect the PNGase F from denaturation by SDS, IGEPAL CA-630 as a non-ionic detergent
was added, although the mechanism behind this protection effect is still unknown?®. For the
complete release of N-glycans from human milk serum proteins, the mixture was incubated
with PNGase F (24 h, 37 °C), 6 uL of enzyme at t = O followed by 4 uL of enzyme after 16 h.
After incubation, the mixtures containing N-glycans and deglycosylated proteins were mixed
with absolute EtOH till a relative concentration of 67% EtOH was reached, and stored for 60
min at 4 °C. After centrifugation (15 min, 1,500 g, 4 °C), the supernatant was dried under a
stream of air overnight, and the N-glycans thereafter reconstituted with 0.5 mL of water.

77




Chapter 4

The N-glycans in solution were further purified by solid phase extraction using a graphitized
carbon column cartridge (bed weight; 150 mg, tube size; 4 mL, Alltech, Deerfield, U.S.)*. The
cartridge was prepared with 2 mL of water, followed by 2 mL of 80% MeCN containing 0.1%
TFA. The cartridge was conditioned with 2 mL of water before loading 0.5 mL of the sample
with N-glycans. The N-glycans on the cartridge were eluted with 0.5 mL of 10% MeCN, 0.5
mL of 20% MeCN, and 0.5 mL of 40% MeCN in water containing 0.05% TFA. The N-glycan
mixtures were dried under a stream of air overnight. After reconstitution in 20 puL of water,
the solution containing N-glycans was ready for MALDI-TOF-MS analysis.

Analysis of N-glycans by MALDI-TOF-MS

Analysis of N-glycans by MALDI-TOF-MS was done, as described previously®3. MALDI-TOF
mass spectra were recorded using an UltraFlextreme workstation controlled by FlexControl
3.3 software (Bruker Daltronics, Bremen, DE) equipped with a Smartbeam Il laser of 355 nm
and operated in positive mode. Spectra were collected from 1500 laser shots with an energy
level of 30%. The spectrometer was calibrated using a mixture of maltodextrins in a mass
range of 500 to 3000 Da. The complex N-glycans NA; (No. 24) and NA,F (No. 33), and the
high mannose structures Man6 (No. 11) and Man8 (No. 27) in solution were used as N-glycan
standards. The numbers behind the four standards correspond with the numbers in Table 1.
The matrix solution was prepared by mixing 25 mg of 2.5 dihydroxybenzoic acid in 1 mL 50%
MeCN/ 50% water (containing 1 mM of sodium chloride), and subsequent centrifugation (5
min, 1,500 g, 4 °C). For each sample containing N-glycans, 1 uL was added directly on the
ground steel MS target plate (Bruker Daltonics, DE), followed by 1 ulL of the matrix solution,
and dried under a stream of air.

Data analysis of N-glycans was performed with Flex Analysis 3.3 (Bruker Daltronics, DE). Peak
intensities of the individual N-glycans were used if the peak height of the N-glycans was 3
times higher than background noise. For data normalization, the MALDI-TOF-MS peak
intensities for each N-glycan were transformed into percentages, by relating the peak
intensity of each N-glycan in a sample to the total signal intensity of all the identified N-
glycans within a sample. The data of the individual N-glycans for 2 biological replicates were
averaged. The structures of the N-glycans were assigned via the online database GlyTouCan
using their molecular mass®*. No distinction could be made between isomers. For each
structure, just one possible isomer was selected for visualization. Interpretation of the N-
glycan profiles in human milk was facilitated by principal component analysis (PCA) and
heatmaps using R (Lucent Technologies, New York, U.S.). The relative levels of the individual
N-glycans in milk per mother and per lactation stage were used. Information about the
mother’s Sele status was omitted from the dataset during statistical analysis.
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Results and discussion

Analysis of N-glycans by MALDI-TOF-MS

In order to analyse all N-glycans present in milk, colostrum (week 1) and mature milk (week
4) of 7 Chinese mothers were analysed. Milk serum was isolated by ultracentrifugation, after
which the serum proteins were separated from the HMOs. Serum proteins were denatured,
incubated with the enzyme PNGase F for 24 h, and the released N-glycans purified by solid
phase extraction and analysed by MALDI-TOF-MS. Different methods for the release and
isolation of N-glycans were tested, using and combining various methods from literature*
152932 For example, the removal of HMOs with the right concentration of EtOH was crucial
to get the optimal signal to noise ratio by Maldi-TOF-MS and to identify more individual N-
glycans. The best method, after optimization and validation, can be found in the material
and method section. An example of a MALDI-TOF mass spectrum for colostrum (week 1)
from Chinese mother 4 can be found in Figure 1, highlighting the 15 most abundant N-
glycans.The structures of the different N-glycans numbered in Figure 1 can be found in Figure
2, which were assigned via the online database GlyTouCan3*. The top 15 N-glycans have a
pentasaccharide as common core, consisting of three Man and two GIcNAc residues (Figure
1). More than half of the top 15 N-glycans contained a Fuc residue, and none of them
contained a NeuAc residue (Figure 1). No distinction could be made between the different
isomers by MALDI-TOF-MS. The moleculair mass of the different N-glycans numbered in
Figure 1 can be found in Table 1. However, not all the 66 different N-glycans, as summarized
in Table 1, were found in colostrum of each individual Chinese mother.

Overview of identified N-glycans in colostrum (week 1) and mature milk (week 4) of 7 Chinese
mothers

An overview of all identified N-glycans in human milk can be found in Figure 2 and Table 1,
combining the data obtained by MALDI-TOF-MS of the 7 mothers from 2 different lactation
periods. In total, 66 different N-glycans were detected in human milk over time by MALDI-
TOF-MS (Table 1), a higher number than previously reported in literature*®*¢. Of these the
66 N-glycans, 42 (64%) were found in all human milk samples: 48 (73%) and 43 (65%) unique
structures were detected in colostrum and mature milk, respectively (Table S1). Among
these 66 N-glycans, 42 (64%) structures can be classified as complex N-glycans, 5 (7%) as
high mannose, 12 (18%) as hybrid (Table 1, classification system type 1*°), while 7 structures
(11%) could not be classified in one of these 3 groups and are referred to in Table 1 as
“other”.
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Figure 1. MALDI-TOF mass spectrum, highlighting the 15 most abundant N-glycans in
colostrum (week 1) of Chinese mother 4. The numbers of the N-glycans correspond with the
numbers in Table 1 and Figure 2. A). Spectrum with m/z ranging from 500 to 1600 and B).
M/z ranging from 1600 to 2500. Just one possible isomer was selected for visualization. The
N-glycans highlighted with an asterix were doubly charged.
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Figure 2. Overview of 66 N-glycans identified in colostrum (week 1) and mature milk (week
4) of 7 Chinese mothers using MALDI-TOF-MS. Numbers indicate the N-glycans displayed in
Table 1. The structures of the identified N-glycans were assigned via the online GlyTouCan
database based on their molecular mass34. Just one possible isomer is shown.
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Table 1. N-glycans identified in colostrum (week 1) and mature milk (week 4) of 7 Chinese

mothers, including sugar mass, building blocks, and using 2 classification systems.

No. Mass Composition Classification: Type
Hex HexNAc Fuc NeuAc * f1**
N1 1056,4 115 3 2 1 0 Other NF
N2 1072,3 131 4 2 0 0 Other N
N3 1113,3 116l 3 3 0 0 Other N
N4 1202,4 3 2 2 0 Other NF
N5 1218,4 131 4 2 1 0 Other NF
N6 | 1234,3 (141518 5 2 0 0 High mannose N
N7 | 12593016 3 3 1 0 Hybrid NF
N8 | 12754 (1416 4 3 0 0 Hybrid N
N9 | 1316,3 [ 3 4 0 0 Complex N
N10 | 1380,6 5 2 1 0 Other NF
N11 | 1396,3 [14.15 18] 6 2 0 0 High mannose N
N12 | 1421,4 11416 4 3 1 0 Hybrid NF
N13 1437,4 131 5 3 0 0 Hybrid N
N14 | 1462,5 04 3 4 1 0 Complex NF
N15 | 1478,4 1413 4 4 0 0 Complex N
N16 1519,4 [14.16] 3 5 0 0 Complex N
N17 1542,4 6 2 1 0 Other NF
N18 | 15584 [14 15 16] 7 2 0 0 High mannose N
N19 | 1566,9 (1416 4 3 0 1 Hybrid A
N20 | 15834 (19 5 3 1 0 Hybrid NF
N21 1599,5 (14 6 3 0 0 Hybrid N
N22 1607,3 3 4 0 1 Hybrid A
N23 1624,5 [14.15] 4 4 1 0 Complex NF
N24 | 1640,4 (1419 5 4 0 0 Complex N
N25 1665,5 [14.16] 3 5 1 0 Complex NF
N26 | 1681,5 (14 4 5 0 0 Complex N
N27 | 1720,4 114,15 16] 8 2 0 0 High mannose N
N28 | 1722,5 3 6 0 0 Complex N
N29 | 1728,1 13 5 3 0 1 Hybrid A
N30 | 1729,0 13 5 3 2 0 Hybrid NF
N31 | 1769,5 14 4 4 0 1 Complex A
N32 | 1770,8 14 4 4 2 0 Complex NF
N33 | 1786,5 (141516 5 4 1 0 Complex NF
N34 | 1802,5 6 4 0 0 Complex N
N35 | 1827,5 [14,16] 4 5 1 0 Complex NF
N36 1843,5 5 5 0 0 Complex N
N37 1874,4 1151 5 3 1 1 Hybrid AF
N38 | 1882,5 [1415 16] 9 2 0 0 High mannose N
N39 18845 [16] 4 6 0 0 Complex N
N40 | 1931,9 (141516 5 4 0 1 Complex A
N41 | 1932,9 [1415] 5 4 2 0 Complex NF
N42 1948, 5 14151 6 4 1 0 Complex NF
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Table 1 (continued)

No. Mass Composition Classification: Type
Hex HexNAc Fuc NeuAc 1* Il **
N43 | 1972,7 14 4 5 0 1 Complex A
N44 | 1989,5 114,16l 5 5 1 0 Complex NF
N45 | 2005,6 6 5 0 0 Complex N
N46 | 2014,513 3 6 2 0 Complex NF
N47 2036,6 6 3 1 1 Complex AF
N48 | 2060,9 4 4 0 2 Complex A
N49 | 207751141516 5 4 1 1 Complex AF
N50 | 2078,6 [14.15] 5 4 3 0 Complex NF
N51 | 2094,6 25 6 4 2 0 Complex NF
N52 | 2118,7 1413 4 5 1 1 Complex AF
N53 | 2134,7 14 5 5 0 1 Complex A
N54 | 21355 5 5 2 0 Complex NF
N55 | 2151,6 14 6 5 1 0 Complex NF
N56 | 2167,6 7 5 0 0 Complex N
N57 | 2176,7 1% 4 6 2 0 Complex NF
N58 | 2224,6 14 5 4 4 0 Complex NF
N59 | 2240,7 % 6 4 3 0 Complex NF
N60 | 2297,7 1416 6 5 2 0 Complex NF
N61 | 2313,6 7 5 1 0 Complex NF
N62 | 2354,8 6 6 1 0 Complex NF
N63 | 2370,8 5 4 5 0 Complex NF
N64 | 2443,8 114.16] 6 5 3 0 Complex NF
N65 | 2459,8 14 7 5 2 0 Hybrid NF
N66 | 2500,6 1% 6 6 2 0 Complex NF

* Type | classification: Complex, hybrid, high-mannose, and other N-glycans. ** Type ||
classification: N, neutral nonfucosylated N-glycans; NF, neutral fucosylated N-glycans; A,
acidic nonfucosylated N-glycans; AF, acidic fucosylated N-glycans.

The “other” N-glycans 10 and 17 have both a Fuc residue (Figure 2), excluding them as high
mannose N-glycans. The “other” N-glycans 1, 2, 4, and 5 did not have 5 to 9 Man residues
(Figure 2). High mannose N-glycans merely consists of Man building blocks. The “other” N-
glycan 3 lacks either a Fuc or Gal residue (Figure 2) to be classified as hybrid N-glycan, and
does not have two or three GIcNAc residues like the complex N-glycans (Figure 2).

Another classification system has been introduced to group the different type of N-glycans'®.
Using this classification system, 11 (17%) and 55 (83%) structures can be grouped as acidic
and neutral N-glycans, respectively, and 37 (56%) as fucosylated (Table 1, classification
system type I1*#). The relative occurrence of fucosylated N-glycans in human milk was
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mentioned in several studies'*'®. Two earlier studies found that the numbers of fucosylated
N-glycans were ranging between 65-75%'*>. A more recent paper, which used a larger
sample size (10 mothers and three time points), found that 16 (55%) of the 29 N-glycans
found were fucosylated®®. Based on the structural features of the N-glycans, as mentioned in
literature?®3>, the fucosylated N-glycans in Figure 2 with a single Fuc residue are probably
al,6-linked by FUT8 during biosynthesis to the GIcNAc residue at the reducing end. The N-
glycans containing more than one Fuc residue (Figure 2), might be formed due to the
presence of other fucosyltransferases. Multiple (>50) N-glycans from different blood and
tissue glycoproteins have been structurally characterized, containing a1,2-, al1,3-, and al,6-
linked Fuc linkages®. The extra Fuc residues in the N-glycans of these blood and tissue
glycoproteins were al,2- and al,3-linked to a Gal residue and a peripheral GIcNAc residue,
respectively®®. It has also been found that fucosylation of N-glycans is modified by FUT2%4,
which decorate the Fuc residues by a1,2-linkages?*. These fucose containing N-glycans might
also be important for the infant’s healthy development, as has been reported for fucosylated
HMOs.

Untargeted statistics with the relative levels of individual N-glycans in milk of 7 Chinese
mothers over lactation

The averaged levels of the individual N-glycans per mother and per lactation stage can be
found in Table S1. Separation of the different clusters coincides with the type of secretor
status and lactation time as indicated in Figure 3.

Mother 1 and 4 can be assigned to the Se~Le* group, whereas the mother 2, 3,5, 6 and 7
belong to the Se*lLe* group. Based on the PCA plot three different groups could be observed
(I-111). For the first time, a clear difference can be observed with respect to milk of 2 Se~Le*
mothers (I) and 5 Se*Le* mothers (Il and Ill), based on the levels of the individual N-glycans.
It can also be observed that milk of the Se*Le® mothers was strongly grouped per lactation
stage (Il and Ill). A similar trend could be observed for the 2 Se~Le* mothers, however, a
larger sample size is needed for confirmation.
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Figure 3. PCA plot of the Chinese human milk serum glycoproteome over lactation, using the
relative level of each single N-glycan per mother and per lactation stage. Mother 1 and 4
were assigned to the Se~Le* group, whereas mother 2, 3, 5, 6 and 7 were grouped in the
Se*Le* group. The numbers after the hyphen per mother indicates colostrum (1) and mature

milk (2).

The individual N-glycans in milk of Se*Le* and Se—Le* mothers over lactation grouped on
classification system | and Il

The levels of the 66 different N-glycans were grouped, according to classification system |
(Figure S1) and Il (Figure 4) per mother and lactation stage. Based on classification system |
(high mannose, complex, hybrid and other N-glycans), the relative levels of the total high
mannose and total “other” N-glycans decreased over lactation for the 2 Se~Le* mothers,
whereas the relative levels of the total complex N-glycans increased over time (Figure S1).
The relative levels of the total hybrid N-glycans remained constant over lactation (Figure S1).
The group containing the complex N-glycans covered >65% of the total N-glycan content, for
all 7 mothers (Figure S1). It was reported before that complex N-glycans individually are
highly abundant in human milk, and the most dominant type of N-glycans present in mature

milk among mothers*.
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As mentioned above, classification system Il considered all the different structural features
of the N-glycans. The levels of the total neutral fucosylated N-glycans in milk from 5 Se*Le*
mothers slightly decreased over lactation, while the total levels of acidic N-glycans remained
constant, and the total levels of neutral nonfucosylated N-glycans increased (Figure 4). This
pattern could not be observed for the milk from the 2 Se~Le* mothers. The profiles of the
three N-glycan groups stayed constant over lactation for the 2 Se~Le* mothers (Figure 4).
Despite the different patterns, the relative levels of the total neutral (sum of nonfucosylated
and fucosylated) N-glycans ends up being the same for both genetic groups (Figure 4). The
relative levels of total neutral N-glycans covered >90% of the total N-glycan content,
respectively, for all 7 mothers (Figure 4).

The patterns for the total acidic and total neutral N-glycan content of human milk proteins
over lactation (Figure 4) did not completely match with literature®®. It has been reported by
others that the levels of fucosylated N-glycans decreased from circa 61% in colostrum (3
days) to 37% in transition milk (9 days), and then remain constant in mature milk (40 days)*.
This large drop could not be observed here for neutral fucosylated N-glycans over time
(Figure 4). It was also reported that the levels of the nonfucosylated N-glycans increased over
time, and the levels of acidic N-glycans in milk proteins over time were ranging from 5-12%,
with a little increase over lactation?®. In this latter study, it was also found that the overall N-
glycan content was not affected by individual acidic N-glycans, which were highly
abundant®®. In this current study, the relative amounts of the total acidic N-glycans were
ranging between 3—8% in milk of 7 mothers over time (Figure 4). However, none of the acidic
N-glycans belong here to the most abundant N-glycans (Table S2).

Two other studies showed a complete different pattern for the acidic N-glycans in mature
milk*1>. By abundance, 47% and 57% of the N-glycans were sialylated'*!>. Twenty-seven N-
glycans were not found in our study (Table S3), as compared to literature!*1®, including 13
acidic N-glycans (Table S3). It seems unlikely that these acidic N-glycans in Table 1 and Table
S3 belong to the most abundant N-glycans. Some of the highly acidic N-glycans (e.g. 1915.7,
2881.1) were only found once in literature (Table S3), while other structures (e.g. 40, 49)
were found in low quantities by us (Table S1) and others'>*. In addition, a recent study
investigated the core fucosylation patterns of serum proteins in milk of 56 Chinese
mothers?®. In this latter study, acidic N-glycans were also not highly abundant in human
milk®. The type and level of individual N-glycans in milk of the individual mothers were not
investigated?, as the study evaluated the role of FUTS in respect to the formation of a
healthy micriobiota®.
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Individual N-glycans in colostrum (week 1) and mature milk (week 4) of 7 Chinese mothers
Besides the PCA plot also a heatmap was generated. The differences in individual serum
protein N-glycans in colostrum and mature milk of the Chinese mothers can be investigated
using a heatmap, showing variation in both the type and levels of specific individual N-glycans
among mothers and over time (Figure 5). For example, the levels of the neutral fucosylated
N-glycan 25 for Chinese mother 2 was higher in colostrum than in mature milk (Figure 5). The
level of the neutral fucosylated N-glycan 33 was higher in both colostrum and mature milk
from Chinese mother 4 in comparison to Chinese mother 2 (Figure 5).

Although the heatmap (Figure 5) provided insights in the Chinese human milk serum
glycoproteome over lactation, it is quite hard to observe accurately the differences in type
and levels of individual N-glycans between the individual mothers and over lactation.
Therefore, the profiles of the individual N-glycans over time can be found in Figure 6 and 7,
for milk of Chinese mother 2 (Se*Le* status) and Chinese mother 4 (Se~Le" status),
respectively.

The levels of the individual N-glycans in colostrum and mature milk of Chinese mother 2 with
the Se*Le” status

It can be seen in Figure 6 that neutral nonfucosylated N-glycan 16 and fucosylated N-glycan
25 are both highly abundant in colostrum (13.0%) of Chinese mother 2. Other highly
abundant neutral N-glycans in colostrum of Chinese mother 2 are structures 35, 33, 26, 11,
41,6, 24, 36, 23, 44, 34, 15, 50, ordered from most to least abundant (Figure 6).

The levels of the neutral nonfucosylated N-glycan 16 and 34 increased (14.4% — 17,3% and
1.6% — 2.3%) over time, respectively (Figure 6). The levels of the neutral fucosylated N-
glycans 25, 35 and 41 decreased (12.3% — 7,9%, 9.3% — 5.0%, and 3.2% — 2.2%) over
lactation, respectively (Figure 6). The levels of the neutral nonfucosylated N-glycan 36 also
decreased (2.6% — 1.8%) from colostrum to mature milk, respectively (Figure 6). The neutral
fucosylated N-glycans 4, 5, and 10 were completely absent in milk of Chinese mother 2
(Figure 6). The neutral fucosylated N-glycans 7 and 46, the nonfucosylated N-glycans 38 and
39, and acidic nonfucosylated N-glycan 40 were only present in colostrum, while the acidic
nonfucosylated N-glycan 19 and neutral fucosylated N-glycan 29 were only present in
mature milk (Figure 6, Figure 2).
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Figure 5. Heatmap of N-glycans in colostrum and mature milk per mother, using the relative
abundancies of the each single N-glycan. The levels of individual N-glycans are represented
as different colors. The colors blue and red represent the lowest and highest values of the
N-glycans, respectively. Mother 1 and 4 were assigned to the Se~Le* group, whereas mother
2,3,5,6and 7 were grouped in the Se*Le* group. The numbers after the hyphen per mother
indicates colostrum (1) and mature milk (2). Roman numerals (I-1ll) refer to the groups in the
PCA plot in Figure 3.
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The levels of the individual N-glycans in colostrum and mature milk of Chinese mother 4 with
the Se~Le* status

It can be seen in Figure 7 that the neutral fucosylated N-glycan 33 is highly abundant in
colostrum (13.2%) of Chinese mother 4. The other highly abundant N-glycans in colostrum
of Chinese mother 4 are 6, 4, 34, 25, 35, 24, 16, 45, 55, 60, 26, 41, 1, 10, ordered from most
to least abundant (Figure 7). The majority of the top 15 structures can be categorized as
neutral fucosylated N-glycans (Figure 7), despite the fact that this milk belongs to the Se~Le*
group.

The levels of the neutral fucosylated N-glycans 33, 25, 35 increased (13.2% — 18,7%, 4.5%
— 8.8%, and 4.4% — 5.5%) over lactation, respectively, while the levels of the neutral
nonfucosylated N-glycans 6 and 45 decreased (12.1% — 2,5% and 3.4% — 0,6%) over time,
respectively (Figure 7). The levels of the neutral fucosylated N-glycans 4, 55, 1 and 10
decreased (9.1% — 0.5%, 3.2% — 2.4%, 2.1% — 0.7% and 1.9% — 0.5%) from colostrum to
mature milk, respectively (Figure 7). The levels increased for the nonfucosylated N-glycans
34,24,16,26 and 41 (4.6% — 6.4%, 3.9% — 6.2%, and 3.7 — 6.3%, 2.5% — 3.8% and 2.4%
— 3.4%) over time, respectively (Figure 7).

The neutral fucosylated N-glycans 20 and 65, the neutral fucoyslated N-glycan 9, and the
acidic nonfucosylated N-glycan 48 were only present in colostrum (Figure 7). The neutral
fucosylated N-glycans 5, 17, 30, 46, 54, 57-59, 62, 63, the acidic nonfucosylated N-glycans
29 and 53, and the neutral nonfucosylated N-glycans 38 and 39 were completely absent in
milk of Chinese mother 4 (Figure 7, Figure 2).

Comparison of the individual N-glycans in milk of Chinese mother 2 and 4 with the Se*Le* and
Se~Le” status, respectively

The neutral fucosylated N-glycan 33 was present in milk of the Se*Le*and Se~Le* mother,
with higher levels for the Se~Le* mother in comparison to the Se*Le* mother (Figure 6 and
7). The levels of the neutral N-glycan 6 was also higher in colostrum for the Se~Le* mother
compared to the Se*Le* mother. The levels of the neutral fucosylated N-glycans 25 and 35
were higher in colostrum for the Se*Le* mother in comparison to Se~Le* mother. The levels
of the neutral N-glycans 11 and 26 were both higher in colostrum and mature milk for the
Se*Le* mother in comparison to Se”Le* mother. The neutral N-glycan 34 was more dominant
in colostrum and mature milk for the Se~Le* mother in comparison to Se*Le* mother. From
the total 66 N-glycans, the neutral fucosylated N-glycans 4, 5 and 10 were completely absent
in the milk from the Se*Le* mother (Figure 6), while more N-glycans 5, 17, 29-30, 38-39, 46,
53, 54, 57-59, 62-63 were missing in the milk of the Se~Le* mother of which 10 structures
were neutral fucosylated (Figure 7). These missing structures already discriminate between
the two different milk-types.

920



Serum protein N-glycans in human milk

91

'SuedA|S-N Juepunge 1sow ST 9yl 1y31y3iy paAe|dsip saun3onais ayl "(z = N) s1edjdad
|eaidojoig ‘T 9|qel ul paAe|dsip suedA|3-N Y3 21e21pul SIXe-X 3yl uo siaquiny "dnoJd ,a7,3S ayl 01 s3uojaq 7 JBYIOoIN ‘SIN-40L-IdTVIN
duisn painsesw Se ‘g Jaylow asauly) Jo (sieq a3uelo) 3|Iiw aJnjew pue (sieq an|q) wnuisojod ul sajijosd uedA|3-p |enplAlpul ‘9 a4nsi4

2 Z 2 Z Z Z ZZ2Z2Z 2 ZZZ2Z2Z2ZZ2Z2Z22Z2Z22 2222222222222 22222222222 2222 2 222 2Z2ZZ
OO OO UL WUUL VU B S S DS DB DB DS DS D DWW WWLWWWWWERNNNNMNNNRNENRONNDRSE @SBB8 @B:;@&B@p=2222222222
N s WNE OO NOODWUAEWNEREOORNOODWLSEWNEODODWOWORNOODWMS-HAEWNEOWLDRNODWLAARWNEDOLDONDOWV-AEWNEOLDRNOODUVLRERWN -

1 * F 1 1 NN | — | 1 _ ] _ | I °

%
s - e ¢

ot

(24) suedA|8-\y [ENpIAIPUI JO BOUBPUNGE BANE|3Y

0z

ST



Chapter 4

"SuedA|3-N Juepunge 1sow ST ay3 1y31y3iy paAe|dsip saun1onJis syl “(g = N) so1edldau
|eaidojolg ‘T 9|geL ul paAe|dsip suedA|3- ay3 91ea1pul SIXe-X 9y uo siaqwinN "dnoJ3,a7_9S ay3 ul padnou3 sem 7 JaY1oA “SIN-40L1-1dTVIN
3uisn painsesw Se ‘¢ Jaylow asauly) Jo (sieq a3uelo) 3|Iw a4njew pue (sieq an|q) wniisojod ul ssjijosd uedA|3-p |enplAlpul £ a4nsi4

zzzzzzz =4 zzz =z
aagggaesg @ gae
a U= C - @ N

=
o

SN

z =z
= =
L=

=z

= = zzzzzz
NN NN NN NN zzzzzz=zzz2
~ G [N, o) w S ~
4

SPN  —
EPN

z =z
= =
© &

LSN

= 95N

z =z
@ W
© 6

OvN

zzzz z =z
BEEs w N
& @ R S o

PIN
= EIN

B a S v} =

1 _. TEOT °
»_ ;ﬁ

a
w!nn s

| TSN
f—{ OSN
= LVN

| LEN

9EN

= TEN

e BTN

== 6IN

= SIN
LIN

9IN

== SIN
e CIN
TIN

= OIN

a
4
=

om0

t » /
i el s

POl i Lﬁ )
Jad
1

ST

(%) sueaA|S-N [enpialpul Jo @duBpUNgE BAINERY

!!na o

ST

92



Serum protein N-glycans in human milk

It might be that structures 54, 57-59, 63, which lack an a1,2-linked Fuc residue, are not
present due to the absence of the FUT2 enzyme for the Se~Le* mother. These latter
structures were only present in the milk from the Se*Le* mothers (Table S1). The structures
15, 17 and 62 only contain al,6-linked Fuc residues due to the enzyme FUT8. The N-glycans
30 and 46 were only present in the milk from the Se*Le* mothers (Table S1), which suggest
that these Fuc residues might be al,2-linked to a Gal residue instead of a al,3-linked to
peripheral GIcNAc residue (Figure 2). No distinction between isomers could be made by
MALDI-TOF-MS.

The levels of the neutral fucosylated N-glycans 25, 33, 35 decreased from colostrum to
mature milk for the Se*Le* mother, whereas the neutral N-glycan 16 became more dominant
over time. In contract to the milk from the Se*Le* mother, the levels of neutral N-glycans 6,
45 decreased over time for the Se”Le* mother, while the levels of the neutral fucosylated N-
glycans 25, 33, 35 increased over time. As a consequence, other neutral fucosylated N-
glycans 1, 10, 33, 55, 60 might explain why the total neutral fucosylated concentrations ends
up being the same for both genetic groups (Figure 4). The milk of 1 Se*Le* mother and 1 Se™
Le* mother thus mainly differed based on neutral fucosylated N-glycans. The same top 15 in
N-glycans was found in colostrum and mature milk for both Se~Le* mothers (Table S2). A
similar top 15 in N-glycans can be found for all Se*Le* mothers over lactation. The profiles of
the top 15 N-glycans for the Se*Le* mothers 3, 5 and 7 have more in common than the Se*Le*
mothers 2 and 6 (Table S2). The patterns (increase/decrease in levels) of the individual 15 N-
glycans behave differently over time for the Se*Le* mothers 2 and 6 (Table S2) and the Se*Le*
mothers 3, 5 and 7. The 15 most abundant N-glycans covered in levels >72% and >65% of
the total N-glycan content in colostrum and mature milk, respectively (Table S2). In contrast
to the most abundant serum proteins'* and HMOs?® in human milk, a much larger variety in
type and levels can be observed for the top 15 N-glycans among mothers and over lactation.
This indicates that low abundant N-glycans should deserve the same attention as the relative
highly abundant N-glycans. Overall, N-glycans share several building blocks with HMOs
although the latter does not have Man and GalNAc residues. In addition, most N-glycan and
HMO structures are fucosylated. Based on this study, it can be concluded that fucosylation
of serum N-glycans was associated with the mother’s secretor status.

Conclusions

This study aimed to fill a gap in literature by investigating the N-glycan profiles in milk of 7
mothers over lactation individually. For this purpose, an accurate and reproducible method
was needed. The procedure to remove HMOs was efficient, addition of 2-BME improved
denaturation of serum proteins, and the incubation time and amount of the PNGase F was
optimized. After method optimization and validation, a larger set of human milk samples was
used. Acidic N-glycans do not belong to the 15 most abundant N-glycans, as mainly neutral
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fucosylated and nonfucosylated N-glycans can be found in colostrum and mature milk, for

all 7 mothers. The difference between secretor status was mainly based on the neutral

fucosylated N-glycans.
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Table S3. Missing N-glycans in this study as compared to Dallas et al. (2011)**, Nwosu et al.
(2012)*, and Lu et al. (2019)%.

M Composition Type
ass

Hex HexNAc Fuc NeuAc 1
1405,3 [ 3 3 2 0 NF
1567,6 (14 4 3 2 0 NF
1712,6 [14 15 16] 4 3 1 0 NF
1745,6 14 6 3 1 0 NF
1890,6 (14 1] 6 3 0 1 A
1915,7 4 4 4 1 1 AF
2030,7 [*°] 4 6 1 0 NF
2217,8 14 3 7 2 0 NF
2222,8 (14.19] 5 4 0 2 A
2223,8 [14.15] 5 4 2 1 AF
2280,8 (14 5 5 1 1 AF
2363,8 (14 3 7 3 0 NF
2368,8 (14 16] 5 4 1 2 AF
2369,9 (14 1°] 5 4 3 1 AF
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Table S3 (continued)

Composition Type
Mass Hex HexNAc Fuc NeuAc 1
2516,9 14 7 6 1 0 NF
2588,9 [14 16 6 5 2 1 AF
2589,9 14 6 5 4 0 NF
2605,9 4 7 5 3 0 NF
2735,0 14 13 6 5 3 1 AF
2736,0 *°) 8 7 0 0 N
2809,0 4 7 6 3 0 NF
2880,0 14 6 5 2 2 AF
2881,1 1) 6 5 4 1 AF
2882,1 110 8 7 1 0 NF
2955,1 14 7 6 4 0 NF
3100,1 4 7 6 3 1 AF
3246,2 14 7 6 4 1 AF
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Chapter 5

Abstract

To study the variability in HMO composition of Chinese human milk over a 20-week lactation
period, HMO profiles of 30 mothers were analysed using CE-LIF. This study showed that total
HMO concentrations in Chinese human milk decreased significantly over a 20-week lactation
period, independent of the mother’s Sele status, although with individual variations. In
addition, total acidic and neutral HMO concentrations in Chinese human milk decreased over
lactation, and their levels are driven by their mother’s Sele status. Analysis showed that total
neutral fucosylated HMO concentrations in Chinese human milk were higher for the two
secretor groups as compared to the Lewis positive nonsecretor group. On the basis of the
total neutral fucosylated HMO concentrations in Chinese human milk, HMO profiles within
the Se*Le* group can be divided into two subgroups. HMOs that differed in level between
these Se*lLe* subgroups were 2°FL, DF-L, LNFP I, and F-LNO. HMO profiles in Dutch human
milk also showed Se*Le* subgroup division, with 2’FL, LNT, and F-LNO as the driving force.

Keywords
Carbohydrates, variability, lactation stage, genetic polymorphisms
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Introduction

Human milk is the natural food for infants after birth, providing not only nutrition but also
protection against infectious diseases!. Human milk contains a variety of milk components
like proteins, lipids, carbohydrates, which support the healthy growth and development of
infants?. Specific protective components like oligosaccharides (HMOs) and immune-active
proteins in human milk are present in higher concentrations in early lactation than in late
lactation, while other nutritional components like lactose and fatty acids increase over
lactation®.

Lactose and HMOs are both part of the carbohydrate fraction in human milk*®. Lactose is a
disaccharide formed by a 31,4 linkage between galactose and glucose, and its concentrations
in human milk range from 56 to 69 g/L over lactation®®, although with large individual
variation. The enzyme lactase is present in the small intestine, and breaks down lactose into
glucose and galactose®?, although lactose may end up in the colon at early life. HMOs are
complex lactose-based glycans synthesized in the mammary gland throughout lactation®**.
HMOs are composed of five monosaccharides; glucose, galactose, N-acetylglucosamine,
fucose, and N-acetylneuramic acid. During the synthesis of HMOs, lactose can be elongated
with lacto-N-biose (B1,3 linkage) or with N-acetyllactosamine (B1,6 linkage), and these core
HMO structures can be further decorated with fuc or sialic acid NeuAc residues®!!. HMOs
and lactose are resistant to gastric and duodenal digestion, able to modulate the immune
system of the intestinal mucosa, and influence the composition of the gut microbiome!?1’.
The size, structure, and function differ between HMOs8. More than 100 different structures
have been identified and characterized in human milk, including many isomers*®. Total HMO
concentrations in human milk ranged from 5 to 25 g/L over a 6 months lactation period®.
HMOs can be classified as neutral or acidic HMOs, with acidic oligosaccharides generally
being present at a 10-fold lower concentration than neutral oligosaccharides?%?!,

The type and amount of HMOs present in human milk depend on the genetic profile of the
mother, resulting in four major milk-types??%. Fucosyltransferase (FUT) 2 is encoded by the
Secretor (Se) gene and determines the presence of al,2-fucosylated oligosaccharides in
human milk. On the basis of the Lewis (Le) blood group system, FUT3 is encoded by the Le
gene, which determines the presence of al,4-fucosylated oligosaccharides in human milk.
Women with an active Se locus are classified as secretor (Se*), whereas women with an active
Le locus are classified as Lewis positive (Le*). Women without FUT2 or FUT3 activity are
classified as nonsecretors (Se™) or Lewis negative (Le™), lacking al,2-fucosylated or al,4-
fucosylated oligosaccharides, respectively. A large variation in HMO composition within the
four major milk-type groups has been reported?®, and might be explained by mutations in
the Se and Le genes?’. Additional Se and Le phenotypes have been reported, the so-called
weak Se and Le phenotype, respectively, mostly found in the Asian population?’, and less
common in European population. Weak Se and Le phenotypes are probably able to produce
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FUT2- and FUT3-mediated oligosaccharides, respectively, with fucosylated HMO levels lower
than typically found in regular milk of Se and Le phenotypes'®. For example, it has been
reported that FUT2- and FUT3-mediated oligosaccharides, such as 2’fucosyllactose (2’FL) and
3FL, respectively, can be present in human milk in lower amounts!®. HMO profiles were also
shown to be different within and between breastfeeding populations from >10 countries?®
30 Although human milk of most individuals can be grouped into four Sele groups, there
exists a large variation in HMO levels within SelLe groups?®?%31, but none of these studies so
far tried to find patterns in HMO profiles within the four milk-type groups.

The main objective of this study was to investigate the level and type of HMOs in Chinese
human milk over a 20-week lactation period. HMO profiles of 30 mothers over the course of
lactation were investigated using capillary electrophoresis-laser-induced fluorescence (CE-
LIF). To investigate whether the observed clustering in HMO composition is typical for only
Chinese mothers, HMO profiles of 28 Dutch mothers were determined 4 weeks after
delivery.

Materials and methods

Setup of study and sample collection

Chinese participants were recruited between August 2014 and November 2015. The Yili
Innovation Center (Hohhot, CN) took care of the human milk collection. Women living in the
Hohhot region collected milk samples using a human milk pump. For every time point, a
volume of 10 mL was collected in a polypropylene bottle. Milk bottles were shaken gently,
aliquoted into 1 mL Eppendorf tubes, and stored at —20 °C. Milk samples of 30 mothers were
assessed in week 1, 2, 4, 8, 12, and 20. Human milk collection was approved by the Chinese
Ethics Committee of Registering Clinical Trials (ChiECRCT-20150017). Written informed
consent was obtained for all of the Chinese participants. Dutch participants were recruited
between September 2015 and June 2016. Human milk samples of women who gave birth at
the obstetric department of the VU Medical Center in Amsterdam were collected by the
Dutch Human Milk Bank. A volume of 10 mL was collected in a polypropylene bottle and
stored at —20 °C. Milk of 28 Dutch mothers was collected, after 4 weeks of delivery. Human
milk collection was approved by the VU Medical Center institutional committee and written
informed consent was obtained from all mothers.

Sample preparation, labeling, and data analysis

HMOs were isolated and extracted from human milk, as described previously?°. Defatting of
the human milk samples was followed by protein precipitation and the pellet obtained after
centrifugation containing denatured proteins was removed. HMOs present in the
supernatant were isolated via solid phase extraction on graphitized carbon cartridges
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(Alltech, Deerfield, U.S.). Subsequently, the isolated HMOs were labeled with fluorescent 9-
aminopyrene-1,4,6-trisulfonate (APTS), as described previously?®. During derivatization,
oligosaccharides are linked in a molar ratio of 1:1 to the negatively charged label APTS. After
labeling of the HMOs, the samples were analysed using CE-LIF, as described previously?.
Samples were measured in triplicate, and xylose was used as the internal standard. HMOs
were identified using commercially available standards, and the elution behavior of HMOs
was identified in existing literature?. Quantification was done using the molar response
factor of APTS labeled xylose, and concentrations compared nicely with known quantities of
available HMOs measured. HMO standards 3’- and 6’-sialyllactose (SL) were bought from
Sigma-Aldrich (St. Louis, U.S.). The HMO standards, 2'FL and 3FL, sialyllacto-N-tetraose (S-
LNT), lacto-N-fucopentaose (LNFP) I-lll, lacto-N-difucosylhexaose (LNDFH) I, fucosyllacto-N-
hexaose (F-LNH) Ill, and lacto-N-hexaose (LNH) were purchased from Dextra (Reading, UK).
Difucosyllactose (DF-L) was provided by Elicityl OligoTech (Crolles, FR), while lacto-N-
tetraose (LNT) and disialyllacto-N-tetraose (DS-LNT) were purchased from Carbosynth
(Berkshire, UK). The isomers LNFP | and lll co-elute with CE-LIF and quantification was
performed using the LNFP | standard, since this isomer is the dominant LNFP isomer present.
Isomer LNFP Il almost co-elutes on CE with DS-LNT and only the latter is shown in tables,
since LNFP Il is only a minor compound and elutes just before the DS-LNT peak. For data
analysis, Chromeleon 7.1 (Thermo Fisher Scientific, Waltham, U.S.) was used. CE-LIF peak
areas were converted to the corresponding HMO concentration in nanomoles g/L.

Statistical analysis

Total HMO concentrations in Chinese human milk over lactation were compared and
correlated with maternal characteristics (age, parity, body mass index) and socioeconomic
indicators (employment status and educational background) using SPSS (IBM Corp., New
York. U.S.). The scales for educational background, as well as for employment status, were
made from items of a three-point Likert scale. The scale for parity consisted of two.
Participants did not have missing values for the categorical items in this study. Distributional
aspects of the quantitative variables (age, body mass index, total HMO concentrations) were
assessed by histograms (Gaussian distribution), QQ plots (normal distribution),
Kolmogorov—Smirnov test (normal distribution), and by asymmetry and kurtosis values
(between —3 and 3). The values of mother 8 at week 12 postpartum were excluded from
analysis. The quantitative variables were assessed before regression analysis for linearity,
univariate and bivariate outliers, and homoscedasticity, using scatterplot matrices, box plots,
and residue plots, respectively. For statistical analysis, a t-test for independent samples,
ANOVA, and multiple linear regression were used. The significance level was set at a = 0.05.
Human milk was assigned to their mother’s Sele status using 2'FL, LNFP I, LNDFH I, and LNT,
as described previously?®. The first three structures exclusively qualified the Se*Le*, Se~Le*,
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and Se*Le™ groups. In addition, average concentrations of LNT make a clear distinction
between Se* and Se™ groups, which can be used as extra information next to the absence of
al,2-fucosylated or al,4-fucosylated oligosaccharides in the Se~Le™ group. Interpretation
of the HMO profiles in human milk was facilitated by hierarchical clustering using R (Lucent
Technologies, New York, U.S.), with Euclidean distance measure and Ward’s linkage method.
Hierarchical clustering was performed to detect and identify SelLe subgroups based on total,
acidic, neutral, and individual HMO concentrations in Chinese human milk over a 20-week
lactation period. HMO concentrations in Dutch human milk were evaluated in a similar way.
The total HMO concentrations are based on 14 HMOs identified in this study, which are
expected to present about 90% of all oligosaccharides present in human milk.

Results and discussion

Total lactose and HMO concentrations

To investigate the variability of lactose and HMOs in Chinese human milk over a 20-week
lactation period, lactose and HMO profiles of 30 mothers were analysed using CE-LIF. Lactose
concentrations were ranging from 40 to 85 g/L over a 20-week lactation period (Figure 1).
Lactose levels in Chinese human milk increased in the first 4 weeks of lactation, then started
to decline. Total HMO concentrations in Chinese human milk, as a sum of all individual HMOs
(data not shown), were ranging from 8 to 23 g/L over lactation (Figure 1). The 14 HMOs
identified in this study represent about 90% of the oligosaccharides present in human milk
(data not shown). Human milk in early lactation (week 1 and 2) contained higher total HMO
concentrations than in intermediate (week 4 and 8) and late lactation (week 12 and 20).
The lactose and total HMO concentrations in Chinese human milk over lactation (Figure 1)
match with these observed in earlier studies, with average values of 56-69 g/L3 and 5-25
g/L'8, respectively, with large individual variation. A change in lactose levels is expected in
the first 2 weeks of lactation due to the general increase in nutritional components in milk®>.
Transition milk is produced from a couple of days up to 2 weeks postpartum, supporting the
growth and development of the rapidly growing infant. It has been previously reported that
levels of lactose levels are low in colostrum, increases in transition milk, and then remains
constant in mature milk®>, however lactose levels may be more variable in mature milk*. Milk
becomes fully mature between 4 to 6 weeks postpartum, and contains higher amounts of
nutrients as compared to bioactive components*®. In early life, infants have an immature
intestinal immune system, making them more vulnerable to infection by opportunistic
pathogens in early lactation'?. The high HMO level in colostrum may provide protection to
the infant in this sensitive stage of its development®13,
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Figure 1. Total lactose and HMO concentrations (g/L) in Chinese human milk of 30 mothers
over a 20-week lactation period. Error bars indicate the standard deviation. (a—b) Different
alphabet letters indicate different lactose and HMO concentrations in human milk (two-
tailed t-test, a < 0.05) between different time points in lactation.

Total HMO concentrations in human milk of Chinese mothers over a 20-week lactation
period, as presented in Figure 1, varied significantly among mothers (Figure 2). Although
total HMO concentrations were always higher in early lactation than in intermediate and late
lactation, the rate of decline varied among mothers. The total HMO concentrations, for
example, mother 11 and 25 both started around 26 g/L, although showing the lowest (38%)
and highest (85%) decline over lactation (Figure 2). As shown in Figure 2, the lowest
concentrations in colostrum (9.9 g/L) and mature milk (3.7 g/L) were linked to mother 4,
whereas the highest concentrations in colostrum (33.4 g/L) and mature milk (25.4 g/L) were
found for mother 28 and 11, respectively.

Information collected from individual Chinese mothers and their total HMO concentrations
are provided as supplementary information (Table S1). No correlation could be found by
ANOVA and multiple regression analysis between the maternal characteristics (age, parity,
and socioeconomic status) and the total HMO concentrations up to 20 weeks (results not
shown). Body mass index seems to be positively correlated with total HMO concentrations
at week 1 and 2, whereas no significant relationship was observed at later time points
(results not shown). Total HMO concentrations were lower for mothers with a low body mass
index in week 1 and 2. Several studies have suggested that mother’s body mass index might
influence the total HMO composition in human milk composition, especially colostrum*>16-28,
but the underlying mechanism is not yet clear.
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Secretor and Lewis histo-blood group system

Milk samples were assigned to their mother’s Sele status (Table S1 and Figure S1). Twenty-
two out of the 30 Chinese mothers can be assigned to the Se*Le* group (73%), while 6 and 2
out of the 30 mothers were assigned to the Se~Le* (20%) and Se*Le™ (7%) groups,
respectively. Milk samples from Se~Le™ mothers were not present in this study. Distributions
of these phenotypes vary among populations, and the frequency of the secretor phenotype
in the Chinese population was previously estimated to be between 50% and 70%2°3°, which
match with the findings in this study. Subsequently, total HMO concentrations in Chinese
human milk for the three Sele groups decreased over a 20-week lactation period (Figure 3),
independent of the mother’s Sele status. The total HMO concentrations in Chinese human
milk over a 20-week lactation period for the Se*lLe*, Se~Le*, and Se*Le™ group were 8.1-23.0
g/L, 6.5-20.0 g/L, and 9.4-23.5 g/L, respectively, and fall within the range of all combined
Sele groups over lactation?®.

B Week1 Week 2 m Week4 m Week8 = Week 12 Week 20
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SeflLe* Se~Le* Se*le™
Figure 3. Total HMO concentrations (g/L) in Chinese human milk of 30 mothers over a 20-
week lactation period categorized per Sele group. Error bars indicate the standard deviation.
Se*Le* milk-type group n =22, Se~Le* milk-type group n =6, and Se*Le™ milk-type group n =
2. (a—c) Different alphabet letters indicate different HMO concentrations in human milk
(two-tailed t-test, o < 0.05) between different time points in lactation per Sele group.
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Acidic and neutral HMO concentrations

The total acidic and total neutral HMO fractions in human milk per mother and per time point
in lactation are available in Table S2. For both the Se*Le* (n = 22) and the Sefle™ (n = 2)
groups (Figure 4A and C), the concentrations for the total neutral fucosylated HMO fraction
decreased with 10.3 and 7.2 g/L over lactation, respectively, while the concentrations of the
total acidic and neutral nonfucosylated HMO fractions even decreased relatively faster over
lactation. For the Se~Le* (n = 6) milk type, the concentrations for the total neutral
nonfucosylated HMO fraction were decreasing the most with 7.6 g/L over lactation (Figure
4B). For the Se* groups, higher amounts were found for the total neutral fucosylated HMO
fraction as compared to the Se™ group. Despite the absence of the FUT2 enzyme for the Se™
Le* group, and different profiles of three groups of HMOs in Chinese human milk over a 20-
week lactation period, concentrations of the total neutral nonfucosylated HMO fraction
might function as compensation, which possibly explains why the total HMO concentration
ends up being the same for all genetic groups (Figure 3). However, having very few
individuals in the Se~Le* and Se*Le™ milk-type groups complicates comparison between
groups. The concentrations of the three groups of HMOs expressed in percentages in
Chinese human milk for the Se*Le* and Se~Le* milk-type groups over lactation can be found
in Figure S2.

The data of the Se*Le™ milk-type group are not displayed in Figure S2, because it showed
identical patterns over time with the Se*Le* milk-type. The ratios between total acidic and
total neutral HMO concentrations for the Se*Le* milk-type and Se™Le* milk-type group were
ranging from 13:87 to 12:88 and from 28:72 to 40:60 over lactation (Figure S2), respectively,
indicating that acidic HMOs over time might be relatively more dominant in the Se™Le* milk-
type group than in the Se*lLe* milk-type group. Overall, total acidic and total neutral HMO
concentrations in Chinese human milk per SelLe group vary over the course of lactation, with
overall higher total neutral HMO concentration in all groups.
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Figure 4. Concentrations of total acidic and total neutral (nonfucosylated and fucosylated)
HMO fractions in Chinese human milk over a 20-week lactation period for (A) Se*Le* milk-
type group n =22, (B) Se~Le* milk-type group n =6, and (C) Se*Le™ milk-type group n = 2.
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Se*Le* subgroups in Chinese human milk

To investigate the observed variability in total acidic and total neutral (nonfucosylated and
fucosylated) HMO concentrations in human milk of Chinese mothers for the three Sele
groups over a 20-week lactation period, total acidic and total neutral HMO concentrations
per mother were examined by clustering analysis. Statistical analysis confirmed the clear
difference that exists between Se™ and Se* groups (Figure 5, cluster I/l versus IIl). However
with concentrations of the total acidic and total neutral (nonfucosylated and fucosylated)
HMO fractions in human milk per mother, Se*Le* mothers could be divided into two
subgroups (Figure 5, cluster | and Il). The size of the Se~Le* (n = 6) and Se*Le™ (n = 2) groups
was too small to detect any subgroups. Cluster Ill consisted only of Se'Le* mothers. Milk from
the two mothers having Se*Le™ could not be clustered and end up in the Se*Le* group (Figure

5).
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Figure 5. Hierarchical cluster analysis of total acidic and total neutral (nonfucosylated and
fucosylated) HMO concentrations (g/L) in Chinese human milk per mother over a 20-week
lactation period. () Se*Le* milk-type group I, (Il) Se*Le* milk-type group I, and (Ill) Se~Le*
milk-type.
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Figure 6. Concentrations of the total acidic and total neutral (fucosylated and
nonfucosylated) HMO fractions for the two Se*Le* subgroups in Chinese human milk over a
20-week lactation period. The Se*Le* milk-type group (22 of the 30 mothers, 73%) can be
divided into group | = 12 (40%) and group Il = 10 (33%). (*) indicates significant differences
(two-tailed t-test, a0 < 0.05).

The 2 Se*Le* subgroups, displayed in Figure 5, seem to be distinguished by their total neutral
fucosylated HMO fraction (Figure 6). The concentrations of the total neutral fucosylated
HMO fraction are significantly different and are almost 20% higher in subgroup | than in
subgroup Il (Figure 6). The concentrations of the total acid and total neutral nonfucosylated
HMO fraction did not differ significantly between the 2 Se*Le* subgroups.

The phenomena of the Sefle® subgroup formation might be a consequence of the
observation that Se and Le genes can contain mutations?’. Besides the full absence of FUT2
and FUT3, two different phenotypes have been found, so-called weak Se and Le phenotypes,
respectively?’. Because of modifications in the amino acid sequence, the activity of the FUT2
or FUT3 enzyme can be reduced, thereby possibly leading to a decrease in the synthesis of
HMOs in one of the subgroups'®. From the table containing all individual HMO
concentrations (data not shown) it could be deducted that HMOs that differed between
Se*lLe* subgroups were 2’FL, DF-L, LNFP I, and fucosyllacto-N-octaose (F-LNO) (Figure 7),
having in common al,2-fucosylated linkages to the core HMO structures.

The reason for the variation in these specific HMOs in this study (Figure 7) is not yet clarified.
However, previous studies have reported that levels of 2’FL and LNFP | were found below
normal ranges in human milk from a small group of Chinese participants®®. Gene mutations
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are not limited to the FUT2 enzyme activity, because various mutations have also been
reported in the Le gene encoding for the FUT3 enzyme. In human milk collected from the
Chinese mothers, variation based on FUT3-mediated oligosaccharides in Se*Le* and Se~Le*
group could not be seen. Additionally, it has been noticed that 3FL, as indicator for the FUT3
enzyme, was removed in the pretreatment step, and therefore 3FL was not able to be
detected in the samples of this study.

Se*Le* subgroups in Dutch human milk

To investigate whether the observed differentiation in Se*Le* subgroups in Chinese human
milk also applies to other populations, HMO profiles from 28 Dutch mothers were collected
4 weeks after delivery and analysed. Total HMO concentrations measured in Dutch human
milk, as a sum of the 14 HMOs (data not shown), ranged from 4 to 27 g/L 4 weeks postpartum
(Table S3), independent of the mother’s Sele status and body mass index (results not
shown). Milk samples were also assigned to their mother’s Sele status (Table S3). Fourteen
Dutch mothers can be assigned to the Se*Le* group (50%), while 11 and 3 mothers are
identified as belonging to the Se~Le* (39%) and Se*Le™ (11%) groups, respectively. Milk
samples from Se~Le™ mothers were not present in this study. The distribution over the four
Sele groups for the Dutch mothers did not correspond with previously reported numbers
reporting 70-80% being Se*lLe* for the European population?2> and 80% for the Dutch
population?’. These unexpected proportions should not affect the analysis, as the group for
Se*lLe* mothers was large enough to perform cluster analysis, and the observed uncommon
ratio between Sele groups made it even possible to investigate the Se™Le* group in more
detail. After clustering analysis, HMO levels in milk of 28 Dutch mothers also showed Se*Le*
subgroup division (Figure 8). Two Se*lLe* mothers (8%) did not fall in either the Se*lLe*
subgroup | or Il (Figure 8). The Se~Le* milk-type (39%) can be roughly divided in group lll =6
(21%), group IV = 2 (11%), and group V = 3 (7%). As shown in Figure 8, there is a lot of
variation in HMO concentrations in Dutch human milk for the Se~Le* group (cluster Il1—V).
However, no significant difference could be found in concentrations of the total acidic and
total neutral (nonfucosylated and fucosylated) HMO fractions between the Se~Le*
subgroups (data not shown).
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Chapter 5

Milk of the Dutch mothers categorized in the Se*Le* group (Figure 8) can be divided into two
subgroups (I and Il) on the basis of the concentrations of the neutral fucosylated HMO
fraction (Figure 9), like it was done for Se*lLe* group in Chinese human milk (Figure 6),
however, with 2’FL, LNT, and F-LNO contributing to the differentiation more than the other

HMOs (Figure 10).
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Figure 8. Hierarchical clustering analysis based on concentrations of the total acidic and total
neutral (nonfucosylated and fucosylated) HMO fractions (g/L) in Dutch human milk per

mother collected after 4 weeks of delivery.

Although the levels of HMOs, like DF-L and LNFP |, do not differ significantly between the
Se*lLe* subgroups in Dutch human milk (Figure 10), a trend was visible that concentrations
were slightly higher for Se*Le* subgroup | as compared to subgroup I, which was much more
clear for Chinese human milk. Levels of DF-L and LNFP | were significantly different between
the Se*Le* subgroups in Chinese human milk, also higher in Se*lLe* subgroup | than in
subgroup Il (Figure 7). Subsequently, concentrations for LNT in Dutch human milk were
significantly higher for Se*Le* subgroup Il than subgroup | (Figure 10), such a trend could also
be observed in Chinese human milk (Figure 7), although not significantly different. Overall,
FUT2-mediated HMO structures play a key role in the differentiation between the subgroups
in both Chinese and Dutch human milk, indicating that enzyme activity may be reduced for

the FUT2 enzyme due to polymorphism.
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Figure 9. Concentrations of the total acidic and total neutral (fucosylated and
nonfucosylated) HMO fractions for the two Se*Le* subgroups in Dutch human milk collected
4 weeks postpartum. The Se*Le* milk-type group (14 of the 28 mothers, 50%) can be divided
into group | =6 (21%), group Il =6 (21%), and group IV = 2 (8%). The 2 Se*Le* mothers (8%),
which could not be grouped into Se*Le* subgroup | and I, were excluded from comparison.
(*) indicates significant differences (two-tailed t-test, o < 0.05).

This study tried to fill a gap in the literature by trying to recognize subgroups with statistics
and highlight the variability in HMO composition in Chinese human milk of 30 mothers over
a 20-week lactation period. This study showed that total HMO concentrations in Chinese
human milk are not driven by their mother’s Sele status, but ratios of the total acidic and
total neutral HMO fractions in human milk of Chinese mothers are responsible for the
clustering. On the basis of the neutral fucosylated HMO fraction, Se*Le* subgroups were
recognized. To investigate whether the observed variability in HMO composition is typical
for only Chinese mothers, HMO profiles of 28 Dutch mothers 4 weeks postpartum were
investigated, which resulted in Se*Le*subgroups, based on the concentrations of the neutral
fucosylated HMO fraction, although with distinctive HMOs having a different concentration
for the two subgroups.
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Human milk oligosaccharides: Lewis positive secretor subgroups

Table S3.
Total HMO concentrations, total acidic HMO concentrations, and total neutral HMO
concentrations (g/L) in human milk of 28 Dutch mothers collected at week 4 postpartum.

Acidic and neutral HMO
concentrations (g/L)**
Total HMO
concentrations | Body mass
Mother No.[SelLe status* (g/L) index kg/m? |Age| A B C

1 Se*le* 12.9 21.2 24 11.1 14 10.3

2 Se‘le™ 15.2 21.8 33 0.5 2.1 12.6

3 Se*le* 20.5 22.9 27 1.9 1.4 17.2

4 Se*Le* 4.2 27.6 28 10.5 0.6 3.2

5 Se*lLe* 14.7 27.6 28 12.6 4.0 8.0

6 Se*le* 14.5 20.7 28 2.3 19 10.3

7 Se~Le* 16.0 18.7 33 |11.7 7.1 15.1

8 Se*le* 26.9 39.0 28 8.4 7.7 10.8

9 Se*le™ 26.6 21.1 31 1.3 135 11.9

10 Se~Le* 10.1 31.0 31 |0.8 4.9 5.0

11 Se*Le* 154 24.9 35 1.1 1.4 12.9

12 Se~Le* 5.7 21.4 34 0.5 2.5 2.9

13 Se~Le* 13.9 21.6 33 [5.8 3.6 4.6

14 Se*le* 135 19.5 42 (1.7 2.0 9.8
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Table S3 (continued)

Acidic and neutral HMO
concentrations (g/L)**
Total HMO
concentrations | Body mass
Mother No.|SeLe status* (g/L) index kg/m? |Age| A C
15 Se*le™ 9.3 22.1 27 10.8 1.2 7.3
16 Se*le* 9.6 23.1 34 2.5 2.0 5.1
17 Se*le* 154 233 35 |7.0 2.4 10.9
18 Se~Le* 10.1 22.4 32 |44 2.4 3.3
19 Se*lLe* 213 23.9 26 [3.2 2.6 155
20 Se*Le* 154 34.9 24 12.2 3.7 9.5
21 Se~Le* 20.3 37.2 27 16.6 6.4 7.3
22 Se~Le* 19.7 259 29 46 |88 6.3
23 Se*le* 17.7 25.9 31 |2.2 4.3 11.2
24 Se~Le* 15.7 21.0 31 |16.4 5.1 4.1
25 Se~Le* 10.3 39.0 28 13.9 3.5 2.9
26 Se~Le* 10.9 35.6 33 |4.5 2.9 3.6
27 Se~Le* 13.9 20.7 32 |5.3 5.1 3.4
28 Se*le* 10.6 25.0 27 2.1 1.9 6.6
* Secretor, Lewis positive (Sefle*) n= 14; non-secretor, Lewis positive (Se~Le*)n =

11; secretor, Lewis negative (Se*Le™) n = 3; non-secretor, Lewis negative (Se~Le™)n = 0.

** Symbols: A =acidic HMO concentrationsin g/L; B = neutral nonfucosylated HMO

concentrations in g/L; C = neutral fucosylated HMO concentrations in g/L.
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Chapter 6

Human milk as golden standard for infant nutrition

Infants who are exclusively breastfed for 6 months are among others less subjected to
gastrointestinal infectious diseases®. Because of observed health benefits to newborns, the
World Health Organization advices mothers to exclusively breastfeed babies for the first 6
months of life?. Although human milk is the gold standard for the infant’s healthy
development, not all mothers can breastfeed their infants for 6 months3. For women who
are unable to breastfeed, infant formula is a helpful substitute to feed their child. However,
infant formula does not offer the same benefits as breastfeeding, e.g. with regard to immune
development®. Many improvements in infant formula composition have been implemented
to make infant formula more similar to human milk in terms of composition and functionality.
For example, the ratio between serum proteins and caseins was changed®, but also bovine
milk proteins (B-casein, a-lactalbumin, lactoferrin) and galacto- and fructooligosaccharides
can be supplemented in infant formula®. Up to now, there is still a tendency to apply a one-
size-fits-all approach when it comes to infant formula, but it may require a shift towards a
more tailored infant approach in the future. Therefore, a better understanding of the human
milk composition is needed, and more specifically on the immune-active human milk
components.

The work described in this PhD thesis provides advanced knowledge on the variability in type
and levels of human milk serum proteins in milk of Chinese and Dutch mothers over lactation
(Chapter 2), and elaborates on the enzymatic digestion of proteins from colostrum and
mature milk of Chinese mothers in an in vitro infant (0—3 months) digestion model (Chapter
3). In addition, it also provides insight in the variability in type and levels of serum protein N-
glycans (Chapter 4) and human milk oligosaccharides (HMOs) in milk of Chinese mothers
over time (Chapter 5). The HMO profiles in milk of Dutch mothers at week 4 was used for
comparison (Chapter 5).

Proteins in Chinese and Dutch human milk over lactation

To better understand the variability in type and level of serum proteins in human milk, the
milk serum proteome of 7 Chinese mothers over a 20-week lactation period was investigated
using proteomic approaches (Chapter 2). A similar dataset earlier collected from milk of
Dutch mothers was used for comparison.

The results showed that total milk serum protein concentrations in Chinese human milk
decreased significantly over a 20-week lactation period, although with variation between
mothers in rate of decrease. It was also observed that the starting milk serum protein
concentrations differed among mothers. Variation was also found in the composition of
serum proteins in both colostrum and mature milk, although the group of immune-active
proteins, enzymes, and transport proteins were the most abundant for all mothers at all time
points. These three protein groups encompass most of the 15 most abundant proteins in
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Chinese human milk. A comparison between the milk of Chinese and Dutch mothers,
resulted in 166 common serum proteins. The common 166 serum proteins in Chinese and
Dutch human milk, represented more than 95% of the total amount of proteins in milk
serum. The milk serum proteome of Chinese and Dutch mothers was similar in relative
abundance of different functional groups as well as the most abundant proteins per group.
The ratio between protease inhibitors and proteolytic enzymes in colostrum of Chinese and
Dutch mothers was approximately 10:1, with levels of proteases remaining relatively
consistent over lactation. Colostrum contained a higher level of protease inhibitors
compared to mature milk. No pepsin inhibitors can be found in human milk. Furthermore, a
correlation higher than 0.5 was found between protease inhibitors and immune-active
proteins in both Chinese and Dutch human milk. The data showed an even stronger
correlation (0.8) for serine protease inhibitors and immunoglobulins, specifically. For the
immune-active serum proteins (e.g. immunoglobulins, lactoferrin) to have an immune-
activating role in the infant, they might be protected against the serine protease trypsin in
human milk. It was also suggested that protease inhibitors (e.g. a;-antichymotrypsin and a;-
antitrypsin) may reduce overall proteolysis during digestion, which will be further addressed
in the next section.

Infant in vitro digestion of proteins in colostrum and mature milk of Chinese mothers
The variation in levels of protease inhibitors and total protein concentrations were
investigated in relation to the degree of protein hydrolysis after in vitro digestion of
colostrum and mature milk of 7 Chinese mothers (Chapter 3). A new in vitro digestion model
was developed representing 0 to 3-month-old infant’s digestion. The level of undigested
protein, as marker for completeness of digestion was analysed by a combination of sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and liquid chromatography—
tandem mass spectrometry (LC—-MS/MS).

No infant (0-3 months) in vitro digestion model was available before the start of this
research. The in vitro digestion model was specifically developed to better comprehend the
digestion of human milk proteins from colostrum and mature milk in this early life stage. SDS-
PAGE is only able to detect some of the most abundant human milk proteins, therefore, LC-
MS-MS was chosen to give a complete picture of the protein composition after digestion.
During data analysis, a static in vitro model was independenly developed and published by
INFOGEST for infants born term and aged 28 days®. This model was based on literature’ in
combination with in vivo data of infants® and piglets®. The incubation time for each digestion
stage was 60 min, and a pH of 5.3 and 6.6 were used during gastric and intestinal digestion,
respectively®. The enzyme activities selected were 268 U/mL and 19 U/mL in the gastric
phase for pepsin and lipase, respectively®. A comparison was made between the INFOGEST
infant and adult model with regards to the digestive kinetics of the same food, i.e. a
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commercial infant formula, composed of 1.18 g of proteins (ratio whey proteins: caseins
w/w: 30:70) and 3.45 g of lipids for 100 mL. This INFOGEST infant model showed that a-
lactalbumin, B-lactoglobulin, and caseins were not easily digested during gastric digestion®.
After 60 min of infant gastric digestion, circa 62% of intact proteins were found®. No intact
proteins could be found after intestinal digestion®. Although the parameters in this published
model are not identical to ours, the conditions of the INFOGEST infant model did not deviate
much from our model. Despite the differences in pepsin activity (200 U/mL), slightly different
pH in the gastric (5.0) and intestinal phase (7.0) in our model, it was found that the total
intact protein content, as measured by the bicinchoninic acid protein assay, was 52% in the
gastric phase for all mothers averaged. It could also be observed that a-lactalbumin and
caseins were completely digested after intestinal digestion. B-lactoglobulin is the most
abundant protein in bovine milk serum®*3, but cannot be found in human milk. Based on
our experiments with bovine milk, B-lactoglobulin was also resistant against digestion in the
gastric phase, and was completely digested after intestinal digestion (data not shown).
Overall, the characteristics of protein breakdown in this INFOGEST study were similar to our
results mentioned in Chapter 3.

The results showed that serum proteins and caseins were not completely digested by pepsin
during digestion in the gastric phase. During the gastric phase, caseins clot or precipitate
under the gastric pH™. At the end of intestinal digestion, caseins were almost completely
digested in vitro by trypsin and chymotrypsin. Most milk serum proteins were more resistant
against intestinal proteases than caseins. It also became clear that more than 40 serum
proteins, including immune-active proteins (e.g. lactoferrin, immunoglobulins) and protease
inhibitors (e.g. ai-antichymotrypsin and oy-antitrypsin), were still partially present intact
after in vitro intestinal digestion. Although only present in small quantities, these proteins
might be involved in supporting the infant’s digestive tract against colonization of pathogens.
Besides caseins, the human milk serum proteins polymeric immunoglobulin receptor (PIGR),
osteopontin and clusterin also do not have an extensive tertiary structure!®. These proteins
might be more susceptible to proteases in both human milk and during digestion. Their
structural features might explain why these proteins were almost completely digested at the
end of in vitro intestinal digestion, in contrast to more tightly folded serum proteins like
lactoferrin and immunoglobulins that showed less degradation (Chapter 3). In addition, a
variety of studies have shown that specific serum proteins like lactoferrin, immunoglobulins,
and au-antitrypsin in human milk can be found intact in the stool of breastfed infants,
showing that those specific proteins were able to partially survive the digestion in the infant’s
digestive tract!91213,

For the first time, information was collected on the role of protease inhibitors and total
protein content during in vitro infant digestion on level of protein degradation. It was
hypothesized in Chapter 2 that protease inhibitors might protect proteins against
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degradation by proteases in the infant’s gastrointestinal tract, because protease inhibitors
might block trypsin and other serine proteases during intestinal digestion***. Reported
concentrations of a;-antichymotrypsin and as-antitrypsin are ranging from 0.4 to 0.7 g/L and
0.1 to 0.4 g/L, respectively, with a subsequent decline as lactation progresses'®. Although it
is unlikely that these protease inhibitors completely inhibit pancreatic proteolytic activity,
they may allow enough of these milk serum proteins to survive and influence infant
development®®. It was also hypothesized that digestion of proteins could be influenced by
the total protein content in colostrum, due to its effect on the protein-to-enzyme ratio
(Chapter 2). It was found that colostrum contains a higher total protein content compared
to mature milk (Chapter 3). Therefore, both the variation in levels of protease inhibitors, as
well as total protein concentrations, were investigated in relation to the level of undigested
protein. This investigation showed that both these factors were not correlated to the level
of protein degradation. In addition, it was shown that the total undigested milk protein
content decreased from the start to the end of digestion with large variation between
mothers, especially in the gastric phase. Colostrum and mature milk of 7 Chinese mothers
were digested after intestinal digestion to a similar extent. Overall, the higher levels of
protease inhibitors and total protein in colostrum did not reduce the overall proteolysis
during digestion.

Enzymatic hydrolysis is protein specific in human milk and in the infant’s digestive tract
To support the work described in Chapter 3, which showed that most milk serum proteins
are more resistant against proteolytic degradation than caseins, additional results were
obtained on the presence of peptides in human milk after the in vitro digestion. In addition,
information was gathered on the functionality of peptides formed during digestion from
colostrum and mature milk.

In total, 1765 unique peptides were found for milk of 7 Chinese mothers from 2 different
lactation periods after digestion (data not shown). This number includes a whole series of
peptides that differed in length by one amino acid, which explains the high number of
peptides. Of these peptides, 745 peptides were found in the milk prior to digestion of 7
Chinese mothers, and 716 and 180 peptides were released upon digestion in the gastric and
intestinal phase, respectively (data not shown). The length of all the identified peptides were
ranging between 8 and 25 amino acids. It was not possible to detect peptides shorther than
8 amino acids using MaxQuant, which explains absence of short peptides after intestinal
digestion. Peptides found in colostrum and mature milk before digestion were mainly
originating from the dominant proteins B-casein, PIGR, osteopontin, clusterin, k-casein, and
as3-casein (data not shown). The formation of peptides from other highly abundant human
milk proteins (e.g. lactoferrin, serum albumin, immunoglobulins, and a-lactalbumin),

139




Chapter 6

occurred mainly during digestion (data not shown). The relative levels of the total peptide
content in both human milk and digesta can be found in Figure 1.

Material and Methods

Human milk of 7 Chinese mothers from 2 different lactation periods (week 1, colostrum;
week 4, mature milk) was used. Samples before, during and after in vitro infant (0—3 months)
digestion, were obtained and prepared as described in Chapter 3, and used for peptide
isolation after trichloroacetic acid precipitation of the proteins'®. The peptides were purified
by reversed phase solid phase extraction, prior to analysis by LC-MS/MS¥. MS/MS spectra
from each run were obtained and analysed using MaxQuant with the Andromeda search
engine!’. Peptides and their native proteins were quantified based on label free
quantification with a minimum ratio count of two peptides per protein®®. Filtering and
statistics on the MaxQuant output was done with Perseus8, based on peak intensities of
each single peptide as main input. The peak intensities of the peptides were log,
transformed, grouped per lactation period (colostrum and mature milk), and digestion stage
(present in milk before digestion, gastric and intestinal digestion). Peptides in human milk
and in digesta were grouped to their parent protein and their cleavage sites in the protein
sequence were determined, and illustrated using the online software package Peptigram?®®.
The function of the peptides were predicted with the milk bioactive peptide database®.

It has been reported that plasminogen in human milk can bind to casein micelles, where it is
activated to plasmin by urokinase-type and tissue-type plasminogen activators??. Due to the
presence of activated plasmin, caseins are easier digested in milk itself than most serum
proteins in human milk?!. Most serum proteins resist digestion in human milk, because of a
more tightly packed structure. The structural properties explain the low number and total
intensity of serum protein derived peptides in human milk. The lower number and intensity
of as;-casein peptides as compared to B-casein peptides might be explained by plasmin
activity, which is known to be lower for as;-casein?!. For k-casein the least peptides and
lowest total intensity in human milk was found, which might be explained by resistance of
the N-terminus segment against native milk proteases?.
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Figure 1. Total peptide intensities in milk of 7 Chinese mothers and in digesta (gastric and
intestinal phase). The abbreviations indicate colostrum (C), mature milk (M), before digestion
(B), gastric digestion (G), intestinal (I) digestion.

In total, 662 unique functional peptides were identified (37.5% of the 1765 peptides) in
human milk before and after digestion using the milk bioactive peptide database?. B-casein
as parent protein was the major supplier of functional peptides (630 of the 662 functional
peptides, 95%) in human milk and during infant digestion (data not shown), with the majority
released after gastric digestion. A schematic representation of the main functional peptides
of B-casein can be found in Figure 2. The functional peptides of B-casein (Figure 2) in all
samples mainly originated from the amino acid sequence 112—-135 (LKSPTIPFFDPQIPKLTD)
and amino acids 197-221 (LLNQELLLNPTHQIYPVTQPLAPVH) of the protein sequence. The
peptide sequence LLNQELLLNPTHQIYPVTQPLAPVH was previously identified for having
antimicrobial activity, including shorter parts of this peptide?3-?®. The similarity in patterns of
the main bioactive peptides in Figure 2 also indicates that proteins from colostrum and
mature milk are being digested similarly, as mentioned in Chapter 3. In addition, a
comparitive analysis with the intensities of the common (>90%) peptides after intestinal
digestion from colostrum and mature milk of 7 Chinese mothers showed no significant
difference (data not shown).
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Figure 2. Peptigram comparing the main functional peptides originated from B-casein in
colostrum (C) and mature milk (M) of 7 Chinese mothers, and across gastric (G) and intestinal
(1) digestion. The position of the green color indicates origin of the peptide from the intact
protein sequence, with the colors ranging from dark green to light green indicating high to
low peptide intensity. Above the peptigram the range of amino acids in the human B-casein
sequence (from the N-terminus to the C-terminus) are depicted.

In summary, the results indicate that enzymatic protein hydrolysis in human milk and after
infant digestion differed between proteins, and that B-casein is the major supplier of
functional peptides, independent of lactation stage. It also showed that caseins in milk are
predigested more by native milk proteases than most serum proteins, although variation was
found in type and levels of peptides in milk and digesta (gastric and intestinal phase) among
mothers. However, it could be clearly observed that proteins from colostrum and mature
milk of 7 Chinese mothers were digested to a similar extent after intestinal digestion.
Although the presence of peptides in human milk and in digesta has been extensively
studied!®?325, here, for the first time peptidomics data was collected on the digestion of
proteins from colostrum and mature milk of mothers individually. Although, the composition
of peptides found after intestinal digestion for colostrum and mature milk was quite similar

142



General discussion

in numbers and levels, variation between mothers could be observed, especially in the
gastric phase. This large variation was also found for the levels of undigested proteins after
gastric digestion (Chapter 3).

Focus for future research on human milk proteins and peptides

Human milk contains a wide range of bioactive proteins and peptides®’. There are several
immune-active proteins present in human milk, such as lactoferrin, osteopontin, clusterin,
immunoglobulins, and B,-microglobulin, which are all present in high abundance (Chapter
2). These serum proteins may protect neonates from infections, when the infant’s digestive
tract and immune system is not yet fully developed?’. For example, lactoferrin and
immunoglobulins have direct bactericidal properties?’, and were still partially present after
in vitro intestinal digestion (Chapter 3). Caseins do not have antimicrobial properties in their
intact state, however, from caseins, many peptides as formed upon digestion may exert
immunomodulatory and antimicrobial activity?>. In addition, lactoferricin and lactoferrampin
are two potent antimicrobial peptides that are generated from lactoferrin upon digestion, as
well as the neurotensin-related peptide (kinetensin) from serum albumin?®. These peptides
were also found in our experiments in the digesta samples, for all mothers. A few studies
have investigated the physical and structural properties of the different human milk proteins,
peptides, and peptides formed upon digestion, as well as their biological activity?®*. In
future research, the peptides derived from B-casein, k-casein, lactoferrin, serum albumin
could be synthesized and then further tested for their bacteriostatic properties. It would be
helpful for the development of new ingredients for functional dairy products, to estimate
the bacteriostatic properties of the main human milk proteins, both intact and upon
enzymatic hydrolysis using a bacteriostatic assay. With such follow-up studies, the effect of
high and low infant protein digestion levels can be monitored, to establish the biological
importance of the difference between intact proteins in relation to the digesta. It would also
be interesting to further explore the protein and peptide human milk composition before
and after infant digestion for any correlations in regard to the diet and other characteristics
of the mothers.

Serum protein N-glycans in Chinese human milk during lactation

Glycans can be found in human milk as free oligosaccharides or as glycoconjugates®. Two
types of protein glycosylation exists in human milk; N-glycosylation to the amide nitrogen of
asparagine side chains, O-glycosylation to the hydroxyl groups of serine and threonine side
chains®L. Different methods were tested for the release and profiling of serum protein N-
glycans in human milk in Chapter 4. After method development and validation of the final
method, N-glycans were successfully measured in human milk of 7 Chinese mothers over
lactation using matrix assisted laser desorption ionization time of flight mass spectrometry
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(MALDI-TOF-MS). The milk of the 7 mothers was assigned to the mother’s Secretor (Se) Lewis
(Le) histo-blood group. The Sele histo-blood group system is based upon the
fucosyltransferase (FUT) 2 secretor gene and the FUT3 Lewis gene.

In total, 66 different N-glycans were found in colostrum (week 1) and mature milk (week 4)
of 7 Chinese mothers, with 15 structures covering >65% of the total N-glycan content. Based
on the levels of the individual N-glycans in combination with principal component analysis,
for the first time, a clear difference was observed with respect to milk of 5 Se*Le*and 2 Se™
Le* mothers. In addition, it was also observed that milk of the Se*Le® mothers were grouped
based on lactation stage. This latter might also be the case for Se~Le" mothers, however, a
larger sample size is needed for confirmation. The milk of the Se*Le* mothers and Se~Le*
mothers mainly differed based on the type and levels of neutral fucosylated N-glycans. The
relative levels of the total neutral fucosylated N-glycans in milk from the 5 Se*Le* mothers
decreased over lactation, while the relative levels of the total acidic N-glycans remained
constant, and the relative levels of total neutral nonfucosylated N-glycans increased. This
pattern could not be observed for the milk from the 2 Se~Le* mothers. The profiles of these
three N-glycan groups stayed stable in milk over lactation for the 2 Se”Le* mothers. It was
found that the relative amounts of neutral N-glycans covered >90% of the total N-glycan
content, for all 7 mothers.

The top 15 serum proteins cover 95% of the total serum protein content (Chapter 2), which
was much lower for the top 15 N-glycans, where it was ranging between 65-72%. N-glycans
and HMOs partly consist of similar monosaccharides, and the distribution of acidic and
neutral N-glycans in Chapter 4 matched with HMOs in human milk (Chapter 5). HMOs can
be classified as neutral or acidic HMOs, with neutral oligosaccharides generally being present
at a 10-fold higher concentration than acidic oligosaccharides (Chapter 5). Similar to HMOs,
N-glycans containing sialic acid residues might be a good source of nutrients for the infant’s
brain development32. The fucosylation of HMOs depend on the mother’s Sele status, which
was previously determined by others using different methods and analytical techniques®. It
has been reported that >75% of the HMOs are fucosylated. The fucosylated N-glycans
covered in levels >55% of the total N-glycan content in Chapter 4. The FUT2 and FUT3
enzymes are responsible for the presence of al,2- and al,4-fucosylated HMOs, respectively.
Based on the mother’s Sele status, human milk can be classified in four groups for the HMOs.
The milk of Se*Le* contains al,2-, al,3-, al,4-fucosylated HMOs, whereas the milk of Se~Le*
contain only al,3-, al,4-fucosylated HMOs3.
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Figure 3. Hypothetical route of fucosylation of N-glycans in human milk. The core
fucosylation level is regulated by FUTS8, which is responsible for al,6-linked fucosylated N-
glycans3?, whereas FUT3 may be involved in the biosynthesis of fucosylated N-glycans.

The milk of the Se*Le™ mothers do contain al,2-fucosylated HMOs3. The milk of the Se~Le™
mothers do not contain al,2- nor al,4-fucosylated HMOs33. The milk-types, Se*Le~and Se™
Le™, may also contain al,3-fucosylated HMOs. A similar pathway may play a role of N-glycans
(Figure 3). However, no N-glycans containing al,4-linked fucosylated residues have been
identified yet in human milk. Overall, this was the first study that provided detailed
information on serum protein N-glycans in milk of individual mothers and over time, and
provided evidence that N-fucosylation of serum proteins in human milk is associated with
the mother’s secretor status.

Focus for future research on N-glycans in human milk during lactation

N-glycans might not only affect the folding and stability of serum proteins in human milk and
during infant digestion3*, but also influence the infant’s microbiota®>38 These N-glycans
might arrive in the colon as glycoprotein or as glycopeptides from serum proteins after
digestion in the infant’s small intestine. These N-glycans might have a similar function in the
colon as HMQOs. It has been reported that HMO profiles in the infant’s faeces can be similar
to that of ingested milk due to a specific fermentation of all HMOs, but HMOs can also
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selectively be metabolized and with a different rate of fermentation3. Such information has
not been shown for the N-glycans.

The relative amounts of the N-glycans were provided in Chapter 4, as measured by MALDI-
TOF-MS. The different fucosyl-linkages for the N-glycans could not be determined in Chapter
4, which requires other analytical techniques. Further research should be undertaken to
investigate the al,2-, al,3-, and al,6-linked fucosylated N-glycans. A pilot study was
conducted in the lab, trying to absolutely quantify N-glycans using ultra-high performance
liquid chromatography mass spectrometry (UPLC-MS/MS) after labeling. Although it was
confirmed that the abundant N-glycans as found by MALDI-TOF-MS were also the main N-
glycans detected by UPLC-MS/MS (data not shown), the labeling method and the efficiency
were not yet sufficient to accurately identify and quantify N-glycans in human milk. Overall,
more knowledge about the structure of N-glycans (isomers), abundance, and their
functionality is required. This should be further explored in a follow-up study. This could be
complemented by an in vitro fermentation study to study their fate in the digestive tract.
The method described in Chapter 4 can be used to further study the type and levels of
individual N-glycans in milk of mothers from different geographical and ethnic origin by
MALDI-TOF-MS. In terms of directions for further research, it would also be interesting to
investigate whether the al,4-fucosylated N-glycans can be found in human milk, using milk
from Se*lLe™ mothers in combination with milk of Se*Le* or Se~Le* mothers.

HMOs in Chinese and Dutch human milk over lactation

The variability of the lactose and HMO concentrations in human milk of Chinese and Dutch
mothers was investigated using capillary electrophoresis laser-induced fluorescence (CE-LIF)
(Chapter 5). This research investigated the level and type of HMOs in Chinese human milk of
30 mothers over a 20-week lactation period. For comparison, HMO profiles of 28 Dutch
mother milk were determined 4 weeks after delivery and related to the HMO composition
of milk from Chinese mothers.

Lactose and HMOs are the main components of the carbohydrate fraction in human milk
(Chapter 5). Colostrum and mature milk generally contains 22 g/L and 13 g/L HMOs,
respectively. It was observed that large variation exists between total HMO concentrations,
which were ranging from 5 to 25 g/L. Total HMO concentrations in milk varied among
Chinese mothers in colostrum, independent of the mother’s Sele status. The total HMO
concentrations decreased with increasing time postpartum, although with individual
variation in rate of decrease. Total acidic and neutral HMO concentrations in Chinese human
milk varied over lactation, and neutral fucosylated HMO concentrations were driven by the
mother’s Sele status. The obtained HMO data also showed a large variation between
Chinese and Dutch mothers in total content of acidic and neutral HMOs at week 4 (data not
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shown), as well on the levels of individual HMOs (data not shown). There was no significant
difference observed on total HMO content (Figure 4).

Concentrations differ for the individual HMOs in literature, as well as the total HMO
concentrations®. Different methods have been used to isolate and analyse HMOs. In a few
cases, lower total HMO concentrations in milk have been reported, as compared to Chapter
5, however, with large variation in total HMO concent in milk between mothers. The
reported values reported in Chapter 5 can be found in the most HMO articles, making HMOs
the third largest part in human milk, exceeding the protein content in human milk.
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Figure 4. (A) Average total HMO concentrations (g/L) in Dutch and Chinese human milk at
week 4 postpartum and total HMO concentrations (g/L) per individual mother; (B) Dutch
human milk, 28 mothers; (C) Chinese human milk, 30 mothers).

For the first time, Se*lLe* subgroups were recognized in both the Chinese and Dutch
population, based on the total concentrations of the neutral fucosylated HMO
concentrations in human milk. No subgroups could be detected for the Se~Le* groups in the
milk of Chinese and Dutch mothers. The HMO 3-fucosyllactose (FL) was removed in the
pretreatment step and not analysed (Chapter 5), and generally covers circa 5% of the total
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HMO content. The HMO 3-FL is frequently not measured®. In addition, structural isomers
co-elute using CE-LIF, like 2’'FL and 3-FL, but also lacto-N-tetraose (LNT) and lacto-N-
neotetraose, will co-elute®. In some rare cases, the structural isomers are separated on the
column, for example lacto-N-fucopentaose (LNFP) Il and LNFP Il from LNFP I*°. The HMO 3-
FL might be one of the indicators to investigate the possibilities of subgroups for the Se~Le*
group, which contains al,4-linked fucose residue. The distribution of the 3 other Sele groups
worldwide are 20% (Se~Le* group), 10% (Se*Le™ group), <1% (Se—Le™ group). Based on the
FUT2 and FUT3 enzymes, it would be expected that subgroups exist in the milk-types of Se™
Le* and Se*Le™ mothers. For example, milk of the Se*Le™ mothers contain HMOs with al,2-
linked fucose residues, and the enzyme activity may be reduced for the FUT2 enzyme due to
polymorphism.

The 14 structures covered 90% of the total HMO content. Several studies have shown that
only a few HMOs dominate the entire total HMO content*®*3. Another recent study
investigated the presence of the different binding-types (a1,2-, a1,3-, and a1,4-linked fucose
residues) for the HMOs*3. They observed that within each of the four milk groups, the relative
levels of the different fucosylation epitopes greatly differed, and also showed the presence
of two Se*le* group subgroups®. This grouping was based on the activity of a third
unidentified Fuc enzyme, which is responsible for the synthesis of al,3-linked fucose
containing structures in FUT3 deficient individuals*®. The Sele status of an individual is the
result of nonsense or missense single-nucleotide polymorphism in the FUT2 and FUT3 gene,
and the observed Fuc X deficiency might lead to a non-functional allele in a similar manner®4,
which may explain the variability in HMOs among mothers with the same Sele status.

Focus for future research on in vitro fermentation of N-glycans and HMOs by infant
microbiota

HMOs reach the colon intact and are fermented?3. The manner and timing by which the gut
is colonized in early life has a lasting impact on the microbiome and contributes largely to
the variation in microbiota observed between individuals®!. In the first year, the infant’s
microbiota evolves from relatively simple but rapidly increasing in diversity to an adult state
that is more complex and stable3?.

Some HMOs can be found intact in the faeces of breastfed infants during the first 8-10 weeks
after birth, whereas other HMOs are partly or completely utilized in the colon by
microorganisms**. Such a monitoring of the utilization of single HMOs by the immature
infant’s microbiota is enhanced by recent techniques making it possible to separate and
identify individual HMO structures after in vitro and in vivo fermentation by infant
inoculum®. The preference of microorganisms and the fermentation rate of individual HMOs
might be linked to the size, type of decorations, and type of linkages present in the
oligosaccharide. However, the microbiome is found to be not directly correlated with the
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HMO composition**. It is not clear whether health beneficial effects originate from the HMO
structures directly, or from degradation and metabolisation products produced upon
fermentation®>. To get a better understanding of the functionality of HMOs, detailed
information on the fate of these oligosaccharides during in vitro fermentation could be
obtained.

Besides HMOs, also some serum proteins can be found intact in the faeces of breastfed
infants during the first weeks after birth?2 It can also be observed in Chapter 3 that more
than 40 serum proteins were found intact after in vitro intestinal digestion, altough some in
small quantities, and these serum proteins may thus still have antibacterial activity in the
gut. Most (>75%) of the serum proteins are N-glycosylated*. N-glycans of the glycosylated
serum proteins in human milk are not yet extensively studied, but are considered to make a
significant contribution to the development of the infant’s immune system. The N-glycans in
human milk consists of similar buildings blocks as the N-glycans in bovine milk. N-glycans
released from bovine serum proteins, for example, were already tested in vitro®®. In this
latter study, the researchers used a cell wall-associated endo-R-N-acetylglucosaminidase
found in the infant’s stool to release a range of intact bovine serum protein N-linked glycans.
The N-glycans from concentrated bovine colostral milk did support the growth of
Bifidobacterium infantis, which is a species known to grow well on HMOs. However, these N-
glycans did not support the growth of Bifidobacterium lactis®®. HMOs also did not support
the growth of Bifidobacterium lactis®®. Interestingly, Bifidobacterium infantis did not grow on
intact glycoproteins. Mass spectrometry-based profiling of the N-glycans revealed
that Bifidobacterium infantis consumed 73% of neutral and 92% of sialylated N-glycans,
while B. lactis degraded only 11% of neutral and virtually no sialylated N-glycans3®. This study
supports the idea that N-glycans serve as selective substrates, and that released N-glycans
were better fermentation substrates than intact glycoproteins3®. However, it should be kept
in mind, that the total content for N-glycans is typically 200-fold lower than for HMOs in
human milk*, and that only a low amount of N-glycans thus reach the infant’s colon. Some
N-glycans might be traced back intact in the infant’s stool in early infancy, while others might
serve as nutrients for colonic bacteria and preferentially support the growth of
bifidobacteria. So far, it is not known whether intact N-glycans or glycosylated peptides can
be traced back in the infant’s stool, although glycosylated proteins are being digested in the
infant’s gastrointestinal tract, which leads to peptides, and the N-glycans attached to these
peptides might prevent these peptides from being absorped in the small intestine. It is also
not yet known whether the N-glycans from bovine and human milk are similar in their
functions and structures®’. In addition, the N-acetylneuraminic acid (NeuAc) residue was
observed in bovine and human milk, whereas the N-glycolylneuraminic acid residue was only
observed in bovine milk and marks a major difference between human and bovine milk*’.
Human milk analysis revealed that 57% and 43% of the structures were acidic and neutral N-
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glycans, respectively, and 75% of the N-glycans were fucosylated. Bovine milk analysis
showed that 68% and 32% of the structures were acidic and neutral N-glycans, respectively,
and 31% of the N-glycans were fucosylated®’.

Several in vitro fermentation studies have been done for HMOs*-2, It would be interesting
to continue the work presented in Chapter 4 for N-glycans and Chapter 5 for HMOs with in
vitro fermentation of N-glycans and HMOs by infant microbiota, with the main objective to
characterize N-glycans and HMOs before and after in vitro fermentation with pooled infant
faecal inoculum using UPLC-MS/MS, and then to determine whether smaller N-glycans and
HMOs are easier fermented compared to larger N-glycans and HMOs. It would also be
interesting to include whether fucosylation of these structures affects the fermentation
speed. Isomeric structure information of N-glycans and HMOs relating to fermentation
behaviour could give more insight in the preferences of infant microbiota towards specific
structures.

Selection of key components from human milk for follow-up studies, and possible future
addition to infant formula

As mentioned earlier, a better understanding of variability in human milk composition may
be used to improve infant formulas. Different approaches can be followed for the different
immune-active components described throughout this thesis. Specifically for HMOs, the next
step would be to obtain and supplement larger HMOs into infant formula. For HMOs, it is
still a bottleneck to produce large quantities of these HMOs by organic synthesis®3. Different
approaches should be used to obtain HMOs in large quantities®. The shift from chemical
synthesis to biotechnological manufacturing might be the preferred way to get HMOs in
accessible in large quantities and at prices within reach for commercial applications,
including infant formula®. The effect of heat processing on serum proteins in general, and
on immune-active proteins in particular would be of interest, ensuring that these proteins
stay intact, before adding serum proteins to infant formula, usually in the form of a whey
protein ingredient. Unfolding of proteins by heating might effect their functional properties.
The most abundant serum proteins (Chapter 2), N-glycans (Chapter 4), and HMOs (Chapter
5) in human milk were investigated, and variation in type and levels of these three
components was established. The HMOs and N-glycans displayed in Figure 5, might be
interesting for all infant’s in infant formula. HMOs like lacto-N-hexaose (LNH) and LNT are
not fucosylated, and highly abundant in human milk. The N-glycans 25 and 33 consists of an
al,6-linked fucose residue, which are structures that are always present in human milk,
independent of the Sele status (Chapter 4). Recently, 2’FLis supplemented to infant infant>*,
consisting of al,2-fucosylated linkage to the core HMO structure, whereas 3-FL is being
subjected for approval, which contains a al,3-linked fucose residue®*>. However, it is still
not yet known, for example, what would happen if you give a specific HMO to an infant non-
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matching with their mother’s SelLe blood group, which might be an interesting follow-up
study. For 2'FL and 3-FL these findings might be unpublished, but these results certainly
would be of interest.

Serum proteins

+ Bile salt-activated lipase
+ Immunoglobulins

* «4-antichymotrypsin

+ Fatty acid binding protein

+ LLNQELLLNPTHQIYPVTQPLAPVH (B-casein)
* LKSPTIPFFDPQIPKLTD (B-casein)

* Lactoferrampin

* Lactoferricin

m GlcNAc
OJ’O_‘ . o

Lacto-N-hexaose (LNH) Lacto-N-tetraose (LNT)

Serum protein N-glycans
Gal

No. 16 No. 25 No. 33 @® Glc

Figure 5. Proposed key components in human milk for follow-up studies, and possible future
addition to infant formula. The N-glycans 25 and 33 (numbers as reported in Chapter 4, Table
1) consists of an al,6-linked fucose residue. LNH, and LNT indicates lacto-N-hexaose and
lacto-N-tetraose, respectively. Symbols indicate mannose (Man), N-acetylglucosamine
(GlcNAc), N-acetylgalactosamine (GalNAc), fucose (Fuc), galactose (Gal), NeuAc and glucose
(Glc).

Lactoferrin, B-casein, and a-lactalbumin have previously been added to infant formula®, and
the serum proteins mentioned in Figure 5 might be important as well, as these proteins
partly survive digestion (Chapter 3) and can be found in the infant’s stool up to six months??,
and have known physiological benefits in infants. Intact immune-active proteins, like
lactoferrin and immunoglobulins, might support the infant’s intestine against pathogens.
Caseins are overall more easily degraded than serum proteins by proteases during infant
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digestion, and might be a valuable nutritional source providing essential amino acids,
peptides, and minerals for the infant’s growth and development. Although [B-casein is
already added to infant formula, it should be monitored whether functional peptides are
being formed. A comparison study between human milk and infant formula showed that -
casein is the largest supplier of peptides in human milk, whereas in infant formula the
release of peptides was derived from a more broaden range of proteins?®. It should be
mentiond that bovine and human milk proteins differ not only in amino acids, but also in
their digestibility>®>”. The addition of peptides to infant formula might be benefical for
formula-fed infants, especially the peptides from human B-casein and lactoferrin, as they
may have antibacterial capacity and may thereby reduce gastrointestal infections.

Concluding remarks

Human milk composition is not constant throughout lactation and changes based on the
infant’s nutritional and developmental needs. Human milk consists of many high and low
abundantimmune-related and nutritional components, making the composition unique. The
top 15 serum proteins in human milk generally cover >95% of the protein content, whereas
for HMOs the 14 main structures cover >90% of the HMO content. The most abundant HMOs
and serum proteins in human milk might be important for the healthy development of
newborns. In early life, infants have an immature intestinal immune system, making them
more vulnerable to infection by opportunistic pathogens. This does not mean that low
abundant structures not play a key role in the infant’s healthy development. The low
abundant serum proteins and HMOs may stay relatively more intact during digestion and
fermentation, respectively. The large variability in structures and levels of both the most
abundant serum proteins and HMOs in human milk makes it complicated to design a single
infant formula enriched with these components for all babies. Nevertheless, the 15 most
abundant HMOs and serum proteins in human milk might be a good starting point to make
infant formula more similar to human milk in terms of composition and functionality.
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Summary

Summary

The work presented in this PhD thesis focused on the variability in type and levels of human
milk oligosaccharides (HMOs) and serum proteins in milk of Chinese and Dutch mothers over
lactation. In addition, it provides information on the serum protein N-glycan composition in
milk of Chinese mothers over time, and elaborates on the enzymatic digestion of proteins
from colostrum and mature milk of Chinese mothers in an in vitro infant (0—3 months)
digestion model.

Chapter 1 described the current state of knowledge on human milk, including the benefits
of human milk, the structures and characteristics of proteins and HMOs in human milk, and
the fate of these constituents during digestion in the infant’s gastrointestinal tract.

Chapter 2 provided information on the variability of serum proteins in human milk from
Chinese mothers over a 20-week lactation period. Human milk of 7 mothers was collected at
6 time points over a 20-week lactation period, including colostrum (week 1 and 2) and
mature milk (week 4, 8, 12, and 20). Human milk serum proteins were isolated, digested by
trypsin, and labeled by stable isotopes. These samples were analysed with liquid
chromatography—tandem mass spectrometry (LC-MS/MS), after which the proteins were
identified and quantified. A similar dataset earlier collected from Dutch mothers was used
as a comparison. The results showed that the total serum protein concentrations differed in
colostrum among Chinese mothers. The protein concentrations in colostrum decreased
significantly over a 20-week lactation period, although with variation between mothers in
rate of decrease. The group of immune-active proteins, enzymes, and transport proteins
were the most abundant for all mothers. Variation was also found in the composition of
serum proteins in both colostrum and mature milk of the Chinese mothers. The group
protease inhibitors, transport, enzyme, immune-active proteins encompass the 15 most
abundant proteins, covering >95% of total protein present for both the Chinese and Dutch
milk serum proteome. The levels of the protease inhibitors were twice as high in colostrum
than in mature milk. In addition, the levels of 22 of the 166 common milk serum proteins
varied in human milk from Chinese and Dutch mothers, and these differences found were
more apparent in colostrum than in mature milk. The levels of protease inhibitors were 10-
fold higher than proteolytic enzymes in colostrum of both Chinese and Dutch mothers. The
levels of proteases in human milk remained relatively the same over lactation. Furthermore,
a correlation was found between immune-active proteins and protease inhibitors in both
Chinese and Dutch human milk during lactation. This might indicate that protease inhibitors
protect immune-active proteins from degradation against native human milk proteases.
Chapter 3 provided insights on the degradation of human milk proteins in an in vitro infant
digestion model, by comparing colostrum (week 1) and mature milk (week 4) of 7 Chinese
mothers individually. An in vitro digestion model was successfully developed representing 0
to 3-month-old infant’s digestion, which deviated from existing adult in vitro digestion
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models by having a gastric pH of 5, lower pepsin and trypsin activities, and shorter
incubations times, which mimic the infant’s in vivo gastrointestinal tract better.
Undigested proteins (> 10 kDa) were analysed after gel-electrophoretic separation and in-
gel tryptic digestion by LC-MS/MS. LC-MS/MS provided a more detailed overview of the
proteins present during in vitro infant digestion. Some of the highly abundant serum proteins
(lactoferrin, bile salt-activated lipase, immunoglobulins, ai-antichymotrypsin, serum
albumin, fatty acid binding protein) were still partially intact after intestinal digestion of both
colostrum and mature milk proteins. Other abundant serum proteins, a-lactalbumin,
polymeric immunoglobulin receptor, clusterin, osteopontin, B,-microglobulin, and the 3
caseins (B-, asi- and k-casein) were almost completely digested after the in vitro digestion.
This might be explained by the structural features of these proteins. The higher levels of both
protease inhibitors and total protein in colostrum than in mature milk did not reduce overall
proteolysis during digestion. Overall, small quantities of immune-active proteins were the
most resistant against proteolytic enzymes during in vitro infant digestion.

Chapter 4 provided information on the Chinese human milk serum glycoproteome over
lactation. Human milk of 7 mothers from 2 time points was studied, colostrum (week 1) and
mature milk (week 4). The milk was assigned to the mother’s Secretor (Se) Lewis (Le) histo-
blood group. Milk serum was isolated by ultracentrifugation, after which the serum proteins
were separated from the HMOs. Serum proteins were denatured, incubated with enzyme
for 24h, and the released N-glycans after purification analysed by matrix assisted laser
desorption ionization time of flight mass spectrometry (MALDI-TOF-MS). In total, 66
different serum protein N-glycans were found in colostrum and mature milk, with 15
structures covering >65% of the total N-glycan content. Variation was found in type and
levels of individual N-glycans among mothers and over lactation. Based on the levels of the
individual N-glycans in combination with principal component analysis, for the first time, a
clear difference was observed between the milk of the 5 Se*Le*and 2 Se~Le* mothers. It was
also observed that N-glycan profiles of the Se*Le® mothers differed depending on lactation
stage. A trend could also be observed for the milk of the Se~Le* mothers. The top 15 serum
protein serum protein N-glycans were identical in milk for both the 2 Se~Le* mothers and
the 5 Se*Le* mothers. The type and level of the top 15 structures differed between these
two genetic groups. The profiles of the total acidic and neutral (nonfucosylated and
fucosylated) N-glycans over time varied between milk of SeflLe* and Se~Le* mothers. The
relative amounts of neutral N-glycans covered >90% of the total N-glycan content, for all 7
mothers. Overall, this study investigated and compared for the first time single serum
protein N-glycans in milk of individual mothers over time, and showed that fucosylation of
N-glycans from serum proteins in human milk can be linked to the mother’s secretor status.
Chapter 5 provided insights in the variability of the lactose and HMO concentrations in
human milk of Chinese and Dutch mothers using capillary electrophoresis with laser-induced
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fluorescence detection, by investigating the level and type of HMOs in Chinese human milk
of 30 mothers over a 20-week lactation period. In order to study whether the observed
clustering in HMO composition was typical for Chinese mothers only, HMO profiles of 28
Dutch mothers were determined 4 weeks after delivery, and used as comparison. The results
showed that total HMO concentrations in Chinese human milk decreased significantly over
a 20-week lactation period, although with variation between mothers in rate of decrease.
The top 14 structures in human milk generally covered >90% of the HMO content. The total
acidic and neutral HMO concentrations differed between Dutch and Chinese human milk.
Based on the total neutral fucosylated HMO concentrations in both Chinese and Dutch
human milk, Se*Le* subgroups were identified for the first time. HMOs that differed in level
between these Se‘le* subgroups were the structures 2’fucosyllactose, difucosyllacto-N-
hexaose, lacto-N-fucopentaose |, and fucosyllacto-N-octaose, having in common al,2-
fucosylated linkages to the core HMO structures. No subgroups could be found for the Se™
Le* mothers.

Chapter 6 summarized and discussed the results of the foregoing chapters, and provided
supporting data on the digestion of individual proteins. The additional experiments were
carried out to provide information on the peptide composition in milk and digesta using the
same infant in vitro digestion model. B-casein was the largest supplier of potential bioactive
peptides in colostrum, mature milk, and during in vitro infant digestion. Some of the major
proteins (caseins, osteopontin, clusterin, PIGR, and B,-microglobulin) were predigested by
proteases in human milk, resulting in the presence of their peptides in human milk. Most
serum proteins are less sensitive to digestion by these native milk proteases, which might be
due to their compact folded globular structure. After summarizing and discussing the results
of the foregoing chapters, several key components from human milk were highlighted. In
addition, follow-up studies have been proposed, including among others an in vitro
fermentation study with N-glycans and HMOs by infant microbiota. These latter milk
constituents might both help in shaping a beneficial microbiota in the human infant, which
is important for health maintenance. In conclusion, this thesis provided detailled information
on the variability of serum proteins, N-glycans and HMOs in colostrum and mature milk of
Chinese mothers, as well as on the digestion of human milk proteins from colostrum and
mature milk using an newly developed infant in vitro model.
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Carbohydrates for improving Health CCccC 2017
International Conference on Food Digestion (Rennes, France)  Infogest 2017
European Conference Personalised Nutrition and Health TNO 2019

General Courses

PhD Introduction Week VLAG 2016
Essentials of Scientific Writing and Presenting WGS 2016
Scientific Publishing WGS 2016
Reviewing a Scientific Manuscript WGS 2016
Mobilizing your Scientific Network WGS 2016
Communication with Media and General Public WGS 2016
Workshops PhD carousel, Publish for Impact, Teaching Tricks WUR 2016
Lecturing® WUR 2017
(Re)designing a Course® WUR 2018
Brain Based Teaching WUR 2018
Group Assignments: Design, Supervision, Feedback & WUR 2018
Assessment®
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Overview of completed training activities

Optional

PhD Research Proposal VLAG 2015

FCH Protein Group Meetings® WUR 2015-2017
FQD Dairy Science and Technology Group Presentations® WUR 2015-2019
FCH Carbohydrate Group Meetings® WUR 2015-2019
FCH PhD Lunch Presentations®¢ WUR 2017-2019
FCH PhD Trip Japan®© WUR 2016

FQD PhD Trip Australia®<¢ WUR 2018
Teaching activities

Supervision of BSc and MSc projects WUR 2015-2019
BSc Course Nutritional Aspects of Food WUR 2015-2019
BSc Course Quality Systems Operations WUR 2015-2019
BSc Course Food Packaging and Design WUR 2016

MSc Course Advanced Biochemical Analysis of Food WUR 2018

Abbreviations: Dutch acronym VLAG (English: Advanced Studies

Food, Technology,

Agrobiotechnology, Nutrition and Health Sciences); MPS, Max Planck Society; CCC, Carbohydrate
Competence Center; WUR, Wageningen University & Research; WGS, Wageningen Graduate Schools;

TNO, Netherlands Organization for Applied Scientific Research; FCH, Laboratory of Food Chemistry;

FQD, Food Quality and Design. @ Poster Presentations ° Part of the University Teaching Qualification

¢ Oral Presentations ¢ Organization committee.

166






The research described in this thesis was financially supported by Inner Mongolia Yili
Industrial Group Company. Financial support from Wageningen University for printing this
thesis is gratefully acknowledged.

Cover Design: Fahui Lui
This PhD thesis was printed by Digiforce | | ProefschriftMaken
Edition 250 copies

Moheb Elwakiel, 2020









	Lege pagina
	Lege pagina

