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Human Milk Glycan Interactions with Glycan-Binding

Proteins of the Gastrointestinal Tract

By Alexander J. Noll

Human milk glycans (HMGs) represent one of the major biomolecules found in human
milk. These non-nutritional carbohydrates are strongly associated with health benefits
towards newborns and infants, including regulation of the gut microbiome and reducing
the incidence of infection. More recently, HMGs have been shown to regulate immune
responses and intestinal epithelial cell gene expression, but the underlying mechanisms
are unclear. The human gastrointestinal (GI) tract, specifically epithelial cells and
dendritic cells, express a number of glycan-binding proteins (GBPs) that may become
exposed to HMGs during breast-feeding. GBPs, including the C-type lectin, Siglec, and
galectin families of GBPs, are known to bind endogenous and exogenous glycan
structures and subsequently initiate signaling pathways leading to changes in gene
expression and immune responses. This thesis work was guided by the hypothesis that
HMGs bind to some GBPs expressed by epithelial cells and dendritic cells (DCs) in the
GI tract. To test this hypothesis, a number of galectins, C-type lectins, and Siglecs
expressed by GI tract epithelial cells and DCs were screened for HMG binding. This
study took advantage of glycan microarray technology to test binding to over 240 natural
HMGs purified from human milk as well as chemically defined HMG and non-HMG
glycans in a high-throughput format. The binding of GBPs to free HMGs in solution was
also used to confirm GBP-HMG interactions in a more natural setting. The results of this
study show that many galectins bind specific HMG structures, with each galectin
exhibiting a unique binding specificity. Additionally, the DC-expressed C-type lectin
DC-SIGN specifically binds numerous fucosylated HMGs. The HMG microarray
technology also uncovered hitherto undefined glycan binding structures and determinants
for galectins and DC-SIGN. The affinity of these GBPs for specific HMG structures
occurs at or below HMG concentrations found in human milk, suggesting that these
interactions may be physiologically relevant. The results of this study suggest that
multiple GBPs in the GI tract may serve as HMG receptors. Future directions are aimed
at understanding if these GBP-HMG interactions occur in vivo and if these interactions

underlie the mechanism of regulation of gene expression and immune responses by
HMGs.
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Chapter 1: Introduction
I. Human Milk Glycans
i. Background: Human Milk and Infant Health

Human milk is the ideal source of nutrition and health for neonates and infants as
well as a vital component of the infant’s diet up until about 2 years of age [1]. Compared
to exclusive or predominant formula feeding, exclusive or predominant breast-feeding for
6 months is associated with multiple benefits including reduced risk of respiratory
infections, gastrointestinal diseases, and mortality [2]. Breast-feeding even has long-term
health benefits for infants including reduced risk of obesity and Type-2 Diabetes, reduced
blood pressure, and improved school performance [3, 4]. A recent systematic study by the
WHO also suggested a causal link between breast-feeding and a slight increase in
intelligence test scores, including IQ scores [4]. For these and other reasons, human milk
is regarded as the “gold standard” of infant health and nutrition [5], and the WHO
recommends exclusive breast-feeding for the first 6 months of life [1].

Human milk not only provides nutrients (carbohydrates, proteins, fat, vitamins,
and minerals) to newborns and infants but also other bioactive factors that promote
proper immunity, physiology, and development. These bioactive factors include whole
white blood cells, growth factors (ex-epidermal growth factor) and other hormones,
cytokines (ex-TGF-f, IL-10), bile-salt stimulated lipase for more efficient fatty acid
catabolism, innate immunity proteins (ex-lactoferrin, lysozyme), antibodies (mostly
secretory IgA), essential fatty acids, glycoconjugates, and oligosaccharides (glycans)
(reviewed in [1, 5, 6]). The quality and/or quantity of many of these bioactive factors in

other nutrient sources such as fortified foodstuffs and infant formula do not match what



occurs in breast milk, which may at least partially explain the short- and long-term health
benefits of breast-feeding. Of these bioactive factors, glycans of more complex structures
than the nutritional disaccharide lactose are the major topic of this study and a topic of

major interest due to their very high abundance in human milk and known roles in infant

immunity, physiology, and development.

ii. Structural Features of HMGs

A non-lactose carbohydrate fraction in human milk has been known to exist for
over 100 years, although it was not until the 1950’s that the actual structures (and
functions) of the carbohydrates, now termed human milk oligosaccharides (HMOs) or
human milk glycans (HMGs), began to be elucidated (reviewed in [7]). Human milk is
now known to contain over 200 different HMG structures [8], although ~15-20 structures
make up the vast majority of HMGs by both mass and molar concentration. Excellent
reviews on HMG structures and biosynthesis are available [9, 10], and a general
overview of HMG structures and biosynthesis are shown in Table 1 and Figure 1. The
monosaccharide units of HMGs consist of D-glucose (Glc), D-galactose (Gal), D-N-
acetylglucosamine (GlcNAc), L-fucose (Fuc), and 5-N-acetylneuraminic acid (NeuSAc, a
sialic acid), although glucose is only found at the reducing end of glycans. Other
monosaccharides found in humans such as D-N-acetylgalactosamine (GalNAc), D-
mannose (Man), D-xylose (Xyl), D-glucuronic acid (GlcA), and L-iduronic acid (IdoA)
are not found within HMGs. HMGs are all biosynthesized from and contain lactose
(Galp1-4Glc), the most abundant carbohydrate structure in human milk (~40-70g/L), at

the reducing end. The lactose can be modified with Fuc and/or Neu5Ac or extended with



Galp1-3/4GlcNAc (N-acetyllactosamine, LacNAc) to create linear and/or branched
structures. Three different isomers or linkages of LacNAc can be added to HMGs: Type |
N-acetyllactosamine (Galf31-3GIlcNAcf1-3; LacNAc I), Type II N-acetyllactosamine
(GalpB1-4GIcNAcp1-3; LacNAc II), or a branched Type II N-acetyllactosamine unit
(GalpB1-4GIcNAcfB1-6). The following modifications at the non-reducing end lactose or
LacNAc units prevent further extension from the non-reducing end Gal with LacNAc I or
LacNAc II: a1-2-linked Fuc to Gal, a1-4-linked linked Fuc to -GlcNAc-, a1-3-linked
Fuc to Glc on lactose, a2-3-linked NeuSAc to Gal, or a2-6-linked NeuSAc to Galp1-3-
or -f1-3GlcNAc-. The addition of LacNAc I to Galf31-4- at the non-reducing end
prohibits additions of other LacNAc units on that branch, but does not inhibit other
“terminating” modifications from being added to it. For example, LacNAc I can be added
to lactose to form lacto-N-tetraose (LNT; Galp1-3GIlcNAcp1-3-Galf31-4Glc), which can
then be modified by the addition of a1-2-linked Fuc to form lacto-N-fucopentaose I
(LNFPI; Fucal-2 Galp1-3GlcNAcp1-3-Galp1-4Glc) or both a1-2- and a1-4-linked Fuc
to form lacto-N-difucohexaose I (LNDFH I; Fucal-2 Galp1-3(Fucal-4)GlcNAcp1-3-
Galp1-4Glc).

In contrast to a.1-2- and a.1-4-linked Fuc, structures have been identified
containing o1-3-linked Fuc on GlcNAc residues that are not part of the non-reducing end
LacNAc II unit. Thus, al-3-linked Fuc does not always act as a terminating modification.
However, it is unclear whether or not a.1-3-fucosylation of GIcNAc occurs at the non-
reducing end GlcNAc all the time (as is the case for LNFPIII) or if the enzyme can also

modify internal GlcNAc residues. If the former is the case, this would suggest that a1-3-



fucosylation of the non-reducing LacNAc II unit is not a terminating modification
whereas, if the latter is true, it may mean that a1-3-fucosylation of the non-reducing end
LacNAc II but not internal LacNAc II units is a terminating modification. A major reason
for this lack of knowledge is because the a1-3-fucosyltransferase responsible for this
modification is unclear (described in more detail below), so there is currently no
definitely way to study the substrate specificity and thus biosynthetic route leading to
HMG structures carrying a1-3-fucose.

The addition of a LacNAc II unit to the non-reducing end allows further extension
of the HMG with LacNAc, making this modification an “extendable” modification. A
branching LacNAc unit can also be added to structures containing at least one LacNAc
unit, such as LNT or lacto-N-neotetraose (LNnT; Galp1-4GlcNAcp1-3-Galp1-4Glc) but
not lactose. Like LacNAc I, the branching LacNAc unit is an extendable modification. In
the case of HMGs containing a non-reducing LacNAc I unit, the addition allows further
extension of the HMG structure, but only from the Gal1-4GlcNAcf1-6- branch. For
example, the addition of branching LacNAc to LNT forms lacto-N-hexaose (LNH;
Galp1-3-GlcNAcB1-3(Galp1-4GIcNAcB1-6)Galp1-4Glc); only the Gal1-4GlcNcp1-6-
branch can be further extended with LacNAc (Figure 1), although both branches can be
modified with a-linked Fuc and/or a-linked Neu5SAc.

As a result, three different general biosynthetic routes can be described for HMGs
(Figure 1). Starting from lactose, the lactose can be modified with:
1) al-2-linked Fuc, a.1-3-linked Fuc, a2-3-linked Neu5Ac, or a2-6-linked Neu5SAc,

preventing further extension of the lactose unit with LacNAc. Additionally, both a.1-

2-linked and a1-3-linked Fuc can be added to lactose, forming lactodifucotetraose



2)

3)

(LDFT; Fucal-2Galp1-4(Fuca1-3(Glc); whose structure is not shown in Figure 1).
In the case of colostrum (the concentrated “first milk” from the lactating mother), 3-
linked Gal can be added instead of Fuc or Neu5Ac to form 3°-, 4’-, or 6°-
galactosyllactose. Essentially, this path leads to a modified lactose structure lacking
LacNAc.

LacNAc I, forming LNT. This structure can be modified with a-linked Fuc and/or o-
linked Neu5Ac, but only be further extended if branching LacNAc unit is added, and
then only the Gal1-4GlcNAcf1-6- branch can be further extended with LacNAc.
Thus, this path will only lead to structures carrying >1 LacNAc unit if the branching
LacNAc unit is added.

LacNAc I, forming LNnT. This structure can be further extended with LacNAc
and/or branched with the extendable branching LacNAc unit. NeuSAc in a.2-6-
linkage at the non-reducing end LacNAc unit can also occur, thereby terminating
branch extension. Fucose addition to GIcNAc in al1-3-linkage may also occur,
although whether or not this modification to the non-reducing end LacNAc unit is a
terminating modification is unclear. This path that can lead to both branched and
linear (non-branched) structures containing >1 LacNAc unit.

It is remarkable that the specific glycosyltransferases responsible for the

biosynthesis of all HMGs beyond lactose are unclear. It is believed that most of these

glycosyltransferases are enzymes that are currently known, and genetic evidence

discussed below is consistent with this, but some enzymes have not yet been defined

either genetically or biochemically. For example, two enzymes are known, mainly

because of the presence of a large number of individuals in the human population lacking



these enzymes and thus the modifications these enzymes produce. These enzymes are the
FUT2 (Secretor) enzyme responsible for the addition of at1-2-linked Fuc to LacNAc I
units or lactose to form 2’-fucosyllactose (2’-FL) and the FUT3 (Lewis) enzyme
responsible for the addition of a1-4-linked Fuc to HMGs and a1-3-linked Fuc to 2°-FL to
form lacto-difucotetraose (LDFT), as described in more detail below. One modification,
the addition of a2-6-linked Neu5SAc to GIcNAc, is a relatively unique modification that
rarely occurs on other human glycoconjugates and hence has received little study. As a
result, the identity of this glycosyltransferase is unclear and represents an example of an
unidentified glycosyltransferase specifically involved in HMG biosynthesis. For these
reasons, the biosynthetic route of HMGs including those depicted in Figure 1, are
primarily based on knowledge of known HMG structures.

Despite the relatively large number of HMGs (>200) in human milk, the
structures contain only a handful of determinants, which are defined as the “functional”
features of a glycan, especially based on their ability to interact with glycan-binding
proteins (GBPs), antibodies, and other binding partners through the recognition of 2-5
monosaccharide residues [11]. Some of the major glycan determinants found on HMGs
include LacNAc I, LacNAc II, the Sambucus nigra lectin (SNA) binding determinant
(Neu5Aca2-6GalB1-4GIlcNAcp-), Blood Group H Type I (Fucal-2GalB1-3GIcNAcp-),
Lewis a (Galp1-3(Fucal-4)GlcNAcf-), Lewis b (Fucal-2Galp1-3(Fuca1-4)GIcNAcp-),
Lewis x (Galp1-4(Fucal-3)GIcNAcpB-), Lewis y (Fucal-2Galf1-4(Fucal-3)GlcNAcf-),
sialyl Lewis a (Neu5Aca2-3GalB1-3(Fucal-4)GIcNAcp-), and the so-called “sialyl
Lewis ¢” determinant (Neu5AcGalf1-3GlcNAc-) [8]. One of the most striking

observations is the predominance of HMG structures containing LacNAc I and/or o.-



linked fucose, including the Lewis a and Lewis b determinants [8, 12]. These features are
highly unique to human milk glycans compared to milk glycans from other animals,
suggesting an evolutionary adaptation specific for humans [12, 13]. Interestingly, HMGs
do not express the A or B blood group antigens [14], although as discussed below, they
can express the O(H) antigen.

The human milk glycome beyond lactose and derived only from the lactating
mammary gland is remarkably unique compared to the milk glycomes of other mammals,
even different primates, suggesting a strong evolutionary adaptation [15]. The term
“glycome” is used to denote a constellation of glycans synthesized by a specific
organism, organ, tissue or cell. The human milk glycome is especially and uniquely rich
in both LacNAc I determinants and fucosylated determinants, contains significantly more
structures, and has a much higher glycan concentration than in other mammalian milk
samples (reviewed in [12, 16]). These features are especially true when comparing the
human and bovine milk glycomes, which share a few similarities but even more
differences. Human and bovine milk contain the sialylated milk glycans 3°-SL and 6’-SL,
whereas bovine but not human milk contains N-glycolylneuramininic acid (Neu5Gc, a
sialic acid) in place of NeuSAc on some acidic milk glycans. Additionally, there is a
nearly complete absence of fucosylated glycans and LacNAc I determinants in bovine
milk along the presence of unique structures not seen in human milk such as structures
containing LacNAc II instead of lactose at the reducing end. Finally, the glycan
concentration and number of structures in bovine milk is substantially lower than in
human milk [17]. Most importantly, even if adjusted for concentration differences,

bovine milk glycans promote different functional effects on human cells than HMGs such



as differences in gene expression by intestinal epithelial cells [18]. For these reasons,
bovine milk glycans are far from ideal substitutes for HMGs in infant formula.

Another interesting structural feature of HMGs is the structural diversity within
and between mothers, especially diversity arising from genetic status. It has been shown
that genotype affects the HMG structures and HMG concentrations in human milk. The
major genetic variances seen in the human population that affect HMG structure and
concentration are the Secretor and Lewis genes. The Secretor gene encodes the Secretor
protein FUT2, an a1-2 fucosyltransferase responsible for the addition of a.1-2 fucose
preferentially onto Type I LacNAc structures (Galp1-3GlcNAc-) to generate the Blood
Group H Type 1 determinant (Fuca1-2GalB1-3GlcNAc) [19]. In mothers lacking a
functional copy of the Secrefor gene (Secretor-negative), HMGs containing the Blood
Group H Type 1 determinant, including lacto-N-fucopentaose I (LNFPI; Fucal-2Gal@1-
3GIcNAcp1-3Galp1-4Glce), are absent in their milk [20]. Additionally, Secretor-negative
milk lacks 2’-fucosyllactose (2°-FL; Fucal-2Galp1-4Glc), the most abundant HMG in
human milk [12, 20]. The prevalence of Secretor-negative mothers can range from 1-20%
depending on the population [20-22].

The Lewis gene encodes another fucosyltransferase, the FUT3 fucosyltransferase,
responsible for the addition of a1-3 and a.1-4-linked fucose to GIcNAc, as in GalB1-
3GlcNAc- determinants to form the Lewis a glycan determinant (Galp1-3(Fucol-
4)GIcNAc), and a.1-3-linked fucose to 2’-FL to form lacto-di-fucotetraose (LDFT;
Fucal-2Galp1-4(Fuca1-3)GlIc) [23]. Of historical significance, this FUT3 enzyme
responsible for the Lewis phenotype was actually first purified from human milk to

biochemically define the specific substrates of this enzyme [23, 24]. In mothers lacking a



functional copy of the Lewis gene, LDFT and a1-4-fucosylated HMGs such as lacto-N-
fucopentaose II (LNFPII; Galp1-3(Fucal-4)GIcNAcPB1-3Galf1-4Glc) are absent [20].
Similarly to the Secretor-negative phenotype, the Lewis-negative phenotype prevalence
varies by population, with a range of about 5-25% [20]. [20]. It is noteworthy that the
Lewis enzyme FUT3 is the only enzyme in humans capable of synthesizing two different
glycan linkages, as it can generate both Fucal-3GIcNAc and Fucal-4GlcNAc
modifications.

A small percentage of individuals lack functional copies of both the Secrefor gene
and Lewis gene. In these individuals, Blood Group H Type 1 and Lewis a determinants as
well as 2°-FL are absent in milk. Fucosylated HMGs are still present though, specifically
structures carrying o.1-3-linked fucose such as 3-fucosyllactose (3-FL; Galp1-4(Fucal-
3Glc) and lacto-N-fucopentaose III (LNFPIIL; Galp1-4(Fucal-3)GIcNAcB1-3Galp1-
4Glc). This rare HMG genotype only makes up 1% or less of the population, at least
within European populations [20].

To date, no milk samples devoid of a.1-3-fucoslyated HMGs have been identified,
but the fucosyltransferase responsible for this addition is unclear due to the lack of a
genetic marker. Other known a1-3 fucosyltransferases (FUT4, FUTS, and FUT6) capable
of generating such a1-3-fucoslyated glycans based on previous activity studies on these
enzymes [25], although the expression of these enzymes in mammary tissue has not been
thoroughly studied. Additionally, no studies to date have described variability in
expression of other HMG glycan determinants besides a1-2- and a1-4-fucosylated

HMGs.
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Thus, Thurl et al. first proposed that the human population contains at least four
different HMG “phenotypes” in milk: Secretor Lewis', Secretor Lewis", Secretor' Lewis’,
and Secretor Lewis [20]. These phenotypes can be determined based on genetic methods
and/or the presence of 2°-FL and LNFPII in mothers’ breast milk samples. The
proportions of these four phenotype varies between different human populations; for
example, Latin American populations have a much lower prevalence (~1%) of the
Secretor-negative phenotype and a higher prevalence of the Lewis-negative phenotype

vs. European populations [21].

iii. Analytical Studies of HMGs

Qualitative and quantitative studies on HMGs have shown that HMGs are a
remarkable component of human milk. The HMG concentration of human milk is so high
that HMGs are one of the major biomolecules in human milk along with lactose, lipids,
and protein. Unlike the latter three, HMGs are mainly non-nutritional, which may explain
why they have been much less studied than the nutritional components. Nonetheless, this
high concentration of HMGs has made people wonder why HMGs are such a major
component of human milk even though they do not represent a significant direct
nutritional source for the infant (see the Metabolism and Digestion of HMGs section
below for more information). An excellent review on the major analytical studies that
determined the concentration of individual and total HMGs in human milk has been
recently published [12].

The total HMG concentration in human milk ranges from about 8-25g/L [12, 26,

27]. The concentration ranges of the most common HMGs in human milk are displayed
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in Table 1. It should be noted that the values of the individual and total HMG
concentrations are based on the average concentration in samples as opposed to
individual samples. The fact that these average concentrations also gave very high
standard deviations (sometimes reaching a %CV as high as 150%) suggests that much
individual variation is also present in total and individual HMG concentrations (refer to
the data reviewed and presented in [12]). The high variability between studies is a result
of both biological heterogeneity and the technical methodology used for HMG
measurement [13].

The biological heterogeneity in HMG concentrations is due to a number of factors
including genotype, number of days postpartum, and possibly other factors. In the case of
genotype, lack of expression of the Secretor al-2 fucosyltransferase results a reduction of
total HMG concentration in human milk [28]. The most likely reason for this reduction is
because 2’-FL, the major HMG in human milk, is no longer synthesized. As a result, less
2’-FL is produced from lactose, and hence less total lactose is converted to HMGs.
Additionally, the large concentration range of certain fucosylated HMGs (Table 1) is
likely primarily due to heterogeneity in the Secretor and Lewis phenotypes within the
human population. Depending on the population studied, the proportion of Secretor-
and/or Lewis-negative individuals may vary. If the population studied contains a lower
prevalence of the Secretor- and/or Lewis-negative genotype, the lower the concentration
of specific fucosylated HMGs, and vice-versa. The total HMG is also higher in colostrum
than in mature milk, being around 20-25g/L in colostrum and 10-17g/L in mature milk,
and the total HMG concentration as well as concentrations of most individual HMGs

appears to decrease as the number of days postpartum increases [26, 28, 29]. Individual
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variations in HMG concentrations are also seen that are independent of lactation stage or
genotype [30], suggesting that other unknown factors may influence HMG concentration
in human milk.

The technical methodology may also play a role in HMG concentration
measurements. Most quantitative studies in the last 30 years have used quantitative
HPLC analyses, including HPLC of fluorescently derivatized HMGs and HPAEC-PAD
of underivatized HMGs, to measure total and individual HMG concentrations. These
chromatographic methods, along with prior methods for HMG enrichment from milk, all
introduce important analytical variables that may not be well controlled. For example,
some methodologies require prior removal of lactose by an initial chromatography step
[28, 31], which may unintentionally result in some HMG sample loss, and most studies
did not include internal standards to measure and adjust for HMG loss during this step.
Besides HMG loss during processing, analytical chromatography measurements rely on
the selection and suitability of the reference standard(s) as well as a chromatography
method that quantitatively separates HMGs from lactose, monosaccharides, and other
contaminating biomolecules. Moreover, reporting the total HMG concentration in human
milk using chromatography-based measurements presents an additional difficulty of
being able to quantitate a highly structurally heterogeneous population. One method of
total HMG quantitation is using a chromatography method where HMGs elute as a single
peak separately from lactose and monosaccharides [26]. While very straightforward, this
methodology may underestimate the total HMG concentration because not all HMG may
elute together. A second methodology separates the HMGs by chromatography and

measures the total HMG concentration as the sum of the concentrations of the individual
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HMGs, which are mostly simple HMG structures including 2’-FL, 3-FL, LNT, LNnT,
LNFPI, LNFPII, LNDFHI, LNDFHII, 3°-SL, 6’-SL, DSLNT, LSTa, LSTb, and LSTc
[27-29, 32]. Some of these studies utilizing this methodology also separated neutral and
acidic (i.e.-sialylated) HMGs by ion-exchange chromatography prior to the analytical
chromatography to reduce chromatogram complexity [28, 31, 32], which may again lead
to some uncontrolled HMG loss due to elution with contaminants, inadequate elution
from column, etc. For these reasons, the actual individual HMG concentrations are likely
an underestimate since the more complex HMG structures may not be quantitated and/or
HMG sample loss may have occurred.

The major HMG structure in human milk is typically 2’-FL (1-5g/L), while the
Type 1 LacNAc-containing HMG structures LNT and LNFPI (0.5-4g/L) are also highly
abundant (Table 1). LNnT, 3-FL, LDFT, LNFPII, LNFPIII, LNDFHI, and LNDFHII as
well as the sialylated HMGs LSTa, LSTb, LSTc, DSLNT, 3°-SL, and 6’-SL (0.05-2g/L)
are also relatively abundant (Table 1) [12]. Over 200 more HMG structures also exist,
although these structures are much less abundant and not as well understood in terms of
their actual concentration and concentration ranges in breast milk [8]. The biological
significance of these complex HMGs is also unclear, especially because these structures
are present at such low concentrations. One explanation may be that the more complex
structures may be of low abundance simply because they have biological effects at very
low concentrations in contrast to the simple HMG structures. This suggestion may be
supported by the findings of this study, where some glycan-binding proteins appear to
bind strongly to these more complex HMG structures, perhaps even stronger than to the

simple HMG structures (described in more detail in Chapter 2 and Chapter 3).
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Therefore, more analytical studies and biological studies on these complex HMGs are
needed.

These analytical studies have been essential for the understanding of the structural
and quantitative aspects of human milk. They have also shown how complex human milk
is since the concentrations of HMGs (and other bioactive components) vary over the
course of lactation and even between individuals. Despite the complexity, these studies
will prove useful from a clinical and pharmaceutical standpoint if research and clinical
studies continue to show health benefits from HMGs and their supplementation in infant
formula. Furthermore, the analytical studies have also raised some important questions
about HMG diversity and concentration. For instance, does alteration in HMG
composition and/or concentration affect infant health? The diversity of genetic status and
its affect on HMG structures present in human milk also raises the question of whether or
not HMG compositions from these different genetic backgrounds not only affect infant
health, such as the gut microbiota and microbiome (as described below), but also why
they exist in the first place. If one genetic background were found to be less efficient in
its function, why would such a genetic background represent a significant fraction of the
human population? In addition, would HMG supplementation into human milk from
these less efficient genetic backgrounds (ex-2’-FL supplementation into Secretor-
negative milk) help restore the beneficial effects lost? These questions are all worth
future study to further unravel how HMGs affect and improve infant health, as well as
what combination of structures, concentrations, and feeding duration leads to the best

effect on infant health.
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iv. Metabolism and Digestion of HMGs by Infants

Lactose, the predominant glycan found in human milk, functions as a significant
carbon and energy source for the infant. On the other hand, HMGs generated from a
lactose precursor may not serve as a significant nutritional source for the infant (at least
not directly, since fermentation by the colonic microflora may generate some short-chain
fatty acids that may be used as an energy source by humans). The major reason for this
belief is because HMGs can be left out of infant formula without any consequence on
infant nutrition although, as described in this study, the HMGs may still have health-
benefiting bioactive properties. Some in vitro studies have been carried out to understand
HMG digestion, role as a bioactive factor, and even localization in the infant, to further
understand the role of HMGs in the infant.

In vitro studies have suggested that minimal hydrolysis of HMGs occurs in the
upper GI tract. For example, studies showed little if any hydrolysis of HMGs by human
intestinal brush border membranes [33, 34] and human duodenal aspirates [33].
Furthermore, acidic (pH = 2.5) conditions similar to the pH of stomach acid had little
effect on HMGs, although very slight desialylation of sialylated HMGs was detected,
after 2 hours of incubation [34]. On the other hand, whole porcine pancreas extract,
which contains glycosidases that are normally localized to intracellular compartments,
especially the lysosome, showed hydrolytic activity against HMGs [33]. While pancreatic
secretions and small intestinal brush border membranes are thus incapable of hydrolyzing
HMG:s, intracellular enzymes (like lysosomal enzymes) are still capable of HMG
digestion. Therefore, it cannot be ruled out that some HMG digestion may occur if HMGs

are taken up (ex-by pinocytosis) and directed through the endosomal pathway.
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Unfortunately, the contribution of pinocytosis and other methods (ex-specific
transporters) for HMG uptake by enterocytes has not been well studied. These studies
may also be important to understand another phenomenon of HMGs: their appearance in
infant urine [35].

HMGs were determined to be present in the urine of both preterm [35] and 3-6
month postpartum infants [36], indirectly suggesting that HMGs enter the circulatory
system. It should be noted, however, that lactose and sialic acid are also detected in the
urine of both breast- and formula-fed infants [35], meaning that this phenomenon is not
limited to glycans in human milk. The source of these HMGs was determined by feeding
the mother "*C-labeled galactose, the appearance of '°C-labeled HMGs in the mother’s
milk, and subsequent appearance of *C-labeled HMGs in the infant urine [36].
Therefore, the HMGs were derived from the mother’s breast milk. That study by Rudloff
et al. also calculated an average of ~1% of the total amount of HMGs from mother’s milk
ends up in the infant’s urine [36]; the limitations of this calculation were that only one
infant was tested at five time points, and only the concentration of two HMGs (LNT and
LNFPII) were measured, which does not take into account the potential of differential
HMG absorption and/or excretion of different HMG structures. HMGs have also been
detected in the urine of formula-fed infants [35]; the source of these glycans is likely the
cow’s milk used as the base for infant formulas. Recently, more direct evidence showed
the presence of some but not all HMGs breast-fed infant plasma, although those HMGs
that were present, such as 2°-FL, in the plasma were at more than a 10-fold lower relative
concentration (~0.05% of total HMG concentration in milk) than seen in urine (~1-4%)

[37]. Therefore, HMGs appear to enter the infant circulation.
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The mechanism by which HMGs enter the circulation is still not fully understood.
In the Caco-2 cell line, it was shown that neutral and acidic HMGs can be applied to the
apical side and recovered from basolateral side [37, 38]. Indirect studies suggest receptor-
mediated transcytosis may partially explain neutral HMG transport because neutral but
not acidic HMGs appear in the intracellular fraction after exposure to the apical side only,
and both brefeldin A and bafilomycin A partially inhibited LNFPI and LNT (neutral
HMGs) but not 6’-SL (an acidic HMG) transcellular transport in Caco-2 cells [38].
Furthermore, the transport of at least LNFPI and LNT were saturable, showing specific
receptors were involved [38]. On the other hand, 6’-SL transport occurred equally when
applied to either the apical or basolateral side of the membrane, leading the authors to
suggest that 6’-SL and other acidic HMGs are transported primarily by paracellular
transport [38], although pinocytosis cannot be ruled out. Indeed, the role of pinocytosis in
HMG transport has not been studied, which also play a role in both neutral and acidic
HMG transport in a more non-specific manner. Studies of HMG transport within the
primary intestinal epithelial cells as well as within the human intestinal tract are lacking
and needed in order to help pinpoint where HMG transporters are expressed in the small
and/or large intestine, the identity of the neutral HMG receptor(s), and if HMG transport
is different for different HMG structures and in different parts of the infant intestine.
Importantly, HMGs are more likely to be digested by microbes in the large intestine than
the small intestine, since the small intestine (especially the upper parts) contains few
microbes and low microbial diversity. In other words, HMG transport in the colon may

be a “kinetic battle” between microbial HMG digestion vs. HMG uptake by the colonic
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epthelium. Thus, HMGs pass largely intact through most of the GI tract but will be
digested to some degree by the colonic gut microflora.

The significance of these studies is that it suggests HMGs may enter the infant’s
circulatory system and disseminate throughout the infant’s body. In other words, the
effects of HMGs may not merely be limited to the GI tract and may have more systemic
effects, although the majority of known HMG functions occur in the GI tract. Five classes
of HMG functions can be defined (Figure 2) and are described in more detail in the

following five sections.

v. Functions of HMGs: Prebiotics and Microbiome Regulation

One of the oldest known functions of HMGs is to act as prebiotics to promote the
growth of potentially symbiotic microbes in the infant intestine and, as a result, alter the
infant gut microbiome in a potentially beneficial manner. Since around 1900, it has been
known that human milk promoted the growth of a specific genus of bacteria, the
Bifidobacteria that were, at the time, thought to be a single species termed Lactobacillus
bifidus (reviewed in [7]). In 1953, Gyorgy identified the unknown non-lactose
carbohydrate fraction of human milk, termed “gynolactose” at the time, as the so-called
“bifidogenic factor” of human milk [39]. This seminal study led to efforts to structurally
and functionally characterize the glycans of this “gynolactose” fraction (reviewed in [7]).
Due to the potential ability of these bacteria to inhibit pathogen colonization and
infection by reducing the intestinal pH and/or competing for nutrients [7, 39], this

prebiotic property of HMGs became a topic of major interest, especially in the 21%
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century where a substantial role of the microbiota in controlling health and infection has
been accepted.

HMG:s are classified as prebiotics, which are biomolecules that are not digested
by humans but rather support the growth and maintenance of beneficial microflora,
particularly in the GI tract [40]. Some microbes use these prebiotic HMGs as their major
source of carbon and/or energy, which allows HMGs to promote the colonization and
growth of these microbes in the infant’s distal GI tract, especially the colon. The
experimental method of measuring prebiotic activity is by incubating microbial strains
known to occur in the gut microbiota of human milk-fed infants in a medium containing
total HMGs or specific HMG structures as the sole carbon and energy source [41]. Using
this method, HMGs have been found to serve as a primary source of carbon and energy
for symbiotic bacteria such as Bifidobacterium longum subsp. infantis and specific strains
of Bifidobacterium longum subsp. longum, Bifidobacterium breve, and Bifidobacterium
bifidum [41-45]. Interestingly, at least some strains of Bifidobacterium longum subsp.
infantis preferentially utilize HMGs as the major carbon and energy source over glucose
[41]. A few other species, including specific strains of Bacteriodes thetaiotaomicron,
Bacteriodes fragilis, Bacteriodes caccae, Bacteriodes vulgatus, and Lactobacillus
delbruckii may also utilize HMGs [45-47]. Very few other gut bacterial strains are known
to metabolize HMGs. Since not all strains of a given species catabolize HMGs [42], the
selection for gut colonization in human milk-fed infants is likely based on the strain-level
rather than species-level. Hence, even species-level microbiome analyses must be

interpreted with care and the knowledge that only specific strains of these bacterial
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species are likely present, each of which may present its own unique set of functions of
the species’ pangenome.

How do HMGs enrich for specific Bifidobacteria species and other bacterial
strains? There are at least two ways, the first being these bacteria express enzymes to
catabolize HMGs and utilize specific monosaccharide or disaccharide structures as an
energy and/or carbon source. Secondly, HMGs express the determinants that can be
utilized by these bacteria. For example, the LacNAc I determinant (GalB1-3GIcNAcp-) is
a major determinant found on HMGs such as LNT and a major target of digestion by
specific Bifidobacterium strains [48, 49]. Interestingly, structures containing non-
reducing LacNAc I (Galp1-3GlcNAcp1-3R) determinants predominate over Type II
terminating LacNAc structures (Galf1-4GlcNAcf1-3R) in human milk, which is in stark
contrast to nearly all other known animal milks where structures containing non-reducing
LacNAc II determinants predominate [12]. This difference may possibly contribute to
differences in microbiome regulation between infant humans and other primates. In fact,
it has been hypothesized that these LacNAc I determinants may predominate in human
milk because they are the major determinant metabolized by Bifidobacterium strains and
thus represent the “true bifidus factor” of human milk and the HMG fraction [12, 48].

Other possible HMG determinants utilized by these bacteria are o-linked sialic

acid and a-linked fucose. Sialylated HMGs such as 3’-SL and 6’-SL are utilized by
strains of Bifidobacteria and Bacteriodes [45, 47]. Most of these sialylated HMG-
utilizing strains produce neuraminidase enzymes and, in the case of strains of
Bifidobacterium longum subsp. infantis and Bacteriodes fragilis, the liberated Neu5Ac

can be directly catabolized as a source of carbon and energy [47, 50]. Fucosylated HMGs
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such as 2’-FL, 3-FL, and LDFT are utilized by some Bifidobacteria and Bacteriodes
strains [45]. It should also be a.1-2 and a.1-4 fucosylation are also variable within the
human population (described in more detail in the Analytical Studies of HMGs section).
These differences in HMG fucosylation may confer functional differences in infants,
including differences in the microbiota composition. Indeed, Lewis et al. showed that
Secretor-positive mother’s milk is associated with a more beneficial microbiota,
including higher Bifidobacteria levels, and faster acquisition of a beneficial microbiota in
infants vs. Secretor-negative mother’s milk [51]. Therefore, differences in HMG
composition between mothers and a given mother over time (ex-colostrum vs. mature
milk) has functional consequences on at least the microbiota composition and
susceptibility to gastrointestinal infectious diseases (see Inhibition of Infectious Diseases
section below). While a-L-fucosidase enzymes are expressed by most of these microbes
[47, 52], whether or not the released L-fucose acts as a carbon and energy source is
unclear, as is whether or not fucosylation itself or the increased HMG levels in Secretor-
positive milk promoted the increased Bifidobacteria levels in the Lewis et al. study [51].
Therefore, a number of HMG determinants besides LacNAc I may serve as prebiotics for
symbiotic bacterial species. For more intensive information on the mechanisms of HMG
uptake and metabolism by Bifidobacteria and other bacteria, a number of useful reviews
are available [52-54].

Human milk is likely one of the major factors controlling the gut microbiota
composition of infants. In fact, of 18 different variables tested, only five were found to
significantly affect the gut microbiota of infants, one of the two most dramatic being the

method of feeding (exclusive breast-feeding vs. exclusive formula-feeding or
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combination feeding) [55]. The difference in the gut microbiota between breast-fed and
formula-fed infants is seen by both culture-based and genome-based methods and likely
results from the presence of HMGs in human milk [56, 57]. As described earlier, breast-
fed but not formula-fed infants also exhibit a Bifidobacteria-rich gut microbiota, as seen
by an increased frequency of Bifidobacteria carriage and/or proportion of the total gut
microbiota vs. formula-fed infants [58, 59]. The initial source of these microbes is most
likely from the mother since monophylic strains have been identified in the infant gut that
match those found in the mother’s vagina and even mother’s milk itself [60, 61],
suggesting the vaginal births and breast-feeding are also important in delivering and
establishing these probiotics in the infant intestine. HMGs are thought to be a major
contributor to these differences in the microbiome between human milk-fed and formula-
fed infants. To date though, no direct experimental or epidemiological evidence of the
degree of HMG influence on these microbiota changes is available, such as studies on
microbiota composition between infants fed formula and formula supplemented with
HMGs.

The potential biological significance of these microbiome changes and symbiotic
bacteria enrichment is manifold, and some of the known effects of these probiotics are
described here. First, these microbes may inhibit colonization, levels, and/or virulence of
potentially pathogenic organisms. For example, infant formula supplementation with
Bifidobacterium bifidum along with Streptococcus thermophilus was shown to reduce the
incidence of diarrhea and rotavirus carriage vs. unsupplemented formula [62].
Additionally, carriage rates of potentially pathogenic bacteria such as Clostridium

difficile and Enterococcus faecalis is typically lower in breast-fed vs. formula-fed infants
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[55, 56, 58]. The mechanisms of these antimicrobial and anti-virulence effects are likely
multifactorial, including competition for nutrients and colonization sites due to high
levels of carriage (up to 10" Bifidobacteria cells/g stool) [55, 56], Bifidobacteria-
mediated acidification of intestinal lumen contents [58, 63], production of antimicrobial
compounds such as bacteriocins [64], and possibly other methods. Moreover, these
bacterial species regulate a number of immunological responses, such as increased IL-10
and IFN-y production, Th1:Th2 balance vs. the Th2-biased immature or germ-free
intestine, reduced risk of inflammatory bowel diseases, and stimulation of T cell
activation and immune system development mediated by Bacteriodes fragilis
Polysaccharide A [65, 66]. Bacteriodes thetaiotaomicron also stimulates mucin
production and goblet cell differentiation in the colon [67], which may be important for
establishing the initial barrier between the gut microbiota and intestinal epithelium. The
lack of or defects in this mucus barrier result in bacterial contact with the intestinal
epithelium, which is thought initiate inflammation and ultimately result in inflammatory
bowel diseases [68, 69]. Additionally, these bacteria supply a number of beneficial
nutrients and bioactive components including short-chain fatty acids (SFCAs). These
SFCAs not only serve as a major energy source for colonocytes and other cell types but
also promote a number of health benefits including reduced weight gain and increased
levels of anti-inflammatory regulatory T cell populations in the intestine (reviewed in
[70]). Therefore, HMGs promote the establishment of these symbiotic bacteria that may
assist with health, physiology, immunity, and development of newborns and infants.

However, more studies are needed to confirm that the breast-fed infant gut microbiota
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improves health, immunity, and/or development vs. that of formula-fed infants and if
HMGs play a major role in these microbiota differences.

HMG regulation of the microbiota may also possibly contribute to disease. A
recent study showed that mice fed milk deficient in a2-3-sialylated but not a2-6
sialylated HMGs were slightly more resistant to DSS-induced colitis [71]. The authors
suggested that this effect was at least partially due to alterations in the gut microbiota
since microbiota transfer from the a2-3 sialic acid-deficient milk mice to germ-free mice
caused higher resistance to DSS-induced colitis vs. microbiota transfer from mice fed
normal milk [71]. A follow-up study showed that this effect is at least partially due to
stimulation of CD11c¢" dendritic cells in the gut in a TLR4-dependent manner [72]. The
authors proposed that 3’-sialyllactose (3’-SL), a major a2-3 sialylated HMG in human
and mouse milk, was the primary contributor [71, 72], although this was not
experimentally verified. The use of cross-feeding of mice between mothers with or
without the ST3Gal4 knockout also raises another variable that was not controlled for.
Additionally, a genetic knockout of ST3Gal4 may have other effects such as loss of a2-3
sialylation of milk glycoproteins, alteration of milk composition, etc. The follow-up study
[72] did use defined, LPS-free 3’-SL, which did induce colitis, but lactose was used as
the control and not 6’-SL or some other non-digestible HMG; in addition, the results
were only tested in an IL-10 knockout background. Therefore, additional studies are
needed to confirm that these results are valid.

In spite of these prebiotic effects and possible relationships with health and
disease, the prebiotic function of HMGs may not fully explain the total potential health

benefits of HMGs. One major reason for this belief is because supplementation of infant
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formula with plant-derived oligosaccharides, such as fructooligosaccharides (FOS) and/or
galactooligosaccharides (GOS), causes the same prebiotic and intestinal lumen acidifying
properties as human milk [73]. However, recent systematic studies have shown little to
no health benefit of these FOS/GOS supplementations [74, 75]. It should be noted though
that the microbial strains may be somewhat different between human milk- and prebiotic
formula-fed infants since the strains metabolizing HMGs and FOS/GOS may not overlap
[41, 43, 54]. Although far from a perfect model for drawing conclusions, this observation
suggests the beneficial effects of HMGs may only be partially explained by their

prebiotic effects.

vi. Functions of HMGs: Inhibition of Infectious Diseases

HMGs contain glycan determinants that are highly similar to those expressed on
the cell surface, such as the Blood Group H determinant, Lewis determinants, LacNAc I,
LacNAc II, and a2-6-sialylated LacNAc II (NeuSAca2-6Galf1-4GlcNAcf1-3-). For this
reason, the free, solution-based HMG structures are in a prime state to act as soluble
inhibitors of cell surface binding by glycan-binding proteins (GBPs), including the GBP
adhesins expressed by pathogens (reviewed in [76, 77]). Indeed, HMGs have been found
to act as inhibitors of binding to and infecting cells by numerous pathogens; the HMG(s)
responsible for this inhibition are typically mimics of the cell surface glycoconjugates
receptor(s) for the given pathogen (reviewed in [78]). Hence, HMGs may function as
“receptor decoys” against pathogens.

The first suggestion of an anti-adhesive function of HMGs was suggested by

Kuhn and colleagues, who discovered that human milk inhibited influenza virus
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infection; they suggested that sialic acid, a component of the HMG fraction and known
receptor of influenza virus, mediated this effect via binding to the influenza and
preventing the virus from binding the sialylated cell surface receptors (reviewed in [7]). It
is currently well known that influenza viruses bind to 3’-SL and/or 6’-SL depending on
the strain [79], although the binding strength to these sialyllactoses is probably non-
physiological since the binding affinity is typically in the millimolar range. More
recently, analysis of human influenza virus binding to natural human milk glycan
microarrays showed a specificity of human influenza viruses for specific sialylated HMG
structures, which may represent relatively high affinity structures [80]. Due to the paucity
of studies though, more in vitro and in vivo studies on the effects of the protective effects
of sialylated HMGs against human influenza virus infection are still needed to confirm
these observations.

Many studies have shown anti-adhesive effects of HMGs towards a number of
pathogens and toxins including Campylobacter jejuni, Vibrio cholerae and cholera toxin,
enteropathogenic Escherichia coli strains and E. coli heat-stable toxin (ST-E. coli),
specific strains of norovirus, Pseudomonas aeruginosa, Steptococcus pneumoniae,
Haemophilus influenzae, and influenza viruses (reviewed in [78, 81]. While the
interaction of HMGs with gastrointestinal pathogens is more likely to occur in vivo due to
the very high local HMG concentration in the breast-fed infant GI tract, it is also
plausible that HMGs interact with respiratory pathogens since a fraction of HMGs enters
the circulation and thus could conceivably enter the respiratory tract [36, 37]. Support of
these interactions between pathogens and HMGs is mainly derived from in vitro studies,

such as inhibition of cell infection and/or pathogenesis, along with animal studies
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supporting a role in protection against infection and/or disease severity (as an example,
refer to [82]). Although the in vitro studies may support a mainly receptor decoy effect,
other effects such as immune-modulation cannot be fully ruled out. Additionally, the
results of the in vivo studies are complicated by other factors including regulation of the
microbiota and gene expression, so the effects of HMGs in vivo may not be exclusively
due to receptor decoy activity. However, strong evidence exists for HMGs inhibiting
infection or virulence by three pathogens: C. jejuni, ST-E. coli, and noroviruses
(described in more detail below).

Epidemiological studies also support the notion that HMGs protect against
infection. For example, within Secretor-positive mother-infant pairs, higher levels of 2°-
fucosylated HMGs are associated with slightly increased protection against
gastrointestinal infectious diseases, including C. jejuni, heat stable-toxin-associated
diarrhea, and norovirus [21, 83]. These epidemiological findings supported the in vitro
and animal model studies that 2’-fucosylated HMGs inhibit infection and/or virulence of
C. jejuni, ST-E. coli, and norovirus [14, 82, 84]. While these epidemiological findings are
typically credited to the inhibition of pathogen adhesion (i.e.-“receptor decoy”) property
of HMGs, other HMG activities such as regulation of immune responses and the
microbiota cannot be ruled out as contributors to this phenomenon. Nonetheless, HMGs
may inhibit infection by a number of pathogens, especially the gastrointestinal pathogens
C, jejuni, ST-E. coli, and norovirus strains, at least partially due to receptor decoy

activity.
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vii. Functions of HMGs: Regulation of the Immune System

Besides acting on microbes and the microbiota, HMGs can directly function as
regulators of immunological and physiological processes. Most of these effects have been
studied ex vivo by adding defined, purified HMGs to cell or tissue cultures and examining
changes in the cell morphology, viability and proliferation, differentiation, factor (ex-
cytokine) secretion, etc. The cells/tissues tested have been primarily intestinal epithelial
cells and leukocytes, cell types that are likely to come in contact with ingested and/or
absorbed HMGs. The effects on other cell types that likely come in contact with HMGs,
especially epithelial cells in the upper GI tract (oral cavity, esophagus, stomach, and
duodenum), remain to be tested.

The seminal study on the immune-regulatory function of HMGs was by Eiwegger
et al. in 2004, who showed that total acidic HMGs slightly altered the percentage of T
cells expressing specific cytokines, including IFN-y and IL-13 [85]. Additionally, total
sialylated HMGs increased the percentage of CD4" T cells that expressed CD25, a
marker of T cell activation, suggesting that sialylated HMGs may also stimulate T cell
activation and/or differentiation [85]. A follow-up study in 2010 by Eiwegger et al.
showed that total sialylated HMGs also slightly stimulated IL-10 and IFN-y but not IL-13
production by cord blood mononuclear cells [86]. In addition, total sialylated HMGs
slightly reduced IL-4 production by Ara hl-specific T cells from individuals with peanut
allergies but not T cells from healthy patients. Furthermore, there is controversial
evidence that sialylated HMGs may interact with selectins on leukocytes to reduce
leukocyte rolling and neutrophil activation [87, 88]; the reason for the controversy is

described in more detail in the HMG Interactions with Human Glycan-Binding
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Proteins section. Neutral HMGs can also regulate cytokine production; for example,
physiological concentrations of 2’-FL reduced IL-8 expression by epithelial cells
stimulated with LPS [89]. Surprisingly, even lactose may regulate immune responses;
Cederlund et al. identified lactose as the major component of human milk that promoted
increased expression of hCAP-18, the precursor of the cationic antimicrobial peptide LL-
37, in colonic epithelial cells and monocytes [90]. Therefore, HMGs regulate a number of
immune responses from cytokine and antimicrobial peptide expression to immune cell
activation.

He et al. recently published a highly in-depth study on the immunoregulatory
functions of colostrum. In that study, the authors showed that total colostrum HMGs but
not total mature milk HMGs changed the gene expression profile of primary human fetal
intestinal tissue, specifically cytokines, cytokine receptors, chemokines, and signaling
factors [91]. Analysis of the cytokines and regulatory pathways altered by the colostrum
HMGs suggested upregulation of Thl cytokines, downregulation of Th2 cytokines, slight
downregulation of Th17 cytokines including IL-17, downregulation of proinflammatory
cytokines (TNF-a, IL-1f, and IL-6), and downregulation of chemokines (including the
potent neutrophil-recruiting chemokine IL-8) in resting and/or PAMP-stimulated fetal
intestinal tissue [91]. In contrast to the Eiwegger et al. 2010 study described above, the
anti-inflammatory cytokine IL-10 showed increased mRNA expression but slightly
reduced protein expression in the He et al. study [91]. This IL-10 downregulation may be
a response to the concurrent downregulation of proinflammatory cytokines so that a
balanced and moderate strength immune response is generated. The reason that colostrum

but not mature milk HMGs stimulated these changes is still unclear, but it may involve
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the physiology of preterm vs. term intestinal tissue in its capacity to respond to HMGs
(ex-differential expression of GBPs, as suggested in this current study) and/or
unidentified glycan structures that are present in colostrum but not mature milk.
Therefore, HMGs appear to promote production of cytokines that promote anti-
inflammatory effects and/or slightly redirect the immune system from Th2 to Thl
responses (ex-IFN-y) and thereby lead to a more balanced Th1:Th2 response or a
Th1:Th2 response most appropriate for newborns and infants. By reducing the pro-
allergenic Th2 responses and lowering proinflammatory responses, including Th17
responses and reduced proinflammatory cytokine production, these cytokine expression
changes are expected to reduce the likelihood of allergenic and highly damaging
inflammatory responses.

3’-SL may also promote activation of specific intestinal dendritic cell populations
in a Toll-like receptor 4 (TLR4)-dependent manner [72] (refer to Functions of HMGs:
Prebiotics and Microbiota Regulation section for more information on and interpretation
of this study). On the other hand, 2’-FL may suppress TLR4 signaling in epithelial cells
by downregulating cell surface CD14 expression [89]. Therefore, a number of HMGs
may regulate TLR signaling.

Two recent in vivo studies further support beneficial immunoregulatory functions
of HMGs. The study by Jantscher-Krenn et al. showed that HMG supplementation into
infant formula significantly increased protection from morbidity and mortality in a
neonatal rat model of necrotizing enterocolitis (NE), an effect that was almost fully
recapitulated with a single HMG, disialyllacto-N-tetraose (DSLNT; refer to Table 1 for

structure) [92]. NE is a fulminating, fatal inflammatory disease that is difficult to treat
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and primarily occurs in infants born pre-term [93], and human milk feeding may
significantly reduce the risk of NE vs. formula-feeding [94, 95]. Therefore, the Jantscher-
Krenn et al. study not only provides a biological basis and support for NE protection by
human milk but also suggests that HMGs, specifically DSLNT, are beneficial immune-
regulatory molecules. Jantscher-Krenn et al. also suggested that the levels of DSLNT in
human milk may be a biomarker for risk of developing NE and, if low, DSLNT
supplementation may be beneficial [92]. It will be interesting to see if DSLNT also helps
reduce the incidence of NE in humans and if DSLNT supplementation into infant formula
reduces the risk of NE development when formula feeding is necessary. Another study
showed that 2’-FL or 6’-SL slightly reduced symptoms in a mouse model of food allergy
[96]. Therefore, HMGs appear to be true immunoregulatory molecules that may shape the
neonatal and infant immune system to not only control infectious pathogens early in life
but also prevent fulminating inflammatory and allergenic diseases during this critical
development stage. The mechanisms by which these HMGs regulate immune responses
are still unclear though and should be a major topic of future study.

It should be noted that all the studies described in this section used free, reducing,
underivatized HMG structures. Ideally, experimental studies on the immunoregulatory
and other regulatory properties of HMGs should only use free, reducing glycan structures
and not multivalent conjugates of such molecules, such as proteins or beads derivatized
with HMGs. The reason for this is because the multivalent presentation of glycans does
not represent the natural biochemistry of HMGs and may lead to non-physiologically
relevant results. For example, proteins such as human serum albumin (HSA) derivatized

to carry multiple LNFPIII or LNnT molecules per protein (termed “neoglycoproteins™)
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were shown to induce spleenocyte proliferation. However, the free, underivatized
LNFPIII and LNnT did not cause proliferation and, in fact, competed with and inhibited
the mitogenic activity of the LNFPIII or LNnT neoglycoproteins [97]. For these reasons,
any studies utilizing HMG glycoconjugates should be interpreted with much caution until

results with the free, underivatized, reducing glycan structures are available.

viii. Functions of HMGs: Regulation of Gene Expression in and Differentiation by
Intestinal Epithelial Cells

HMG-mediated regulation of gene expression in epithelial cells was a
phenomenon first described in 2005, when Angeloni et al. showed that 3°-SL treatment of
preconfluent Caco-2 cells reduced binding of multiple lectins to the cells [98]. The
reduction of lectin binding in the 3’-SL-treated, preconfluent Caco-2 cells also coincided
with a reduction of specific a2-3 sialyltransferase gene expression (although the data was
not shown) and binding by an enteropathogenic E. coli (EPEC) strain. These effects were
specific to preconfluent cultures since no effect was seen with confluent Caco-2 cells,
which have a more highly differentiated phenotype than preconfluent Caco-2 cultures
[98]. This confluence-dependent change in lectin-binding profile suggested that 3°-SL
was specifically modulating gene expression in less differentiated intestinal epithelial
cells such as preconfluent Caco-2 cells. Indeed, another study showed that 3’-SL and
other neutral and sialylated HMGs promoted a decrease in cell proliferation and an
increase of alkaline phosphatase activity, both of which are markers of differentiation, but
only in less differentiated cell lines like HT-29 but not Caco-2 cells [99]. These results

further suggest that HMGs directly alter gene expression in developing epithelial cells
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that have not yet fully differentiated. Total neutral HMGs at high concentrations also
appear to stimulate apoptosis of less differentiated intestinal cells such as HT-29 cells but
not more differentiated cells like preconfluent Caco-2 cells [99]. The mechanism of this
growth inhibition and differentiation was shown to be primarily due to cell cycle arrest
during the G2/M phase that is correlated EGFR signaling as well as increased Cyclin-B
and CDKI expression [100]. The HMG 2’-FL has also been shown to have anti-
proliferative effects on the Caco-2 C2Bbel cell line, a model of absorptive intestinal
epithelial cells (enterocytes) [101]. In that study, 2’-FL but not LNnT or 6’-SL at
physiological concentrations slightly increased cellular alkaline phosphatase and sucrase
but not lactase activity in postconfluent C2Bbel cells, which are markers of enterocyte
differentiation and thus suggest increased differentiation to absorptive, villi-associated
enterocytes [101]. 2°-FL can also reduce CD14 expression by the T84 and HCT8
intestinal epithelial cell line stimulated with LPS or pathogenic E. coli and thereby reduce
infection and invasion by these bacteria as well as the inflammatory response [89]. In all,
these studies suggest that HMGs promote changes in intestinal epithelial cell gene
expression, which especially promotes differentiation into more highly absorptive
enterocytes. This differentiation causes increased expression of catabolic enzymes for
cellular uptake, more efficient nutrient absorption by enterocytes, and intestinal
epithelium remodeling by apoptosis. Together, these changes may promote increased
efficiency of nutrient absorption by the infant intestinal epithelium, which may be
important for infant nutrition, health, and development.

The most striking evidence that HMGs regulate epithelial cell gene expression

came in a 2013 study by Lane et al., who treated HT-29 cells with 4mg/ml total HMGs, a
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4mg/ml of a single (3°-SL), or a mock treatment and measured changes in gene
expression by gene microarray analysis. Treatment with total HMGs was found to change
the expression of over 1,000 different genes, many of which are involved in signaling,
immunity, and development [18]. Treatment of HT-29 cells with 4mg/ml 3°-SL also
changed the expression of a little less than 1,000 genes, and about half of the genes
expression changes by 3’-SL and total HMG overlapped (i.e.-total HMG and 3’-SL
caused both similar and unique changes in gene expression) [18]. The fact that total
HMGs but not 3’-SL caused changes in some genes is most likely explained by the fact
that HMGs other than 3’-SL influence these changes. Surprisingly, 3’-SL caused changes
in gene expression that total HMGs did not, which was unexpected but may possibly be
explained by low relative abundance of 3’-SL in the total HMG pool, which is lower than
4mg/ml [12], and/or antagonistic effects among HMGs. It should be noted that the Lane
et al. study also performed a treatment with 4mg/ml of total bovine milk glycans and saw
changes in gene expression, and the changes in gene expression overlapped somewhat
with total HMGs and 3’-SL. Therefore, bovine milk glycans cause a unique but
somewhat overlapping transcriptional response as HMGs, likely because the bovine milk
glycan profile is much different but still slightly overlapping with the human milk glycan
profile (described in more detail in the Structural Features of HMGs section). A
proteomic study that specifically focused on proteins involved in signaling pathways
showed significant changes in expression of 28/512 proteins involved in signaling upon
HMG treatment [89]. The changes in expression of these signaling proteins may at least
partially explain how HMGs, including individual HMGs, can lead to changes in

expression of hundreds or even thousands of genes.
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Based on these studies, HMGs regulate gene expression, alter signaling pathways,
and promote differentiation and/or apoptosis of human intestinal epithelial cells, activities
that may be crucial for proper intestinal development and thus infant health and
development. Moreover, HMGs may alter host-microbe interactions by altering the cell
surface glycan receptors for microbes via changes in gene expression of
glycosyltransferase activity and possibly other effects. In other words, HMGs may also
prevent infection by a mechanism independent of HMG receptor decoy activity. Future
studies should also be aimed at determining if HMGs also cause functional effects on cell
biology and/or gene expression in epithelial cells of other parts of the GI tract including

the oral cavity, esophagus, and stomach.

ix. Functions of HMGs: Neuro-regulatory Effects

Another function of HMGs is their effect on neuronal cells and tissues, including
the brain and enteric nervous system. This phenomenon was first described as early as
1994, but basic research on these neurological and cognitive effects did not receive much
attention until the last few years. The seminal study in 1994 by Krug et al. showed that
intrahippocampal injection of 2°-FL into rats boosted long-term potentiation (LTP)
responses of rats, a neurological response that underlies at least some forms of learning
and memory [102]. A follow-up study confirmed and extended this observation by
showing that this effect was specific for 2’-FL but not another HMG, 3-FL [103]. Most
recently, Vazquez et al. extended these observations by showing that 2’-FL feeding (the
most natural method of HMG exposure as opposed to intrahippocampal injection in the

previous studies) not only increased long-term potentiation responses but also increased
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learning and memory in mice and rats [104]. Therefore, 2’-FL and possibly other HMGs
also appear to enhance cognitive functions, suggesting an effect of HMGs on brain
development and/or function. This result may at least partially explain the link between
breast-feeding and increased intelligence test scores [4].

Bienenstock et al. conducted the first study examining the regulatory effects of
HMGs on the peripheral nervous system (PNS), specifically the enteric nervous system
(ENS) in 2013. That study showed that physiological concentrations of 2’-FL and 3-FL,
but not other HMGs tested, reduced the strength and frequency of murine colon smooth
muscle contractions in an ex vivo organ culture model [105], suggesting that some HMGs
may regulate ENS and possibly other PNS functions, including motor functions. Since
this is currently the only study examining the effects of HMGs on ENS functions, more
studies are needed to confirm this observation. Although the ENS is the most likely
candidate for a nervous system branch in close contact with HMGs during breast-feeding,
additional studies should be aimed at extending these studies to other PNS branches since
a small proportion of HMGs enter the circulation and hence may come in proximity with
these other branches [37].

These studies strongly suggest that HMGs have neuro-regulatory functions.
Future studies should be aimed at examining the mechanism by which HMGs exert their
neuro-regulatory effects, especially if the regulatory effects are mediated by direct or
indirect interactions of HMGs with neurons.

Despite the knowledge of these neuro-, immune-, and epithelial cell-regulatory
effects of HMGs on cells, the mechanisms by which these regulatory effects occur have

not been investigated. However, one hypothesis is that HMGs interact with glycan-
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binding proteins found on the surface of GI tract epithelial cells, leukocytes, neurons, and
possibly other cell types, which may ultimately induce changes in signaling pathways,
gene expression, and/or other cellular activities that ultimately manifest as changes in
physiological and immunological responses. This hypothesis has been proposed by others

as well but was limited to the immunoregulatory effects of HMGs. [10].
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I1. Galectins
i. Background: Galectins

Galectins are defined as a class of 3-galactoside binding proteins with significant
sequence similarity in the key amino acid residues involved in 3-galactoside recognition
[106, 107]. Other key properties of galectins are their solubility (specifically, lack of a
transmembrane domain) and externalization from cells by an unknown mechanism [106,
107]. Proteins that have homology to galectins but lack (3-galactoside binding activity or
have not yet been proven to bind -galactosides are instead classified as “galectin-like”
proteins [108]. Although classically characterized as “p-galactoside binding proteins,”
this description is somewhat misleading because galectins do not bind all $-galactosides.
Specifically, the glycan receptors for galectins are usually derived from galactose-
containing precursors, including lactose (Galp1-4Glc), Type 1 N-acetyllactosamine
(LacNAc I; Galp1-3GIcNAc), and/or Type 2 N-acetyllactosamine (LacNAc II; Galf1-
4GlcNAc). The amino acid residues involved in these interactions were found to be
conserved among active galectins [109] and are thus currently used as a bioinformatics
method to detect and define potential galectin genes [106, 107].

The first galectin was discovered in electric eels by Teichberg et al. and termed
electrolectin [110]. This galectin was discovered by its ability to specifically
hemagglutinate trypsinized rabbit erythrocytes, which are unique from other erythrocytes
because they contain very high levels of a- and B-linked galactose at the non-reducing
ends of glycans. Strong additional evidence for electrolectin binding to 3-galactosides
was provided by hemagglutination inhibition by the 3-galactosides lactose and its

synthetic analog thiodigalactoside (TDG; galactose that is a1-1 linked to galactose by a
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thioacetal instead of acetal linkage) [110]. The study by Teichberg et al. also showed the
presence of this 3-galactoside-specific hemagglutinating activity in animal tissues and
organs [110], although human tissues were not tested. Electolectin and mammalian (3-
galactoside-binding proteins were then purified by affinity purification using f3-
galactoside-linked affinity matrices, especially asialofetuin-Sepharose and lactosyl-
Sepharose, for characterization of these proteins [111, 112].

Galectin-1 (Gal-1) was the first galectin identified in humans, specifically in the
human lung due to a similar tissue expression of a similar lectin in rat lung tissue, by the
use of the hemagglutination and affinity purification methods described above [111].
Other names for what is now termed galectin-1 include L-14, lactose-binding lectin 1,
and 14kDa lectin. Additional lactose-binding lectins have been discovered in humans and
other mammals since then. Due to their similarity in protein structure and lactose-binding
specificity, these lactose-binding proteins were grouped into a single family of glycan-
binding proteins termed the galectins in 1994, with each member numbered based on the
order of discovery in mammals [106].

Humans are known to express galectin-1, -2, -3, -4, -7, -8, and -9, which have all
been confirmed to be “true” galectins. Humans also express galectin-10, -12, -13, -14, -
16, and -17. However, these latter galectins have some mutations of key amino acid
residues involved in lactose binding [113-116]. Additionally, the evidence that these
galectins bind lactose is unclear. For example, the evidence of lactose binding is
controversial between studies with galectin-10 [116-118] and galectin-12 [114, 115, 119].
In the case of galectin-13, -14, -16, and -17, only one or a few studies are available that

demonstrates lactose and/or LacNAc II binding [113, 120]. However, these studies
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showed questionable biologically relevant affinity and/or specificity for lactose or
LacNAc II. Therefore, galectin-10, -12, -13, -14, -16, and -17 should be regarded as
“galectin-like” until unequivocal experimental proof of specific lactose/LacNAc II
binding has been observed. A few other galectin-like proteins are also present in humans,
including GRIFIN, but the focus of this study will be on the “true”” human galectin family
members described above.

Galectins are highly labile because many but not all galectins aggregate,
precipitate, and lose activity in the absence of a reducing agent like 3-mercaptoethanol
due to oxidation of cysteine and/or tryptophan residues; this phenomenon was
particularly observed with the earliest galectins discovered (electrolectin and galectin-1)
[110-112]. Indeed, active mammalian galectins lack disulfide linkages [121], meaning
that oxidation and formation of disulfide linkages leads to a loss of activity, likely due to
subsequent protein aggregation and precipitation. This finding is in contrast to many
other lectins, which require disulfide linkages for glycan binding. Glycan binding by
galectins also stabilizes them against oxidative inactivation either by blocking and/or
interacting with Cys/Trp residues at or near the carbohydrate-binding site [112] and/or by
promoting or stabilizing oligomer formation of the galectin [112, 122]. Whether the
oxidative susceptibility of galectins has biological significance is currently unclear, but
may be a mechanism of reducing the overall activity and/or half-lives of galectins in the
extracellular, oxidizing environment.

The fact that galectins are susceptible to oxidative degradation makes working
with these proteins inherently difficult. The proteins are most stable when stored in a

physiological buffer containing a reducing agent (typically 3-mercaptoethanol or DTT)
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and an excess of ligand (lactose). Removal of lactose is essential for glycan binding
experiments, and quantitative removal is certainly necessary for highly specific analytical
studies such as K4 measurements. However, once both the lactose and reducing agent are
removed from the galectin, the life span of galectin activity becomes significantly
decreased, which limits the time of most assays only a few hours. Removal of the
reducing agent is needed when working with cells due to toxicity and/or introduction of
artifacts by the reducing agent itself. One important example demonstrating the necessity
of reducing agent removal is in experiments testing the effects of galectins on T cells and
neutrophils. In the presence of the reducing agent DTT, galectin-1, -2 and -4 induce T
cell phosphatidylserine exposure and apoptosis but have no effect when DTT is omitted
from the solution [123], while galectin-1 induces phosphatidylserine exposure without
apoptosis in neutrophils but induces neutrophil apoptosis in the presence of DTT [124].
Two ways to extend the time of galectin activity without the need for a reducing agent is
to stably prevent disulfide linkages by reduction and subsequent iodoacetamide labeling
of thiol groups [124, 125] or to the use oxidation-resistant mutants such as the galectin-1
C2S mutant [126]. However, galectin activity should be verified by methods such as
lactosyl-Sepharose binding when these modified galectins are used. In conclusion, one
must be extremely vigilant when performing experiment with galectin proteins, and the
systems used should be optimized prior to beginning actual experimentation. This
optimization is needed to understand the length of time of galectin activity as well as
variables that may interfere with galectin activity such as the presence of redox-active

components or free glycan ligands of galectins in the medium.
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At the genetic level, galectins are conserved among Metazoans and thus can be
identified in nearly all multicellular organisms from sponges to humans [106, 107]. Most
studies to date have focused on mammalian galectins, particularly human galectins
because of their role in health and disease as well as rodent galectins due to the use of
rodents as animal models of diseases. However, whether or not other organisms
(particularly invertebrates) produce active galectins is unclear in many cases because the
lactose-binding ability of these proteins has not been elucidated; in these cases, the term
“galectin-like” should be used for galectins that lack or have not yet been tested for
lactose-binding ability [108]. The reduced identity of galectin-like proteins from plants,
fungi, and invertebrates compared to mammalian galectins due to evolutionary
divergence also makes it difficult to clearly identify these sequences by bioinformatics
[108, 127]. For mammalian galectins, the galectins were named with a number
corresponding to their order of discovery in the mammalian family (ex-galectin-1,
galectin-2, etc.) [106], but no specific nomenclature for non-mammalian galectins
currently exists. The galectins expressed in humans are the major focus of this review,
with details on their specific or potential functions, tissue expression, glycan-binding
specificity, and other details.

While the lactose/LacNAc core structure is a major component of the major target
glycan receptors of galectins, these core structures alone are relatively low affinity
ligands for galectins, with Kg’s typically in the high micromolar to low millimolar range.
Rather, the highest affinity ligands are derivatives of these core structures. High affinity
ligands tend to contain multiple units of lactose and/or LacNAc, either as repeating units

as in poly-N-acetyllactosamine (-3GalB1-4GIcNAcp1-), or from multiple branches of
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branched glycans such as bi-, tri-, and tetra-antennary N-glycans. Moreover, further
modification of the LacNAc units can further increase binding strength depending on the
galectin, such as the addition of a1-2-linked fucose (Fucal-2Galf1-4GIcNAcp-; Blood
Group H), a1-2 fucosylation with a1-3 linked galactose or N-acetylgalactosamine
(Galal-3(Fucal-2)Galp1-4GlcNAcf- and GalNAcal-3(Fucal-2)Galp1-4GIcNAcf-,
Blood Group B and Blood Group A, respectively), or a2-3 linked sialic acid (NeuSAco2-
3GalB1-4GIlcNAcp-). The actual high affinity glycan structures differ between each
galectin; in other words, each galectin has a more or less unique glycan-binding
specificity, which can be most easily seen by glycan microarray analyses [128]. Indeed,
unique binding specificities of galectins were first observed as early as 1986 between
three different rat galectins [129]. It should be noted though that the actual physiological
glycan receptors in vivo is complex and dependent on temporal and spatial expression of
target glycans, the expression and concentration of the galectin, the local concentration of

target glycan(s), and the presence of competing glycan structures for galectin binding.

ii. Structural Features of Galectins

Structurally, galectins are $-sheet-rich proteins that contain the same f3-sandwich
fold found among L-type lectin family members such as concanavalin A (ConA), and are
generally lacking in a-helices. This B-sandwich fold is generated from two antiparallel 3-
sheets: one five-stranded (strands F1-F5) and one six-stranded (strands S1-S6) -sheet.
The conserved amino acids H45, N47, R49, N58, E68, and R/K70 (amino acid
numbering relative to galectin-2) are involved in hydrogen bonding with the lactose

moiety and the conserved amino acids while V56 and W65 promote van deer Waals
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interactions with the lactose moiety [109]. The presence of these eight amino acids is one
of the two criteria used for classifying a protein as a true galectin family member [106],
as described in the Background: Galectins section. Other residues indirectly promote
lactose binding by stabilizing these active site amino acids [109]. All of these amino
acids involved in directly binding or indirectly promoting lactose binding are located on
B-strands S3, S4, S5, and S6, which are all encoded by a single, highly conserved exon
among galectin family members [109].

The galectin carbohydrate recognition domain (CRD) contains at least four
subsites for glycan binding, which was first proposed by Knibbs et al. [130]. Further
studies, which used known glycan specificity, thermodynamics, X-ray crystallography,
and structural modeling data confirmed and further refined this observation [131-133].
The current model proposes that five subsites (A-E) are present, where subsites C and D
are involved in binding the core lactose/LacNAc unit, subsites A and B promote binding
to the modifications and/or extensions of this core unit, and subsite E may be involved in
interaction with factors at reducing end side of the lactose/LacNAc core unit, which may
include aglycone components [108]. The structural differences present in these subsites,
particularly subsites A, B, and/or E, may ultimately allow each galectin to have unique
glycan binding specificities.

Hirabayashi and Kasai proposed the first galectin classification method, which
was based on structural features of the galectin proteins. This classification, which is still
commonly used to this date, includes three galectin groups: prototypical, chimera, and
tandem-repeat galectins [121]. The prototypical galectins, which includes human

galectin-1, -2, -7, -10, -13, -14, -16, and -17 simply consist of the galectin CRD, although
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all of these prototypical galectins are known to exist nearly exclusively as oligomers in
nature. The chimeric galectins consist of a CRD in addition to other structural and/or
functional domains; in humans, galectin-3 is the only member and consists of an N-
terminal collagen-like domain followed by a C-terminal CRD. The tandem-repeat
galectins consist of two different CRDs on the same protein molecule that are linked by
an unstructured linker peptide, and this class includes human galectins -4, -8, -9, and -12.
While this classification scheme is useful, there are some issues, which warrant using this
classification system with the knowledge of its inherent limitations. These issues include
differences in oligomeric structure, degree of oligomerization, and glycan specificities
within a group [108, 109]. There is no metal ion dependence for glycan binding [121], in
contrast to many members of the C-type lectin family. Furthermore, galectins are not
themselves glycosylated [121], which is due to their translation in the cytosol as opposed
to translation at the endoplasmic reticulum and subsequent entry into the secretory

system.

iii. General Features and Functions of Glycan Binding by Galectins

Galectin functions are numerous such as in regulation of immune responses, host-
microbe interactions, cell biology and gene expression, cancer and metastasis, and cell
adhesion. Despite these numerous functions, these proteins have not yet been found to be
essential in mammals, implicating them as “analog dials” that fine-tune these
physiological functions. Each galectin appears to have unique functions, a feature that

likely partially occurs due to their differential glycan specificities (described in more
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detail below), although overlap in certain galectin functions exists. More specific details
on these galectin functions are presented in the following sections.

The majority of galectin protein produced by cells remains intracellular. Multiple
intracellular subcellular localizations of galectins have been defined, including the
cytoplasm, nucleus, and mitochondria [134-136]. In these compartments, galectins
primarily exert their functions independently of glycan binding. Many intracellular
galectin functions occur via protein-protein interactions, where the galectins may play a
role in fine-tuning processes such as cell cycle progression, apoptosis, and vesicular
trafficking [135-138]. For these reasons, galectin-glycan interactions are not a general
feature of galectin functions in intracellular compartments.

For glycan binding to occur, the galectins must instead be localized extracellularly
and present at sufficient concentration for binding to occur. However, all mammalian
galectins lack any known signal sequences for export from the cell; thus, galectins must
be exported by a nonclassical secretory mechanism(s) (proposed mechanisms of secretion
are reviewed in [139]). It should be noted though that more studies are needed to clearly
identify the mechanism(s) of secretion, particularly in human cells. Nevertheless, a
number of studies have been published that directly show extracellular localization of
galectins from cells, particularly from cell/tissue culture studies [139-143]. Furthermore,
the degree of galectin externalization appears to vary not only between different cell
types and differentiation stages but also within the same cell type under different
environmental conditions (reviewed in [139]). Studies with CHO cells have shown that
galectin-1 secretion occurs at a constant rate of ~3% of total synthesized galectin-1 per

hour under basal culture conditions. Additionally, secreted galectins in the culture
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medium, but not those that are cell surface bound, are mostly if not completely inactive
(i.e.-incapable of binding lactosyl-Sepharose) [144]. Very few studies have quantitated
the amount of galectins in tissues or cells [142, 145], and those that have did not look for
the presence of cell surface and extracellular galectins in vivo. Therefore, the
concentration of active extracellular galectins in vivo, including under different
conditions and in different tissues, as well as the half-life of these secreted galectins in
the oxidizing extracellular environment are still unclear.

The major effect of glycan binding by extracellular galectins is the activation,
inhibition, or modulation of cellular signaling pathways. Due to the oligomeric nature of
galectins, the binding of galectins to glycans on glycoproteins and/or glycolipids leads to
specific receptor cross-linking, which is believed to be the major mechanism by which
galectins activate cellular signaling pathways (reviewed in [146, 147]). Depending on the
number of CRDs on the galectin, the degree of galectin oligomerization, and the number
of glycan determinants on the glycoconjugate receptor (termed the valency of the galectin
and the glycoconjugates), these galectin-glycoconjugate interactions may form large
complexes, sometimes even leading to formation of large lattice-like structures [146].
The evidence for formation of these complexes is based on cell-free, solution-based
binding methods, where galectins have been shown to form large aggregates when
incubated at specific ratios with target glycoconjugates such as asialofetuin [148].
Additionally, a similar phenomenon is believed to occur at the cell surface based on
cellular fluorescence microscopy and fluorescence resonance energy transfer (FRET)
studies that show dispersed glycoconjugates receptors specifically coalescing into a few

large assemblies at the cell surface in the presence of specific galectins [149, 150]. These
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complexes are also highly stable based on FRAP studies with neutrophils [150]. Further
support of the functional role of these multivalent complexes comes from studies of
galectin mutants defective in oligomerization, which are less capable of inducing cellular
signaling and hence the functions induced by the galectins [122, 151]. However, X-ray
crystallography, cryo-EM, and/or other direct structural studies on these galectin-
glycoconjugate complexes are still lacking and should be a topic for future analysis.
Nonetheless, specific receptor cross-linking most likely drives galectin-mediated cellular
signaling effects.

These galectin-glycoconjugate complexes may occur under basal conditions but
new complexes may form, and/or basal complexes may become modified, when
environmental changes occur. These environmental changes may result in changes in
galectin expression, the presence of galectins from exogenous cells (ex-galectins from
infiltrating leukocytes), and/or changes in glycoconjugate receptor glycosylation.
Therefore, the actual signaling pathway(s) affected depends on the galectin(s) present at
the necessary concentration for signaling; the glycosylation status of potential target
glycoproteins, which may be at least partially mediated by cell type and differentiation
status; environment status such as basal conditions, inflammation, epithelial injury, etc.;
and other environmental cues [147, 152-156]. The end result of these galectin-
glycoconjugate interactions and receptor cross-linking is activation of cellular signaling
pathways. These signaling pathways result in changes in gene expression and ultimately
functional effects such as changes in immune responses, leukocyte turnover, cancer, cell
migration and wound repair, and host-microbe interactions (examples of these galectin-

regulated signaling pathways are reviewed in [157] and described in the following
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sections). Another potential effect of glycan binding by galectins is stabilization of cell-
cell and/or cell-ECM interactions, which can occur independently of cellular signaling
(reviewed in [158]).

It should be noted though that galectins are not essential for physiological
functions, but rather act as “analog dials” to fine-tune these functions. Nonetheless, this
fine-tuning is needed for homeostasis and proper physiological response to environmental
insults since aberrant galectin expression or activity results in loss of this homeostasis
and may even lead to diseases such as inflammatory and allergenic diseases,
atherosclerosis, and cancer. In other cases though, loss or inhibition of specific galectins
actually helps ameliorate these diseases, which may make galectins a potential
therapeutic target for specific immune and allergenic diseases. For more details on
specific functions of specific galectin family members, as well as the effects of aberrant
galectin expression or activity, excellent reviews are available [135, 157, 159-161]. A
general overview of galectin functions in humans is presented in the following sections,
which specifically focuses on functions believed to result from extracellular galectin

activity, galectin binding to specific glycans, and subsequent cellular signaling.

iv. Galectin Functions: Regulation of Immune Responses

One of the most well studied functions of galectin-glycan interactions is their
regulatory effect on immune responses, which primarily occur via interactions with cells
of the immune system. In fact, galectins have been shown to regulate functions in nearly
all types of leukocytes [157], although it is still unclear if all these activities are due to

galectin-glycan interactions. The major regulatory effects of the galectin-glycan
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interactions include leukocyte turnover, leukocyte recruitment, and leukocyte activation
and effector functions.

One of the first immune-regulatory functions described for galectins was their
role in leukocyte turnover. A seminal study in 1995 showed that galectin-1 induces
apoptosis of activated and leukemic T cells [162]. Although many studies to date have
shown an apoptotic role of multiple galectins towards leukocytes and other cell types
(reviewed in [163]), the physiological significance of galectins in inducing cellular
apoptosis is quite controversial. The major reason for this controversy is that apoptosis
has only been shown to occur under certain experimental conditions, specifically when a
reducing agent is used in the medium [123, 124], artificial cellular expression or
overexpression is used (examples of such reviewed in [163]), or physical forces such as
vortexing or other shearing methods are applied to the cells (unpublished data). Thus,
most of these studies of leukocyte apoptosis should be interpreted with caution. An
exception to this rule is galectin-3, which was shown to induce apoptosis of activated T
cells but not leukemic T cells in the absence of reducing agents and other potential
confounders [125], but whether or not this effect occurs in vivo is still uncertain.

Nonetheless, more recent studies have indicated that galectins still regulate
leukocyte turnover in the absence of these potential confounders, albeit by a different
mechanism than apoptosis in most cases. Namely, galectin-1, -2, -3, -4, and -8 have been
shown to induce reversible phosphatidylserine (PS) exposure in the absence of apoptosis
in a number of leukocytes, especially activated neutrophils [123-125, 151, 164, 165].
This process requires galectin binding to specific cell surface glycans, such as

polyLacNAc for galectin-8 binding [164], although the identity of the glycoconjugate
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receptor(s) is unclear. This cell surface binding induces a signaling pathway that leads to
activation of the Src kinases Lyn and Hck, which promote tyrosine phosphorylation of
phospholipase C y2 (PLCy2) and subsequent increases in cytoplasmic Ca*"
concentrations [165], although more details on this signaling pathway remain unclear. An
exception to this rule is galectin-4, which does not promote Ca”" flux in activated
neutrophils and hence likely induces PS exposure through a different mechanism [123].
This signaling pathway ultimately results in cell surface PS exposure, which was shown
to promote neutrophil uptake and destruction by macrophages [151]. This process of PS
exposure in the absence of apoptosis for removal by macrophages has been termed
preaparesis [125], and preaparesis only occurs when specific galectins interact with
specific cell types and under specific conditions. On the other hand, galectin-9 has been
shown to prolong the lifespan of eosinophils in a lactose-dependent manner [166],
although the receptors and signaling pathways involved in sending these survival signals
are unclear. Therefore, galectins specifically regulate leukocyte turnover by either
enhancing cellular survival or stimulating leukocyte removal from the circulation by
preaparesis or apoptosis.

Galectins are also important for leukocyte recruitment to sites of infection or
injury. One of the first studied activities was the eosinophil chemotactic activity of
galectin-9. Activated and transformed T cells were known to produce a potent eosinophil
chemotactic protein termed eclectin, which was later biochemically characterized by
Matsumoto et al. in 1998 to be galectin-9 [141]. Galectin-9 was shown to be secreted by
activated T cells as well as the T cell line from which eclectin was purified, which

confirmed that this galectin was secreted from T cells to act in a paracrine manner



52

towards eosinophils. The expression of galectin-9 in peripheral blood mononuclear cells
(PBMCs) isolated from a patient with an allergy was also increased upon stimulation
with the specific allergen, which suggested a mechanism for potent eosinophil
recruitment during allergenic responses. Moreover, galectin-9 promoted potent eosinophil
but not neutrophil, monocyte, or lymphocyte migration in vitro and eosinophil-rich
exudates when injected into mice, demonstrating the specificity of galectin-9 chemotactic
activity [141]. Galectin-9-mediated recruitment of eosinophils occurred in a lactose-
dependent manner [166], suggesting that cell surface glycan binding by galectin-9
mediated this eosinophil chemotactic activity, although the actual eosinophil
glycoconjugate receptor(s) remains unknown. Similarly, galectin-3 was found to promote
monocyte and macrophage chemotaxis in a lactose-dependent manner as well as
monocyte recruitment when injected into mice [167]. The mechanism underlying this
galectin-3-mediated chemotactic activity includes calcium influx into the cytoplasm as
well as a pertussis toxin-sensitive pathway [167], but the actual glycoconjugate
receptor(s) and specific signaling pathway(s) involved remain unknown. On the other
hand, galectins may also block recruitment to sites of infection. For example, galectin-1
administration was shown to inhibit neutrophil rolling and adhesion to inflamed
endothelium in a partially lactose-dependent manner, which may inhibit neutrophil
extravasation into inflamed tissue [168]. Galectin-1 knockout mice also had increased
neutrophil infiltration into inflamed tissues, which further supported a role of galectin-1
in inhibiting neutrophil tissue homing [168]. Therefore, galectins regulate leukocyte
recruitment, especially when the immune system is activated during infection, allergy,

and/or injury.
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Galectins have also been shown to regulate leukocyte activation and effector
functions. Galectin-3 increases the threshold for T cell activation and hence inhibits T
cell activation until strong, specific antigen binding to the TCR occurs. This phenomenon
is associated with T cell receptor (TCR) and CD45 binding via highly branched N-
glycans, TCR sequestration from activation microdomains, CD45 sequestration at
microdomains to antagonize TCR signaling, and overall reduced activation of the TCR
signaling pathway [147, 155, 169]. Galectin-3 also promotes differentiation of
macrophages to the “alternative” (M2) phenotype via glycan-specific binding to
macrophage cell surface CD98 and activation of the PI3K signaling pathway [170].
Additionally, galectin-3 may promote mast cell activation and effector release [171, 172]
while galectin-9 may inhibit mast cell activation and effector release [173], although
these studies were primarily carried out with rat and mouse mast cells and thus the effect
of these galectins on human mast cells remains unclear. Besides leukocyte activation,
galectins also regulate leukocyte effector functions. Galectins regulate direct
antimicrobial functions such as reactive oxygen species (ROS) production in eosinophils
[166], monocytes [142], and neutrophils [174, 175] in a lactose-dependent manner. The
glycoconjugate receptors and signaling pathways that initiate ROS formation in these
cells are currently unknown, although galectin-3 was shown to bind a number of
unidentified high molecular weight glycoproteins on human neutrophil membranes [175].
Moreover, galectins modulate cytokine production [125, 176-178], which induces
specific immune responses and effector functions. Therefore, galectins play a key role in
fine-tuning immune responses towards specific effector functions via regulation of

leukocyte activation, cytokine and chemokine secretion, and antimicrobial functions.
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v. Galectin Functions: Host-Microbe Interactions and Antimicrobial Functions
Galectins have been shown to regulate immune responses as described above, but
can also do this by directly interacting with microbes to influence the infectious process.
Galectins can either promote or resist infection and disease, a topic that has been
reviewed previously [179-182]. Besides the immunoregulatory effects of galectins
described in the previous section, galectins may influence infectious processes via a
number of mechanisms, which involve galectin binding to either or both microbial or host
glycoconjugate receptors. Galectin binding to host glycoconjugates may block the
glycoconjugate receptors of microbes and thereby prevent microbial colonization. On the
other hand, the binding of galectins to microbial glycoconjugates may result in inhibition
of microbial attachment to host cells, enhanced phagocytosis via microbial aggregation,
direct antimicrobial (cidal or static) activity, or “bridging” microbes to target cells to
promote microbe infection (of target cells) or destruction (by phagocytes) (reviewed in
[179, 180, 182]). At this point in time though, these proposed galectin-microbe
interaction effects remain speculative or still in the experimental phases since only a few
studies are available and/or the available studies lack direct or well-controlled support.
One function of galectins with direct and well-controlled experimental support,
and which was only elucidated over the last 10 years, is antimicrobial activity.
Antimicrobial activity of lectins was first described for the L-type lectin wheat germ
agglutinin (WGA) in 1975 towards the fungus Trichoderma viridae, likely via binding to
cell wall chitin [183]. Kohatsu et al. described the first antimicrobial activity of galectins
when this group showed that human galectin-3 showed fungicidal activity towards C.

albicans, but only in specific strains that appeared to express different $1-2 mannan
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structures [184]. However, the fungicidal activity of galectin-3 towards this yeast was
very weak, although not enough time points were used, and thus more studies are needed
to confirm if the antimicrobial effect is cidal and to determine if the $1-2 mannan
structures are directly bound by hGal-3. In addition, an antimicrobial effect of galectin-3
towards S. pneumoniae has been seen [185], which was likely a bacteriostatic effect,
although specific experiments are needed to confirm this.

More recent studies have shown that galectins also show antimicrobial activity
towards a number of other bacterial strains, including those expressing “self-like” glycan
antigens, such as structures resembling the Blood Group B and Gala1-3Gal antigens, on
LPS O-antigen or capsular polysaccharide. For this reason, human galectins are
hypothesized to have evolved to target microbes expressing glycans that would otherwise
evade adaptive immune responses [ 186, 187]. Interestingly, galectin binding to bacteria
does not always lead to antimicrobial effects. For example, human galectin -3, -4, and -8
all bind the Blood Group B-expressing E. coli O86:B7 strain but only galectin-4 and -8
but not galectin-3 induce an antimicrobial effect [187]. However, galectin-3, -4, and -8 all
show antimicrobial activity towards bacterial strains expressing terminal Galo1-3Galf1-
3- determinants on LPS such as that of Providencia alcalifaciens serotype OS5 and
Klebsiella pneumoniae serotype O1 [186]. This phenomenon may explain why some
galectins may actually bind directly to microbial glycoconjugates, such as Helicobacter
pylori LPS, and promote infection by possibly “tethering” the bacteria to the host cell
surface as opposed to having an antimicrobial effect [ 188]. Alternatively, the galectins
may only have antimicrobial effects towards specific pathogens. Therefore, galectin

binding is necessary but not sufficient for antimicrobial activity, and other factors
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contributing to the antimicrobial activity should be a topic for future studies. Moreover,
the mechanism of galectin antimicrobial activity remains to be elucidated, which may be
useful to understand since this may help elucidate novel aspects of microbial physiology
and growth and/or uncover novel mechanisms of antimicrobial activity to design a new
generation of antimicrobial drugs.

In conclusion, galectins appear bind microbial glycoconjugates and, in some
cases, exert an antimicrobial effect against these microbes. Additionally, galectin binding
to host and/or microbial glycoconjugates may also influence host-microbe interactions by
other mechanisms. For these reason, it is of interest to determine if these effect help
prevent or sometimes promote colonization and infection by microbial pathogens and/or
regulate the gut microbiome. Additionally, the antimicrobial effects of galectins may be
important in controlling autoimmune responses since the galectins may inhibit immune
cell sampling and B cell antibody generation towards microbes expressing self-like
antigens, thereby preventing generation of potentially self-reactive antibodies. One may
hypothesize that lectins containing the so-called “jelly-roll motif,” which includes the L-
type lectins and galectins, were initially antimicrobial factors that later evolved to have a

more diverse range of functions.

vi. Galectin Functions: Cell Biology and Cancer

Galectins can mediate a wide variety of cell biological processes that ultimately
result in changes in cellular signaling, gene expression, and cellular functions. This wide
range of regulatory functions mainly results from the ability of galectins to bind and

cross-link glycoconjugate receptors. Some of the downstream cellular functions mediated
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by these galectin-glycoconjugate interactions include cellular differentiation, cell cycle
regulation, cell migration, metastasis, and tumor progression.

Galectins have been shown to regulate cellular differentiation and proliferation,
especially towards cells of the immune system (refer to the Galectin functions:
Regulation of Immune Responses section). However, galectins may also regulate
differentiation and proliferation of other cell types as well. In fact, myocytes (muscle
cells) were one of the first cell types whose differentiation was suggested to be at least
partially regulated by galectins. Myoblasts express very high levels of galectin-1 but fail
to secrete this galectin until terminal differentiation [189]. Upon terminal differentiation,
the secreted galectin-1 inhibits adhesion of differentiating myocytes to the substratum
and thereby reduces the ability of the cells to fuse into myotubes [190]. This process
might be important for fine-tuning the rate or degree of myocyte proliferation and
myofiber development. Besides myocytes, galectin-3 has also been shown to have an
inhibitory effect on osteoblast (bone cell) differentiation, which is associated with
binding to the Notch receptor and activation of the Notch signaling pathway [191]. On
the other hand, galectin-9 promotes osteoblast differentiation, which is associated with
galectin-9 binding to CD44 on osteoblasts and activation of the Smad1/5/8 signaling
pathway [192]. However, the dependence of galectin-9 binding to glycone or aglycone
components on CD44 in this process was not tested and remains unclear. Interestingly,
galectin-9 not only regulates osteoblast differentiation but also osteoblast proliferation via
lipid raft clustering and activation of the c-Src/ERK signaling pathway in a lactose-
dependent manner [193], although the receptor(s) involved in galectin-9-mediated lipid

raft clustering is unclear. Galectin-1, -3, and -4 also slightly promoted osteoblast
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proliferation but were not as potent as galectin-9 [193]. Additionally, galectin-3
stimulates proliferation of preadipocytes in a lactose-dependent manner [194], but the
mechanism was not tested and is currently unknown. This galectin-3-mediated
preadipocyte proliferation may be important in obesity since galectin-3 levels are
upregulated in preadipocytes in an mouse model of obesity, which may result in
increased accumulation of adipose (fat) tissue [194]. Galectins may thus serve as
regulators of cellular differentiation and proliferation depending on the cell type and
galectin(s) involved. This regulation of cellular differentiation and proliferation may not
only be important for development but also cancer progression, as described in more
detail below.

Galectins have also been shown to regulate epithelial cell migration. Immobilized
galectin-8 was shown to bind epithelial cells and promote cellular attachment and
migration across the substratum. The underlying mechanism involved galectin-8 binding
to specific epithelial cell surface (3; integrins, activation of integrin signaling pathways,
and tyrosine phosphorylation of cytoskeletal proteins [195]. However, the physiological
significance of this interaction is currently unclear. Another functional role of galectin-
glycan interactions in epithelial cell migration is wound healing. Galectins promote
epithelial wound repair in a glycan-dependent manner, which is mediated by cell
migration and cytoskeletal reorganization with or without stimulation of cell cycle
progression and cellular proliferation (reviewed in [196]). Besides epithelial cells,
galectins can also regulate endothelial cell migration and thus the angiogenic process,
which is commonly initiated by galectin binding to vascular endothelial growth factor

(VEGF) receptors and activating VEGF signaling pathways (reviewed in [197-199]).
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Therefore, galectin-glycan interactions may regulate cell migratory processes in epithelial
and endothelial cells via receptor binding and cellular signaling, which is important in
physiological processes such as wound repair and angiogenesis.

Due to their numerous fine-tuning functions in cell biology, it is no surprise that
alterations in galectin expression and/or localization can lead to defects in physiological
processes and result in diseases such as cancer. The expression of a galectin in a cell that
normally does not express that galectin may also be detrimental to cell biology and lead
to formation and/or increase the aggressiveness of cancerous cells. For example, galectin-
7 was the most highly upregulated gene expressed in an aggressive T lymphoma cell
clone vs. non-aggressive T lymphoma cell clone that were both derived from the same
parental cell line [200]. Normally, galectin-7 is almost exclusively expressed in stratified
epithelia such as the skin [201], so expression of galectin-7 in T cells is an aberration.
Further support of a role of galectin-7 in this aggressive phenotype was established from
in vivo studies where the non-aggressive T lymphoma cell line was injected into mice.
Three tumor cell clones were isolated after just three in vivo passages, and all three clones
now overexpressed galectin-7 and were more aggressive and lethal than the non-
aggressive parental lymphoma cells [200]. This finding was also corroborated by ectopic
expression of galectin-7 in a non-aggressive T lymphoma cell line, which led to a more
aggressive phenotype in vivo [202]. Demers et al. suggested that the mechanism
underlying this transformation might involve galectin-7-mediated upregulation of matrix
metalloproteinase-9 (MMPY) expression and secretion in a glycan-dependent manner
[202]. MMPO is also associated with cancer cell invasion and metastasis [203], but the

role of MMP?9 in promoting this more aggressive phenotype was not directly tested in the
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Demers et al. study. Nevertheless, these studies demonstrate how aberrant galectin
expression may lead to cancer development and/or progression.

Galectin-glycan interactions are known to regulate tumor formation, the tumor
microenvironment, and cancer cell aggressiveness and metastasis. One potential
mechanism underlying galectin regulation of tumorigenesis is the effect of galectins on
cell cycle progression, which was briefly described above as a mechanism for galectins
promoting cell proliferation. One study showed that galectin-1 inhibits cell cycle
progression and proliferation of carcinoma cell lines in a glycan-dependent manner [204],
although relatively high concentrations of galectin-1 (at least 25ug/ml) are needed for
just a slight effect. Many other regulatory effects of galectins on the cell cycle are known,
but these occur via intracellular, lactose-independent mechanisms (reviewed in [205]).
Thus, the importance of galectin-glycan interactions in cell cycle regulation is still
unclear and should be a topic of future study. Besides dysregulation of cell cycle
progression, galectins can also alter the tumor microenvironment. Some galectins have
been shown to be pro-angiogenic factors for tumors (reviewed in [197-199]), and hence
galectin-glycan interactions may promote capillary re-modeling to help “feed” tumors
with additional oxygen and nutrients to support their growth and development.

Besides their role in tumor formation, galectin-glycan interactions regulate
metastasis, the spread of cancer cells to secondary tissues. One of the first steps in
metastasis is the conversion of tumor cells to invasive tumor cells. This transition can
occur through multiple processes, one of the most well known being epithelial-
mesenchymal transition (EMT), a process whereby differentiated cells begin to take on

the properties of mesenchymal (less differentiated) cells, including reduced cellular
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adhesion molecule expression and hence a higher potential of cell layer detachment and
migration. Galectin-1 has been shown to be highly upregulated in squamous carcinoma
cells that have undergoing SNAIL-induced EMT, and soluble galectin-1 caused increased
cellular migration, Matrigel invasion, and frequency of cells that have undergone EMT
[206]. The mechanism of these galectin-1-mediated effects is likely due to increased INK
signaling and subsequent upregulation of o, 1, and/or 35 integrins [206], although the
cell surface receptor(s) bound and other details of the signaling pathway are currently
unknown. Galectin-3 may also inhibit anoikis (cellular death induced by loss of
anchorage, which is considered a major mechanism of preventing cancer cell metastasis)
by promoting cancer cell aggregation [207]. The authors proposed that galectin-3-
mediated cell aggregation may serve as a surrogate mechanism of cellular “anchorage,”
thereby allowing cancer cells to escape from tumors without undergoing anoikis and thus
survive in the circulation and secondary tissues [207]. High concentrations (~62.5ug/ml)
of galectin-3 may also inhibit anoikis independent of cellular aggregation [208], although
the physiological relevance of such a high concentration of galectin-3 on anoikis is
unclear. On the other hand, galectin-1 may promote anoikis, so the functional outcome of
anoikis may be dependent on a “battle” between galectin-1 and galectin-3 expression and
concentration at the site of the tumor [208]. Cancer cell-endothelial cell adhesion is
important for cancer cell extravasation into secondary tissues, and this process may also
be modulated by a number of galectins. Galectin-3 may promote increased cancer cell-
endothelial cell adhesion, which is mediated by increased pro-inflammatory cytokine
expression (IL-6, GM-CSF, G-CSF, and sICAM-1) and subsequently increased cell

surface adhesion expression by endothelial cells [209]. Other studies suggest that
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increased expression of galectin-3 in carcinoma cells is associated with increased rolling
on and adherence to endothelial cells in a lactose-dependent manner [210], while
exposure of carcinoma cells to galectin-2, -4, or -8 increases adherence to endothelial
cells [211]. On the other hand, galectin-9 was shown to act as an anti-metastatic factor by
reducing cancer cell-ECM adhesion and cancer cell binding to endothelial cell adhesion
molecules in a lactose-dependent manner [212]. Support of the anti-metastatic role of
galectin-9 was demonstrated in a mouse model of metastasis, where mice injected with
recombinant galectin-9 or cancer cells recombinantly expressing galectin-9 showed
substantially reduced numbers of pulmonary tumor colonies [212]. In order to escape the
primary tissue as well as enter the secondary tissue, cancer cells need to make their way
through connective tissue and the extracellular matrix. Degradative enzymes, especially
matrix metalloproteinases (MMPs), play a key role in this process. Specific galectins
have been shown to activate MMP gene expression [202], as well as accelerate pro-MMP
processing into the active enzymes [213]. Thus, galectins may indirectly promote tumor
escape and secondary tissue entry by regulating MMP expression or activity. Therefore,
galectins may regulate the process of cancer cell metastasis at multiple stages from cell
transformation to tissue invasion. For additional information on the roles of specific
galectins in cancer and metastasis, intensive and extensive reviews are also available

[205, 214].

vii. Galectin Functions: Cell-Cell and Cell-ECM Interactions
One of the first functions described for galectins was their role in adhesion,

including cell-cell adhesion and cell-extracellular matrix (ECM) adhesion. A large
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number of in vitro and cell culture studies have been conducted demonstrating glycan-
dependent binding of galectins to cells and ECM glycoproteins including fibronectin,
collagen, and laminin (reviewed in [158]). Despite this seemingly crucial role in
physiology and morphogenesis, in vivo studies using galectin knockout mice revealed no
gross abnormalities or defects in anatomy, physiology, development, or fertility [215-
217]. For this reason, galectin-mediated adhesion processes are not essential but rather
are more likely involved in fine-tuning cell-cell and cell-ECM interactions. Some key
points about galectin-glycan interactions in adhesion are pointed out below.
Galectin-glycan interactions may promote or inhibit adhesion between cells or
between cells and the ECM. The positive or negative effect on adhesion depends on the
galectin(s) expressed, galectin conformation, cell type, cell surface receptor or ECM
protein expression, glycosylation status, and environmental cues and conditions. For this
reason, even the same galectin under different conditions may lead to different outcomes.
For example, soluble galectin-8 was shown to inhibit cell adhesion to ECM components
and tissue culture-treated plastic surfaces in a lactose-dependent manner, whereas
immobilized galectin-8 actually promoted cell adhesion in a lactose-dependent manner
[195]. Therefore, galectins presentation as soluble or surface-bound may dictate the
adhesive effects of galectins. Notably, the inhibitory effect of soluble galectin-8 towards
laminin binding by the 1299 pulmonary carcinoma cell line was specific to galectin-8
because galectin-1 and galectin-3 did not cause this inhibitory effect [143], demonstrating
how specific galectins may mediate specific adhesion events. The cell type may also
influence the effects of adhesion. For instance, galectin-1 promotes adhesion of human

melanoma cells to the ECM glycoprotein laminin [218] but inhibits myocyte binding to
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laminin [190]. Therefore, even the same galectin may have different adhesion effects on
different cell types, even to the same substrate. A possible mechanism for this effect is
that the oligomeric galectins may promote cell-ECM adhesion by binding both ECM
components and cells, thereby “bridging” the two. However, this “bridging” effect may
also prevent direct receptor-ligand contact and, in cases where such direct contact is
needed for functional adhesion and/or cellular signaling for firm adhesion, this “bridging”
effect may actually block or inhibit firm adhesion. Galectins may also inhibit cell-ECM
adhesion by ECM binding without cell binding to block specific cell-ECM interactions.
Other mechanisms are also possible (reviewed in [158]).

The mechanism of galectin-mediated adhesion may not only directly involve
galectin-glycan interactions to help cells “stick” to other cells and ECM components but
also regulation of signaling pathways induced by galectin-glycan interactions [158]. For
example, galectin-8-mediated cell adhesion was due to galectin-8 binding to specific
integrins [195]. This glycan-dependent galectin-8-integrin interaction led to integrin
signaling pathway activation, resulting in phosphorylation of cytoskeletal proteins
(including FAK and paxillin) that may explain the cytoskeletal rearrangements and cell
spreading that occur upon cell attachment to galectin-8 [195]. However, whether integrin
signaling or integrin binding and adhesion was the major mechanism underlying galectin-
8-mediated cell adhesion was not tested and hence is still unclear. Nonetheless, these
results suggest that galectin-glycan interactions may mediate adhesion by a number of
mechanisms besides merely serving as “glue” or a “bridge” between cells and between

cells and the ECM.
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Galectin-glycan interactions may also be important in maintaining a tight barrier
within epithelial cell layers. A recent study by Jiang et al. demonstrated that galectin-3
interacts with the desmosomal protein desmoglein isoform 2 (Dsg2) via Dsg2 N-glycans
on human intestinal epithelial cell lines [219]. Lactose treatment, anti-galectin-3 antibody
treatment, or siRNA knockdown of galectin-3 in human intestinal epithelial cells all
caused reduced intercellular adhesion and dispersion the epithelial cell layer. Besides
serving as a bridging mechanism, the galectin-3-Dsg2 interaction also promoted adhesion
by maintaining Dsg2 cell surface expression. In the absence of galectin-3, Dsg2 was
more readily degraded by the proteasome, most likely by internalization of cell surface
Dsg2. The physiological relevance of this galectin-3-Dsg2 interaction in intestinal
epithelium integrity was demonstrated by the use of isolated murine small intestines; the
intestine was treated with anti-galectin-3 antibody, which led to a reduction in cell
surface Dsg?2 levels [219]. However, no studies were conducted on the integrity of this ex
vivo intestine, such as by transepithelial resistance (TER) measurements, upon anti-
galectin-3 or lactose treatment. Thus, the actual physiological contributions of galectin-3
to intestinal epithelium integrity and barrier function were not tested in ex vivo or in vivo
experiments. Nonetheless, this study suggests a role of galectins in forming tight
intercellular contacts within intestinal epithelial cells. It will be interesting to determine if
other galectins play a role in intercellular adhesion in other simple epithelial layers such
as the respiratory tract. Despite very early knowledge of galectin-glycan interactions in
adhesion, this recent study was one of the first to strongly suggest an important
physiological function of galectin-glycan interactions in epithelium adhesion and

integrity. Moreover, this study leads to questions as to whether dysregulated galectin-3
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expression or Dsg? target glycan ligands contribute to diseases associated with reduced
epithelial barrier function such as food allergies and inflammatory bowel diseases. Future
studies should also be aimed at determining if galectin-3 knockout mice have reduced
intestinal epithelial cell integrity and/or if other intestinal galectins such as galectin-4

regulate the integrity of the intestinal epithelial barrier.
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I1I. Glycan-Binding Proteins of Dendritic Cells
1. Background: Dendritic Cells and Dendritic Cell Glycan-Binding Proteins

Dendritic cells (DCs) are a central player in the immune system, especially in
their ability to bridge the innate and adaptive immune systems as well as act as
phagocytes and pathogen sensors (reviewed in [220]). DCs are typically classified into
two categories: classical (myeloid) DCs (cDCs) and plasmacytoid DCs (pDCs). pDCs are
involved in pathogen sensing and production of Type I interferons, primarily through
interactions with microbial nucleic acids via Toll-like receptor (TLR)-7 and -9 [221]. On
the other hand, the cDCs are professional antigen-presenting cells that present antigens
on MHC Class I or I molecules to activate CD8" cytotoxic T cells and CD4" T helper
cells, respectively. Most cDCs exist as “immature” cDCs prior to stimulation and exhibit
much phagocytic activity. Once stimulated by PAMPs such as LPS binding to TLR4,
c¢DCs undergo differentiation into mature cDCs. Mature cDCs have reduced phagocytic
activity but enhanced migratory activity and T cell stimulatory activity, so the mature
cDCs cells are the DC subtype that activates T cells. These mature cDCs have increased
cell surface expression of costimulatory molecules (especially CD80 and CD86) and
cytokines that are critical for promoting activation and differentiation of T cells
(reviewed in [220]). Depending on the type of microbe or microbial products encountered
as well as other environmental and immunological stimuli, cDCs mature in different
ways to promote T cell differentiation into different effector subtypes, such as CD4" T
cell differentiation into Th1, Th2, Th17, Ty, or other subtypes (reviewed in [222]). This
maturation mechanism also depends on the pathogen recognition receptors (PRRs)

expressed on the cDC surface, especially TLRs and C-type lectin receptors (CLRs),
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which may vary between different cDC types. For example, the cDCs in the epidermis,
known classically as Langerhans cells, express the CLR Langerin but not DC-SIGN
[220]. For more information on DCs, interactions of DCs with pathogens and non-
pathogen products, other functions of pDCs and cDCs, and functional variations between
different DC subsets, excellent reviews are available [220-224].

DCs are very abundant in the intestine, where a variety of different DC subtypes
are localized in the Peyer’s Patches (PPs) and lamina propria (LP) (reviewed in [225]).
These localizations and variety of DC subtypes may be important for sampling the
numerous, diverse types of microbes that pass through the intestine to generate the
appropriate immune responses to specific microbes, including differentiation of
commensal vs. potentially parasitic organisms. Commensal and pathogenic microbes can
pass through M cells in the intestinal epithelium and especially follicle-associated
epithelium and then be sampled by DCs in the underlying LP and PPs, respectively [225].
Specific DC subsets have also been shown to directly migrate from the LP into the small
intestinal lumen, although these cells do not appear capable of re-entering the LP and
hence migrating to lymph nodes to activate T cells [226]. Thus, these intestinal lumen
DCs may solely function in innate immune mechanisms such as phagocytosis to prevent
pathogen dissemination from the intestinal lumen into the underlying tissue and
circulation [226].

Interestingly, DCs have been shown to extend their dendrites through the small
but not large intestinal epithelium from the LP to “sample” microbes in the intestinal
lumen without perturbing epithelium integrity or completely entering the intestinal lumen

[227, 228]. A more in-depth examination of this process in mice by Chieppa et al.
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demonstrated that transepithelial dendrite extension is prominent in the apical (villus tip)
but not basal (crypt) regions of the intestinal epithelium. Additionally, transepithelial
dendrite extension occurs most frequently the jejunum and proximal ileum but not
terminal ileum or cecum under basal conditions, although exposure to gastrointestinal
pathogens like Salmonella increases the frequency of transepithelial dendrite extension
into the lumen in the terminal ileum. This dendrite extension also appears to be
dependent on the presence of an intact gut microbiota since antibiotic treatment strongly
reduced the number of dendrite extensions in the proximal ileum of mice. The
mechanism for microbe-induced transepithelial dendrite extension is specific Toll-like
receptor 2 (TLR2), TLR4, and/or TLR9 recognition of target ligands and subsequent
signaling via the MyD88 pathway by intestinal epithelial cells [229]. However, the
mechanism by which TLR-stimulated epithelial cells send signals to dendritic cell to
promote dendrite extension is unclear but is likely due to cytokine and/or chemokine
production. Indeed, CCL20 has been suggested as a mechanism due to the ~20-fold
upregulation of this gene in the terminal ileum in Sal/monella-infected vs. uninfected
mice, which was dependent on MyD88 expression [229]. However, this suggestion has
yet to be confirmed through the use of CCL20 knockout mice. More recently, dendrite
extension from specific DC populations in the Peyer’s Patches through the follicle-
associated epithelium has been also demonstrated. In contrast to transepithelial dendrite
extension, dendrite extension occurred directly through M cells in the follicle-associated
epithelium via so-called transcellular pores rather than between cells as is the case of
dendrite extension between enterocytes from DCs in the LP [230]. Therefore, this

mechanism of dendrite extension is not limited to LP DCs, although the mechanism of



70

dendrite extension varies depending on the cell type through which the dendrites will
pass (paracellular for enterocytes vs. transcellular for M cells). Together, the studies
suggest that DC sampling of microbes in the intestinal lumen can occur via transepithelial
dendrite extension from DCs in the LP and PPs. A major question that remains to be
addressed though is whether or not antigen sampling by dendrite extension is sufficient
for DC migration into the lymphatic system to present these antigens to CD4" T cells, a
question that has been hindered by technical limitations [229]. Since these studies were
all performed using animal models, an additional question that remains unanswered is
whether or not dendrite extension through the intestinal epithelium also occurs and is a
common phenomenon in the human intestine. Additionally, the relative contribution of
this dendrite extension mechanism to DC-mediated immune responses is still unclear and
requires further study.

DCs utilize a number of cell surface receptors to recognize microbes and tailor
DC-mediated immunity, including Toll-like receptors (TLRs) as well as the C-type lectin,
Siglec, and galectin families of glycan-binding proteins. TLR binding to specific PAMPs,
such as LPS to TLR4, is one of the major mechanism promoting DC maturation [231].
On the other hand, C-type lectins, Siglecs, and galectins do not typically promote DC
maturation but rather play roles in endocytosis for antigen presentation and/or regulation
of cellular signaling to “fine-tune” the ultimate immune response by the mature DCs. The
latter function may be especially important for effector functions such as promoting
proper T helper cell differentiation and inducing T cell activation or tolerance (reviewed

in [223, 232]). In fact, it has been suggested that more efficient vaccines or therapeutics
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may be produced via specific targeting of C-type lectins to generate specific T cell
responses that would be most effective at pathogen clearance [232].

DCs are known to express galectin-1, -3, and -9 [233], which may play roles in
DC-mediated immune responses (reviewed in [182, 223]). For more information on
galectins, refer to the Galectins section of this chapter. The structures, ligands, and
functions of specific C-type lectins and Siglecs expressed by DCs are discussed in the

following sections.

ii. C-Type Lectins: DC-SIGN, Langerin, MGL, and Dectin-2

C-type lectins are classically defined as a family of transmembrane and secreted
glycan-binding proteins that bind glycans in a calcium-dependent manner via a highly
conserved domain (the C-type lectin domain, CTLD) [234, 235]. However, examples of
calcium-independent C-type lectins (ex-Dectin-1) are now known [236], so calcium-
dependence is not an absolute requirement for glycan binding by C-type lectins.
Dendritic cells express a large number of membrane-bound C-type lectins that play a role
in endocytosis of bound glycoconjugate ligands or regulation of downstream signaling
pathways upon glycoconjugate ligand binding. These membrane-bound C-type lectins are
thus referred to C-type lectin receptors (CLRs). Within all subsets and differentiation
stages of DCs, at least nine different CLRs are known expressed [237], many of which
play a key role in DC-mediated recognition of specific microbes and tailoring of specific
immune responses towards these specific microbes (reviewed in [238]). The major focus

here will be on the CLRs DC-SIGN, Langerin, MGL, and Dectin-2 due to their use in this
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study. For information on the other DC-expressed CLRs, excellent reviews are available
[232, 238-240].

One of the most well studied CLRs of DCs is Dendritic Cell-Specific Intercellular
Adhesion Molecule-3 Grabbing Nonintegrin (DC-SIGN). DC-SIGN was first discovered
in 1992 by Curtis et al. during a study on CD4-independent mechanisms of HIV-1
binding to human cells [241]. Using expression cloning of a human placental cDNA
library into COS-7 cells, the authors identified a clone that promoted binding of cells to a
recombinant version of the HIV-1 gp120 cell adhesion molecule. DNA sequencing of this
clone revealed an ORF that encoded a protein with significant homology to
transmembrane C-type lectins. This protein was functionally confirmed to be a C-type
lectin by showing that gp120 binding was calcium-dependent and that mannose, fucose,
and especially mannan specifically inhibited binding of gp120 to cells expressing this C-
type lectin [241]. These results suggested that this C-type lectin was a mannose-binding
and possibly fucose-binding lectin. At the time, the human cells or tissues expressing this
C-type lectin other than placental tissue were unknown.

In 2000, Geijtenbeek et al. demonstrated expression of this C-type lectin in a
specific cell type, DCs, in two complementary studies. The first study identified a protein
that promoted DC-T cell complexes via interaction with Intercellular Adhesion Molecule-
3 (ICAM-3) on T cells and subsequent T cell proliferation. Using DC-T cell adhesion-
blocking monoclonal antibodies, the authors identified a 44kDa protein that, by peptide
sequencing and gene cloning, was identical to the C-type lectin identified in the 1992
Curtis et al. study. Since this C-type lectin was also specifically expression on DCs but

not other leukocytes, the lectin was aptly named DC-specific ICAM-3-grabbing
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nonintegrin (DC-SIGN). The function of DC-SIGN as an ICAM-3-binding molecule and
as a C-type lectin was confirmed by recombinantly expressing DC-SIGN in COS-7 cells
and demonstrating ICAM-3 binding, which required calcium and was inhibited by
mannan and mannose [242]. Therefore, this first study suggested that DC-SIGN was a
cell adhesion molecule that bound ICAM-3 via DC-SIGN’s CRD. The second study,
which gained DC-SIGN much notoriety, demonstrated that DC-SIGN on DCs or
recombinantly expressed in other cells could bind to gp120 and HIV-1 virions via the
DC-SIGN CRD. More importantly, DC-SIGN binding did not lead to viral entry into the
DC:s or other cells recombinantly expressing DC-SIGN but rather allowed DCs to present
these viruses to CD4" T cells. Moreover, DC-SIGN-mediated HIV-1 virion shuttling
increased the length of time (from ~1 day to ~4 days) that HIV-1 virions efficiently
infected CD4" T cells relative to the absence of cells expressing DC-SIGN [243].
Therefore, DC-SIGN-mediated frans-infection gained much attention as a potential
mechanism underlying the early stages of the HIV-1 infectious process due to the
presence of DC-SIGN-positive DCs in the lamina propria of mucosal tissue initially
exposed to HIV-1 and the ability of DC-SIGN to prolong the lifespan of infectious
virions [243]. DC-SIGN is also expressed by cells in the human small intestine,
particularly the Peyer’s Patches [244], so DC-SIGN may come into contact with
intestinal lumen contents such as HMGs in breast-fed infants.

Studies on glycan specificity of DC-SIGN have confirmed the initial observation
by Curtis et al. that DC-SIGN binds mannosylated and fucosylated glycans. Besides
mannan, DC-SIGN was shown to bind high mannose N-glycans via a tetrameric

extracellular CRD, which was suggested to be the major mechanism by which DC-SIGN
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binds to the high mannose-rich HIV-1 gp120 glycoprotein [245]. Other studies revealed
that DC-SIGN binds to specific fucosylated glycans, namely those containing Lewis
determinants, which include the Lewis a (Galf1-3(Fucal-4)GlcNAcp-), Lewis b (Fucal-
2 Galp1-3(Fucal-4)GlcNAcf-), Lewis x (Gal1-4(Fucal-3)GlcNAcp-), and Lewis y
(Fucal-2 Galp1-4(Fucal-3)GIcNAcp-) glycan determinants [246]. In fact, DC-SIGN
was shown to bind the heavily fucosylated Schistosoma mansoni egg antigen (SEA)
specifically via Lewis x determinants and structurally-related LDNF (GaINAcf1-
4(Fucal-3)GlcNAcp-) determinants on SEA [247]. Moreover, DC-SIGN was found to
be a major CLR involved in DC binding to SEA (along with MGL and the mannose
receptor), suggesting that DC-SIGN is a major receptor for SEA and thus may at least
partially underlie the pathological immune responses triggered by SEA [248]. X-ray
crystallography studies with Lewis x determinants and high mannose N-glycans have
revealed key contacts with specific amino acids and a coordinated calcium ion as well as
similarities and differences in the amino acid residues involved in DC-SIGN binding to
the Lewis x trisaccharide vs. the MangGIcNAc; high mannose N-glycan. Therefore, DC-
SIGN is a calcium-dependent glycan-binding protein that binds to mannan, high mannose
N-glycans, and Lewis glycan determinants, which may explain the variety of endogenous
and exogenous ligands and microbes recognized by DC-SIGN (reviewed in [232, 249]).
The major functional consequences of DC-SIGN binding by ligands are
endocytosis and/or regulation of signaling pathways in DCs. DC-SIGN binding to
multivalent ligands such as glycoproteins or microbial cells carrying DC-SIGN-specific
mannosylated or fucosylated determinants leads to endocytosis of the cargo [247, 248,

250-252]. DC-SIGN-mediated endocytosis has also been shown to result in cargo
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trafficking through the endocytic pathway and subsequent co-localization with MHC
Class II molecules [248]. Therefore, DC-SIGN-mediated endocytosis may be important
for presentation of specific glycan or glycoconjugate antigens on MHC Class II for
activation of CD4" T helper cells. However, not all multivalent ligands bound by DC-
SIGN are endocytosed, such as HIV-1 virions. For this reason, more studies are needed
on the physical and biochemical factors that promote DC-SIGN-mediated endocytosis.
DC-SIGN also functions as a modulator of DC signaling, particularly upon TLR
activation. In DCs stimulated with LPS, mannosylated ligands and microbes containing
mannosylated ligands such as the tuberculosis-causing pathogen Mycobacterium
tuberculosis inhibited DC costimulatory molecule upregulation and caused increased IL-
10 production via binding to DC-SIGN [251]. Paradoxically though, mannosylated
ligands also promote increased cytokine expression, including increased expression or
production of pro-inflammatory cytokines such as IL-6 and IL-8 as well as the Th1-
biasing cytokine IL-12 [253]. This mechanism of increased cytokine production by
mannosylated ligands involved Raf-1 phosphorylation in a Src kinase, PAK kinase, and
Ras-dependent manner. Interestingly, Raf-1 phosphorylation led to activation of an
alternative Raf-1 signaling pathway, which resulted in acetylation of the p65 subunit of
NF-kB [254]. This DC-SIGN-dependent interaction prolonged and increased expression
of genes encoding cytokines including IL8, IL-10, and IFN-f relative to LPS stimulation
alone [254]. Moreover, a KSR1-CNK—Raf-1 complex as well as Lsp1, RhoA, and LARG
were required for activation of this alternative Raf-1 signaling pathway [253], although
more details of the pathway upstream and downstream are unclear. Additionally, the

mechanism by which mannosylated ligands inhibit DC maturation, including CD80 and
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CD86 expression, is still unclear. Thus, mannosylated ligands may regulate TLR4 (and
possibly other TLR) signaling pathways in DCs by promoting a more pro-inflammatory
and Thl-biased response but reduced costimulatory molecule expression and DC
maturation. These regulatory effects suggest that DCs may take on a more of an innate
immunity leukocyte role rather than a role as a professional antigen-presenting cell upon
DC-SIGN binding to mannosylated ligands in the presence of TLR ligands.

In contrast to mannosylated ligands that increased cytokine expression,
fucosylated ligands (specifically multivalent Lewis x-polyacrylamide beads, Le*-PAA)
actually reduced cytokine production by promoting dissociation of KSR1-CNK-Raf-1
complexes from DC-SIGN-Lsp1 [253], suggesting an anti-inflammatory role of
fucosylated ligand binding to DC-SIGN. Moreover, fucosylated ligands uniquely bias
DCs to promoting Th2 differentiation at least partially via DC-SIGN binding [248].
Recently, the mechanism underlying Th2-biasing by fucosylated ligands (including Le*-
PAA, SEA, and Helicobacter pylori strains expressing Lewis x antigen on LPS) was
uncovered and determined to occur via Ser252 phosphorylation of Lsp1 by the MK2
kinase that is likely induced by the absence of a bound KSR1-CNK—Raf-1 complex. This
Lsp1 phosphorylation event caused activation of an IKKe- and CYLD-dependent
signaling pathway that led to the formation of an alternative Bcl-3-p50 NF-kB complex.
This signaling pathway ultimately resulted in a Th2-biased cytokine profile by DCs,
including upregulation of IL-10 and downregulation of IL-6 and IL-12 [255].
Additionally, DC-SIGN binding to fucosylated ligands and subsequent Lsp1
phosphorylation by fucosylated ligands also promoted activation of the ISGF3 signaling

pathway, resulting in increased IL-27 secretion by DCs [256]. This increased IL-27
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production promoted CD4" T helper cell differentiation into the follicular T cell
phenotype (Trg), which are T cells that promote and maintain germinal centers and
strongly promote B cell activation, maturation, and isotype switching from IgM to IgG
[256]. Therefore, fucosylated ligand binding to DC-SIGN on TLR-activated DCs induces
a more anti-inflammatory response as well as T helper cell differentiation into both Th2
and Try phenotypes, which are the two key T cell phenotypes involved in humoral
immunity.

Langerin is another CLR that is expressed by some subsets of DCs, especially
DCs in the epidermis called Langerhans cells (LCs), but also in DCs localized in other
stratified epithelia and other tissues such as the lung (reviewed in [257]). Interestingly,
Langerin expression may replace DC-SIGN in LCs since this DC subset does not appear
to express DC-SIGN [258]. This phenomenon suggests that different DC subtypes may
have evolved to express different CLRs depending on anatomic localization, which
dictates what endogenous and exogenous ligands such as microbes the DCs will
encounter and respond to. Langerin was first characterized as CD207, an LC-specific cell
surface marker, and hence was given the name Langerin [259]. Langerin was determined
to associate with intracellular Birbeck granules characteristic of LC morphology, and
transfection of Langerin into fibroblasts led to formation of Birbeck granules, suggesting
that Langerin plays a major role in the presence and formation of Birbeck granules [260].
Additionally, Langerin was shown to encode a protein with homology to a C-type lectin,
and was indirectly determined to require calcium for lectin activity and bind to mannan
[260]. Finally, Langerin was shown to be endocytosed upon ligation with anti-Langerin

antibodies or upon binding to glycoproteins, which was followed by Langerin
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localization to Birbeck granules and degradation of the endocytosed cargo [260, 261].
These findings suggest that Langerin functions as an endocytic receptor that targets cargo
for lysosomal degradation, although whether or not Langerin promotes antigen
presentation onto MHC Class II molecules like DC-SIGN does not yet been
demonstrated. However, Langerin has been shown to be essential for antigen presentation
on CDla, a receptor involved in presentation of lipid antigens [262]. The antigen loading
is believed to occur in the Birbeck granules where both CD1a and endocytosed Langerin
can localize [262], although no direct proof of this was presented. Interestingly, Langerin
also promotes LC phagocytosis and degradation of HIV-1 virions [263], in stark contrast
to DC-SIGN binding of HIV-1. Although Langerin has been shown to promote microbial
phagocytosis and some forms of antigen presentation, to date no studies of a role of
Langerin in the regulation of cellular signaling have been performed.

Structurally, Langerin was shown to form trimers via the interactions of a-helices
in the extracellular neck domain to form coiled-coils. Of a panel of monosaccharides,
Langerin preferentially binds to Man, Fuc, and GlcNAc with low millimolar K; values.
However, Langerin bound more strongly to high mannose N-glycan structures (Mans.
9GIcNAC,), but the K; for the MangGlcNAc; interaction was still relatively high for the
monomeric CRD (0.23mM). This low affinity binding may be compensated for by higher
avidity via trimerization; this is supported by the fact that glycoproteins containing high-
mannose N-glycans are only bound by trimeric but not monomeric recombinant Langerin
constructs [261]. CFG glycan microarray analysis of Langerin revealed specific binding

to not only high mannose N-glycans but also structures terminating in B-linked GIcNAc

such as the complex N-glycan structure GIcNAcf1-2Manal-3(GlcNAcf1-2Manal-
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3)Manf1-4GIlcNAcP1-4GlcNAcp-, structures containing 6’-O-sulfated galactose such as
Gal6SP1-4GIlcNAcf- and Gal6SP1-4Glc, and weak binding to a few structures
containing histo-Blood Group determinants [264]. In addition, Langerin was shown to
bind to $1-3 glucans that, along with mannan binding, likely explains the observation that
Langerin serves as the major LC receptor for many fungal strains [265]. The binding of
Langerin to high mannose N-glycans, 6’-O-sulfated LacNAc, histo-Blood Group
determinants, and $1-3 glucans was confirmed by co-crystallization studies, and the X-
ray diffraction studies also revealed similarities and differences in the mechanisms of
how these different determinants bind to Langerin, including a unique mechanism for
Langerin binding to the 6’-O-sulfated LacNAc [266]. Finally, the fine specificity of
Langerin may vary within the human population due to known polymorphisms occurring
at key amino acid residues involved in glycan binding. In an interesting example, a
mutation destroying a key salt bridge (L3131) necessary for binding to the sulfate group
on 6’-O-sulfated LacNAc not only abolishes binding to structures containing terminal 6’-
O-sulfated LacNAc but also actually increases binding to structures containing terminal
B-linked GlcNAc [267]. Therefore, Langerin may bind to multiple glycan determinants,
which may be important for LCs and other Langerin-expressing DCs to recognize a wide
variety of microbial invaders. Moreover, polymorphisms in Langerin that alter glycan
recognition are found in the human population, which may have been evolutionarily
selected over time so that the human population exhibits diversity in Langerin-mediated
recognition of pathogens.

The macrophage galactose/N-acetylgalactosamine-binding lectin (MGL, also

referred to as CLEC10A) was first discovered while screening of an activated monocyte
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cDNA library for C-type lectins homologous to the prototype human C-type lectin called
the hepatic asialoglycoprotein receptor. This screening was performed because a
Gal/GalNAc-specific C-type lectin non-identical to the Gal/GalNAc-specific hepatic
asialoglycoprotein receptor was known to be expressed by rat and mouse macrophages
[268]. This led to identification of a calcium-dependent C-type lectin that bound to
galactose-Sepharose and eluted with 0.1M Gal or GalNAc monosaccharides, and also
weakly eluted with 0.1M fucose. Interestingly, the MGL also bound to glycopeptides
containing the tumor-associated cancer antigen Tn antigen (GalNAcaSer/Thr) but not to
the galactosylated T antigen (Galp1-3GalNAcaSer/Thr) found on normal tissues [268],
which not only suggested a preference for terminal a-linked GalNAc but also that MGL
may interact with tumor cells and products. By glycan microarray analysis of
monosaccharides, MGL was shown to interact with a-linked GalNAc and, to a lesser
extent, B-linked GalNAc, but poorly bound to a- or B-linked Gal. Moreover, MGL
specifically bound to glycan structures containing a terminal a- or -linked GalNAc
including LDN (GaINAcB1-4GIcNAcp-) and the glycolipids GM2 (GalNAcal-
4(NeuSAca2-3)Galp1-4Glc and GD2 (Neu5SAca2-8NeuSAca2-3(GalNAcal-4)Galp1-
4Glc), though an exception to this rule was binding to the Core 6 O-glycan structure
GlcNAcB1-6GalNAca- containing a terminal $1-6-linked GlcNAc rather than GalNAc
and an internal GalNAc residue [269]. MGL has also been shown to bind a number of
microbes, specifically to glycoconjugates containing terminal GalNAc (reviewed in
[270]). Therefore, human MGL’s binding motif is simply GaINAca- or GalNAcf- and,
due to poor binding of terminal Gal determinants, MGL is truly a “GalNAc-binding

proteins” and not the original name “Gal/GalNAc-binding protein.”
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MGL was later shown to be expressed by immature but not mature monocyte-
derived DCs and Langerhans cells, which acted as a cell surface endocytic receptor upon
binding to antibodies or multivalent GalNAca-PAA particles [237, 271]. Moreover,
MGL partially contributed to the binding and endocytosis of SEA by DCs, along with
DC-SIGN and the mannose receptor [248], likely via binding to LDN and the fucosylated
analog LDNF (GalNAcp1-4(Fucal-3)GIcNAcp-) [269]. Besides endocytosis, MGL has
been shown to modulate TLR signaling and T helper cell differentiation, akin to DC-
SIGN. These functions of MGL in DC signaling and T cell differentiation have been
excellently reviewed [270], but will be briefly described here. In general, MGL signaling
appears to promote a tolerogenic DC phenotype, which causes these MGL-stimulated
DCs to dampen effector T cell responses and promote T helper cell differentiation to the
tolerogenic and anti-inflammatory Tr1 phenotype. However, more studies on MGL-
mediated signaling and regulation of immune responses are needed since only a few
studies are available for the role of MGL on human DCs, and some of the evidence is
conflicting or controversial, which may depend on the MGL ligand and/or mechanism of
DC stimulation or differentiation. It should also be noted that mice contain two homologs
of human MGL, MGL1 and MGL2, which have different glycan specificities and
functions than human MGL [270]. Therefore, studies performed with mice on MGL
function should be interpreted with caution when applied to humans.

Dectin-2 is another CLR expressed by some human DCs. While Dectin-2 was
first cloned, characterized, and extensively studied in mice (reviewed in [272-275]), very
few studies have focused on human dectin-2. Human dectin-2 was first cloned in 2004

[276], about 4 years after cloning and characterization of the mouse dectin-2 gene [277].
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In addition to a few other leukocytes and lung tissue, human dectin-2 mRNA was
detectable in both immature and mature monocyte-derived DCs and Langerhans cells
[276, 278]. Moreover, higher mRNA levels were detected in pDCs vs. ¢cDCs [278],
although protein and/or cell surface expression levels were not compared. These results
suggest that dectin-2 is expressed by at least some subsets of DCs.

Dectin-2 serves as a signaling receptor in DCs. Dectin-2 crosslinking by
antibodies or binding to specific strains of Candida albicans alters cytokine expression
by monocyte-derived cDCs, especially by promoting increased expression of the Th17-
biasing cytokines IL-1f and IL-23 as well as decreased expression of the Th1-biasing
cytokine IL-12 [279]. Importantly, no TLR activation was needed for dectin-2 to cause
these changes in cytokine expression [279], which is in contrast to DC-SIGN, Langerin,
and MGL. This is likely because dectin-2 and other C-type lectins in the dectin-2 family
associate with the Fcy receptor via cytoplasmic ITAM motifs to transmit signals that
directly lead to changes in gene expression (reviewed in [239, 253]), and this Fcy singling
pathway was recently demonstrated for human dectin-2 as well [280]. In pDCs, dectin-2
binding to hyphae of the opportunistic fungal pathogen Aspergillus fumigatus caused
increased cytokine secretion (of at least TNF-a and IFN-a) as well as increased direct
pDC killing of the hyphae. Moreover, the binding of 4. fumigatus hyphae to dectin-2 on
pDCs was inhibited by mannan and weakly inhibited by laminarin (an extract rich in 31-3
glucan) [280], suggesting that human dectin-2 is a mannan receptor and possibly a weak
B1-3 glucan receptor. In other cell types, dectin-2 was shown to function as a potential
receptor for the Ebola virus glycoprotein to promote viral attachment to and invasion of

cells, which suggests that dectin-2 may also serve as a receptor for Ebola virus infection
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of DCs [281]. To date though, no direct proof of an endocytic function of human dectin-2
has been shown. These few studies suggest that human dectin-2 is expressed by DCs and
functions as a regulator of fungal immune responses, including promoting antifungal
immune responses in pDCs and Th17-biased cytokine responses by cDCs, via binding to

fungal mannan and possibly $1-3 glucan structures.

iii. Siglecs

Siglecs (sialic acid-binding immunoglobulin-like lectins) are a group of glycan-
binding proteins belonging to of the I-type lectin family of glycan-binding proteins. I-
type lectins are characterized by the presence of an immunoglobulin (Ig)-like fold in the
protein three-dimensional structure and glycan-binding activity via this domain [282].
The term “Siglec” was first proposed in 1998 and used to classify structurally and
functionally related glycan-binding protein that met two criteria: binding to sialylated
glycans and significant sequence similarity, especially the presence of and similarity
within the single variable (V)-Ig-like domain and one or more C2 constant-Ig-like
domains [283]. Siglecs are primarily expressed by leukocytes and, not surprisingly,
function in numerous immunoregulatory processes (reviewed in [284, 285]). Some of the
Siglec and their functions are described in more detail below, with the major focus being
on Siglecs expressed by dendritic cells and the DC-specific functions of these Siglecs.

Most Siglecs bind to specific sialylated glycoconjugates and require sialic acid for
this binding, although the fine glycan specificity varies between Siglecs. Although earlier
studies using a smaller number of glycan structures identified specific sialylated glycan

determinants for human Siglecs [286, 287], other and especially more recent studies
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using much larger numbers of glycan structures have not confirmed these earlier
observations. In particular, Siglec screenings on the glycan microarray available from the
Consortium for Functional Glycomics (CFG) have generally shown Siglec binding
sialylated glycans, but the actual glycan determinant(s) were indefinable except for the
presence of sialic acid (refer to CFG glycan microarray data publically available at

http://www.functionalglycomics.org/glycomics/publicdata/home.jsp). The exceptions to

this rule are Siglec-2 and Siglec-8. Siglec-2 is known to specifically bind to the
Neu5Aca2-6GalB1-4GIcNAcp- determinant [286, 288], which was also confirmed by
CFG glycan microarray analysis

(http://www.functionalglycomics.org/glycomics/publicdata/home.jsp). Siglec-8

specifically binds to a sialyl Lewis x determinant (NeuSAcGalp1-4(Fucal-3)GIcNAcf-)
that is sulfated on the 6-OH group of galactose (termed 6’-O-sulfo-sialyl Lewis x) [287,
289]. However, more recent CFG glycan microarray analyses suggest that the fucose
moiety is not important in this interaction and thus the true determinant is likely
NeuSAca2-3Gal6SP1-4GlcNAcp- as opposed NeuSAca2-3Gal6SP1-4(Fucal-3)

GlcNAcB- (http://www.functionalglycomics.org/glycomics/publicdata/home.jsp).

For other Siglecs, the glycan specificity results vary between studies. For
example, Siglec-5 binding was specific for NeuSAc/Neu5Gcea2-3Galf1-4Glc in one
study [286], but Siglec-5 gave much weaker and more broad binding on the CFG glycan

microarray (http://www.functionalglycomics.org/glycomics/publicdata/home.jsp) and in

other studies on Siglec-5 sialylated glycan specificity [290]. Additionally, Siglec-9 was
specific for the 6’-O-sulfated sialyl Lewis x determinant [287]. Despite the strong

binding of Siglec-9 to 6’-O-sulfated sialyl Lewis x in the latter study [287], the binding



85

strength for this determinant was quite low in CFG glycan microarray studies

(http://www.functionalglycomics.org/glycomics/publicdata/home.jsp). Therefore, the

specificity of many Siglecs for specific sialylated glycan determinants is equivocal at this
point in time.

It is possible that sialic acid is truly the major determinant of most Siglecs and
that the other components of sialylated glycans make only small contributions to binding
and/or presentation of the sialic acid. For example, Siglec-7 on dendritic cells binds to
sialylated glycans containing different types of sialic acid linkages, but the different sialic
acid linkages result in different downstream effector functions [291]. However, some
specificity in sialylated glycan binding is still observable in some studies [286, 287],
suggesting that some elements beyond sialic acid are still important for Siglec binding.
Moreover, the binding affinity of most Siglecs to known sialylated ligands is quite low
(with ICsg values of ~0.5mM for most ligands) in solution [286]. The exceptions to this
rule of relatively weak binding are again Siglec-2 and Siglec-8; Siglec-2 binds 6’-
sialyllactose with a K4 of 32uM by equilibrium dialysis [292], and Siglec-8 binds 6’-O-
sulfo-sialyl Lewis x with a K4 of 2-2.5uM by SPR [289]. However, the binding strength
of other Siglecs is much stronger (low uM Ky’s) using a solid-phase method of
measurement (surface plasmon resonance, SPR) with glycans conjugated to
polyacrylamide beads [293], although it is unclear if the solid-phase presentation and/or
multivalent glycan presentation on polyacrylamide beads increased the strength of these
binding interactions. This raises the question of how Siglecs physiologically interact with
sialylated glycans. On one hand, avidity and/or the very high density of sialylated glycans

at the target cell surface or in serum may still make these low affinity Siglec-glycan
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interactions physiologically relevant [294]. Alternatively, the glycan binding specificity
and strength by Siglecs may have been severely underestimated by some studies because
of the methodology used, as was described above for Siglec-9. Hence, Siglec-glycan
interactions may critically dependent on the glycan presentation factors such as solution
vs. solid-phase presentation of the glycan, the substratum (glass, plastic, nitrocellulose,
microspheres, cells, etc.) in solid-phase binding assays, the specific glycan backbone,
and/or the presence or identity of an aglycone component (lipid, peptide, or protein). For
all these reasons, more glycan specificity, thermodynamic, and structural studies on
Siglec-glycan interactions are needed to identify the mechanisms of binding. Ideally,
these studies should eventually focus on the binding of Siglecs to physiologically relevant
endogenous and/or exogenous ligands, which can be identified by pull-down studies with
Siglec-coated beads and target cell lysates and subsequent characterization of the
glycopeptides promoting Siglec binding..

Human dendritic cells express a number of Siglec proteins, including Siglec-1
(sialoadhesin, CD169), Siglec-5, Siglec-7, Siglec-9, and Siglec-10. Some dendritic cells
may also express other Siglecs, including Siglec-3 (CD33) [295]. However, the major
focus of the following paragraphs will be on Siglec-1, -5, -7, -9, and -10 due to their use
in the current study.

Siglec-1 (originally called sheep erythrocyte receptor, or SER) was the first
Siglec identified and was discovered by Crocker et al. based on specific expression of a
neuraminidase-sensitive hemagglutinin of sheep erythrocytes in mouse bone marrow
macrophages but not mouse peritoneal macrophages that was specifically inhibited by

addition of sialyllactose (containing either predominantly a.2-3- or predominantly a.2-6-
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linked sialic acid) [296]. Using a monoclonal antibody that was found to block the
neuraminidase-sensitive hemagglutination activity, Crocker et al. subsequently purified
and characterized SER as a sialic acid-dependent lectin that preferentially bound o2-3-
linked sialylated glycoconjugates; the protein was also renamed as sialoadhesin [297].
Siglec-1 expression on dendritic cells was only recently discovered because this Siglec is
only expressed under certain conditions and in certain DC subtypes. The first evidence of
Siglec-1 expression and function in human DCs was in a 2005 study, where Kirchberger
et al. were studying the mechanism of DC anergy that results when DCs contact specific
human rhinovirus strains. It was found that PD-L1 and an unknown receptor, later
identified as Siglec-1, were responsible for this T cell anergic effect because antibodies
against both these receptors almost completely removed the anergic phenotype [298].
Therefore, Siglec-1 may function as an inhibitory molecule towards T cell activation
under conditions of expression. However, the mechanism of action and ligand(s) on T
cells are currently unknown, although CD43 and PSGL-1 are known T cell ligands for
Siglec-1 and hence may represent potential ligands for Siglec-1 on DCs [298, 299].
Siglec-1 is only weakly expressed by immature DCs but the expression dramatically
increases in LPS-stimulated mature DCs [300]. In fact, Siglec-1 may serve as the major
HIV receptor on mature DCs to promote CD4 " T cell trans-infection by DCs in a similar
manner as DC-SIGN [300]. Therefore, Siglec-1 is expressed on DCs under specific
conditions or subtypes such as mature DCs and rhinovirus-stimulated DCs, where it acts
as an inhibitory receptor towards T cell activation and as an HIV receptor. Due to the
paucity of studies on Siglec-1 on DCs, future studies should be aimed at further

understanding the functional roles of Siglec-1 in dendritic cell biology and immunity as
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well as the mechanism of Siglec-1 gene and cell surface expression since this Siglec is
not constitutively expressed.

Siglec-5, Siglec-7, Siglec-9, and Siglec-10 were all discovered within a span of
three years based on their homology to other known Siglecs and demonstration of their
sialic acid-dependent glycan binding activities [290, 301-303]. Siglec-10 was actually
initially cloned from a DC cDNA library and subsequently shown to express Siglec-10 at
the cell surface [303]. Siglec-5, Siglec-7, and Siglec-9 were shown to be expressed by
dendritic cells, specifically immature monocyte-derived dendritic cells, in a 2004 study
by Lock et al. [304]. LPS-induced mature DCs also expressed siglec-5 at similar levels as
immature DCs, whereas the cell surface expression of Sigle-7 and -9 is significantly
reduced upon LPS stimulation of DCs [304]. Interestingly, Siglec-5 is the only Siglec
expressed by circulating plasmacytoid dendritic cells (pDCs) under basal conditions
[304], although the functional role of Siglec-5 in pDCs is currently unknown. Indeed,
very few structural and functional studies of Siglec-5, -7-, and -9 have been performed,
let alone with DCs. No studies to date have been performed on Siglec-5 in dendritic cells.
However, studies in other cell types have shown that siglec-5 may serve as an endocytic
receptor [304], including for microbes carrying sialylated glycoconjugates such as the
meningitis-causing pathogen Neisseria meningitidis [305]. Additionally, Siglec-5 may
serve as a negative regulator of immune cell activation, and this function may be
exploited by pathogens to evade immune responses. Streptococcus agalactiae produces a
protein, [} protein, which was shown to bind Siglec-5 in a sialic acid-independent manner
and promote Siglec-5 -mediated inhibition of innate immune mechanisms such as ROS

and NET production [306]. In contrast to N. meningitidis, the § protein of S. agalactiae
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also inhibits phagocytosis by neutrophils, but likely via negative regulation of immune
signaling pathways instead of directly acting as an endocytic receptor [306]. Therefore,
Siglec-5 may serve as an endocytic receptor and negative regulator of immune functions
in leukocytes, which may include DCs, although studies with DCs are needed to confirm
this.

A few studies have been performed on the role of Siglec-7, Siglec-9, and Siglec-
10 in human DCs. Siglec-7 was shown to bind multiple lipooligosaccharide (LOS)
structural mimics of gangliosides from the gastrointestinal pathogen Campylobacter
Jjejuni [291], but different structures containing different sialic acid linkages resulted in
different functions. Specifically, LOS containing the a2-3-sialylated GD1a determinant
(NeuSAca2-3Galp1-3GalNAcf1-4(NeuSAca2-3)Galp-) caused DCs to secrete Th2
cytokines and promote Th2 differentiation of CD4" T helper cells while LOS containing
the terminal a2-8-sialylated GD1c determinant (NeuSAca2-8Neu5Aca2-3Galfp1-
3GalNAcp1-4Galf-) promoted Thl cytokine secretion by DCs and a Th1 phenotype
towards T cells [291]. Therefore, Siglec-7 may recognize multiple sialic acid linkages in
glycans, although the direct contribution of Siglec-7 to these effects remains associative
and not causative since no antibody inhibition or Siglec-7 knockout studies were
performed to confirm that the effects were due to Siglec-7. Siglec-7 may also promote
endocytosis of multivalent ligands, such as bacterial cells or liposomes, and stimulate
antigen presentation for activation of T cells [307]. For this reason, targeting Siglec-7 on
DCs has been proposed as a mechanism for generating more specific, efficacious
vaccines against pathogens such as Mycobacterium tuberculosis [307]. Siglec-9 on

immature DCs may bind to MUC2 mucin from human colon carcinoma cells, which may
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result in reduced IL-12 production by the DCs [308]. However, the effects of this
interaction on production of other cytokines or immune responses was not tested, and it is
unclear whether or not MUC2 from healthy human cells or samples has a similar effect
and if this function has biological relevance. Nonetheless, the results of the latter study
suggest that Siglec-9 may function as an inhibitor of DC Th1 immune responses and
possibly other immune responses. In DCs, Siglec-10 (or the mouse homolog Siglec-G)
binding to sialylated glycans on CD24 inhibited NF-kB signaling and inflammatory
responses to the danger-associated molecular pattern (DAMP) protein high-mobility
group box 1 (HMGBJ1) in a liver injury model [309]. Siglec-10 on DCs in the lamina
propria may also serve as a receptor for the major flagellin protein (FlaA) of the
gastrointestinal pathogen Campylobacter jejuni, which results in increased IL-10
production by the DCs via p38 activation [310]. Interestingly, Siglec-10 binding to the
FlaA may be mediated by the presence of pseudaminic acid and derivatives [310].
Pseudaminic acid is nine-carbon monosaccharide (nonaose) similarly to sialic acids but is
a different isomer with different functional groups at some of the carbons (5,7-diamino-
3,5,7,9-tetradeoxy-L-glycero-L- manno-nonulosonic acid for pseudaminic acid vs. the 5-
amino-3,5-dideoxy-D-glycero-D-galacto-nonulosonic acid core structure of neuraminic
acids like NeuSAc in humans) [311]. Therefore, Siglec-10 and possibly other Siglecs may
even serve as a receptor for exogenous a-nonulosonic acid monosaccharides like
pseudaminic acid and/or derivatives. Future studies should be aimed at understanding the
mechanism of Siglec binding, if relevant, to exogenous sialic acids and other ulosonic

acids such as 2-keto-3-deoxy-D-glycero-D-galacto-nonulosonic acid (KDN), 2-keto-3-
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deoxy-D-manno-octulosonic acid (KDO), 5,7-diamino-3,5,7,9-tetradeoxy-D-glycero-D-
galacto-nonulosonic acid (legionaminic acid), and derivatives of these structures [311].
In all, these studies suggest that Siglecs on DCs participate in a variety of immune
functions in immune cells from direct endocytosis and subsequent antigen presentation to
fine-tuning immune responses, especially influencing specific T helper cell responses
such as Th1 or Th2 responses, by regulating DC signaling pathways. Future studies
should be aimed at understanding more of the functional roles of Siglec-1, -5, -7, -9, -10
in DC biology and immune responses, especially the endogenous and exogenous ligands

of these dendritic cell Siglecs.
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IV. HMG Interactions with Human Glycan-Binding Proteins

Humans contain a number of different glycan-binding proteins (GBPs), including
members of the C-type lectin, Siglec, and galectin families as well as other families.
Interestingly, members of the former three GBP families have been shown to interact
with specific HMG structures. It should be noted though that these studies primarily
focused on understanding the glycan specificity of these GBPs and not the binding of
these GBPs to HMGs per se.

One study showed that total acidic HMGs and 3-sialyl-3-fucosyllactose
(NeuSAcGalp1-4(Fucal-3)Gle, a sialyl Lewis x tetrasaccharide analog with Glc instead
of GlcNAc at the reducing end), could slightly reduce leukocyte rolling on and
attachment to inflamed endothelial cells [87]. While these studies suggested that acidic
HMGs or 3’-sialyl-3-fucosyllactose interacted with human selectins, a C-type lectin that
mediates leukocyte rolling on endothelial cells for subsequent leukocyte adhesion and
extravasation [312], this conclusion is questionable because no direct examination of
selectin binding to these HMGs was performed, the inhibitory effect on leukocyte rolling
(the actual function mediated by selectins) was only minimal (~25% decrease relative to
untreated controls), very little if any change in leukocyte rolling with increased glycan
concentrations was seen, and no correction for multiple comparisons was performed in
the statistical analysis [87]. Another study also suggested sialylated HMGs inhibit
platelet-neutrophil complex formation. While the authors suggested that the interaction
was via P-selectin on the platelets [88], this study suffered from the same issues as the
previously noted study (namely, little change in magnitude and lack of direct evidence of

P-selectin binding). Future studies should be aimed at directly assessing selectin-HMG
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interactions by glycan microarrays or functional assays with selectin gene knockouts
and/or neutralizing anti-selectin antibody treatments.

Another study showed that the milk glycan LNFPIII (Galp1-4(Fucal-
3)GIcNAcB1-3Galp1-4Glc) co-crystallized with the human C-type lectin DC-SIGN
[252]. However, that study used a single LNFPIII concentration of 10mM for co-
crystallization [252], so the actual affinity of DC-SIGN for LNFPIII was unknown and
still has not been directly measured. In addition, Hong et al. showed that human milk
glycans could weakly inhibit HIV-1 gp120 binding to DC-SIGN, and this inhibition was
proposed as a mechanism by which HMGs may protect infants from HIV-1 infection
during breast-feeding [313]. The authors of that study suggested this inhibition was due
to the presence of HMGs carrying terminal Lewis antigens based on the known glycan
determinants of HMGs (refer to the Structural Features of HMGs section) and the glycan
specificity of DC-SIGN [246]. However, the study by Hong et al. used K. fragilis -
galactosidase treatment of the milk to remove lactose [313], yet the substrate specificity
of this enzyme has not been fully explored and thus may have led to structural alterations
of the HMG population. Moreover, the weak inhibition of DC-SIGN binding suggests
that HIV-1 gp120 may still bind DC-SIGN efficiently enough to allow DC-SIGN-
mediated trans-infection of CD4 " T cells. Nonetheless, the studies suggest that specific
HMGs such as LNFPIII may bind to DC-SIGN, although the physiological relevance of
these interactions is still uncertain.

Siglecs are another class of lectins found in humans, which bind sialylated
glycans and are most well known for their role in modulating immune responses

(reviewed in [284]). While not directly explored for the ability to bind HMGs, studies



94

have reported the interaction of Siglecs with simple sialylated HMGs. Human
recombinant Siglec-2 (CD22) was shown to bind 6’-SL in solution with a K4 of 32uM by
equilibrium dialysis [292]. Siglec-2 was also shown to bind multivalent 6’-SL in an
ELISA assay [314] and to free 6’-SL in a competition assay [315]. Furthermore, human
recombinant Siglec 1, 3, 5, 7, and 9 were shown to directly bind multivalent 3’-SL and
6’-SL conjugates by ELISA [314] and/or surface plasmon resonance [293]. Human
Siglec-1 has also been co-crystallized with 3°-SL [316], although very high
concentrations (25mM) of 3’-SL were used during the co-crystallization. Therefore,
sialylated HMGs may interact with Siglecs.

Galectins have also been shown to bind HMG structures during studies on
galectin specificity. LNnT, LNT, LNFPI, and 2’-FL have been shown to be ligands for
most galectins [317-319], although the binding affinities for these HMGs are relatively
low compared to the major binding determinants of these galectins. Some galectins can
also bind LNFPII, LNFPIII, and lacto-N-difucohexaose I (LNDFH I; Fucal-2Galf1-
3(Fucal-4)GIcNAcf1-3Galf1-4Glc), although these interactions are typically weaker
strength than to LNnT, LNT, LNFPI, and 2’-FL due to the relatively unfavorable binding
of galectins to Lewis glycan determinants [317, 319]. The sialylated HMG 3°-
sialyllactose (3’-SL) has also been shown to be s strong ligand for galectin-8, specifically
the N-terminal CRD, with a K4 of about 1uM for the free 3°-SL structure [174].

3’-SL may also interact with TLR4 [72], although this interaction has not yet been
directly tested by biochemical and cell biology methods. Nevertheless, this finding at

least suggests that TLRs may be another class of direct HMG receptors.
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The results of these studies all point to the ability of some GBPs to interact with
specific HMG structures. Specifically, these studies suggest that HMGs may bind to
human GBPs, including C-type lectins, Siglecs, galectins, and possibly even TLRs. Since
these GBPs are known to play important roles in physiology, immunity, and host-microbe
interactions, HMG-GBP interactions may thus modulate infant physiology and immunity.
Although others have hypothesized a biological role of HMG-GBP interactions [320], no
studies to date have experimentally tested the functional effects of these interactions,
such as regulation of gene expression and immune responses. Thus, these facts raise
questions though about the significance of these interactions from both a biochemical and

physiological standpoint.
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V. Goals of Study

In contrast to the known mechanisms underlying the prebiotic and antimicrobial
effects of HMGs, the mechanisms by which HMGs regulate immune responses, epithelial
cell gene expression, and neurological effects are currently unclear. One interesting
feature of HMGs and GBPs is their overlap in certain functions, especially that both are
known to regulate gene expression and immune responses. GBPs expressed by epithelial
cells and dendritic cells in the GI tract are also in a prime position for exposure to HMGs
during breast-feeding, and the HMGs are not significantly digested in the GI tract until
the large intestine is reached [33, 34]. Additionally, the fact that some GBPs can bind
HMG structures raises questions about the biological significance of these interactions,
including whether or not such interactions occur in breast-fed infants and lead to
downstream effects. For these reasons, we hypothesize that some of these GBPs
expressed in the GI tract bind HMGs. Although not a goal of this study, we further
hypothesize that these HMG-GBP interactions in the GI tract are the mechanism
underlying regulation of gene expression and immune responses by HMGs.

Although previous studies have shown that some GBPs bind a few simple HMG
structures (refer to the HMG Interactions with Human Glycan-Binding Proteins
section above), no comprehensive study on GBP-HMG interactions has been carried out
to date. The physiological relevance of these interactions is also unclear. The major goal
of this study was thus to test the first hypothesis that GBPs interact with HMGs,
particularly by performing a comprehensive study utilizing screening platforms that
encompass most of the HMG metaglycome such as shotgun HMG microarrays [321].

Additionally, experiments were also conducted to measure or estimate the K4 of specific
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GBP-HMG interactions to determine the potential physiological relevance of these
interactions. The importance of this study is that it will determine if GBP-HMG binding
interactions can occur and if the binding occurs at physiologically relevant
concentrations, especially with regard to the concentration of HMGs in human milk. In
other words, do the in vitro interactions of GBPs with HMGs suggest that such
interactions could theoretically occur in vivo? These finding will thus be a critical first
step in determining if GBP-HMG interactions underlie some of the biological effects of
HMG:s, especially regulation of immune responses and gene expression. Moreover, the
findings may also assist in understanding the glycan specificity of or even unravel novel
glycan determinants of GBPs, especially GBPs that have not yet been screened on glycan
microarrays such as human dectin-2. This knowledge may be highly useful for
developing specific GBP agonists or antagonists as therapeutics for specific diseases,
such as Siglec-5-specific antagonists to help treat Streptococcus agalactiae carriage or
infection [306].

The GBPs tested in this study were those expressed by GI tract epithelial cells and
dendritic cells since these two cell types express a number of GBPs that may come in
direct contact with HMGs passing through the GI tract in breast-fed infants. These GBPs
include members of the galectin, C-type lectin, and I-type lectin (Siglec) families of
GBPs. This study also took advantage of a high-throughput technology, glycan
microarrays, which are glass slides containing tens to hundreds of different glycan or
glycoconjugate structures that are screened with GBPs in order to elucidate the glycan
structure(s) bound (reviewed in [321-323]). The major goal of glycan microarray

screenings is to define the glycan specificity of a GBP, including any common feature(s)
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of the glycan structures bound. This common feature(s) may represent the actual portion
of the glycan structure(s) responsible for GBP binding, which is termed the GBP’s motif
[324]. Hence, the goal of the glycan microarray screenings in this study were to not only
identify if and which HMG structures bind GBPs but to also utilize these screenings to
define the glycan specificity and motifs of these GBPs. To this end, the GBPs were
screened on multiple glycan microarray platforms, including a shotgun HMG microarray
consisting of over 200 natural, purified glycans encompassing the HMG metaglycome. A
glycan microarray consisting of a small panel of chemically defined HMGs, including
infant formula additives such as galactooligosaccharides (GOS), was also utilized to
confirm and extend the results of the HMG shotgun glycan microarray analysis. Finally,
the GBPs were screened on the CFG glycan microarray since this microarray consists of
a very large number of glycan structures (610 total structures) encompassing many
different glycan determinants, including many not present on HMGs. Besides elucidating
if and which HMGs are bound by GBPs, the glycan microarray screening results were
useful for understanding the HMG determinants bound by these GBPs as well as other
potential physiologically relevant endogenous and exogenous glycan structures of these
GBPs.

In addition to glycan microarray experiments, isothermal titration
microcalorimetry (ITC) and/or hapten inhibition experiments were performed in order to
measure or estimate the affinity of specific GBP-HMG interactions. These ITC and
hapten inhibition experiments were also used to determine if binding occurred in solution
(the natural mode of HMG presentation, as opposed to the solid-phase presentation of

glycans on microarrays) and in a glycan- and CRD-specific manner. The results of these
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experiments helped elucidate whether or not specific GBP-HMG interactions were strong
enough to potentially occur in vivo.

The results of this study suggest that some GBPs expressed in the GI tract,
particularly many galectins and the C-type lectin DC-SIGN, specifically bind HMGs.
Additionally, the study actually helped further refine the glycan-binding specificity of
these GBPs, including the identification of novel binding motifs for some GBPs,
especially galectin-7. The affinity of some of the GBP-HMG interactions were also
measured and determined to occur within physiologically relevant HMG concentrations.
These results suggest that DC-SIGN-HMG and galectin-HMG interactions may occur
breast-fed infants’ GI tract, which warrants future studies on the biological effects of such

interactions in proper infant development and immunity.
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Table 1. Structures, Names, and Concentrations of Common Human Milk Glycans

Structure® Name Concentration | Concentration
Range (g/L)* [Range (mM)®
<G_ZOL4‘ 2’-fucosyllactose (2°-FL) 0.22 - 4.57° 0.45-9.36°
B4 3-fucosyllactose (3-FL) 0.07-2.35 0.14 - 4.81
a3
a2~ B4 Lactodifucotetraose (LDFT) 0.07 -0.43¢ 0.11 - 0.68¢
a3
’01_30&. 3’-sialyllactose (3°-SL) 0.076 - 0.35 0.12-0.55
’ﬁoﬁ_". 6’-sialyllactose (6°-SL) 0.19 - 1.77 0.30 - 2.80
OE.EOI‘_“‘ Lacto-N-tetraose (LNT) 0.55-3.90 0.77 -5.51
Oﬁ.ﬁjoﬁ‘ Lacto-N-neotetraose (LNnT) 0.08 - 2.04 0.11-2.88
<Q_ZOE.EOE. Lacto-N-fucopentaose I (LNFPI) [0.28 - 3.18¢ 0.33-3.72¢
B3 63 —~ B4 g | Lacto-N-fucopentaose I1 0.14-1.25¢ 0.16 - 1.46¢
O 0:4 O~ ® (LNFPII)
B4 B3 — B4 Lacto-N-fucopentaose 111 0.31-0.44 0.36 - 0.52
O 0:3 O~ ® (LNFPIII)
’ﬁoﬂ.ﬂoﬁ_“‘ Lactosialyl-N-tetraose a (LSTa) 0.01-0.141 0.01-0.141
B3 g3 —~ B4 Lactosialyl-N-tetraose b (LSTb) [ 0.05-0.131 0.05-0.131
a6
’a_ﬁoﬁ.ﬁjoﬁ‘ Lactosialyl-N-tetraose ¢ (LSTc) 0.09 - 0.686 0.09 - 0.687
. G3Of53:f53 O ﬁ4. Disialyllacto-N-tetraose (DSLNT) [ 0.29 - 1.274 0.22 - 0.9874
a6
02~ B3B3 ~ B4 Lacto-N-difucohexaose I 0.50-1.87¢ 10.50-1.87%4
€O a:4 O~ ® (LNDFH I)
B3 B3 — B4 Lacto-N-difucohexaose 1T 0.02 - 0.86¢ 0.02 - 0.86"
b, ] | (LNDFH 1)
B4 66 Lacto-N-hexaose (LNH) 0.07-0.13 0.065 - 0.12
£3 g B3 >~ B4

“Monosaccharide key: . = Glc, O = Gal, . = GlcNAc, A = Fuc, ’ = Neu5Ac
"The concentration range includes the measured HMG concentrations in individual milk samples and the average
HMG concentrations of all milk samples in a given study. The measurements were pooled from Urashima et al. [12]

“Absent in Secretor-negative milk

dAbsent in Lewis-negative milk
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Figure 1. General Features of Human Milk Glycans (HMGs) and HMG
Biosynthesis.

All HMGs contain a reducing end lactose (Galf1-4Glc) unit that is further extended and
modified with Gal, GIcNAc, Fuc, and/or NeuSAc. Three pathways from lactose exist.
The first pathway involves addition of a-linked Fuc, a-linked Neu5Ac, or (in colostrum
only) B-linked Gal directly to the lactose unit, which prevents further extension with N-
acetyllactosamine (LacNAc). Another HMG, lacto-difucotetraose (LDFT, Fucal-
2Galp1-4(Fucal-3)Gle, not depicted) can also be formed by this pathway. The second
pathway involves the addition of a Type 1 N-acetyllactosamine unit (LacNAc I; Galf31-
3GIcNAcp1-3-) to the reducing end lactose, forming lacto-N-tetraose (LNT). This
LacNAc I unit itself cannot be further extended with LacNAc but can be modified with
a-linked Fuc or a-linked NeuSAc. Additionally, a branching LacNAc unit, Gal@1-
4GIcNAcf1-6-, can also be added to the Gal residue nearest to the reducing end forming
lacto-N-hexaose (LNH). The LNH can be further extended with LacNAc, but only on the
branch containing the 31-4-linked Gal since $1-3-linked Gal (LacNAc I) units cannot be
further extended. The third pathway involves the addition of Type 2 N-acetyllactosamine
(LacNAc II) to lactose, forming lacto-N-neotetraose (LNnT). Unlike LNT, LNnT can be
further extended with LacNAc and further modified from there. Additionally, LNnT can
be modified with a1-3-linked Fuc, a2-6-linked Neu5Ac, or branched by the addition of

Galp1-4GlcNACB1-6-.
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Figure 2. Functions of HMGs in the Gastrointestinal Tract.

Prior to HMG exposure (top of image), the newborn intestine is still developing and
beginning to be exposed to exogenous microbes that may eventually colonize the
intestine, including pathogens. In the intestinal epithelium, epithelial cells (red) have not
yet fully differentiated into highly absorptive, ciliated cells, and goblet cells (green) are
scarce. The epithelium also secretes cytokines into the lamina propria that promote a pro-
inflammatory environment due to high TNF-a, IL-1f, and IL-6 levels but low IL-10
levels. Additionally, helper T cells the newborn intestine exhibit a highly Th2-biased
phenotype, which is highly pro-allergenic and may result from much IL-4 but low IL-12
secretion by the intestinal epithelium. This Th2-biased environment and pro-
inflammatory cytokine profile of the intestinal epithelium makes the newborn intestine
highly sensitive to insults, resulting in more powerful immune responses that may
ultimately result in severe inflammatory or allergenic diseases such as necrotizing
enterocolitis and food allergies. The enteric nervous system (ENS) is also highly active,
with more frequent and larger-intensity motor contractions. During breast-feeding
(bottom of image), high concentrations of HMGs “bathe” the intestinal epithelium, and a
small percentage also crosses the epithelium to enter the lamina propria and circulation.
The effects of HMG exposure include selection of a specific gut microbiota, especially
specific strains of Bifidobacterium that metabolize HMGs and other specific microbial
strains such as Bacteriodes thetaiotamicron. The symbiotic bacteria produce beneficial
short-chain fatty acids (SFCAs) as well as fermentation end products that acidify the
intestinal lumen. Some strains also induce goblet cell differentiation and mucus

production (green layers above cells) by these goblet cells as well as promote more
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balanced immune responses. The HMGs also serve as “receptor decoys” by binding to
pathogen glycan-binding adhesins, thereby preventing pathogen adhesion and subsequent
infection or invasion of the intestinal epithelium. By a currently unknown mechanism,
HMGs also stimulate differentiation of the developing epithelial cells into highly
absorptive, ciliated epithelial cells expressing higher levels of digestive enzymes,
allowing more efficient nutrient uptake by the newborn. This differentiation is likely
mediated by the changes in epithelial cell gene expression induced by HMGs. The HMGs
also promote a more balanced, less inflammatory T cell response by HMG stimulation of
both T cells and the intestinal epithelial cells by an unknown mechanism. This
stimulation, possibly in combination with gut microbiota signals, leads to a balanced pro-
inflammatory:anti-inflammatory environment and Th1:Th2:Th17 cytokine ratios. ENS
motor contractions are also less frequent and of lower magnitude, which may help slow
down food passage through the intestine and thus promote more efficient nutrient
absorption. Again though, the mechanism underlying this decrease in ENS motor
contractions is unclear. Together, these effects may help promote intestinal and
development, increase nutrient absorption and growth, reduce the incidence of
gastrointestinal infections and diseases, and reduce the risk of severe inflammatory and

allergenic diseases.
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Abstract

The biological recognition of human milk glycans (HMGs) is poorly understood.
Because HMGs are rich in galactose we explored whether they might interact with
human galectins, which bind galactose-containing glycans and are highly expressed in
epithelial cells and other cell types. We screened a number of human galectins for their
binding to HMGs on a shotgun glycan microarray consisting of 247 HMGs derived from
human milk, as well as to a defined HMG microarray. Recombinant human galectins
(hGal)-1, -3, -4, -7, -8, and -9 bound selectively to glycans, with each galectin
recognizing a relatively unique binding motif; by contrast hGal-2 did not recognize
HMGs, but did bind to the human blood group A Type 2 determinants on other
microarrays. Unlike other galectins, hGal-7 preferentially bound to glycans expressing a
terminal Type 1 (GalB1-3GIcNAc) sequence, a motif that had eluded detection on non-
HMG glycan microarrays. Interactions with HMGs were confirmed in a solution setting
by isothermal titration microcalorimetry and hapten inhibition experiments. These results
demonstrate that galectins selectively bind to HMGs and suggest the possibility that

galectin-HMG interactions may play a role in infant immunity.
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Introduction

Human milk provides infants with all essential nutrients, including proteins,
lipids, and the digestible carbohydrate lactose [1]. Human milk glycans (HMGs), which
contain lactose at their reducing end and are further modified to contain N-
acetylglucosamine (GlcNAc), galactose (Gal), fucose (Fuc), and/or sialic acid (as N-
acetylneuraminic acid; Neu5Ac), are a major component of human milk [2, 3]. HMGs
function as prebiotics that help shape the infant’s gut microflora, glycan receptor decoys
against pathogenic microbes, regulators of immune responses, and even regulators of
gene expression in intestinal epithelial cell cultures as well as other cell types [3-7].
These regulatory functions of HMGs may contribute to the infant health benefits
associated with breast-feeding for the first six months of life [1]. Despite the known roles
of HMGs in infants, the mechanism(s) by which HMGs regulate immune responses and
intestinal epithelial cell gene expression are unknown.

Unlike lactose, HMGs are not appreciably digested in the infant GI tract based on
in vitro studies [8, 9], although the gut microflora (ex-certain Bifidobacteria species [10,
11]) catabolizes HMGs to some degree. This lack of digestion may allow HMGs to act as
physiological and/or immunological regulators in the GI tract. A key family of glycan-
binding proteins implicated in immune regulation are the galectins, which are expressed
by gut epithelial cells and are known for binding to galactose-rich glycans [12, 13].
Thus, we explored whether HMGs may interact in a selective manner with specific
galectins.

The Human Protein Atlas project (http://www.proteinatlas.org) [14] and other

studies [15-17] have shown that hGal-2, -3, -4, -7, -8, and -9, but interestingly not hGal-1,
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are all expressed in epithelial cells of the esophagus, stomach, duodenum, small intestine,
and/or large intestine under normal conditions, with some extracellular localization.
Recent studies also show that a small percentage (~1%) of HMGs enters the infant’s
circulation and urine [18-20]. Thus, HMGs in either the GI tract or blood have the
potential to contact galectins in vivo, which may modulate their activity and functions in
breast-fed infants.

To explore these interactions of galectins with HMGs, we have exploited the
availability of a human milk shotgun glycan microarray containing natural glycans
purified from human milk, termed the HM-SGM-v2 array, [21, 22], as well as an array
containing defined, simple HMG structures, and the extensive non-HMG glycan
microarray from the Consortium for Functional Glycomics. Studies of galectin binding to
glycans both on microarrays and free in solution demonstrate that human galectins,
except for hGal-2, bind a unique subset of human milk glycans. This is the first
systematic study of the binding of a lectin family to a specific metaglycome [23]. The
results of this study suggest that galectin-HMG interactions might be relevant to infant

health.
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Results
Binding of Human Galectins to the HM-SGM-v2 Glycan Microarray and the Array from
the Consortium for Functional Glycomics

Recombinant hGal-1 (C2S mutant, refer to Materials and methods for more
information), hGal-2, hGal-3, hGal-4, hGal-7, hGal-8, and hGal-9 were screened on the
HM-SGM-v2 array at three concentrations: 2, 20, and 200ug/ml. The results for one
concentration of each galectin are shown in Figure 1 (refer to Supplementary File 1 for
the results for all three concentrations of each galectin as well as the measured values).
The results showed that all the galectins tested, with the exception of hGal-2, bound to
glycans on the HM-SGM-v2 array. Most glycans that were strongly bound by galectins
demonstrated binding in a dose-dependent manner (Supplementary File 1). Non-specific
binding was minimal since binding of the galectins to the defined structure 3-
fucosyllactose, a known non-binder of most galectins [24], was only at background
levels. Moreover, each galectin had a more or less unique binding profile on the HM-
SGM-v2 array, suggesting that each galectin appeared to recognize a structural motif
within the collection of HMGs. However, there were some general similarities among
galectins in binding. For example, only neutral HMG samples were bound, while the
sialylated HMGs were typically not bound; the few that were bound likely have a
nonsialylated branch.

The unexpected lack of hGal-2 binding to HMGs was not due to inactivity of the
hGal-2 preparation; we concurrently screened the hGal-2 on the glycan microarray from
the Consortium for Functional Glycomics (CFG), which contains 610 defined glycan

structures, and found that it bound to several glycans (Figure 2 and Supplementary File
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2). On the CFG array, hGal-2 at both 20ug/ml and 200ug/ml bound strongly to five
glycans (Figure 2a & 2b); no significant binding was detected at 2ug/ml hGal-2. Manual
inspection and Glycopattern analysis [25] showed that the binding motif for hGal-2 on
the CFG array was the Blood Group A Type 2 determinant (GalNAcal-3(Fucal-
2)Galp1-4GlcNAcp-, Figure 2¢), a determinant that is mainly restricted to expression on
erythrocytes and epithelial tissues and not known to occur on HMGs. Indeed, we did not
observe any binding of a Blood Group A-specific antibody on the HM-SGM-v2 array,
further confirming the absence of Blood Group A determinants on HMGs. Therefore, the
lack of hGal-2 binding to the HM-SGM-v2 was due to the absence of high affinity hGal-
2 determinants on HMGs.

For the remaining galectins, the glycans bound on the HM-SGM-v2 array were
manually examined. Using previous glycan sequencing data for these samples [21, 22],
binding motifs were defined for each galectin and found to be relatively unique (Table I).
hGal-1 binding to the HM-SGM-v2 array was weak and broad, with a slight preference
for branched glycans terminating in Type 1 LacNAc (Galp1-3GlcNAc) or Type 2
LacNAc (Galp1-4GlcNAc), although linear structures were also bound. hGal-3 only
bound glycans containing at least three repeating Type 2 LacNAc/lactose structures that
lacked branched features, which is consistent with previous studies [26]. hGal-8 had a
similar preference for structures containing at least three linear repeating LacNAc
structures without branching, similarly to hGal-3, although the actual specificity of hGal-
8 was somewhat different as can be seen in Figure 1, including the weak binding of hGal-
8 to sialylated glycans. hGal-9 bound only a relatively restricted panel of glycans unlike

the other galectins. The structure of the major glycan (HMO-35) bound by hGal-9 is
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predicted to be a nonfucosylated, biantennary, neutral HMG structure containing
terminating Type 1 LacNAc and Type 2 LacNAc determinantss based on lectin and
antibody screening profiles [21]. Due to limitations in sample material, the actual
structures of HMO-35 and the sialylated glycans bound by hGal-8 were not determined
by MS" at this point in time. hGal-4 gave a broad pattern of binding, with LNFPI (Fucal-
2GalB1-3GIcNAcB1-3Galp1-4Glc) and samples containing LNFPI-like determinants
being the major structures bound, although nonfucosylated HMGs including LNT
(Galp1-3GIcNAcp1-3Galp1-4Glec) and LNnT (Galp1-4GIlcNAcf1-3Galp1-4Glc) were
also recognized.

The binding pattern of hGal-7 was interesting as this galectin bound many glycans
containing at least one terminal Type 1 LacNAc determinant. Branched glycans
containing one or more terminal Type 1 LacNAc determinants were generally slightly
preferred over non-branched structures, similarly to hGal-1. The presence of a.1-2
fucosylation did not seem to increase or decrease binding to this determinant. Glycans
have a non-reducing Type 2 LacNAc-terminating sequence were typically bound much
more weakly, especially linear Type 2 LacNAc-terminating glycans. This binding motif
was interesting when compared to hGal-7 binding motif on the CFG Array; a comparison
of glycans bound on the HM-SGM-v2 and CFG arrays by hGal-7 is shown in Table II.
Screening on the CFG Array showed that hGal-7 was relatively specific for glycans
containing Blood Group H Type 2 (Blood Group H2) determinants and also expressing
two Type 2 LacNAc units (Fucal-2Galf1-4GlcNAcB1-3Galp1-4GlcNAcf-)
(Supplementary File 2). Type 1 LacNAc-terminating structures are very limited on the

CFG array, unlike the HM-SGM-v2 array where this determinant is very abundant based
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on screenings with an antibody specific for terminal Type 1 LacNAc [21]. Therefore, the
HM-SGM-v2 array helped to further refine the glycan specificity for hGal-7, because

such branched Type 1 LacNAc determinant are not present on the CFG microarray.

Binding of Galectins to a Defined HMG Microarray

To complement the HM-SGM-v2 shotgun microarray, a second microarray,
termed the “defined HMG microarray”, was generated that contained chemically defined
HMG structures (as opposed to HMG fractions purified from human milk) that are
commercially available. Additionally, galactooligosaccharides (GOS), a prebiotic
oligosaccharide mixture that has been proposed as an HMG alternative for infant formula
supplementation [27], was also included on the defined HMG microarray both before and
after fractionation to have semi-purified GOS fractions. Galectins were then screened on
this array at three concentrations in the presence or absence of lactose, a specific inhibitor
of galectins. Figure 3 shows the results of the screening of galectins on the defined HMG
array at one concentration with and without lactose (see Supplementary File 3 for data
from all screenings). As seen on the HM-SGM-v2 array, all galectins except hGal-2
bound glycans on the defined HMG microarray. Binding was typically observed with
LNT, LNnT, LNFPI, and 2’-FL but not 6’-sialyllactose (6’-SL), 3-FL, or any of the GOS
samples. Lactose was poorly bound, and 3’-sialyllactose (3’-SL) was only bound (albeit
weakly) by hGal-1 and hGal-8. hGal-4, -7, and -9 bound well at relatively low
concentrations to glycans on the defined HMG array, while hGal-1, -3 and -8 required
much higher protein concentrations for detectable binding. Binding of hGal-8 binding

was weak. The HMGs bound by the galectins were largely bound in a dose-dependent
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manner (Supplementary File 3). Co-incubation of galectins with 0.1M lactose during
screening greatly reduced galectin binding (Figure 3 and Supplementary File 3),

indicating that binding required carbohydrate recognition.

Influence of the Reducing End of HMGs on Binding to Galectins

Due to the relatively small mass of the HMGs on the defined HMG array (mostly
2-5 monosaccharides), we hypothesized that the reducing end glucose of these small
glycans might contribute to binding by galectins. The glycans on the HM-SGM-v2 were
derivatized with the bifunctional linker 2-amino-N-(2-aminoethyl)-benzamide (AEAB)
[28] by reductive amination, which converts the reducing end glucose into a sugar
alcohol, an “open-ring” structure. We considered that glucose might possibly be part of
the binding determinant, in which case the “open-ring” glucose may reduce or even
eliminate binding. Thus, the HMGs on the defined HMG array were also derivatized with
AEAB in a manner that maintained the reducing end glucose in a cyclic (“closed-ring”)
conformation [29] (o mixture) and simultaneously printed. Comparison of the
corresponding “open-ring” and “closed-ring” glycan derivatives is highlighted in Table
II1, which shows a clear preference for most galectins to bind to the “closed-ring”
conformation of HMGs. In fact, this “closed-ring” reducing end was required for hGal-9
binding on the defined HMG array; hGal-9 bound LNT, LNnT, and LNFPI, but only
when the reducing end glucose ring was intact. Another dramatic example is hGal-4 and
hGal-7 binding to 2’-FL, which was almost completely dependent on the reducing end
glucose ring being intact. Therefore, these results suggest that the HM-SGM-v2 average

rank data should be interpreted with caution because the “open-ring” glucose structures
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may bias the results to longer HMG structures, where the reducing end glucose is no
longer a part of the galectin binding determinant. A caveat to this interpretation is that the
derivatization method maintaining the reducing end glucose in a “closed-ring”
conformation also introduces an additional acryloyl group not found in the reductively
aminated structure, and reducing end linkers have been found to directly participate in
some galectin binding [30]. However, while this linker may partially increase affinity, the
loss of part of the binding determinant should produce a much more dramatic effect.
Additionally, it has been noted by others that reductively aminated lactose greatly
reduces affinity [26]. Thus, the major explanation for the preference for “closed-ring” vs.
“open-ring” HMG binding is most likely the reducing end glucose conformation, not the

longer linker in the “closed-ring” glucose.

Galectin binding to Free, Underivatized HMGs

While the glycan microarray results demonstrate galectin binding to HMGs, this
solid-phase presentation of HMGs is not the “natural” form of HMGs regardless of the
linker strategy or reducing status. HMGs are unique because they naturally exist as free,
reducing glycans in solution. To ensure that the results seen for galectin-HMG
interactions also applied to the more natural solution-based setting, two experimental
approaches were taken. In one approach we examined the ability of free, underivatized
HMGs to inhibit galectin binding to the defined HMG array, and in the second approach
we measured the binding of galectins to free, underivatized HMGs by isothermal titration
microcalorimetry (ITC). hGal-7 and hGal-4 were used for the hapten inhibition

experiments as the model prototypical and tandem-repeat galectins, respectively, due to
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their relatively unique glycan specificities versus other galectins and robust binding to the
HMG microarrays. hGal-7 was used as the model galectin for the ITC studies because
hGal-7 only contains a single carbohydrate-binding site and no ITC data exists for hGal-7
with HMGs.

For the free HMG inhibition studies, 20ug/ml of hGal-4 or hGal-7 were used,
which was determined to be the approximate apparent Ky for hGal-4 and hGal-7 binding
to most of the major bound glycans on the defined HMG array by screening multiple
galectin concentrations on the defined HMG microarray. hGal-4 or hGal-7 was
preincubated with 0.05, 0.5, or 5SmM of free HMGs prior to screening on the defined
HMG array. An example of these results is shown in Figure 4 (see Supplementary File 4
for the total results for hGal-4 and hGal-7). The results show that LNT, LNnT, 2’-FL, and
LNFPI, but not 3-FL, inhibited hGal-4 and hGal-7 binding to the defined HMG array in a
dose-dependent manner; these results are consistent with the binding of these galectins to
the defined HMG array where LNT, LNnT, LNFPI, and 2’-FL but not 3-FL were bound.
For both hGal-4 and hGal-7, the free HMGs caused little or no inhibition at 50uM, about
50% inhibition at 500uM, and >95% inhibition at SmM. These percent inhibition values
mirror the measured K4 of hGal-7 for these HMGs by ITC (see below) and those reported
by surface plasmon resonance for hGal-4 [31]. Additionally, these results show that the
free HMGs not only inhibited binding to the same HMG structure printed on the array but
also different structures; indeed, all bound HMGs on the defined HMG array were
inhibited by a single free HMG. Therefore, these experiments indicate that hGal-4 and
hGal-7 bind these HMG structures in solution and that binding to galectins is specific (i.e.

via the lactose-binding CRD) since the inhibition profiles looked similar to galectins
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screened on the defined HMG array in the presence of the specific inhibitor 0.1M lactose.

These results can likely be extended to other galectins as well.

Thermodynamics of Galectin Binding to Free, Underivatized HMGs by Isothermal
Titration Microcalorimetry (ITC)

To further corroborate solution binding of galectins to HMGs, hGal-7 was tested
with the HMGs LNT, LNnT, LNFPI, 2°-FL, and 3-FL by ITC. Lactose was also included
in this experiment as a reference because ITC data for human hGal-7 with lactose has
been published [32]. Due to the relatively low affinity of hGal-7 for these HMGs
(>50uM) in pilot ITC experiments, the “low c-value” method [33] was used to perform
ITC, with n fixed to 1.00 based on previous knowledge [32]. The ITC results are shown
in Figure 5 and the measured thermodynamic parameters (with associated uncertainties)
are presented in Table IV. The results show that all tested glycans except 3-FL showed
measurable binding to hGal-7, as seen in the microarrays and free HMG inhibition
experiments. The hGal-7-lactose parameters measured at 298K (K, = 2.880x10° M' and
AH = -10.7kcal/mol) were highly similar to the previous ITC data that did not use the low
c-value method (K, = 2.2x10° M and AH = -10.6kcal/mol at 300K). This finding was
important because it not only validated the use of “low c-value” ITC in our hands, but
also demonstrated that the GST fusion tag on the recombinant hGal-7 protein used in this
study did not significantly affect the solution-based binding studies. An upward trend for
3-FL heat generation was seen in the thermogram and curve, suggesting that hGal-7 may
still bind 3-FL but only at very high concentrations (>1mM), which is significantly

higher than the K4 for lactose and 2°-FL. Thus, fucosylation of the 3 —OH group of
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glucose is disruptive to hGal-7 binding, a feature common to most galectins due to the
requirement of a free 3 —OH group on Glc/GIcNAc for binding to most galectins [26, 34].
a1-2 fucosylation of Type 1 LacNAc or Type 2 LacNAc, however, did not affect binding
(comparing the results of lactose to 2’-FL and LNT to LNFPI), although a trend towards
decreased enthalpic favorability and increased entropic favorability was seen for the a1-2
fucosylated HMGs. Additionally, only a 1.5-fold difference was seen in binding to the
Type 1 LacNAc-terminating LNT versus Type 2 LacNAc-terminating LNnT structures,
which is most likely insignificant from a receptor-ligand interaction standpoint, in
contrast to the results seen by glycan microarray studies (discussed below). Therefore, the
ITC results further confirmed solution binding of galectins to HMGs and also provided
previously untested thermodynamic data for hGal-7 binding to glycans, which has helped

to better define the glycan specificity of hGal-7.

Absence of Detectable Galectins in Human Milk

We also tested whether human milk itself might contain galectins. For this, we
utilized dialyzed, defatted human milk, recombinant galectins as standards, and defined
rabbit anti-sera to the galectins. In Western blot analyses we did not detect any galectins
in human milk (Supplementary Figure 1), although standard galectins were easily
detectable. Using recombinant galectins as standards at different amounts we established
that ~5ng per 300 ug milk protein loaded onto the gels was the limit of sensitivity by this

approach.
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Discussion

A major finding in our study is that all but one of the human galectins tested
interact with specific HMGs at their physiologically relevant concentrations. While such
interactions have been predicted to occur [35], this represents the first systematic study to
directly test interactions of human galectins with a large variety of HMGs other than a
few relatively simple glycans, e.g. lactose, LNnT, 2’-FL [24, 26, 30, 31, 36]. The results
of our study extend these earlier observations and also identify more complex HMGs as
additional targets of specific galectins.

While lactose is present at sufficiently high concentrations in human milk
(~0.2M) to inhibit galectin activity [37], lactose is utilized as a carbohydrate source by
the infant and is thus metabolized in the proximal small intestine of the infant by lactase.
With the possible exception of newborns and some preterm infants who may not
quantitatively digest lactose [38, 39], it is predicted that lactose would only be an
efficient galectin binder in the upper GI tract prior to reaching the small intestine. By
contrast, in vitro studies suggest that HMGs are not significantly digested by the
conditions and human digestive enzymes of the GI tract [8, 9], although digestion can
occur by the colonic microflora. Therefore, HMGs may be relatively intact within most
of the infant GI tract.

Previous studies have demonstrated galectin expression by human GI tract
epithelial cells [15-17], indicating that galectins are expressed in anatomical regions that
may come in contact with HMGs. It is unknown, however, whether galectins are properly
positioned for contact with HMGs in all cases. For example, some galectins may lack

extracellular localization or may only be expressed in deeper levels of the tissue. In



159

addition, whether or not the galectin expression and localization in newborn, infant, and
toddler tissues mimics that of adult human tissues is unclear. Nonetheless, the current
literature on GI tract cell/tissue expression along with membrane localization and
secretion of galectins suggest that galectins are likely to be exposed to HMGs and could
directly interact physiologically. For example, the K4 of hGal-7 (and other galectins) for
simple HMGs is in the high micromolar range, which is below or near the concentration
of ~0.5-5mM of these simple HMGs (2’-FL, LNT, LNnT, and LNFPI) in human milk
[40]. On the other hand, the ~1% of HMGs that enters the circulation is likely not at a
sufficiently high enough concentration to bind HMGs [18-20]. Clearly, more studies are
need in the future to explore the positioning and exposure of specific human galectins in
the infant gut and the potential of physiological interactions there between HMGs and
galectins. As certain galectin-glycan interactions have been found to promote beneficial
health effects such as gut homeostasis and oral tolerance [41], the importance of galectin-
HMG interactions in GI tract physiology will be addressed in future studies.

In addition to HMG binding by galectins, a striking result of our study was the
unique binding signature of each galectin on the HMG arrays. This result is consistent
with the data observed with galectins screened on the CFG glycan microarray

(microarray data available from http://www.functionalglycomics.org/fg/; see also [42,

43]) and other shotgun glycan microarrays [28]. However, this finding was important
because this was the first study to reveal differential glycan specificity of galectins for a
human metaglycome [23], in this case the human milk metaglycome. These and previous
results demonstrate that human galectins have relatively unique glycan specificities,

including in the context of a natural metaglycome, despite the ability of all of these
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galectins to bind, albeit typically with lower affinity, to lactose and LacNAc. This glycan
specificity may relate to the fact that each galectin has more or less unique physiological
activities [44-48]. In other words, most human galectins do not appear to be redundant in
their activities, which may be at least partially explained by their non-redundant glycan
specificities. HMGs might be superior ligands for galectins compared to other
oligosaccharides such as galactooligosaccharides (GOS) and fructooligosaccharides
(FOS), which are proposed infant formula additives as an “HMG substitute” particularly
because of their prebiotic properties [27]. Interestingly, we found no binding of galectins
to GOS on the defined HMG array and thus such components are unlikely to modulate
galectin activities.

For hGal-2, no binding was seen on the HM-SGM-v2 or defined HMG
microarrays, even though binding to the CFG Glycan Microarray was observed.
Although the lack of binding to the HM-SGM-v2 may be due to the absence of high
affinity ligands such as the Type 2 Blood Group A determinant, this result was still
surprising because rat galectin-2 was previously shown to bind the simple HMG
structures including LNnT, LNT, and LNFPI, with micromolar affinity (K4’s of 130, 68,
and 23uM, respectively) by frontal affinity chromatography with reductively aminated
(and thus “open-ring”) glycans [26]. Thus, human and rat galectin-2 may differ in glycan-
binding specificity, but in any case these results raise the question as to the physiological
relevance of hGal-2 interactions with HMGs in vivo.

Compared to previous studies on HMG-GBP interactions, our study used a rather
unique high-throughput approach to explore binding to glycans on multiple microarrays.

A key new technology to make this study possible was the development of the HMG
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shotgun microarray [21, 49]. We could identify a novel branched Type 1 LacNAc
binding motif for hGal-7 that was not seen on the CFG microarray because, with the
exception of simple HMGs, such HMG structures are not present on the CFG glycan
microarray. On the other hand, the Type 2 Blood Group H (H2) antigen with at least two
LacNAc motifs (i.e.-Fucal-2Galp1-4GlcNAcGalB 1-4GIcNAcp-) was the only motif
recognized on the CFG glycan microarray, although binding to other glycan structures,
including non-HMG structures with terminal Type 1 LacNAc, could be detected when
hGal-7 was screened at a much higher concentration of 200ug/ml (Supplementary File 3).
This was an interesting result because, while a1-2 fucosylation of Type 2 LacNAc-
terminating glycans greatly improved binding, a.1-2 fucosylation of Type 1 LacNAc-
terminating glycans and glycans with only one lactose or Type 2 LacNAc repeat had no
effect on binding by ITC (Table IV). The mechanism of how a1-2 fucosylation only
improves binding to a specific subset of glycans is currently unclear, but this will be
addressed in future studies examining the thermodynamics of binding along with co-
crystallization of hGal-7 with defined glycan structures with or without ct1-2
fucosylation.

Based on the ITC data, there was a trend towards decreased enthalpic favorability
and increased entropic favorability for binding to LNT and LNnT (Type 1 LacNAc- and
Type 2 LacNAc-terminating structures, respectively), suggesting slightly different
mechanisms for hGal-7 binding to Type 1 LacNAc- and Type 2 LacNAc-terminating
structures. However, the K4 values for LNT and LNnT binding were <2-fold different.
This result was in contrast to the defined HMG array studies, where LNT and LNFPI

were consistently bound 3-5-fold better than LNnT. This suggests that hGal-7 may have
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greater avidity for Type 1 LacNAc vs. Type 2 LacNAc structures, which further suggests
a different mechanism of Type 1 LacNAc vs. Type 2 LacNAc binding despite similar
affinity. While likely not important from an HMG binding standpoint, this concept may
be important in hGal-7 cell surface glycan interactions and warrants further study.
Previous ITC studies with hGal-1 and hGal-3 [32, 36] show that these two galectins can
also bind some simple HMGs. Due to the complexity of tandem-repeat galectins (two
non-identical CRDs), these were not tested by ITC with HMGs. Additionally, the
contribution of the individual CRDs to HMG binding by tandem-repeat galectins was of
interest but beyond the scope of this study. Current efforts are underway in the laboratory
to measure the affinities of tandem-repeat galectins to HMGs as well as the glycan-
binding specificity, affinity, and binding mechanism of individual CRDs towards HMGs.
The binding of HMGs to galectins raises another interesting point: are galectins
themselves present in human milk? Galectins are present in most human tissues, but no
studies have explored their presence in human milk. Using a Western blot approach, we
did not detect galectins in human milk (<5ng per 300ug milk protein, or <0.002% of total
milk protein by mass; Supplementary Figure 1). This also result corroborates previous
proteomics studies that did not identify galectins in human milk, although hGal-7 was
detected but only at trace levels in one of these studies [50, 51]. Therefore, despite their
antimicrobial properties [43, 52, 53] and other activities that might otherwise be thought
to be beneficial to infants, human milk lacks significant quantities of galectins. Such a
result might suggest that endogenous galectins in the infant gut might be privileged to
interact with HMGs in those locations. An additional issue to be considered in the future

is the degree to which HMGs or endogenous galectins in the GI tract might alter the
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microbiota independently of the HMGs’ prebiotic functions. Finally, the
expression/localization of galectins and/or galectin glycan ligands in the neonatal and
infant GI epithelium are also of interest to determine galectin expression and localization.
In any case, our results suggest that differential interactions of HMGs with human

galectins might impact infant health and immune development.
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Materials and Methods
Recombinant Human Galectin Expression and Purification

The recombinant human galectins used in this study were hGal-1, -2, -3, -4, -7, -8,
and -9. The hGal-1 used had a C2S substitution; this substitution greatly improves
stability but does not alter affinity for lactose [54]. Recombinant hGal-3 cloning was
previously described [55]. Recombinant hGal-9 protein was purchased from R&D. The
hGal-2, -4, and -7 CDS were PCR-amplified from human genomic DNA, and hGal-8
short isoform CDS were generated by gene synthesis with OptimumGene™ Codon
Optimization (Genescript) based on the NCBI reference sequences. Recombinant hGal-1
C2S was generated by PCR-based mutagenesis of wild-type hGal-1 CDS and cloned into
pQE-50 at the BamHI and HindIII cut sites. The hGal-2 CDS was cloned into pET11b
(Novagen) at the Ndel and BamHI cut sites, hGal-4 CDS into a modified pET29a vector
(Novagen), hGal-7 CDS into pGEX-4T-1 (GE Healthcare) at the BamHI and Xhol sites,
and hGal-8 CDS into pET22b (Novagen) at the Ndel and HindIII cut sites. The galectins
were expressed from E. coli M15 (Qiagen), BL21(DE3) (Life Technologies), or BL21
star (DE3) (Life Technologies). hGal-1, -2, -3, -4 and -8 were expressed as untagged,
native proteins. hGal-7 was expressed as a GST-tagged fusion protein, and the GST tag
was not removed prior to glycan microarray screening. Sanger sequencing (Genewiz) was
used to confirm the nucleotide sequence of each galectin.

Galectins except hGal-9 were expressed for 4 hours after induction with 0.1-1mM
IPTG (USB) when the ODgg of cultures was 0.5-0.7 with a UV-1700 UV-Vis
Spectrophotometer (Shimadzu). The cells were then pelleted by centrifugation and frozen

at -20°C overnight. Cell pellets were lysed with CellLytic B Buffer (Sigma) containing
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14mM B-mercaptoethanol (Fisher Scientific), ImM lysozyme (Sigma), 10U/ml
Benzonase Nuclease (Novagen), and Complete, EDTA-free protease inhibitor cocktail
(Roche). For hGal-2, CellLytic B was replaced with PBS (6.7mM KH,PO4 pH 7.5,
150mM NaCl) and sonication was performed. Cell debris was removed by centrifugation
at 15,000xg for 30min at 4°C. The supernatants were applied to columns containing 10-
25ml lactosyl-Sepharose gel (prepared as previously described [56]) that was equilibrated
with PBS containing 14mM f-mercaptoethanol. The columns were washed with PBS +
14mM B-mercaptoethanol and then eluted with lactose elution buffer (PBS containing
14mM B-mercaptoethanol and 0.1M lactose (Fisher Scientific)). Elution fractions
positive for protein by absorbance at 280nm were pooled, and aliquots were stored at -
80°C in the lactose elution buffer until immediately before use. SDS-PAGE, Coomassie
Brilliant Blue R-250 staining, and densitometry analysis using the Gel Analysis feature in

ImageJ (http://imagej.nih.gov/ij/) were used to confirm that all galectin preparations were

>90% pure.

Generation and Printing of on Human Milk Shotgun Glycan Microarray and Defined
HMG Microarray

The Human Milk Shotgun Glycan Microarray Version 2 (HM-SGM-v2) was
generated and printed as previously described [21]. The HMGs and other glycans used
for generating the defined HMG microarray were all purchased from V-Labs, except
galactooligosaccharides (GOS), which was a gift from Abbott. All structures (except
GOS, which is a mixture) are shown in Supplementary Table I. Each HMG was

derivatized with 2-ethyl-N-(aminoethyl)-benzamide (AEAB) [28] by reductive
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amination, or with a procedure that maintains the reducing end ring structure, as
previously described [57]. GOS was further fractionated into six fractions (F1-F6) with a
Shimadzu CBM-20A HPLC system using a Zorbax NH; normal-phase column, which
were detected by absorbance at 330nm with an SPD-20A UV detector. All the AEAB-
labeled glycans shown in Supplemental Table I, as well as the crude GOS mixture and six
chromatography fractions, were printed on N-hydroxylsuccinamide (NHS)-activated

slides (Schott) as previously described [58].

Screening of Galectins on Human Milk Glycan-260 Shotgun Microarray and Defined
HMG Microarray

Prior to screening, all galectins except hGal-9 were biotinylated with EZ-Link
Sulfo-NHS-LC-Biotin (Thermo Scientific) according to manufacturer’s instructions.
Biotinylation was performed in lactose elution buffer as the solvent. Excess biotinylation
reagent, free NHS, and lactose were removed by passing the biotinylated galectins over a
PD-10 desalting column (GE Healthcare) according to manufacturer’s instructions, and
eluted with PBS. This biotinylation procedure has been found to retain >95% galectin
activity as measured by lactosyl-Sepharose binding and not compromise binding
specificity when compared to antibody-based detection (refer to the CFG website,

http://www.functionalglycomics.org/fg/, for galectin glycan microarray data with anti-

galectin antibody detection). Galectins were quantitated by measuring the absorbance at
280nm and comparing to the theoretical molar absorptivity of each galectin (calculated

using the ExXPASY Protparam tool, http://web.expasy.org/protparam/). $-mercaptoethanol

at ~14mM final was then added to each biotinylated galectin preparation.
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For glycan microarray screening, the biotinylated galectins and full-length hGal-9
were diluted in TSM binding buffer (20mM Tris-HCI pH 7.4, 150mM NaCl, 2mM CaCl,,
2mM MgCl,, 0.05% v/v Tween-20, and 1% w/v BSA) containing 14mM f-
mercaptoethanol. The galectins were screened on the human milk glycan microarrays
and, for hGal-2 and -7, the CFG glycan microarray as previously described [49, 58]. All
biotinylated galectins were screened at 2, 20, and 200ug/ml and detected with Cy5-
labeled streptavidin (Molecular Probes) at 0.5ug/ml on both the defined HMG and HM-
SGM-v2 microarrays. Biotinylated hGal-2 was also similarly screened on the Consortium
for Functional Glycomics (CFG) Glycan Microarray Version 5.1, but was only screened
at 200ug/ml on the HM-SGM-v2 and defined HMG arrays. hGal-9 was screened at 0.2
and 2ug/ml and detected with goat anti-human galectin-9 affinity purified polyclonal
antibody (R&D) at a final concentration of 20ug/ml, followed by incubation with Alexa
Fluor 488-labeled rabbit anti-goat IgG (Molecular Probes) at Sug/ml. hGal-7 was
screened on the CFG Glycan Microarray at 0.5, 2.0, 5.0, and 200ug/ml; only the first
three concentrations were used for rank analysis due to detector saturation by the high
affinity binders at 200ug/ml. As controls for specificity, the 200ug/ml concentration of
each galectin (and sometimes the 2 and 20ug/ml concentrations) were screened in the
presence of 0.1M lactose in TSM binding buffer, but only on the defined HMG
microarray since HM-SGM-v2 arrays were highly limited. For hGal-9, only the 2ug/ml
concentration was screened on the defined HMG microarray in the presence or absence
of 0.1M lactose.

Rank analysis was performed as previously described [59]. Briefly, the glycan

structure with the highest RFU at a given concentration was ranked 100 and all other
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RFU’s were normalized to this value. The average rank was calculated as the average of
the ranks at all concentrations screened for a given structure. Rank analysis of glycan
binding was performed using all three concentrations of galectins screened, if possible.
However, the lowest concentration(s) tended to show weak or no binding and thus were
excluded from the rank analysis. For this reason, the 2ug/ml hGal-3 and 2ug/ml hGal-8
screens on the HM-SGM-v2 array were excluded from rank analysis. For the defined
HMG microarray, only the 200ug/ml concentration was used for rank analysis of hGal-3.
For hGal-2 and -7 screening on the CFG Glycan microarray, rank analysis as well as
analysis of high binding structures and motifs was performed using Glycopattern

(https://glycopattern.emory.edu/) [25]. For the HM-SGM-v2 results, all the known

structures referred to in this manuscript have been previously sequenced by MS" [21, 22].

Free HMG Inhibition of Defined HMG Microarray binding by Galectins

The HMGs 2’-fucosyllactose (2°-FL), 3-fucosyllactose (3-FL), lacto-N-tetraose
(LNT), lacto-N-neotetraose (LNnT), and lacto-N-fucopentaose I (LNFPI) were purchased
from V-Labs. hGal-4 and hGal-7 at 1-4mg/ml was biotinylated as described above. The
biotinylated hGal-4 or hGal-7 was then desalted on a Bio-Gel P10 column to
quantitatively remove lactose; the absence of detectable lactose in the desalted galectin
preparations was confirmed by phenol-sulfuric acid assay analysis. The biotinylated
hGal-4 or hGal-7 at 20ug/ml (0.55uM or 0.49uM, respectively) was preincubated with
50uM, 500uM, or SmM of 2°-FL, 3-FL, LNT, LNnT, or LNFPI (V-Labs) in TSM
binding buffer containing 14mM f-mercaptoethanol for 30 minutes prior to glycan

microarray screening. In the case of hGal-7, 3-FL was only used at SmM. 20ug/ml hGal-
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4 or hGal-7 preincubated with TSM binding buffer containing 14mM [-mercaptoethanol
was used as the mock control. Each sample was then incubated on a separate subarray on
a single slide containing 14 arrays. In the case of hGal-4, two slides had to be used; a
mock control was included on both slides as the reference control. Glycan microarray
screening was otherwise performed as described above, except that the slides were
scanned and analyzed using a GenePix 4300A scanner and GenePix Pro 7 software

(Molecular Devices).

Isothermal Titration Microcalorimetry (ITC)

The HMGs 2’-fucosyllactose (2°-FL), 3-fucosyllactose (3-FL), lacto-N-tetraose
(LNT), lacto-N-neotetraose (LNnT), and lacto-N-fucopentaose I (LNFPI) were purchased
from V-Labs. Lactose was purchased from Fisher Scientific. All these HMGs were
dissolved in PBS (6.7mM KH,PO4 pH 7.4, 150mM NaCl) and accurately quantitated by
the phenol-sulfuric acid assay as previously described [60] with slight modifications; a
monosaccharide mixture that best represented each HMG’s monosaccharide composition
was used as the standard. The measured concentrations of each HMG were: 8.6mM
lactose, 9.1mM 2°-FL, 4.89mM 3-FL, 4.28mM LNT, 4.11mM LNFPI, and 4.6 & 9.1mM
LNnT.

Prior to beginning the ITC, hGal-7 was passed over a Bio-Gel P10 column to
quantitatively remove lactose; the absence of detectable lactose in the desalted galectin
preparations was confirmed by phenol-sulfuric acid assay analysis. PBS + 14mM -
mercaptoethanol was the final buffer. The hGal-7 concentration was then measured by

the absorbance at 280nm using the theoretical molar absorptivity calculated using the
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ExPASY Protparam tool, http://web.expasy.org/protparam/). hGal-7 was measured to be

27.9uM in the first experiment and 28.1uM in the second experiment.

ITC was performed using a MicroCal auto-iTC,g instrument (GE Healthcare). An
initial water-water titration was performed to ensure background titration heats were
negligible and the noise was low. Four galectin-glycan titrations were performed in a
given experiment; lactose and LNnT were included in both experiments to examine inter-
experimental variability, which was determined to be minimal. LNnT was also used at
two different concentrations in these two experiments (4.6mM and 9.1mM); no
significant differences in the curve-fitting parameters were observed. Additionally, the
corresponding buffer-glycan titrations were also performed and subtracted from the
corresponding galectin-glycan titration data. PBS + 14mM p-mercaptoethanol eluted
from the Bio-Gel P10 column (prior to sample application but after column washing) was
used for the buffer-glycan titrations. The data was analyzed with Origin 7 software with
manual adjustment of the integration ranges and baseline when deemed appropriate due
to the relatively low heats generated. The data was fit to a One Site model with n fixed at
1.00; initial parameters for K, and AH ranged from 1000-10000 and 1000-20000,
respectively. One independent experiment of hGal-7 with LNT, LNFPI, 2°-FL, and 3-FL
was performed, with the reported uncertainties representing the Origin 7-calculated
curve-fit uncertainties. Two independent experiments of hGal-7 with lactose and LNnT
were performed (although LNnT was used at two different concentrations, but this did
not significantly alter the results), with the reported uncertainties representing the

standard error of the mean (SEM).
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GalNAc: N-acetylgalactosamine, GIcNAc: N-acetylglucosamine, GOS =
galactooligosaccharides, hGal: human galectin, HMG = human milk glycan, ITC =
isothermal titration microcalorimetry, Lac = lactose, LacNAc = N-acetyllactosamine,
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fluorescence units



173

Tables

Table 1. Major HM-SGM-v2 Motifs Recognized by Galectins.

Galectin HMG Motif(s)*°
Galectin-1 p4
p6
p4
3/4
p 63

Galectin-3

Galectin-4

Galectin-7

Galectin-8 C [34. [333 [34. [33© [54‘

Galectin-9 undefined neutral, nonfucosylated motif
aMotifs are proposed structures based on manual inspection of HMG-260 microarray data and the
known HMG structure(s) within the bound samples

®Monosaccharide key: = D-glucose, O = D-galactose, A = L-fucose,

= D-N-acetylglucosamine
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Table II. Comparison of the Major Galectin-7 Binders on HM-SGM-v2 and CFG

Microarrays

HM-SGM-v2 Microarray® |Consortium for Functional Glycomics

Glycan Microarray v5.1°¢
B3 g B3, B4
Om mOm O Y

B3 53

@Monosaccharide key: . = D-mannose, O = D-galactose, A = L-fucose,

. = D-N-acetylglucosamine, . = “open-ring” glucose

bShown are examples of structures found in three different samples bound on the HMG-260
Microarray. Many other samples were bound but are not shown here.

‘These were the only three structures bound on the CFG Microarray (average rank of 10 or greater)
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Table III. Comparison of Galectin Binding to “Open-Ring” vs. Corresponding

“Closed-Ring” HMG Structures on Defined HMG Array

Structure hGal-1 hGal-3 hGal-4 hGal-7 hGal-9
Average | Average | Average | Average | Average
Rank Rank Rank Rank Rank
63 [ 63 () B4 rens| 83 n.b.b 28 66 n.b.
3 3 4 AEAB 72 17 62 100 52
4 B3 B4 AEAB 85 n.b. 10 9 n.b.
pa B3 pa AEAB 87 30 89 20 70
a2 3 B3 B4 AEAB 100 29 57 77 n.b.
o2 3 3 4 AEAB 72 100 99 96 100
02 p4 AEAB 17 n.b. 4 n.b. n.b.
a2 4 AEAB 41 n.b. 61 12 n.b.

aMonosaccharide key: ‘ = D-Glucose, O = D-galactose, A = L-fucose,
. = D-N-acetylglucosamine, ' = “open-ring” glucose

®n.b. = not bound
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HMG K, (M"x K, (mM) |AH (kcal/ |AS (cal/l |AG (kcal/
10-3) mol) mol/K) mol)
Lactose [2.88 0.348 -10.695 |-20.1 -4.72
(0.075)? (0.0050)
LNnT 6.6 (0.40) |0.15 -11.8 -22.3 -5.2
(0.31)
LNT 10.5 (0.32) |0.0952 -9.7 -14 1 -5.48
(0.15)
LNFPI 9.8 (0.31) |0.10 -8.1 -8.8 -5.4
(0.13)
2-FL 3.0(0.18) |0.34 -8.7 -13.2 -4.7
(0.31)
3-FL n/a® >1 n/a n/a n/a

aNumbers in parentheses represent the uncertainty. For Lactose and LNnT, the uncertainty is
the standard error of the mean (SEM) of two independent experiments. For all other HMGs, the
uncertainties are the Origin 7-calculated curve-fitting uncertainties from a single experiment.
®n/a = data not available due to lack of measurable binding




177

Legends to figures

Figure 1. Summary of HM-SGM-v2 Microarray Binding by Galectins.

Data are examples of one concentration of each biotinylated galectin tested screened on
the HM-SGM-v2 shotgun microarray, with Streptavidin-Cy5 used for detection. The
concentrations fell within the approximate linear range of binding to highlight the
strongest bound samples. Error bars represent the standard deviation of binding to four
technical replicates printed on the array. Refer to Supplementary File 1 for the total data

from these screenings at all concentrations of all galectins.

Figure 2. CFG Glycan Microarray Version 5.1 Results for Galectin-2 Binding.

(a) Galectin-2 binding to the CFG Microarray at 20ug/ml and 200ug/ml. Galectin-2 was
also screened at 2ug/ml (not shown here; Supplementary File 2) but showed no binding.
(b) A list of the top five structures bound by galectin-2. These five structures were bound
at both 20ug/ml and 200ug/ml. The fifth structure shown in this table was bound in a
dose-independent manner, suggesting this was a non-specific binder. Note that additional
structures were bound at 200ug/ml galectin-2 only (Supplementary File 2) but are not
shown here. (c) Proposed glycan binding motif of galectin-2 based on manual inspection
of the structures in (b) and Glycopattern analysis. This structure represents the Histo-

Blood Group Antigen A Type 2 (i.e. Blood Group A2) determinant.

Figure 3. Summary of Defined HMG Microarray Binding by Galectins.
One concentration of each biotinylated galectin screened on the HM-SGM-v2 shotgun

microarray (left panels) along with the same concentration of galectin screened in the
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presence of 0.1M lactose (right panels). Streptavidin-Cy5 was used for detection. Error
bars represent the standard deviation of binding to four technical replicates printed on the
array after removing the highest and lowest RFU value of six total technical replicates.
Refer to Supplementary File 3 for the total data from these screenings at all

concentrations of all galectins in the presence and absence of 0.1M lactose.

Figure 4. Summary of Inhibition of Galectin Binding to the Defined HMG
Microarray by Free HMGs.

Biotinylated galectin-7 (a) and biotinylated galectin-4 (b) were screened on the defined
HMG microarray in the presence or absence of 50uM 2-‘FL, 500uM 2’-FL, 5mM 2°-FL,
or SmM 3-FL. Streptavidin-Cy5 was used for detection. Error bars represent the standard
deviation of binding to four technical replicates printed on the array after removing the
highest and lowest RFU value of six total technical replicates. The y-axis is set to the
same scale for all graphs. Similar results were seen for 50uM, 500uM, and SmM LNT,
LNnT, and LNFPI as 2’-FL but are not shown here (refer to Supplementary Figure 4 for

the total inhibition data for hGal-4 and hGal-7).

Figure 5. ITC thermograms for galectin-7 with HMGs and curve-fitting results after
subtraction of buffer-HMG titration data.

Thermograms are 28uM hGal-7 with 8.6mM lactose (top left and top center), 9.1mM 2°-

FL (top right), 9.1mM LNnT (middle left), 4.6mM LNnT (center), 4.28mM LNT (middle
right), 4.11mM LNFPI (bottom left), and 4.89mM 3-FL (bottom center). One-Site Model

curve-fitting results are shown in the box below each thermogram.
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Figure 2.
a) hGal-2, 20pg/ml hGal-2, 200ug/m
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B4 o3 () B4 B 5o 62°
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aMonosaccharide key: . = D-mannose, O = D-galactose, A = L-fucose,

= D-N-acetylglucosamine, = D-N-acetylgalactosamine
®This sample was bound in a dose-independent manner (i.e.-fold-change in average
RFU between 20ug/ml and 200ug/ml human galectin-2 screenings was < 2-fold)
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Supplementary Material List
Supplementary material to this manuscript is accessible online from the publisher’s

website and includes:

Supplementary Information (includes Supplementary Materials & Methods,

Supplementary Figure 1, and Supplementary Table 1)

Supplementary File 1. HM-SGM-v2 Microarray Galectin Binding Data

This Excel spreadsheet, containing 7 worksheets, includes the average RFU data and
graphs of binding data for 2.0, 20, and 200pug/ml hGal-1 C2S, hGal-3, hGal-4, hGal-7,
and hGal-8; 0.2, 2.0, and 20pg/ml hGal-9; and 200pg/ml hGal-2 screened on the HM-

SGM-v2. The results for each galectin are presented in different worksheets.

Supplementary File 2. Human Galectin-2 and -7 CFG Glycan Microarray Binding
Data

This Excel spreadsheet, containing 9 worksheets, includes the average RFU data and
graphs of binding data for 2.0pg/ml, 20pug/ml, and 200pg/ml hGal-2 as well as 0.5ug/ml,
2.0pg/ml, 5.0pg/ml, and 200pg/ml hGal-7. Each concentration is presented in different
worksheets. The rank analysis data and calculations for hGal-2 and hGal-7 are also

included as their own individual worksheets.

Supplementary File 3. Defined HMG Microarray Galectin Binding Data
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This Excel spreadsheet, containing 7 worksheets, includes the average RFU data and
graphs of binding data for 2.0, 20, and 200pg/ml hGal-1 C28S, hGal-3, hGal-4, hGal-7,
and hGal-8; 0.2 and 2.0pg/ml hGal-9; and 200pg/ml hGal-2 screened on the defined
HMG microarray. The data includes the results for the galectins screened in the presence
or absence of 0.1M lactose. The results for each galectin are presented in different

worksheets.

Supplementary File 4. Inhibition of Galectin-4 and -7 Defined HMG Array Binding
This Excel spreadsheet contains 4 worksheets of the total data for hGal-4 and hGal-7
binding to the defined HMG microarray in the presence or absence of 50uM, 500uM, and
5.0mM of the free HMGs LNnT, LNT, LNFPI, 2°-FL, and 3-FL. The four worksheets
contain all the hGal-4 average RFU data, hGal-4 binding data graphs, hGal-7 average

RFU data, and hGal-7 binding data graphs, respectively.
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Supplementary Information
Anti-Galectin Antiserum Generation

Recombinant galectins were purified as described in Materials & Methods. For
galectin-9, a construct expressing only the C-terminus of galectin-9 (hGal-9C) was used
by cloning the sequence encoding the final 151 amino acids of human galectin-9 into
pET32b. Prior to immunization, any fusion tags were removed and separated from the
galectin protein by repurification on lactosyl-Sepharose. The purified, tagless galectin
proteins were then sent to ProSci for immunization in rabbits. The antiserum was tested
by dot blotting and Western blotting to confirm the absence of cross-reactivity with other

recombinant galectins.

Detection of Galectins in Human Milk

Human milk was obtained from the Mother’s Milk Bank (Austin, TX). Whole
human milk was first dialyzed into PBS + 14mM f-mercaptoethanol using a 1000Da
molecular weight cutoff tubing (Spectrum). Next, the dialyzed sample was centrifuged a
low speed and the cream layer removed. The total protein content of the defatted,
dialyzed milk was measured by BCA Assay (Pierce). The presence of protein was further
assayed by analyzing the defatted, dialyzed milk by SDS-PAGE on a Mini-PROTEAN
TGX 4-20% SDS-PAGE gel (Bio-Rad) and Coomassie Brilliant Blue R-250 staining
(Bio-Rad).

To analyze the milk preparation for galectins, 300ug of human milk protein was
then loaded on a Mini-PROTEAN TGX 4-20% SDS-PAGE gel (Bio-Rad) in one lane. A

second lane contained 10ug of galectin as a positive control. Following electrophoresis,
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the proteins were transferred to a nitrocellulose membrane using an iBlot (Invitrogen).
Western Blotting was then performed using the corresponding anti-galectin antiserum at
1:10,000-1:50,000 dilution with 1:5000 goat anti-rabbit IgG-HRP as the detection
reagent. Blots were developed with SuperSignal West Pico Reagent (Pierce).

To determine the limit of galectin detection in human milk, 10ug or 5ng of
recombinant hGal-9C was run on SDS-PAGE in the presence or absence of 300ug milk
protein. 300ug milk protein without added galectin was also run. SDS-PAGE, Western
Transfer, and Western Blotting were performed as described above using anti-Gal-9C

antiserum.
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Supplementary Figure 1. Lack of Detection of Galectins in Human Milk

a-c) 10ug of recombinant galectin (left lane) and 300ug milk protein (right lane) were
assayed by Western Blotting with the corresponding anti-galectin antiserum. The anti-
hGal-2, -3, -4, -7, and -9C blots were simultaneously developed using either a) 3 minutes
or b) 15 minutes of exposure. ¢) The anti-hGal-1 and -8 blots were simultaneously
developed (but separately from the other galectins) using 10 minutes of exposure. d)
Coomassie Brilliant Blue R-250 staining of 20ul (~200ug) of defatted, dialyzed milk
protein. Left lane: milk, right lane: Spectra Multicolor Broad Range Protein Ladder. e)
Limit of detection of galectin-9 in human milk. 10ug or 5ng of recombinant hGal-9C was
loaded on an SDS-PAGE gel in the presence or absence of 300ug of milk protein. 20ul
milk (~300ug milk protein) was also assayed. The blot was overlaid with anti-hGal-9C
antiserum. The lanes contained the following samples: 1: 10ug hGal9C, 2: 5ng hGal-9C,
3: 10ug hGal-9C + 300ug milk protein, 4: Sng hGal-9C + 300ug milk protein, 5: ~300ug

milk protein.
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Supplementary Table 1. List of HMG structures found on the defined HMG

microarray

Open-Ring Glycan Structures

Closed-Ring Glycan Structures

Name (Abbreviation) Structure Name (Abbreviation) Structure
Fucose (Fuc) Fucose (GG-Fuc) ’ AEAB
'—AEAB
Lactose (Lac) O B4 . apap| Lactose (GG-Lac) O_IM_._AEAB
2'-fucosyllactose 2’-fucosyllactose
(2-FL) - (GG-2"-FL) 2
3 3
p4 AEAB pa AEAB
3'-sialyllactose a3 p4 AEAB 3'-sialyllactose a3 p4 AEAB
(3-SL) (GG-3-SL)
6’-sialyllactose b B4 AEAB 6’-sialyllactose ab 4 AEAB
(6’-SL) (GG-6'-SL)
Lacto-N-Tetraose B3 B3 B4 AEAB Lacto-N-Tetraose 3 3 4 AEAB
(LNT) (GG-LNT)
Lacto-N-neoTetraose 4 3 4 agag | Lacto-N-neoTetraose p4 B3 p4 AEAB
(LNnT) (GG-LNNT)
Lacto-N- Lacto-N-
Fucopentaose | ™ Fucopentaose | ~
(LNFPI) 3 (GG-LNFPI) N
3 3 4 AEAR 3 S 4 AEAB
3-fucosyllactose 3-fucosyllactose
(3-FL) - (GG-3-FL) -
3 3
4 AEAB pa AEAB

aMonosaccharide key: . = D-Glucose, O = D-galactose, A = L-fucose, . = D-N-acetylglucosamine,

= N-acetylneuraminic acid,

= “open-ring” glucose,

= “open-ring” fucose

bGalactooligosaccharides (GOS) are also found on this microarray but are not depicted here because of the
complexity and heterogeneity of the GOS sample used in this study
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Abstract

Human milk glycans (HMGs) are prebiotics, pathogen receptor decoys, and regulators of
host physiology and immune responses. Mechanistically, human lectins (glycan-binding
proteins, hGBPs) expressed by dendritic cells (DC) are of major interest, as these cells
directly contact HMGs. To explore such interactions, we screened many C-type lectins
and Siglecs expressed by DC for glycan binding on microarrays presenting over 200
HMGs. Unexpectedly, DC-SIGN showed robust binding to many HMGs, whereas other
C-type lectins failed to bind, and Siglecs-5 and -9 showed weak binding to a few glycans.
By contrast, most hGBPs bound to multiple glycans on other microarrays lacking HMGs.
An a-linked fucose residue was characteristic of HMGs bound by DC-SIGN. Binding of
DC-SIGN to the simple HMGs 2’-fucosyllactose (2°-FL) and 3-fucosyllactose (3-FL)
was confirmed by flow cytometry to beads conjugated with 2’-FL or 3-FL, as well as the
ability of the free glycans to inhibit DC-SIGN binding. 2’-FL had an ICso of ~1 mM for
DC-SIGN, which is within the physiological concentration of 2°-FL in human milk.
These results demonstrate that DC-SIGN among the many hGBPs expressed by DC binds
to a-fucosylated HMGs, and suggest that such interactions may be important in

influencing immune responses in the developing infant.

Summary Statement

This work shows that DC-SIGN, a well-known glycan-binding protein involved in
immune responses, is a major receptor of specific human milk glycans. This finding may
be important in understanding the role of human milk glycans in pediatric immune

development.
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mass spectrometry; NeuSAc = 5-N-acetylneuraminic acid; NHS = N-
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hydroxysuccinimide; Siglec = sialic acid—binding, immunoglobulin-like lectin; SLe" =

sialyl Lewis a
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Introduction

Carbohydrates are the most abundant class of biomolecules in human milk. The
majority of this total carbohydrate (~70g/L) is lactose, a major source of energy for
infants, and the remainder (5-20g/L) consists of non-digestible, larger-sized glycans that
are derived from lactose [1-3]. These human milk glycans (HMGs) have been classically
defined as prebiotics and receptor decoys that are predicted to prevent infection by
blocking pathogen adherence to the infant epithelium [4, 5]. However, HMGs may have
functions beyond interactions with microbes, as more recent studies suggest that HMGs
may regulate multiple physiological functions in infants, including gene expression and
immune and allergic responses [6, 7]. HMGs also regulate gut motility [8] and enhance
learning and memory [9], suggesting their role in neuronal responses and cognition.
However, the mechanisms underlying these physiological functions of HMGs are still
unclear.

Human lectins (glycan-binding proteins, hGBPs) play numerous roles in
physiology and immunity, including regulation of gene expression and immune
responses, pathogen sensing, cell-cell interactions, and tissue homing [10-12]. The glycan
specificities of many hGBPs have been explored by multiple techniques, but the most
powerful new approach has utilized glycan microarrays in which hundreds of structurally
defined glycan ligands are displayed on a single slide, as developed by the Consortium
for Functional Glycomics (CFG)

(http://www.functionalglycomics.org/glycomics/publicdata/primaryscreen.jsp). These

studies have shown that each hGBP has a restricted specificity, even within a given
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hGBP family [13]. The binding of different h\GBPs to specific glycan determinants
allows different hGBPs to regulate specific physiological functions.

There have been some recent studies broadly examining hGBP glycan specificity
toward HMGs [14-16], and such general screening suggests that some HMGs may be
recognized by specific hGBP. By extension, we hypothesized that HMGs might serve as
general ligands for many hGBP, which could be important in modulating the hGBP
downstream effector or signaling functions. The purpose of our study was to identify
hGBP that bind HMGs, investigate glycan determinant specificity and the extent of the
human milk metaglycome bound, and determine if binding occurs at physiologically
relevant concentrations.

To address these questions, we focused on those hGBPs expressed by dendritic
cells (DCs), since such cells may directly contact HMGs in the developing infant
intestine via dendrite extension through the intestinal epithelium [17, 18]. We screened
members of the C-type lectin [19] and I-type lectin [11, 20] families for binding to a
human milk shotgun glycan microarray as well as defined glycan microarrays. The
results of this study showed that from this large set of hGBPs, only Dendritic Cell-
Specific Intercellular Adhesion Molecule-3-Grabbing Non-integrin (DC-SIGN) was a
major binder of HMGs, with multiple a-linked fucose-containing glycans bound on an
array consisting of about 250 purified HMGs structures. This binding of specific HMGs
by DC-SIGN suggest that DC-SIGN may serve as an HMG receptor, which may have

implications in infant immunity, physiology, and development.
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Materials and methods
Preparation and Screening of Microarrays

All of the recombinant hGBP used in this study were purchased from R&D
Systems (Minneapolis, MN) and are shown in Table 1, which includes information on the
amino acid sequences, fusion tags, and catalog numbers used. The proteins were checked
for activity by their binding to one or more glycans in various glycan microarrays. The
human milk shotgun glycan microarray version 2 (HM-SGM-v2), consisting of 247
purified HMGs structures and 13 controls, has been previously described [21]. The
defined HMGs microarray, consisting of simple, defined HMGs structures, was generated
as described previously [22]. The recombinant hGBP were screened on the Consortium
for Functional Glycomics (CFG) glycan microarray version 5.1, HM-SGM-v2, and
defined HMGs microarray as previously described [23]. Sug/ml of Alexa Fluor 488-
labeled anti-human IgG (Molecular Probes, Eugene, OR) or Alexa Fluor 488-labeled
anti-pentaHis antibody (Qiagen, Valencia, CA) antibodies were used for detection of
recombinant hGBP carrying an F, fusion tag or 6-9x Histidine tag, respectively. As a
control we screened 10ug/ml DC-SIGN binding on the HM-SGM-v2, in which Ca*" was
omitted from the binding buffer and replaced with 0.2mM EDTA to confirm Ca*'-
dependent binding. For HMG inhibition experiments, the recombinant hGBP was
preincubated with free HMG or 2-ethyl-N(aminoethyl)benzamide (AEAB)-derivatized
HMG containing an “open-ring” reducing end or glycosylamide-glycyl-N-aminoethyl 2-
aminobenzamide (GGAEAB)-derivatized HMG containing a “closed-ring” reducing end,
generated as previously described [24, 25] for 1 hour prior to screening of the defined

HMG microarrays. Detection was performed using Sug/ml Alexa Fluor 633-labeled anti-



205

human IgG (Molecular Probes). Rank and average rank calculations of the microarray
data was performed as previously described [26]. The microarray data was manually
examined for binding motifs and, for the CFG microarray data, was further analyzed with

Glycopattern (https://glycopattern.emory.edu) [27] to define the CFG glycan microarray

binding motif.

Preparation and Screening of HMGs Microarray for MAGS

A panel of HMGs samples bound by DC-SIGN were printed on separate
Nexterion N-hydroxysuccinimide (NHS) H slides (Schott AG, Mainz, Germany) and
screened with lectins, antibodies, and DC-SIGN at three different concentrations of each
sample. Slide printing and sample screening were performed as previously described
[23]. The anti-SLe" antibody was purchased from Abcam. All of the other lectins,
antibodies, and glycosidases used for MAGS, as well as the concentration(s) and
glycosidase treatment procedures, are the same as described in a previous study [21].
Multi-dimensional mass spectrometry on HMG-9, HMG-19, and HMG-36 was

performed as previously described [28].

Preparation of HMGs-Derivatized Beads and Flow Cytometry Assessment of Binding
HMGs were first derivatized with AEAB [13] by reductive amination as
previously described [24]. The HMGs were then coupled to 1.00um diameter PolyBead®
Carboxylate Microspheres using the PolyLink Protein Coupling Kit (PolySciences Inc.,
Warrington, PA) as follows. Beads (200ul) were pelleted by gentle centrifugation at 500-

1000xg for 5 minutes and resuspended in 160ul of PolyLink coupling buffer. Twenty ul
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of 200mg/ml freshly prepared EDC and 20ul of freshly prepared sulfo-NHS (Thermo
Scientific) were then added and the reaction incubated at room temperature with gentle
rotation for 30 minutes. The beads were then washed twice with 250ul PolyLink
Wash/Storage Buffer and then resuspended in ImM glycan-AEAB in 100mM sodium
phosphate pH 8.5. The reaction was incubated at room temperature with gentle mixing
for 1-2 hours. The beads were washed three times with PolyLink Wash/Storage Buffer
and stored at 4°C in the same buffer until use.

For measurement of DC-SIGN binding to the glycan-derivatized beads, lacto-N-
tetraose (LNT)-, 2’-fucosyllactose (2’-FL)-, and 3-fucosyllactose (3-FL)-derivatized
beads were incubated for 1 hour with Sug/ml of recombinant human DC-SIGN at room
temperature, washed three times with PBS, and then incubated for 1 hour with 2ug/ml of
Alexa Fluor 633-labeled goat anti-human IgG. As a negative control, 2’-FL-derivatized
beads were incubated with secondary antibody only (no DC-SIGN). All samples were
analyzed by flow cytometry with a BD FACSCalibur with the 633nm laser. 10,000
events were counted, and the FL-4 filter was used for detection. The data was analyzed
using FlowJo. Gating was assigned in FlowJo by running the beads alone vs. buffer alone
on a forward- vs. side-scatter plot, with >99% of the events falling in the gated area for

all samples.
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Results
Binding of hGBPs to the Human Milk Shotgun Glycan Microarray

A set of eight recombinant hGBPs was tested for binding to HMGs, and this set
included C-type lectins and sialic acid-binding, immunoglobulin-like lectin (Siglec)
members of the I-type lectin family (refer to Table 1 for all of the hGBP used in this
study). These hGBP were selected based on their stability, availability, and known
expression by dendritic cells (DCs) [10, 29-31]. The C-type lectins and Siglecs were
screened on a human milk shotgun glycan microarray consisting of 247 HMGs structures
purified from human milk as well as 13 control glycans. This microarray was termed the
HM-SGM-v2 [21]. However, only three of these hGBP, DC-SIGN, Siglec-5, and Siglec-
9 showed binding to the HM-SGM-v2 (Fig. 1; also refer to Supplementary File 1 for the
data for all concentrations of all hGBP screened). The binding of Langerin was
considered inconclusive because high concentrations of protein were needed and the
signal:noise ratio was poor (Supplementary File 1). All other hGBP showed no evidence
of binding to the HM-SGM-v2, although most bound to other glycan microarrays.

DC-SIGN bound to many glycans on the HM-SGM-v2 (Fig. 1¢), specifically all
of the glycans containing at least one a-linked fucose residue based on the calculated
composition from matrix-assisted laser desorption/ionization-time of flight mass
spectrometry (MALDI-TOF MS) molecular mass measurements [21]. This binding was
specific in that all binding required Ca*" even at the highest DC-SIGN concentration used
(Fig. 1d). The large number of glycans bound by DC-SIGN on the HM-SGM-v2
necessitated further examination of these bound structures in order to define the HMGs

determinant recognized by DC-SIGN. To this end, a Metadata-Assisted Glycan
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Sequencing (MAGS) approach was used [32], where a number of structures bound by
DC-SIGN were printed on a separate microarray and screened with lectins and antibodies
that have defined binding to a variety of glycan determinants including a-fucosylated
structures, terminal 31-3-linked or 1-4-linked galactose, a2-6-linked sialic acid, Lewis
epitopes, and Blood Group H Type 1 or Type 2 (Supplementary File 2). DC-SIGN was
also screened on this microarray and confirmed to bind all of the printed structures
(Supplementary File 2).

Based on this MAGS data and mass spectrometry sequencing data for some
structures [33], proposed structures for the HMGs bound by DC-SIGN are shown in
Figure 2. The key feature of all these structures is the presence of a-linked fucose,
specifically terminal Lewis a (Galp1-3(Fucal-4)GIcNAcf-), terminal Lewis b (Fucal-
2Galp1-3(Fucal-4)GIcNAcp-), terminal Lewis y (Fucal-2Galp1-4(Fuca1-3)GIcNAc-)
and/or a terminal Lewis x (Galp1-4(Fuca1-3)GIcNAcp-) determinant. Not all fucosylated
HMGs were bound though. For example, HMO-8 and HMO-29 contained one fucose
while HMO-37 and HMO-80 contained 2 fucoses but were not bound. The fucosylated
glycan determinant present in these four structures was likely Blood Group H Type 1
(H1) since the anti-H1 antibody but none of the Lewis antibodies bound these four
structures. Additionally, HMO-23, -31, -41, -47, -48, and -49, containing 1 or 2 fucoses,
were also not bound and contain only an internal Lewis x determinant (or, in the case of
HMO-31, internal Lewis x as the major structures) [21, 28]. Therefore, the Lewis x is a
binding determinant of DC-SIGN only when present at the non-reducing end of HMGs.
The binding of DC-SIGN to HMGs containing terminal Lewis glycan determinants but

not Blood Group H determinants on HMGs also corroborates previous studies on the
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glycan specificity of DC-SIGN [34, 35]. Additionally, 2’-fucosyllactose (2’-FL, HMO-3)
was also weakly bound on the HM-SGM-v2 (average rank = 11), a ligand not seen in
previous studies. Overall, these results suggest that DC-SIGN recognizes o-fucosylated
HMGs containing Lewis glycan determinants at the non-reducing end as well as 2’-
fucosyllactose, and the high abundance of these structures and determinants in the HMGs
metaglycome explains why DC-SIGN binds robustly to the HM-SGM-v2.

Siglec-5 bound weakly to four sialylated HMGs: HMO-157, HMO-213, HMO-
118, and HMO-237 (Fig. 1a). However, this binding required a high Siglec-5
concentration of 90ug/ml and the signal was detectable but weak. While the structures of
these four HMGs have not been completely defined, HMO-157, HMO-213, and HMO-
237 were bound by GM35 monoclonal antibody [21], which we have shown to bind to
the sialyl Lewis a (SLe") determinant (Neu5Aca2-3Galf1-3(Fucal-4)GleNAcp-) and so-
called “sialyl Lewis ¢” (SLe®) (Neu5Aca2-3Galp1-3GlcNAcp) determinant [36]. These
data suggest that Siglec-5 binds to a restricted set of HMGs structures containing the
SLe determinant, but the reason that Siglec-5 bound to only a restricted subset of all
structures containing this determinant is unclear, since several other glycans on the array
also were bound by GM35 but not Siglec-5. HMO-118 is likely to be a mixture that
contains 3’-sialyllactose (3°-SL) based on its predicted composition; however, 3’-SL
itself was not bound on the defined HMGs microarray by Siglec-5 (described in more
detail below), suggesting trace glycans within HMO-118 may have contributed to
binding. Siglec-9 bound an extensive number of HMGs, all of which are sialylated,
although three of the four HMGs bound by Siglec-5 (HMO-157, HMO-213, and HMO-

118) were consistently the strongest Siglec-9 binders as well (Fig. 1b). However, the
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binding of Siglec-9 was only weakly dose-dependent (Supplementary File 1) and oddly
depended on reducing end derivatization of the glycans, as discussed below. Thus, the
results indicate that DC-SIGN robustly recognizes a number of a-fucosylated HMGs,
whereas Siglec binding is weak and may not be significant. In regard to Siglec binding

the significance was further tested below.

Binding of hGBPs to the CFG Glycan Microarray

To confirm that all hGBPs were active, they were concurrently screened on the
microarray from the Consortium for Functional Glycomics (CFG). Most hGBP tested on
the CFG microarray showed binding to at least two glycans on that microarray
(Supplementary File 3). However, the CFG microarray data for Siglec-1 was deemed
relatively inconclusive as no specific candidate glycans were identified. Many of the
hGBPs that did not bind to the HM-SGM-v2 bound glycan determinants on the CFG
microarray that were not found on the HM-SGM-v2, verifying hGBP activity. For
example, Dectin-2 is specific for mannan structures containing the motif Mana1-
2Mana1-6(Manal-3)Manao- or Manal-2Mana1-6Mana 1-6(Mana1-3)Mana-, although
Dectin-2 also weakly bound Mang ¢GlcNAc, N-glycan structures. A common feature of
all structures bound by macrophage galactose/N-acetylgalactosamine-type lectin (MGL,
CLEC10A) was the presence of GalNAc, particularly at the reducing and/or non-reducing
end, although not all these GalNAc-containing structures were bound. Early studies
suggested that Blood Group A and B antigens and enzymes with Blood Group A and B
activity may be present in human milk (reviewed in [37]), but this has not been confirmed

in more recent studies [38]. Indeed, we have screened the HM-SGM-v2 microarray with
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an antibody recognizing Blood Group A Types 1-3 determinants and saw no binding of
this antibody (data not shown), confirming more recent studies that Blood Group A (and
most likely Blood Group B) determinants are not present at detectable amounts on
HMGs. Thus, since mannose and GalNAc are not found on free HMGs, it is logical that
Dectin-2 and MGL-1 did not bind the HMGs microarrays.

For the Siglecs, most showed a broad binding pattern on the CFG glycan
microarray but no binding to the few HMGs present on the CFG microarray. Siglec-5
bound some but not all complex N-glycans containing terminal 31-3-linked galactose;
beyond that, Siglec-5 did not bind to a common motif. In contrast to the HM-SGM-v2,
we did not observe Siglec-5 binding to sialylated HMGs on the CFG microarray,
including a lack of binding to 3’-SL and all the non-HMG glycans containing the sialyl
Le‘ determinant. Siglec-5 also did not bind a microarray consisting of defined HMGs
structures (as described below), suggesting that Siglec-5 may not bind well HMGs and
thus was possibly binding trace contaminants on the HM-SGM-v2 or only binds to only
specific glycan presentations such as glycans with specific linkers. Siglec-7 bound to a
variety of sialylated structures, the strongest of which was sialyl Lewis x containing 6-O-
sulfated GIcNAc; some N-glycan structures and a2-8-sialylated structures were also
bound. However, no motifs found on HMGs were bound by Siglec-7. Siglec-10 showed a
very broad binding pattern, including binding to both sialylated and non-siaylated
glycans. The biological and biochemical significance of the Siglec-10 binding to non-
sialylated glycans is currently unclear, but we believe that the binding may have been
artificially induced by the presentation and/or aglycone component (refer to the

Discussion section for more information). Langerin not only strongly bound mannan and
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high mannose N-glycan structures (Mane.9GIcNAc,) but also lactose that was 6-O-
sulfated on the galactose, but neither determinant is found on HMGs. Additionally,
Langerin bound weakly to glycans containing terminal (3-linked GlcNAc, Blood Group H
Types 1 and 2, Blood Group A and B Type 2, Lewis y, and other sulfated glycan
determinants. These results are in good agreement with previous glycan microarray
results for Langerin [39]. Although Type 1 Blood Group H and Lewis y are found on
some HMGs, Langerin binding to the HMGs microarrays was inconclusive
(Supplementary File 1).

The screening of DC-SIGN on the CFG microarray revealed three major motifs
(Table 2 and Supplementary File 3). The first motif was terminal a1-2-linked mannose
on mannan backbones, including high-mannose N-glycans, although the mannans
containing o-linked mannose at the reducing end were bound slightly stronger than the
high mannose N-glycans. The second motif was the Lewis a determinant, including
Lewis b structures. The third motif was the Lewis x determinant at the non-reducing end
of glycan structures, which also included Lewis y structures. Notably, the Lewis a and
non-reducing end Lewis x determinants were also the major HMG binding determinants
revealed by the HM-SGM-v2 screening (Table 2). Sialyl Lewis a and especially sialyl
Lewis x structures were typically poorly bound by DC-SIGN, although some sialylated,
fucosylated HMGs were bound on the HM-SGM-v2 whose structures remain to be
determined (Fig. 1 and Supplementary File 1). Glycans containing Blood Group H Type
1 and Type 2 determinants, as well as 2’-FL, were poorly bound by DC-SIGN on the
CFG microarray, a finding also seen in previous studies [35]. This further suggests that

a1-2 fucosylated glycan structures are lower affinity than Lewis a- and Lewis x-
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containing structures. Binding motifs for Siglec-9 on the CFG microarray were sialyl
Lewis x on N-glycans as well as 3’- or 6’-sialyllactosamine (Neu5Aca2-3/6Galf31-
4GIlcNAcp-) that was 6-O-sulfated on the GlcNAc, but binding was slightly stronger to 6-
O-sulfo-sialyl Lewis x as previously seen on this array (refer to the CFG website,

http://www.functionalglycomics.org/glycomics/publicdata/primaryscreen.jsp);

importantly, these motifs are not found on HMGs. Siglec-9 also weakly bound 3’-
sialyllactosamine and 6’-siayllactosamine as well as the sialyl Lewis x tetrasaccharide
(NeuSAca2-3Galp1-4(Fucal-3)GlcNAc), although the HMGs 3°-SL and 6’-sialyllactose
(6’-SL) were poorly if at all bound. Siglec-9 binding to the CFG microarray was also
poorly dose-dependent, as seen when Siglec-9 was screened on the defined HMGs
microarray, suggesting that the binding may not be specific. Therefore, only DC-SIGN
was concluded to be a strong HMG receptor, while Siglec-5, Siglec-9, and Langerin are

likely poor HMGs receptors.

Binding of hGBPs to a Defined HMG Microarray

To further investigate the binding of hGBP to HMGs, the hGBP were also
screened on a microarray consisting of a selection of chemically defined HMGs-related
glycans and galactooligosaccharides (GOS) that are commonly used or under
experimental testing as supplements in infant formula. This microarray was termed the
“defined HMG microarray”. As expected from the HM-SGM-v2 screenings, DC-SIGN
and Siglec-9 bound structures on the defined HMG microarray (Fig. 3) while all other
hGBP showed no binding (refer to Supplementary File 4 for the defined HMG glycan

microarray data at all concentrations of all hGBP screened). In contrast to the HM-SGM-
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v2 data, Siglec-5 at 90ug/ml did not bind to the defined HMG microarray even though
HMO-118 (likely 3’-SL) was bound by Siglec-5 on the HM-SGM-v2. This suggests that
Siglec-5 binds 3’-SL with low affinity and HMO-118 may contain trace contaminants
that improved Siglec-5 binding. Siglec-9 bound to both 3’-SL and 6’-SL.

DC-SIGN bound the fucosylated HMGs 2’-fucosyllactose (2’-FL) and 3-
fucosyllactose (3-FL), while very weak binding was seen towards the Blood Group H
Type 1-containing glycan LNFPI. It should be noted that 2’-FL (HMO-3) but not 3-FL
(HMO-2) was bound on the HM-SGM-v2, although 2’-FL was weakly bound relative to
Lewis a and Lewis x structures (average rank = 11; Supplementary Figure 1). However,
DC-SIGN binding to 3-FL was highly dependent on maintaining the ring-structure of the
reducing end glucose because DC-SIGN poorly bound to reductively aminated 3-FL (Fig.
3 and Supplementary File 4), which was the only ring-form of glycans on the HM-
SGM-v2. Thus, the actual strength of binding to 3-FL was likely underestimated on the
HM-SGM-v2. In contrast to the HMG microarray results, 2’-FL was not bound by DC-
SIGN on the CFG glycan microarray (Chart ID 77, rank < 10; Supplementary Figure
3). The reason for this non-binding on the CFG glycan microarray, but may have to do
with differences in the linker or other presentation issues vs. the HMG microarrays. 3-FL
was absent from the CFG glycan microarray. This suggests that 2°-FL and 3-FL are
weaker ligands than structures containing terminal Lewis a or Lewis x determinants,
although more studies are needed to confirm this observation. Overall, these results
suggest that 2°-FL and 3-FL are also ligands for DC-SIGN. Despite their potentially
lower binding strength than Lewis a and Lewis x-containing HMGs, 2°-FL and 3-FL are

much more abundant than these Lewis a- and Lewis x-containing HMG structures in
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human milk, with concentrations ranging from about 0.5-5mM for these two HMGs [2].
The overall results of this experiment show that Siglec-9 and DC-SIGN, but not Siglec-5,

may also bind to simple, defined HMGs structures.

Binding of hGBPs to the Beads Derivatized with Human Milk Glycans

To confirm the binding of DC-SIGN to the defined HMGs 2’-FL and 3-FL in a
different format, polystyrene beads were derivatized with 2’-FL, 3-FL, or LNT and
binding of DC-SIGN to these derivatized beads was measured by flow cytometry (Fig.
4). As expected, DC-SIGN bound to the 2’-FL- and 3-FL-derivatized beads but not the
LNT-derivatized beads (non-fucosylated HMGs control), which further confirmed the

binding of DC-SIGN to fucosylated HMGs.

HMG Inhibition of hGBPs Binding

Experiments using glycan microarrays and beads are useful for defining glycan
specificity and potential binding of hGBP to HMGs. However, the glycan microarray
screenings themselves have a few important limitations. Specifically, the glycans on the
microarray are synthetically derivatized with a bifunctional linker at the reducing end and
presented in a solid-phase format, which is in contrast to HMGs that occur as free,
reducing glycans in human milk. To confirm that DC-SIGN and Siglec-9 can also bind to
free, underivatized HMGs in solution, DC-SIGN and Siglec-9 were screened on the
defined HMGs microarray in the presence or absence of various concentrations of 2°-FL
and 6°-SL, respectively; lactose was used as a negative control for non-specific HMGs

inhibition. DC-SIGN binding to both the defined HMGs microarray (Fig. 5a) and the
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MAGS array (Fig. 5b) was inhibited by 2’-FL (refer to Supplementary File 5 for the
total data for DC-SIGN inhibition) in a dose-dependent manner and with an approximate
ICsp of 1mM for 2°-FL, confirming that DC-SIGN specifically binds to natural 2’-FL and
in solution. Lactose (1-10mM) caused little or no inhibition of DC-SIGN binding to the
defined HMGs microarray (Supplementary File 5), confirming that the presence of .-
linked fucose is required for DC-SIGN binding. The data also confirm binding to all of
the HMGs on the HM-SGM-v2 and defined HMGs microarrays was specific.

On the other hand, Siglec-9 binding to the defined HMGs microarray was not
inhibited by even 10mM 6’-SL (Fig. 6a), although binding could be inhibited by 1mM
6’-SL derivatized with the AEAB linker at the reducing end (Fig. 6b; also see
Supplementary File 6 for the total data for Siglec-9 inhibition). Therefore, Siglec-9 did
not appear to bind the natural form of 6’-SL (and likely 3°-SL), only the chemically
derivatized version; this suggests that Siglec-9 binding to the defined HMGs microarray
only occurs because of this HMGs derivatization. The solution Kq4 of Siglec-9 for free 6’-

SL and 3’-SL was determined to be >10mM, which is likely not physiologically relevant.
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Discussion

A major finding of this study is that DC-SIGN is the only hGBP tested that
showed specific binding to HMGs and binding was most robust toward a-fucosylated
glycans. A striking observation was the proportion of HMGs bound by DC-SIGN. About
half of the HMG structures on the HM-SGM-v2 were bound by 10ug/ml DC-SIGN (Fig.
1, Supplementary File 1), suggesting that DC-SIGN binds to nearly half of the
structures in the HMG metaglycome. The strongest binding was towards HMGs
containing a Lewis glycan determinant at the non-reducing end (Figs. 1, 2, 3,
Supplementary Files 1, 2, and 3). Potentially weaker but likely physiologically
significant binding of DC-SIGN to 2’-fucosyllactose and 3-fucosyllactose was also
observed (Figs. 1, 3, 5, Supplementary Files 1, 4, 5). HMGs containing only internal
Lewis x or Blood Group H Type 1 were poorly, if at all, bound by DC-SIGN. Therefore,
DC-SIGN appears to be a receptor for specific fucosylated HMGs.

The approximate ICsy of DC-SIGN for 2°-FL inhibition of binding to the glycan
microarray was 1mM (Fig. 5). Given the typical concentration of 1-5mM (0.5-2.5g/L) 2’-
FL in Secretor-positive human milk [2], this suggests that the binding is within the
physiological range. Taking into account that DC-SIGN also binds half of the total
HMGs metaglycome in secretor- and Lewis-positive individuals (Fig. 1) as well as
glycoproteins in human milk such as bile salt-stimulated lipase [40] and MUCI1 [17], the
actual concentration of DC-SIGN glycan determinants in human milk is probably much
higher (~5-10mM), suggesting that DC-SIGN may be close to ligand saturation when

exposed to human milk (assuming an average K4 of ImM). Total HMGs have been



218

previously shown to block DC-SIGN binding to HIV virions [41], further suggesting that
some HMGs are DC-SIGN ligands and can block DC-SIGN functions.

Human intestinal dendritic cells express DC-SIGN [42], and DC-SIGN expression
is known to occur on cells (likely dendritic cells) in infant GI tract tissue [17]. DC can
extend their dendrites from the lamina propria into the intestinal lumen to “sample”
microbes [18]. Since HMGs are not significantly digested by the human repertoire of
digestive mechanisms and enzymes in the GI tract [43, 44], DC-SIGN on dendritic cells
may be exposed to and bind HMGs to near saturable levels in the small intestine of
breast-fed infants. DC-SIGN is also known to modulate immune responses, though this
binding is not yet known to be a direct stimulator of gene expression [10]. However, it is
possible that the interaction of DC-SIGN with HMGs may cause changes in the DC-
SIGN-mediated modulation of immune responses and may also help mechanistically
explain how HMGs promote changes in gene expression and immune responses [6].
Notwithstanding, how such interactions occur and if the HMGs act as agonists or
antagonists of DC-SIGN activity is still not fully understood. Interestingly, about 20% of
individuals lack the Secretor enzyme responsible for producing a1-2-fucosylated HMGs
and 2’-FL, about 10% of individuals lack the Lewis enzyme responsible for producing
al-4-fucosylated HMGs (Lewis a structures), and ~1% of individuals lack both enzymes
[45]. Thus, milk from secretor-negative and/or Lewis-negative individuals may not be
capable or interacting as well with DC-SIGN as milk from Secretor- and Lewis-positive
mothers, although this might be at least partially compensated by the increased 3-FL

concentration in non-secretor vs. secretor human milk as 3-FL is also a DC-SIGN ligand
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(Figure 3, 5, Supplementary File 3, 5). The physiological consequence of lacking the
Secretor and/or Lewis enzyme on DC-SIGN binding in vivo are thus unclear.
Unexpectedly, given the fact that sialic acid is a common residue in HMGs, the
only Siglecs tested that showed some binding to HMGs were Siglecs-5 and -9 (Fig. 1),
consistent with the possibility that glycan recognition by Siglecs is complex and the
presence of sialic acid is necessary but not sufficient in most cases. Siglec-5 binding was
weak and only occurred at high Siglec-5 concentrations, while Siglec-9 binding was
stronger but binding to the free, underivatized HMGs 6’-SL was still weak (Fig. 6).
Instead, Siglec-9 bound strongly to 6’-SL derivatized at the reducing end with an
aglycone linker, AEAB and especially GGAEAB. This finding suggests that the aglycone
component and/or multivalent presentation may be an important factor in Siglec-9 and
other Siglecs for binding glycoconjugate ligands, or that specific sialylated glycans yet to
be identified are strong ligands for Siglecs. This finding of the potential importance the
aglycone in Siglec binding may also explain why the binding of Siglecs to the CFG
microarray in this study has a generally weak, broad binding pattern. This result may be
due to differences in glycan presentation, which may have positively or negatively
affected by the presence of specific aglycone linker units. Thus, the weak, broad binding
pattern of Siglecs to the CFG microarrays was likely because of non-preferential glycan
presentation and/or aglycone components as opposed to poor Siglec activity or the
recombinant Siglec construct used. Future studies in our lab are aimed at understanding
the functional importance of aglycone components, especially natural aglycone
components such as lipids and peptides, in Siglec binding. This future study may also

unravel why some Siglecs, especially Siglec-10, bind to a few non-sialylated glycans.
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The glycan presentation in multivalent forms may be most important for Siglec
binding, as prior studies showed that Siglec-1, -3, -5, -7, and -9 all bound 3’-SL and
6’SL-derviatized beads with uM affinity constants by surface plasmon resonance [15].
The multivalent presentation and/or aglycone bead component may contribute to this
strong binding, since an ICsy of ~1mM was calculated for free 6’-SL inhibition [15],
which was ~100-1000-fold higher than for the K4 for 6’-SL beads. Siglec-5 binds 3’-SL
and 6’-SL with a K4 of 2-4uM but to free 3’-SL and 6’-SL with a K4 of ~8mM [46],
which is high relative to the concentrations of these two sialylated glycans in human
milk. Based on these current and previous findings, we conclude that the binding of
dendritic cell-expressed Siglecs to free, underivatized HMGs is weak and likely non-
physiological.. We speculate that this low affinity binding is due to the lack of an
aglycone component on and/or multivalent presentation of HMGs, which normally exist
as free, reducing glycan structures in solution. These findings also stress the importance
of using other methodologies besides glycan microarrays to confirm binding of samples
to HMGs, which naturally exist as free, underivatized structures in solution.

In addition to C-type lectins and Siglecs used in this study, other hGBP have been
screened on the HMGs microarrays. These include galectins, most of which showed
binding and, in some cases, robust binding to neutral HMGs [22]. Preliminary HMGs
microarray screenings of the three human selectins (P-, E-, and L-selectin), which are
known to bind sialyl Lewis x and sialyl Lewis a determinants in solution with relatively
low affinity [47, 48], were negative. This suggests that human selectins are poor HMGs
receptors, consistent with previous studies showing that, although selectins may bind

HMGs, the interaction and effects are weak [49-51]. Preliminary screenings with Siglec-



221

11 also revealed no binding of these hGBP to the HMGs microarrays. Future studies are
aimed at examining other receptors that bind glycoconjugates, including Toll-like
receptors and cytokine receptors.

This study adds DC-SIGN to the list of hGBP that may act as HMG receptors.
Given the physiological concentration of HMGs binding to DC-SIGN and galectins, as
well as the anatomical localization and expression patterns of these hGBP, these
interactions may be important mechanisms underlying the known HMGs functions of
regulating gene expression and immune responses [6]. Therefore, future studies to
understand the interactions of these hGBP with HMGs and subsequent physiological

effects are currently underway.
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Table 1. Recombinant Human Glycan-Binding Proteins Used in this Study
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Name Lectin Genbank Amino Protein R&D
Family Accession Acid Fusion Tag Catalog
Number Sequence Number
DC-SIGN C-Type Lectin | QINNX6 Lys62 - N-terminal 161-DC-
Ala404 MD-Human 050
IgG, F-IEGR
fusion tag
Langerin C-Type Lectin | Q9UJ71 Tyr64 - N-terminal 9x | 2088-
Pro328 His tag LN-050
Dectin-2 C-Type Lectin | Q6EIG7 Thr46 - N-terminal 6x | 3114-
Leu209 His DC-050
MGL C-Type Lectin | Q8IUN9 GIn61 - N-terminal 6x | 4888-
(CLECI10A) His316 His CL-050
Siglec-1 [-Type Lectin | Q9BZZ2 Ser20 - C-terminal 6x | 5197-
GInl641 His tag SL-050
Siglec-5 [-Type Lectin | O15389 Glul7 - C-terminal 1072-
Thr434 IEGRID- SL-050
Human IgG,
F.-fusion tag
Siglec-7 [-Type Lectin | Q9Y286 GIn19 - C-terminal 1138-
Gly357 DIEGRMD- SL-050
Human IgG; F.
fusion tag
Siglec-9 [-Type Lectin | Q9Y336 GIn18 - C-terminal 1139-
Gly348 DIEGRMD- SL-050
Human IgG; F.
fusion tag
Siglec-10 [-Type Lectin | Q96LC7 Metl7 - C-terminal 2130-
Thr546 IEGRMD- SL-050

Human IgG; F.

fusion tag

“All recombinant proteins were purchased from R&D Biosystems and were expressed from a
mouse myeloma cell line, NSO-derived
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Table 2. DC-SIGN CFG Glycan Microarray Binding Motifs.

Glycan Motif

Glycan Determinant Present

a1-2 Mannose

Lewis a

Lewis x
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Fig. 1. HM-SGM-v2 Data for Siglec-5, Siglec-9, and DC-SIGN.

Siglec-5, Siglec-9, and DC-SIGN were screened on the HM-SGM-v2 at multiple
concentrations. The results for 90ug/ml Siglec-5 (a), 10ug/ml Siglec-9 (b), and 10ug/ml
DC-SIGN with (¢) or without (d) Ca*" are shown; Alexa Fluor 488-labeled anti-human
IgG was used for detection. Refer to Supplementary File 1 for the results at all
concentrations screened. For DC-SIGN without Ca*" (d), Ca*" was omitted from the

binding buffer and 0.2mM EDTA was added.
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Fig. 2. Proposed Structures of HMGs Bound by DC-SIGN on the HM-SGM-v2.

A portion of the HM-SGM-v2 structures bound by DC-SIGN were printed on a separate
microarray and interrogated by metadata-assisted glycan sequencing (MAGS), where
multiple lectins and antibodies specific for particular glycan determinants were screened.
Proposed structures for these HMGs samples are shown. HMG samples in bold-face font
were further analyzed by multi-dimensional mass spectrometry (MS") to more accurately
determine the structures(s) within these samples; HMG-20, -21, and -28 were previously
sequenced by MS" [21, 28] and HMGs-9, -19, and -36 were also by sequenced by MS" in
a more recent manuscript [33]. Refer to Supplementary File 2 for the lectin and

antibody screening data.
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Fig. 3. Defined HMGs Microarray Screening Data for DC-SIGN and Siglec-9.
10ug/ml and 50ug/ml DC-SIGN (a) and 10ug/ml and 90ug/ml Siglec-9 (b) were
screened on the defined HMGs microarray, and Alexa Fluor 488-labeled anti-human IgG
was used for detection. Graphs on the left show the lower concentrations and the right
graphs show the higher concentrations. Refer to Supplementary File 4 for the raw data

for these screenings.
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Fig. 4. DC-SIGN Binding to HMGs-Derivatized Microspheres.

DC-SIGN was incubated with microspheres (beads) derivatized with 2’-FL, 3-FL, or
LNT. Alexa Fluor 633-labeled anti-human IgG was used for detection of recombinant
DC-SIGN. 2’-FL microspheres incubated with the Alexa Fluor 633-labeled anti-human
IgG alone was used as the negative control. All samples were analyzed by Flow
Cytometry with a 633nm laser and FL-4 filter for detection. Histograms of DC-SIGN
binding to LNT beads (thick line), 2°-FL beads (thin black line), and 3-FL beads (thin
grey line), as well as secondary antibody alone binding to 2’-FL beads (filled line), are

shown.
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Fig. 5. Inhibition of DC-SIGN Binding to HMGs Microarrays with Free,
Underivatized HMGs.

lug/ml DC-SIGN was preincubated with or without 0.1, 1, or 10mM of free,
underivatized 2°-FL and then screened on the defined HMGs microarray (a) or the HMGs
MAGS microarray (b) described in Supplementary File 2. The results for the no
inhibitor, ImM 2’-FL, and 10mM 2’-FL on both microarrays are shown; refer to

Supplementary File 5 for the results of all other screenings, including 0.1mM 2°-FL.
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Fig. 6. Inhibition of Siglec-9 Binding to Defined HMGs Microarray with Free,
Underivatized HMGs and Free, Derivatized 6’-Sialyllactose.

2ug/ml Siglec-9 was preincubated with 1mM or 10mM free, underivatized 6’-SL or no
inhibitor and screened on the defined HMGs microarray (a). 2ug/ml Siglec-9 was
preincubated with free ImM 6’-SL-AEAB (NeuSAca2-6Galf1-4Glcitol-AEAB) or 6°-
SL-GGAEAB (Neu5Aca2-6GalB1-4Glc-GGAEAB) [25] or no inhibitor and screened on
the defined HMGs microarray (b). Parts a and b of this figure were performed on
separate slides but on the same day and at the same time. Refer to Supplementary File 6

for all other free inhibition of Siglec-9 binding to the defined HMGs microarray.
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Supplementary Information
Supplementary Files (.xlsx files) are accessible from the publisher’s website and include

the following six files:

Supplementary File 1. hGBP HM-SGM-v2 Data

This file, containing seven worksheets, shows the average RFU data as well as graphs of
binding data for 100ug/ml Langerin, 100ug/ml MGL-1, 90ug/ml Siglec-1, 90ug/ml
Siglec-5, 90ug/ml Siglec-7, and 10ug/ml and 50ug/ml Siglec-9 binding to the HM-SGM-
v2 on separate worksheets. Additionally, the data for 0.1ug/ml, 1.0ug/ml, and 10ug/ml
DC-SIGN, as well as DC-SIGN screened in a buffer lacking Ca*" as well as 0.2mM
EDTA as a control for non-specific interactions, is included on a single worksheet. The

data for Dectin-2, which showed no binding to the HM-SGM-v2, is not shown.

Supplementary File 2. MAGS Data and DC-SIGN Binding to MAGS Array

This file includes two worksheets. The first worksheet contains a summary of the average
RFU results for the screening of anti-glycan antibodies and lectins on the MAGS array to
identify glycan determinants present on the HMGs samples printed. The RFU’s in red
and black text indicate positive and negative binding, respectively, by the lectin or
antibody. The second worksheet includes the average RFU data as well as graphs of
binding data for 0.5ug/ml, 1.0ug/ml, 2.0ug/ml, and 5.0ug/ml DC-SIGN to the MAGS
array. Additionally, the results for 1.0ug/ml DC-SIGN binding after the array had been

treated with neuraminidase are also shown.
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Supplementary File 3. hGBP CFG Microarray Data

This eight-worksheet file contains the average RFU data and graphs of binding data for
10ug/ml DC-SIGN, 10ug/ml Langerin, 50ug/ml Dectin-2, 10ug/ml MGL-1, 20ug/ml
Siglec-1, 20ug/ml Siglec-5, 90ug/ml Siglec-7, and 10ug/ml and 90ug/ml Siglec-9 on the

glycan microarray from the Consortium for Functional Glycomics (CFG).

Supplementary File 4. DC-SIGN and Siglec-9 Defined HMGs Microarray Data

This file contains two worksheets. The worksheets contain the average RFU binding data
and graphs of binding data for 10ug/ml and 50ug/ml DC-SIGN, and 10ug/ml and
90ug/ml Siglec-9, respectively, on the defined HMGs microarray. All of the other hGBP

screened showed no binding to the microarray (data not shown).

Supplementary File 5. Free HMGs Inhibition of DC-SIGN Binding to Defined
HMGs and MAGS Microarrays

This file contains two worksheets. The first worksheet includes the average RFU data and
graphs of binding data of 1.0ug/ml DC-SIGN screened on the defined HMGs microarray
in the presence or absence of 0.1mM, 1.0mM, or 10mM 2’-FL or lactose. The second
worksheet includes the average RFU data and graphs of binding data of 1.0ug/ml DC-
SIGN screened on the MAGS array in the presence or absence of 1.0mM or 10mM 2’-

FL.

Supplementary File 6. Siglec-9 Free HMGs Inhibition Data
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This file, containing two worksheets, shows the results of 2.0ug/ml Siglec-9 binding to
the defined HMGs microarray in the presence of free HMGs or HMGs derivatives
including 1mM and 10mM 6’-SL, ImM and 10mM lactose, ImM 6’-SL-AEAB, and
ImM 6’-SL-GGAEAB. The two worksheets show the data for two different slides,

although these two slides were concurrently screened in the same experiment.
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Chapter 4: Discussion
I. Implications of GBP-HMG Interactions

The major findings of this study are that specific HMG structures interact with
specific GBPs expressed in the gastrointestinal (GI) tract. Additionally, at least some of
these HMG-GBP interactions are potentially physiologically relevant since the HMG
concentrations in human milk are at or above the Ky of the HMG-GBP interactions.
Therefore, these studies warrant future studies on the physiological and immunological
effects of HMG-GBP interactions on intestinal epithelial cells and dendritic cells.

A key finding in this manuscript was that HMGs specifically interacted with
galectins (except galectin-2) and DC-SIGN (refer to Chapters 2 and 3). Many galectins
are known to be expressed in the GI tract epithelium, including galectin-2, -3, -4, -8, and
-9 in the intestine [1-6] and galectin-7 in the esophagus [7]. In order for these galectins to
come in contact with HMGs, the galectins need to be cell surface localized and, in the
case of the esophageal stratified epithelia, expressed in the outermost epithelial layer to
be in contact with the lumen. However, the local concentration of cell surface galectins,
affinity of galectins for the cell surface receptors, and degree of galectin exposure to the
GI tract lumen in vivo is unclear. Moreover, all previous studies on galectin expression in
the GI tract have focused on adult human cells and tissues, so the expression profile of
galectins in the newborn and infant GI tract is still unknown. On the other hand, DC-
SIGN expression has been confirmed to occur on dendritic cells (DCs) in the infant
intestine [8]. However, it is unclear whether or not DC-SIGN actually becomes exposed

to the GI tract lumen during DC dendrite “sampling” of the intestinal lumen in both
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infants and adults. Thus, more studies are needed to determine if galectins and DC-SIGN
are in physiologically relevant positions to truly interact with HMGs.

Although specific HMG-GBP interactions were determined to occur at
physiologically relevant concentrations, these interactions also serve as a model for
understanding GBP interactions with a complex pool of HMGs, as occurs in breast-fed
infants. The concentration of HMGs in human milk ranges from about 8-25g/L [9-11],
depending on the factors described in Chapter 1. GBPs typically recognize specific
glycan determinants, as opposed to specific glycan structures [12], and these
determinants are typically found on more than just one structure in a given metaglycome.
For example, the LacNAc I, Blood Group H Type 1, and Lewis glycan determinants
occur on more than just one structure in the HMG metaglycome [13, 14]. Thus, more
than one HMG structure likely interacts with HMGs, as was seen in this study for
galectin and DC-SIGN binding to the HMG metaglycome presented on the HMG shotgun
glycan microarray. This means that one must instead calculate the concentration of total
HMG binding determinants in human milk rather than the concentration of individual
HMG structures. This total HMG determinant concentration, coupled with the K4 of
binding to this single determinant or the average adjusted K4 if multiple determinants are
bound, will determine the degree of HMG-GBP binding. However, the calculation for the
degree of in vivo binding is not as straightforward since the in vivo interaction may also
be influenced by GBP exposure, how strongly the GBP is bound to endogenous or
exogenous (ex-microbial) ligands, and changes in HMG concentration during progression
through the GI tract. Nonetheless, if HMGs are found to be critical for controlling infant

immunity and development, their supplementation into infant formula will be warranted
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in cases where human milk feeding is not practical or possible. In these cases, identifying
specific HMG structures that exert similar physiological effects as total HMGs would be
most beneficial so that the main bioactive HMG(s) can be supplemented at the proper
concentrations into infant formula. The use of only a few specific HMGs for
supplementation would help create a balance between maximal benefits to the infants and
affordable cost, as opposed to using the entire HMG metaglycome (very expensive and
currently impractical) or a single HMG (which may not produce all the associated health
benefits of HMGs). Based on this study of HMG-GBP interactions and previous
functional studies [15-22], LNT, LNnT, 2’-FL, 3’-SL, 6’-SL, and DSLNT have bioactive
properties and represent a potential panel of HMGs for supplementation into infant
formula.

Some infant formulas are supplemented with glycans such as
fructooligosaccharides (FOS) and galactooligosaccharides (GOS). FOS and GOS have
been shown to serve as a source of prebiotic fiber to promote establishment of a
Bifidobacteria-rich gut microflora similarly to human milk and possibly other beneficial
effects (reviewed in [23]). While some believe that these glycans may be used as a
surrogate for HMGs in infant formulas, previous studies as well as the findings of this
study do not support this observation. Recent systematic reviews suggest that FOS/GOS-
supplemented infant formulas do not cause any appreciable health benefits vs.
unsupplemented infant formulas [24, 25]. The reason for this lack of health benefits is
due to the lack of structural similarity between FOS/GOS and HMGs. Thus, FOS and
GOS do not have structural features enabling them to act as receptor decoy molecules,

replace DSLNT in prevention of necrotizing enterocolitis, or even promote growth of
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specific Bifidobacteria strains that grow well with HMGs but not FOS/GOS [26].
Additionally, the findings of this current study show that galectins and DC-SIGN bind to
specific HMGs but not GOS mixtures or semi-purified GOS structures (refer to
Supplementary File 3 in Chapter 2 and Supplementary File 4 in Chapter 3). FOS
were not tested in this study but, due to a lack of structural similarity between FOS and
HMGs, are not expected to bind galectins or DC-SIGN. Therefore, if HMG interactions
with galectins and DC-SIGN underlie many of the physiological and immunological
effects mediated by HMGs, FOS/GOS will not mimic those functions. These results
suggest that infant formula supplementation with specific HMGs may be more
appropriate for improving infant health in formula-fed infants compared to FOS/GOS
supplementation.

The binding of galectins to HMGs also raises questions about the physiological
functions of galectins in the GI tract, especially in breast-fed infants. In breast-fed infants,
galectins in the GI tract would constantly be exposed to HMGs, preventing their
extracellular activities that are primarily mediated by cell surface glycoconjugate binding.
In other words, extracellular galectin activity may be absent, and so the extracellular
secretion of galectins would be a futile process. This raises questions as to whether or not
galectin secretion in the GI tract may be shut down in breast-fed infants and/or by
constant exposure to high concentrations of non-digestible galectin ligands such as
HMGs. A major reason for this question is because we have shown in this study that
human milk lacks galectins. This was a somewhat surprising finding because galectins
are known to have antimicrobial properties [27-29], so galectins would be expected to

support the developing newborn and infant immune system. Additionally, most cells and
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tissues express and secrete at least one galectin [30], but human milk and hence
mammary tissue appear to be examples of fluids and tissues where extracellular galectins
are absent. Based on these findings, it is hypothesized that galectin secretion may be
inhibited when cells are exposed to high concentrations of HMGs. The underlying
mechanism may be the lack of cell surface glycoconjugate cross-linking by galectins
upon HMG exposure. In other words, slight basal galectin secretion (which may only be a
few molecules and hence undetectable by most detection methods) and specific cell
surface glycoconjugate cross-linking may promote further galectin secretion. When
HMGs are present, no glycoconjugate cross-linking occurs, so only basal level galectin
secretion occurs. This autofeedback mechanism may be important for saving cells energy
and galectin proteins by not wastefully secreting galectins into an extracellular
environment, such as human milk or the breast-fed infant GI tract, where galectins
activity would be inhibited. Since the galectin secretory pathway is a non-classical and
unknown process [31], this suggested feedback mechanism of galectin secretion is
plausible and should be tested in future studies, which may also unravel the general
mechanism of galectin secretion.

DCs may come in contact with microbes in the intestine not only in the lamina
propia and Peyer’s Patches but also in the intestinal lumen via transepithelium dendrite
extension [32] or migration to the lumen [33]. When exposed to the intestinal lumen, DCs
may come in contact with intestinal contents, including glycans from mucins and
ingested/dietary glycans such as HMGs from human milk. These intestinal glycans may
bind to the TLRs, CLRs, and possibly other DC receptors to alter DC cell biology and

immune responses. Within the lamina propria and Peyer’s Patches, the DCs may still
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come in contact with the small percentage of HMGs that are known to cross the intestinal
epithelium during breast-feeding [34]. However, direct exposure of DCs to the intestinal
lumen would bring DCs and their receptors in contact with a much larger concentration
of HMGs. Thus, the higher luminal concentration of target HMG determinants during
breast-feeding has a much higher probability of significantly binding to transepithelium-
exposed DC-SIGN vs. DC-SIGN in the lamina propria or Peyer’s Patches. However, it is
unclear if DC-SIGN actually becomes exposed to HMGs during transepithelial dendrite
extension, or even if DC-SIGN is expressed by the DC subsets that perform
transepithelial dendrite extension or migrate into the lumen. Future studies should be
aimed at determining if DC-SIGN and other receptors, including other CLRs and TLRs,
become exposed to the intestinal lumen during DC transepithelial dendrite extension or
migration into the lumen.

The fact that HMG functions overlap with galectin and DC-SIGN functions,
namely in regulation of intestinal epithelial cell physiology and/or immune responses,
suggests that there may be a common link between HMG and GBP functions. The results
of this study show that galectins and DC-SIGN bind to specific HMGs, which may be the
common link between these processes. In particular, it is hypothesized that HMG
interactions with galectins and DC-SIGN mediate the physiological and immunological
effects reported for HMGs, and a proposed model and method of testing this model are

presented in the following two sections.
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I1. Proposed Model

Based on the findings of this study, three effects of HMG binding to cell surface
GBPs involved in signaling can be proposed:

1) HMGs bind to specific GBPs, which leads to activation of the GBP signaling pathway

2) HMGs bind to specific GBPs but, because the GBP receptor requires cross-linking to
activate the signaling pathway, no signaling activation occurs upon GBP binding to
univalent HMGs. However, this GBP-HMG interaction interferes with GBP cross-
linking by endogenous or exogenous multivalent ligands, thereby allowing the HMGs
to serve as inhibitors or antagonists.

3) HMGs bind to specific GBPs but, because the HMG is not a multivalent ligand, does
not activate the “typical” signaling pathway but instead activates an “alternative
signaling pathway” that occurs by ligand binding independently of receptor cross-
linking.

In the case of galectins, which are soluble, secreted GBPs as opposed to cell
surface GBPs like DC-SIGN, the only expected outcome is that HMG binding to
galectins leads to galectin dissociation from cell surface glycans. As a result, galectin-
mediated receptor cross-linking is abrogated, and the dissociated galectins cannot rebind
and cross-linking cell surface receptors until the HMG concentration is significantly
reduced. In other words, galectin-HMG interactions are expected to result in effect #2,
the inhibition of GBP-mediated activity. Additionally, effect #2 is the expected model for
DC-SIGN-HMG interactions. Previous studies support effect #2 for DC-SIGN-HMG
interactions for the following reasons. Dendritic cells have been shown to bind LNFPIII

and subsequently promote a more Th2-biased response upon LPS-induced DC
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maturation. However, this effect occurs with multivalent LNFPIII ligands but not free,
reducing LNFPIII [35]. Moreover, multivalent but not free LNFPIII has functional effects
on B cells; in fact, the free LNFPIII actually inhibits the multivalent LNFPIII activities in
B cells [36]. Thus, free, reducing, univalent glycans such as LNFPIII and other HMGs
may actually act as receptor antagonists vs. the multivalent glycoconjugates presented by
endogenous and exogenous products such as microbial glycoproteins. The most likely
receptor for the LNFPIII is DC-SIGN since LNFPIII contains Lewis x, a major
determinant recognized by DC-SIGN (refer to Figure 2 and Table 2 in Chapter 3 of this
study). Indirect support for the DC-SIGN-LNFPIII interaction comes from studies using
the multivalent glycoprotein Schistosoma mansoni soluble egg antigens (SEA), which
contains Lewis x determinants similarly to LNFPIII in addition to other glycan
determinants such as LDNF. SEA was shown to promote a Th2-biased activation of DCs
similarly to LNFPIII, and this process was partially dependent on DC-SIGN in addition
to MGL and the mannose receptor [37]. Although direct functional studies on LNFPIII-
DC-SIGN interactions in DCs are lacking (ex-the effects of univalent and multivalent
LNFPIII on untreated and anti-DC-SIGN-treated DCs), these findings support a
functional role of multivalent but not univalent ligands such as HMGs for activation of
DC-SIGN-mediated signaling and/or endocytosis. For these reasons, HMGs are likely to
act as DC-SIGN antagonists rather than agonists. However, due to the lack of studies and
especially direct functional evidence, it cannot be ruled out that HMG binding by DC-
SIGN may lead to activation of signaling (effect #1). Indeed, one study suggested that
monomeric mannose or mannan could activate the Raf-1 signaling pathway in DCs [38],

although no direct proof of DC-SIGN-mannose binding was shown, so alternative CLR
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binding (ex-mannose receptor) and signaling pathways may have mediated this effect.

Nonetheless, the latter study suggests that HMGs may still lead to effect #1, or perhaps
monomeric mannosylated ligands like soluble mannan but not fucosylated ligands like
HMGs can activate DC-SIGN signaling.

From these hypothesized outcomes, the following model is proposed (Figure 1).
In this model, breast-fed infants are exposed to a large amount of HMGs in their GI tract.
The HMGs are present at a concentration at or above the K4 of binding to GBPs exposed
to the GI tract lumen. These GBPs include galectins expressed by epithelial cells and DC-
SIGN expressed by dendritic cells in the lamina propria and Peyer’s Patches. The
epithelial cells secrete some galectin proteins, which become bound to cell surface
glycans found on cell surface receptors. This binding leads to receptor cross-linking and
activation of downstream signaling pathways. The epithelial cells are directly exposed to
the GI tract lumen and thus HMGs. As a result, HMGs can directly bind to extracellular
galectins and cause galectin “elution” from the cell surface in breast-fed infants, thereby
inhibiting galectin-mediated receptor cross-linking and signaling. In this way,
extracellular galectin activity in the GI tract becomes low, if present at all.

In contrast to constant exposure to the intestinal lumen by intestinal epithelial
cells, dendritic cells only become exposed to the intestinal lumen via migration from the
lamina propria or dendrite extension from below the intestinal epithelium to “sample”
antigens. During these sampling events, DC-SIGN becomes exposed to HMGs in the GI
tract lumen. The exposure of DC-SIGN to HMGs leads to constitutive DC-SIGN binding
to HMGs containing Lewis antigens, 2’-FL, and 3-FL. Two functional outcomes result

from this interaction. First, the interaction prevents DC-SIGN-mediated signaling
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initiated by interaction with endogenous or exogenous multivalent glycoconjugates.
Second, constitutive HMG binding blocks DC-SIGN-mediated microbial
uptake/phagocytosis, although other methods of antigen uptake will still be active. While
this model may be especially relevant to the small intestine, the effects may occur all
throughout the GI tract including in the mouth, esophagus, and stomach. However, the
gut microbiota, which is primarily present in the large intestine but also in the lower
portions of the small intestine, can digest HMGs. This digestion may destroy the GBP
binding determinants and prevent their interaction with GBPs in these regions. In the
other regions of the GI tract including the small intestine, the GBP-HMG interaction
would ultimately depend on expression and exposure of galectins and DC-SIGN to the
lumen.

Based on the known effects of galectin-receptor interactions, the functional
outcomes of the galectin-HMG interactions are proposed to include intestinal epithelial
cell differentiation into a more absorptive enterocyte as well as intestinal modeling into a
highly absorptive, villi-rich environment. Additionally, altered cytokine secretion by the
intestinal epithelium is also expected, namely an increase in Th1 cytokines and decrease
in Th2, Th17, and pro-inflammatory cytokines. These cytokine changes will shift
intestinal T cells towards a more balanced T cell response as opposed to the highly pro-
inflammatory, Th2-biased response in newborns. These phenomena are expected to occur
by changes in gene expression and protein expression, which can be tested by RNA
sequencing and proteome analysis.

The constitutive activation of DC-SIGN by HMGs may be crucial for proper

immunity in infant. First, this targeting is expected to inhibit DC-SIGN-mediated
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endocytosis [39], although most other mechanisms of DC phagocytosis will still be
active. Second, this interaction may block DC-SIGN activities in DCs that extend their
dendrites through the intestinal epithelium as well as intraluminal DC subsets that have
migrated from the lamina propria to the intestinal lumen [33]. In these lumen-exposed
DCs, blocking DC-SIGN activity may be important during antigen sampling to prevent
detrimental immunoregulatory events by DC-SIGN. These potentially detrimental
activities of DC-SIGN ligand binding include reduced DC maturation seen for binding to
specific mannosylated ligands [40], increased pro-inflammatory effects vs. LPS alone
seen for binding to mannosylated ligands [38], and the anti-inflammatory and/or Th2-
biasing responses stimulated by binding to fucosylated ligands [37, 41].Therefore, the
inhibition of DC-SIGN by HMGs is expected to promote a more balanced immune
response by preventing immunosuppression or highly inflammatory conditions as well as
preventing pro-allergenic Th2-biased responses, which is especially critical in the

immature and highly sensitive newborn and infant intestine.
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II1. Future Directions

Future studies are aimed at testing the components of this proposed model of
GBP-HMG interactions in the GI tract. One important future study is on the effects of
loss of extracellular galectin activity in the GI tract, especially the intestine. While
galectins are known to regulate some components in epithelial cell biology (reviewed in
[42]), the extracellular physiological functions of galectins in the intestinal epithelium are
poorly understood. Therefore, studies are needed to determine if extracellular galectins
play a role in intestinal epithelial cell biology in the first place and, if so, what roles they
do play. To address this question, intestinal epithelial cells will be incubated with
thiodigalactoside (TDG), a non-metabolizable analog of lactose and specific inhibitor of
galectins. The addition of TDG to intestinal epithelial cells at a concentration well above
the K4 of galectin binding (10mM-50mM) is expected to inhibit extracellular galectin
activity in much the same way as proposed in the model shown in Figure 1. The effects
of this treatment will be compared to both a mock-treatment control as well as cells
treated with a non-metabolized carbohydrate that does not bind to galectins, such as
cellobiose (Glcf1-4Glc), to confirm that the effects are carbohydrate-specific. Based on
previous findings of HMG effects on intestinal epithelial cells as well as galectin
activities in other epithelial cells [19, 43], the expected results of this study are increased
cellular differentiation (measured by specific enzyme activities such as alkaline
phosphatase and sucrase, as well as microscopic examination), increased intestinal
epithelium development (including reduced transepithelial resistance), changes in
cytokine secretion (especially increased Th1-favoring cytokines such as IL-12 and

decreased Th2-favoring cytokines such as IL-4), and changes in gene expression
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(measured by RNA sequencing). If such changes are observed by the addition of TDG,
the cells will then be treated with the HMGs LNnT, LNT, 2’-FL, or 3-FL. The expected
results are the LNT, LNnT, and 2’-FL but not 3-FL, which does not bind galectins, will
cause similar changes in intestinal epithelial cells as TDG-treated intestinal epithelial
cells. Finally, these TDG and HMG treatment experiments will be repeated on primary
small intestinal epithelial cells (available from Lonza) to confirm that the results apply in
a more physiologically relevant model. The results of this future study will be
instrumental in determining if galectins-HMG interactions have physiological
consequences. The findings will also reveal what the actual physiological roles of
galectins in intestinal epithelial cells are in the first place.

Galectins in the GI tract have also been shown to exert antimicrobial effects [28].
The antimicrobial effects occur towards microbes carrying specific glycan structures,
especially structures resembling human glycan determinants and structures containing
epitopes for so-called “natural” antibodies such as the Gala1-3Gal epitope [28, 29, 44,
45]. Thus, future studies should also be aimed at determining if physiologically relevant
concentrations of HMGs, including specific HMG structures and/or pooled HMGs,
inhibit the antimicrobial effects of galectins both in vitro and in vivo. This inhibition of
galectins may be useful for newborns and infants to help establish an infant-specific
microbiome and/or promote development of “natural” antibodies. In other words,
inhibition of galectin activity may be needed for the infant immune system to begin
sampling microbial antigens otherwise targeted by galectins, such as the microbes

expressing the Gala1-3Gal epitope, so that these antibodies are generated. After weaning,
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the combination of galectin activity as well as the natural anti-glycan antibodies may help
present a double line of defense against specific pathogens carrying these epitopes.
Another future study of interest is testing the hypotheses of the model on HMG
interactions in regulation of dendritic cell immune responses. A useful in vitro model for
this future study would be Schistosoma mansoni egg antigen (SEA) interactions with
DCs. SEA is a physiologically relevant model since S. mansoni eggs are excreted in feces
(and thus found in the intestine), are critical to the immunopathogenic mechanism of
disease, and modulate DC-mediated immune responses via interactions with CLRs
including DC-SIGN (reviewed in [46, 47]). SEA exposure to DCs results in dampened
DC maturation upon exposure to specific maturation signals as well as a bias towards a
Th2-inducing phenotype upon LPS-mediated DC maturation, a mechanism that is
dependent on DC-SIGN, MGL, and the mannose receptor [37]. Treatment of LPS- and
SEA-stimulated monocyte-derived DCs in the presence of fucosylated HMGs such as 2°-
FL, 3-FL, and LNFPIII are expected to block the effects of SEA on LPS-induced
activation and a Th2-biased cytokine response. In other words, treatment with HMGs will
partially revert the response to look more like LPS treatment alone, with increased
costimulatory molecule expression and a more balanced Th1:Th2 response compared to
the anti-inflammatory, Th2-biased effects of LPS and SEA treatment in the absence of
HMGs. A non-DC-SIGN-specific HMG such as LNT can be used as a control. A mouse
model of S. mansoni infection with or without 2’-FL or LNT feeding can then be utilized
to determine if the 2’-FL but not LNT feeding promotes a more balanced Th1:Th2
response in the mouse, as expected from the model. Moreover, the effects of 2°-FL

feeding may also alter egg shedding into the feces and the outcome of infection
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(including symptoms such as weight loss as well as survival), and the 2’-FL but not LNT
feeding is expected to reduce egg shedding and symptoms since Th2-biased immune
responses is associated with chronic parasite infection [46, 48]. These studies would
support a beneficial functional role of HMGs in controlling DC-SIGN activity in
intestinal DCs of breast-fed infants.

Many galectins, C-type lectins, and I-type lectins were tested in this study for
their ability to interact with HMGs. However, not all human GBPs expressed by dendritic
cells and epithelial cells have been tested to date. For example, many other C-type lectins
expressed by dendritic cells, including the mannose receptor (MR), DEC-205, and Mincle
(reviewed in [49]), have not yet been tested. Future studies are thus aimed at screening
these and other GBPs for the ability to bind HMGs as well as their glycan specificity.
While some of these GBPs are now available commercially (ex-the mannose receptor and
Mincle may now be purchased from R&D), some of these will require recombinant
expression in and purification from eukaryotic cell lines.

While the future studies described above may describe potential physiological
effects of GBP-HMG interactions, the ultimate goal is to see if the HMGs interact with
GBPs in newborns and infants. This means that the experiments measuring the
expression of GBPs in the infant GI tract must be performed since previous studies on
GBP expression have only utilized adult, not newborn and infant, samples. Fortunately,
one study provided good evidence that DC-SIGN is indeed expressed by some dendritic
cells in the infant small intestine [8], but evidence for galectin expression in newborn and
infant GI tract epithelial cells is still lacking. Once galectin expression in the infant GI

tract is confirmed, supplementation of HMGs, particularly the mixture of HMGs
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described above (LNT, LNnT, 2°’-FL, 3’-SL, 6’-SL, and DSLNT), into infant formula
should be performed and tested in clinical trials with non-supplemented control formula
as a control. The clinical studies should measure the effects of HMGs on the functions
predicted from studies on the physiological effects of GBP-HMG interactions, including
a less inflammatory environment in the intestine, a balanced pro- and anti-inflammatory
cytokine response, balanced T cell development, reduced incidence of gastrointestinal
infections, reduced incidence of necrotizing enterocolitis and food allergies, and proper
intestinal epithelium development.

From these future studies, the ultimate goal is to determine whether or not
supplementation of specific HMGs into human milk will produce beneficial physiological
outcomes vs. non-supplemented infant formula. While exclusive breast-feeding is still the
ideal, it is not always practical or, in some cases, not even possible. In these cases,
supplementation of infant formula with HMGs may at least help formula reach a state as
close as possible to human milk in terms of health benefits. Understanding the
mechanisms by which HMGs exert these health benefits will be especially useful in
determining the parameters to measure in future clinical studies as well as which HMG
structure(s) and concentration(s) should be supplemented to produce the intended
outcome. The results of this study have taken us a few steps into this direction by
showing that HMG binding to GBPs can occur, which now lead us to studies that should

be aimed at determining what the physiological outcomes of these interactions are.
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IV. Figures

Galectin

Intestinal
Lumen

HMGs

Intestinal
Epithelium

Lamina
Propria

signaling signaling

Figure 1. Proposed model of GBP-HMG interactions in the infant small intestine.
In this proposed model, galectins expressed by epithelial cells and bound to the epithelial
cell surface as well as DC-SIGN expressed by dendritic cells become exposed to the
intestinal lumen. In this state, the galectins bind to and cross-linking cell surface
receptors, triggering epithelial cell signaling pathways. Meanwhile, DC-SIGN binds to
endogenous or exogenous glycoconjugates, including microbial glycans such as yeast
mannans, which leads to initiation of DC signaling pathways and/or microbial
endocytosis (not depicted). Breast-fed infants ingest large amounts of HMGs such as 2’-

fucosyllactose (2’-FL). The HMGs pass through the most of the GI tract lumen without
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digestion or chemical modification and bind to galectins and DC-SIGN. These binding
events lead to a loss of galectin binding and cross-linking of cell surface receptors,
thereby reducing or even completely inhibiting galectin-mediated cellular signaling.
Additionally, the binding of HMGs to exposed DC-SIGN leads to inhibition of
endogenous or exogenous ligand binding; as a result, HMGs act as antagonists by binding
to DC-SIGN and blocking DC-SIGN signaling as well as DC-SIGN-mediated
endocytosis (not depicted). While only the intestine is depicted, this proposed model
might be relevant throughout most of the GI tract. Other HMG structures besides 2’-FL
(not depicted) are also present during breast-feeding that also contribute to galectin and

DC-SIGN binding.
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