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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 ICsq 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.
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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 humerous 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 hGBP family [13].
The binding of different hGBPs 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 HMG
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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.

Materials and methods

Preparation and Screening of Microarrays

Preparation

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]. 5ug/ml of Alexa Fluor 488-labeled anti-human 1gG
(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 Ca2* 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 5ug/ml Alexa Fluor 633-labeled anti-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.

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].
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Preparation of HMGs-Derivatized Beads and Flow Cytometry Assessment of Binding

Results

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 (200pul) were pelleted by gentle centrifugation at 500-1000°g for 5
minutes and resuspended in 160ul of PolyLink coupling buffer. Twenty pl of 200mg/ml
freshly prepared EDC and 20pl 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 1mM 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 5ug/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.

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. 1c), 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-

Biochem J. Author manuscript; available in PMC 2016 May 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Noll et al.

Page 5

TOF MS) molecular mass measurements [21]. This binding was specific in that all binding
required Ca2* 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 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 p1-3-linked or f1-4-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)GIcNACB-), terminal Lewis b (Fucal-2Galpl-3(Fucal-4)GIcNACS-),
terminal Lewis y (Fucal-2Galp1-4(Fucal-3)GIcNACcB-) and/or a terminal Lewis X
(Galp1l-4(Fucal-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 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 a-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 (NeuSAca2-3Galp1-3(Fucal-4)GIcNAcbeta;-) and so-called “sialyl Lewis ¢”
(SLe®) (Neu5Aca2-3Galbeta;1-3GIcNAcbeta;) 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)
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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 humber 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 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 Manal-2Manal-6(Manal-3)Mana- or
Manal-2Manal-6Manal-6(Manal-3)Mana-, although Dectin-2 also weakly bound
Mang_oGIcNACc, 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 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 f1-3-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-
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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 high mannose N-glycan structures (Mang.gGICNAC,) 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 B-linked GIcNAc, 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 a-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-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
(Neu5Aca2-3/6Galpl-4GIcNACp-) that was 6-O-sulfated on the GICNACc, 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
(Neu5Aca2-3Galpl-4(Fucal-3)GIcNAc), 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
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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-v2 data, Siglec-5 at 90pug/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 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
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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 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 I1Cgq 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 a-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 Ky of Siglec-9 for free 6’-SL and 3’-SL was determined to be
>10mM, which is likely not physiologically relevant.

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 1C5g 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 MUCL1 [17], the actual concentration of DC-
SIGN glycan determinants in human milk is probably much higher (~5-10mM), suggesting
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that DC-SIGN may be close to ligand saturation when exposed to human milk (assuming an
average Ky of 1mM). Total HMGs have been 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 Gl 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 Gl 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 al1-2-
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
(Fig. 3, 5, Supplementary File 3, 5). The physiological consequence of lacking the Secretor
and/or Lewis enzyme on DC-SIGN binding /n 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
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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.

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
ICgg of ~1mM was calculated for free 6/-SL inhibition [15], which was ~100-1000-fold
higher than for the K 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 Ky 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-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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Refer to Web version on PubMed Central for supplementary material.
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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), 10pg/ml Siglec-9 (b), and 10pg/ml DC-
SIGN with (c) or without (d) Ca2* 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 CaZ* (d), Ca2* was omitted from the binding buffer and
0.2mM EDTA was added.
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Fig. 2. Proposed Structures of HM Gs 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 HM Gs Microarray Screening Data for DC-SIGN and Siglec-9

10pg/ml and 50ug/ml DC-SIGN (&) and 10ug/ml and 90pug/ml Siglec-9 (b) were screened on
the defined HMGs microarray, and Alexa Fluor 488-labeled anti-human 1gG 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 HM Gs-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 HM Gs Microarrayswith Free, Underivatized HM Gs
1pg/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 OmM 2’FL (no inhibitor),
1mM 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 HM Gs Microarray with Free, Underivatized
HMGsand Free, Derivatized &/-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 (Neu5Aca2-6GalB1-4Glcitol-AEAB) or 6'-SL-
GGAEAB (Neu5Aca2-6Galp1-4Glc-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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Table 2

DC-SIGN CFG Glycan Microarray Binding Motifs.

Glycan Motif

Glycan Deter minant Present

al-2 Mannose

Lewis a

o3

Lewis X
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