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(Bacl(ground: Recognition of human milk glycans (HMGs) by lectins, antibodies, and pathogens is poorly understood.
Results: Microarrays of isolated HMGs exhibited specific binding to proteins and pathogens.
Conclusion: HMG microarray interrogation and novel metadata-assisted glycan sequencing provide a functional glycomics

Significance: HMGs represent a potential “liquid innate immune system” that is specifically recognized by antibodies and
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Human milk contains a large diversity of free glycans beyond
lactose, but their functions are not well understood. To explore
their functional recognition, here we describe a shotgun glycan
microarray prepared from isolated human milk glycans
(HMGs), and our studies on their recognition by viruses, anti-
bodies, and glycan-binding proteins (GBPs), including lectins.
The total neutral and sialylated HMGs were derivatized with a
bifunctional fluorescent tag, separated by multidimensional
HPLC, and archived in a tagged glycan library, which was then
used to print a shotgun glycan microarray (SGM). This SGM was
first interrogated with well defined GBPs and antibodies. These
data demonstrated both the utility of the array and provided
preliminary structural information (metadata) about this com-
plex glycome. Anti-TRA-1 antibodies that recognize human
pluripotent stem cells specifically recognized several HMGs
that were then further structurally defined as novel epitopes for
these antibodies. Human influenza viruses and Parvovirus
Minute Viruses of Mice also specifically recognized several
HMGs. For glycan sequencing, we used a novel approach termed
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metadata-assisted glycan sequencing (MAGS), in which we
combine information from analyses of glycans by mass spec-
trometry with glycan interactions with defined GBPs and anti-
bodies before and after exoglycosidase treatments on the
microarray. Together, these results provide novel insights into
diverse recognition functions of HMGs and show the utility of
the SGM approach and MAGS as resources for defining novel
glycan recognition by GBPs, antibodies, and pathogens.

As the natural food source for newborns, human milk pro-
vides not only all of the nutrients necessary for infants to grow
and develop but also provides health benefits in early childhood
(1). In addition to antibodies that greatly enhance defense of the
infant against various diseases, human milk possesses a rich
pool of free-reducing oligosaccharides (glycans) that generally
are unique in composition to humans and differ from those in
the milk of other mammals (2, 3). The mature milk is estimated
to contain 5-15 g/liter free human milk glycans (HMGs)?
depending on individual lactation time and blood group type (4,
5). So far, >200 unique HMGs have been detected, and >100
have been structurally characterized (6, 7). The large number
and the remarkable structural diversity of these glycans suggest
that they possess multiple biological effects (7-9). The prebi-
otic and anti-adhesive effects are the most common functions

3 The abbreviations used are: HMG, human milk glycan; SGM, shotgun glycan
microarray; GBP, glycan-binding protein; AEAB, 2-amino-N-(2-aminoeth-
yl)-benzamide; Hex, hexose; HexNAc, N-acetylhexosamine; Fuc, fucose;
AAL, A. aurantia lectin; SNA, S. nigra agglutinin; LTL, L. tetragonolobus lec-
tin; UEA-I, U. europaeus agglutinin I; RCA-l, R. communis agglutinin I; ECL,
E. cristagalliLectin; RFU, relative fluorescence units; Le?, Lewis?; Le®, Lewis®;
Le*, Lewis™; Le¥, Lewis”; CFG, Consortium for Functional Glycomics; MVM,
minute virus of mice; hPIV, human parainfluenza virus; MAGS, metadata-
assisted glycan sequencing; VLP, virus-like particle; TGL, tagged glycan
library; Neu5Ac, N-acetylneuraminic acid (sialic acid).
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attributed to HMGs (10, 11). Furthermore, HMGs are associ-
ated with neonatal intestinal development (12—14) and limiting
risks of necrotizing enterocolitis (7).

Although the multiple functions of HMGs are poorly under-
stood, numerous studies have shown that their functional activ-
ities are dependent on their structures. For example, sialylated
HMGs inhibit cholera toxin binding (15) and leukocyte adhe-
sion to cultured human umbilical vein endothelial cells (16).
Specific fucosylated HMGs are recognized by enteropathogens,
including Helicobacter pylori (17), rabbit calicivirus (18), and
Norwalk virus (19). Neutral HMGs, especially H type 2 glycans,
inhibit Campylobacter jejuni adherence to Hep-2 cells and
intestinal mucosa (20). Although the reported in vitro and in
vivo data provide important information for understanding the
effect of HMGs, typical experiments with HMG@G utilize either a
small number of defined glycans or mixtures of HM@G fractions.
Such limitations represent challenges in studying HMGs,
where the goal is to determine the roles of specific glycans in the
milk glycome and to establish the relationships between glycan
structures and their biological effects. However, linking func-
tion to structures of HMGs is difficult; many HMGs are com-
prised of linear and branched polymers of type 1 and type 2
lactosamine, GalB1-3GlcNAc and GalB1-4GIcNAc, respec-
tively, substituted with a-linked Neu5Ac and Fuc. It is difficult
to assign structures by mass spectrometry alone because of iso-
baric and isomeric structures, and a wide variety of approaches
is often required, thus hindering progress in this area (21, 22).

We and others have made extensive use of glycan microar-
rays with defined chemo-enzymatically derived glycans to
explore glycan recognition by glycan-binding proteins (GBPs)
and microorganisms (23—27). However, because glycan synthe-
sis is difficult, only a small fraction of the predicted, large num-
ber of glycans in the human glycome (28) is available for array
production. To address this limitation we developed an alter-
native strategy termed “shotgun glycomics” (29) in which mix-
tures of free glycans derived from glycoproteins and glycolipids
are derivatized with a bifunctional fluorescent tag and sepa-
rated by multidimensional HPLC, and individual glycans are
printed as a shotgun glycan microarray (SGM). In this approach
glycan structures are defined after they are identified through
their recognition by a GBP or pathogen and, therefore, are
potentially functionally important. Here we have applied this
approach to HMGs and defined those HMGs that are individ-
ually recognized by selected antibodies and pathogens. In addi-
tion, we combined the use of mass spectrometry, recognition by
defined GBPs, and exoglycosidase treatments to help provide
more detailed information about specific glycan structures in
an approach termed metadata-assisted glycan sequencing
(MAGS). This work represents the first use of a shotgun gly-
comics approach to prepare a natural glycan microarray of
HMG containing >100 glycans.

EXPERIMENTAL PROCEDURES

Materials—Free reducing glycans used as standards were
purchased from Sigma and V-LABS, Inc. (Covington, LA). All
standard chemicals were bought from Sigma and used without
further purification. Human milk was purchased from the
Mothers Milk Bank (Austin, TX). Asialo, biantennary N-glycan
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(N'A2), was prepared by mild acid hydrolysis and peptide N-gly-
cosidase F digestion of a chicken egg yolk glycopeptide pre-
pared as described (30). 2-Amino-N-(2-aminoethyl)benzamide
(AEAB) was synthesized as described previously (31). f1-3
galactosidase, B1-4 galactosidase, and «2-3 neuraminidase
were obtained from New England Biolabs (Ipswich, MA);
neuraminidase (Arthrobacter ureafaciens) was from Roche
Applied Science; jack bean -galactosidase was from ProZyme
(Hayward, CA). HPLC solvents were purchased from Thermo-
Fisher Scientific (Waltham, MA). An Ultraflex-II TOF/TOF
system from Bruker Daltonics was used for MALDI-TOF mass
spectrometry analysis of glycan conjugates. Biotinylated lectins
were from Vector Laboratories (Burlingame CA), Cy5-Strepta-
vidin and Alexa488-labeled goat anti-mouse IgG were from
Invitrogen. Anti-blood group Lewis a (Le*) and anti-CD15 anti-
bodies were from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA). Mouse monoclonal antibodies to blood group H1 antigen
(ab3355) and to Lewis b (Le®) (ab3968) were purchased from
Abcam (Cambridge, MA). Anti-sialyl Le® antibody was a kind
gift from Professor Nancy Louis (Emory University School of
Medicine, Atlanta, GA), and the anti-type 1 chain antibody was
a kind gift from Dr. Irving Weissman (Stanford University,
Stanford, CA). Anti-Le* antibody was prepared in the Cum-
mings laboratory.* Anti-TRA-1-81 and TRA-1-60 monoclo-
nal antibodies were purchased from Millipore (Billerica, MA).
Printing of glycan arrays was performed using a Piezorray
Printer (PerkinElmer Life Sciences, Waltham, MA) on NEXTE-
RION® Slide H slides, which are N-hydroxysuccinimide-acti-
vated slides from Schott Nexterion (Schott North America,
Louisville, KY), as previously described (29, 32).

Preparation of Human Milk Glycans—The procedure for iso-
lation of HMGs is illustrated in supplemental Fig. S1A (33).
Briefly, human milk was defatted by centrifugation at 6000 X g
for 30 min (4 °C); skimmed milk was filtered through glass wool
and mixed with 2 volumes of ethanol and allowed to stand at
4 °C overnight to precipitate the bulk of the lactose and pro-
teins. After centrifugation, the supernatant was concentrated
and fractionated with Sephadex G-25 column to fraction A, B,
and C. Fraction A, enriched with glycans larger than lactose,
was applied to a DEAE column equilibrated with 2 mm pyridin-
ium acetate, yielding neutral, monosialyl, and disialyl fractions
by eluting sequentially with 2, 20, and 200 mwm pyridine acetate,
respectively (34). The resulting fractions were lyophilized.

Glycan-AEAB Conjugation and Purification—Standard gly-
cans and the three human milk glycan fractions were conju-
gated with AEAB as described previously (31). Briefly, 1-10 mg
of glycan was mixed with 50-250 ul of freshly prepared 0.35 m
AEAB hydrochloride salt and an equal volume of 1 M NaCNBH,,
in DMSO/AcOH (v/v = 7/3). The conjugation reaction was left
to proceed for 2 h at 65 °C and was stopped by the addition of 10
volumes of cold acetonitrile and allowed to stand for 30 min at
—20°C. The precipitated glycan-AEAB derivatives were col-
lected after centrifugation at 10,000 X g for 3 min.

High Performance Liquid Chromatography—A Shimadzu
HPLC CBM-20A system coupled with a UV detector SPD-20A

4M. Mandalasi, N. Dorabawila, D. F. Smith, J. Heimburg-Molinaro, R. D. Cum-
mings, A. K. Nyame, unpublished observations.
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and a fluorescence detector RF-10AXL was used for HPLC
analysis and separation of glycan-AEABs. The AEAB-conju-
gated milk glycans were first separated by normal phase HPLC
on an Agilent NH, column (250 X 4.6 mm). The mobile phase
linear gradient was from 80% acetonitrile, 10 mM ammonium
acetate, pH 4.5, to 10% acetonitrile, 125 mMm ammonium ace-
tate, pH 4.5, in 160~200 min. Individual peaks were collected
and dried. Each peak collected on the NH,, column was further
purified in a second dimension by reverse phase HPLC on a
porous graphitized carbon column (150 X 4.6 mm) with a gra-
dient of 15—45% acetonitrile (0.1% trifluoroacetic acid) in 30 or
15 min. The effluents were monitored by UV absorption at 330
nm and/or fluorescence at 420 nm with excitation 330 nm.
LNEFPIII-AEAB or lactose-AEAB was utilized as the standard
for the quantification of the AEAB derivatives. The individual
glycans after the second dimension chromatography were
quantified, dried, and reconstituted in water at a concentration
of 200 uM and stored as a HMG-tagged glycan library (TGL).

Printing of the SGM, Binding Assays, and Analysis of Micro-
array—The printing conditions for the SGM, binding assays,
and data analysis of glycan microarrays have been previously
described (31, 35, 36). Briefly, each glycan in the TGL was
adjusted to 100 uMm in sodium phosphate buffer (100 mm, pH
8.5) in a final volume of 10 ul and distributed into the 384-well
source plate of the Piezorray printer. The glycans were printed
as 0.3-nl aliquots in replicates of 5. The biotinylated lectins or
unlabeled antibodies were incubated for 1-3 h on the slides.
After washing, the bound lectins were detected by a secondary
incubation with cyanine 5-labeled streptavidin (5 ug/ml), and
the bound antibodies were detected using Alexa488-labeled
goat anti-mouse IgG (5 ug/ml). The fluorescence signals were
generated using a ProScanArray Scanner (PerkinElmer Life Sci-
ences) with the excitation/emission wavelength set at 649/670
nm and 495/510 nm for cyanine 5 and Alexa488, respectively.

Virus Preparations and Binding Assays—The human parain-
fluenza (hPIV) and influenza A were grown in LLC-MK?2 cells
and MDCK cells, respectively, as previously described (37, 38).
Harvested viruses were purified through a sucrose gradient
centrifugation (10— 60% for hPIV and 10 —40% for influenza A)
and resuspended in calcium-magnesium saline followed by
labeling with Alexa488 succinimidyl ester (Molecular Probes,
Invitrogen). For the binding assays, the slides were incubated
with labeled viruses for 1 h at 4 °C and directly scanned after
washing. The WT and mutant strains of minute virus of mice
(MVM) were constructed and prepared as previously described
(39—42). Briefly, the WT MVMp empty particles were grown in
mouse A9 ouab'll fibroblasts, MVMi mutants (MVMi-ggA
and MVMi-agD) were grown in NB324K cells, and VLPs (virus-
like particles) were grown in sf9 insect cells. The harvested
viruses were released by repeated freezing and thawing and
then purified by centrifugal sedimentation and density equilib-
rium gradients. The purity and integrity of prepared viruses
were assessed by hemagglutination, SDS-PAGE, and electron
microscopy (41).

Exoglycosidase Digestion of Glycans Printed on a HMG
Subarray—On-array exoglycosidase digestions were carried
out at 37 °C in buffers recommended by the suppliers of the
enzymes. Enzymes were used without further purification.
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Microarrays were rehydrated in the digestion buffer for 5 min
before enzyme addition and washed 4 times with TSM buffer
(20 mm Tris-HCI, 150 mm sodium chloride, 2 mM calcium chlo-
ride, and 2 mm magnesium chloride) supplemented with 0.1%
Tween 20, 4 times with TSM buffer, and 4 times with water
before detection with lectins or antibodies. Reaction conditions
were optimized for each exoglycosidase.

RESULTS

Preparation of the Human Milk Glycome SGM—The gener-
ation of a SGM of HMGs from a single individual milk sample is
illustrated in Fig. 1. To extract the human milk free glycome,
the lipids, proteins, and most of the lactose were removed by
centrifugation and ethanol precipitation. The glycans were
obtained after size exclusion chromatography and then sepa-
rated into three distinct groups (neutral, monosialyl, and disia-
lyl) by ion-exchange chromatography (supplemental Fig. S1)
(33). Adopting our shotgun glycomics approach, the glycan
mixtures in each group were conjugated with AEAB and sepa-
rated by two-dimensional HPLC into a total of 156 individual
fractions. Selected fractions were subjected to an additional
round of reverse-phase HPLC to further improve the purity and
obtain 127 glycans in the TGL. The array contains 73 (57%)
sialylated glycans and 54 (43%) neutral glycans. It should be
noted that although the number of sialylated glycans exceeds
the neutral ones, the total abundance of neutral glycans is much
higher than that of sialylated ones. Analysis of the observed
masses of all samples (supplemental Table S1) revealed glycans
ranging in size from 2 residues (2 hexoses (Hex)), i.e. lactose, up
to 12 residues (6 Hex + 4 HexNAc + 2 Fuc/Neu5Ac) and in
mass from 506.337 [M+H] " (2 Hex) to 2550 [M+H] " (6 Hex +
4 HexNAc + 2 Neu5Ac). Of the 54 neutral glycans, >80% carry
1-3 fucose residues, whereas less than half of the sialylated
glycans are fucosylated. Of the 73 sialylated glycans, 17 were
purified from the monosialyl group, and 56 were from the disia-
lyl group. However, mass results indicated that some of the
samples purified from the disialyl group only carry one sialic
acid. After quantification using AEAB fluorescence, the 127
glycans were adjusted to the same concentration (regardless of
their abundance) and printed (replicates of n = 5) on N-hy-
droxysuccinimide-activated glass slides along with 11 structur-
ally defined glycans that serve as controls for binding experi-
ments (supplemental Table S1). Subsequently, the HMG
microarray was interrogated with lectins and antibodies to eval-
uate whether the glycans were effectively printed.

Preliminary Characterization of the HMGs on the SGM by
Lectins and Antibodies—Defined glycan microarrays are used
to explore the specificity of GBPs, including lectins and anti-
glycan antibodies (23). In turn, GBPs with well defined binding
specificity can assist in the elucidation of glycan structures. To
interrogate the SGM and evaluate the structural diversity of
isolated HMG@Gs, 10 biotinylated lectins, each at several concen-
trations in the range of 0.001-10 ug/ml, were applied to the
array. No significant binding was observed with concanavalin
A, Vicia villosa lectin, Griffonia simplicifolia lectin 1I, and
Maackia amurensis lectin 1. These lectins recognize glycans
containing mannose (43—45), terminal GalNAc (46), terminal
GIcNAc (47), and terminal Neu5Aca2-3GalB1-4GIcNAc
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FIGURE 1. Schematic for generation of HMG SGM. Human milk glycans were extracted, fractionated, AEAB-conjugated (labeled with a tag), and separated.
The purified fractions were quantified and printed to create a human milk glycan SGM available for studies with GBPs and microorganisms.

(48), respectively; the absence of their binding is consistent with
the lack of such structures in human milk free glycans (6). Inde-
pendently the binding of these lectins to a defined glycan
microarray from the CFG (v5.0) was evaluated, and the data are
available online as glycan array data on the CFG website. The
other six lectins, Aleuria aurantia lectin (AAL), Sambucus
nigra agglutinin (SNA), Lotus tetragonolobus lectin (LTL), Ulex
europaeus agglutinin I (UEA-I), Ricinus communis agglutinin I
(RCA-I), and Erythrina cristagalli Lectin (ECL), exhibited bind-
ing to many of the HMGs on the SGM as discussed below, and
the binding histograms showing average relative fluorescence
units (RFU) for selected concentrations of each lectin are
shown in Fig. 2, and the binding data are listed in supplemental
Table S2.

Three fucose binding lectins, AAL, LTL, and UEA-I, were
used to reveal the fucosylated glycans on the SGM. Approxi-
mately 61 glycans (48%) showed strong binding with AAL
(RFU > 10,000), which binds to terminal a-linked L-fucose in
1-2, 1-3, and 1-4 linkages (49), and an additional 24 glycans
(19%) had weaker binding (RFU 1,000 - 8,000). Together, the
fucosylated glycans recognized by AAL made up 67% of the
total isolated HMGs, which is close to the percentage found by
using HPLC-ChIP/MS method (21). In addition, most of the
neutral glycans and about 40% of the sialylated glycans are fuco-
sylated, in agreement with the results from glycan composition
analysis based on mass (supplemental Table S1). UEA-I, which
is specific for al-2-linked fucose on a type 2 chain (50, 51),
bound very weakly (<4,000 RFU) to several multifucosylated,
neutral glycans (Fig. 2B), suggesting the presence of al-2
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fucose on our HMG array. However, this weak binding was
presumably due to the cross-reactivity of UEA-I with other
fucose-containing glycans as shown in Table 1, and sup-
plemental Table S2 and actually not from Fucal-2. This con-
clusion was supported by the observation that glycans were
resistant to al-2 fucosidase digestion in solution (data not
shown). This result indicated the absence of H type
2 (Fucal-2GalB1-4GlcNAc) and Le¥ (Fucal-2GalBl-
4(Fucal-3)GlcNAc) structures in the SGM. LTL recognizes
al1-3-linked fucose within type 2 glycans (52, 53), like Le* and
Le” determinants. It showed strong binding to three neutral
glycans (H-75, H-83, and H-87) and weak binding to another
five glycans (Fig. 2C). The three high affinity binders likely con-
tain terminal Le* determinants because the absence of UEA-I
binding (Fig. 2B) excludes the possibility of a1—2-linked fucose.

SNA, which binds to the Neu5Aca2-6GalB1-4GIcNAc
determinant (23, 54), bound well to 14 (of 73) sialylated glycans
on the SGM along with three control glycans (2—6-DS-NA2,
LSTc, and fetuin, structures shown in supplemental Table S1),
indicating the existence of a2— 6-sialylated type 2 structure in
19% of the glycans (Fig. 2D). Both RCA-I and ECL recognize
terminal GalB1-4GIcNAc (55-59), but the former has much
higher affinity and also binds to Neu5Aca2—-6GalB1-4GIcNAc
with slightly lower affinity, whereas the latter can also bind
Fucal-2GalB1-4Glc (60). Consistent with these features, the
binding pattern of RCA-I on this SGM was similar to the com-
bined pattern of SNA and ECL (Fig. 2, D—F) together, suggest-
ing that ~46% of glycans have terminal type 2 or sialylated type
2 structures. In summary, the results of lectin binding both
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FIGURE 2. Plant lectins binding to human milk SGM. The human milk SGM microarray was characterized with biotinylated lectins AAL (0.1 wg/ml; A), UEA-I
(10 wg/ml; B), LTL (10 wg/ml; C), SNA (5 ng/ml; D), RCA-1 (10 wg/ml; E), and ECL (10 pg/ml; F). A total of 140 glycans was printed on the microarray. Glycans 1-73
aressialylated glycans (tan), 74 -127 are neutral glycans (violet), and 128 -140 are controls of structurally defined glycans (light green). The structures in symbols
indicate the binding specificity of each lectin identified by defined glycan microarray (CFG v5.0). Considering the variation of binding affinity, the histogram
shows the data at the concentration that yielded the best signal/background ratio instead of the data at the same concentration.

validated the preparation of the SGM and provided significant
structural information on individual HMGs.

The structures of HMGs reflect the Lewis blood type and
secretor status of the mothers (61, 62). Certain fucosylated gly-
cans that were suggested to possess important biological func-
tions (3) occur only in the milk of Lewis positive and/or Secre-
tor-positive mothers due to the expression of FUT-3 and
FUT-2, respectively (19). Because there are no lectins specific
for Lewis blood group antigens, we analyzed the SGM with
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several blood group-related monoclonal antibodies. As shown
in Fig. 3A, the mAb to Le® bound to 34 glycans, including 9
sialylated ones, with fluorescence signals in the range of 500 —
15,000 RFU. To reveal additional Le-containing glycans, we
interrogated the array with an anti-sialyl Le® (SLe®) antibody.
According to the data from the structurally defined CFG
glycan microarray, this antibody also binds to LSTa
(Neu5Aca2-3GalB1-3GlcNAcB1-3GalBl-4Glc) moiety
with lower signal. At the concentration of 10 ug/ml, 31 sialyl-
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TABLE 1
Heat map of lectin-binding data for structural analysis

A heat map summary of the binding data from analyses of the HMG subarray with different plant lectins before and after specific exoglycosidase digestion(s) is shown. A
total of 40 glycans were printed on the HMG subarray, including 18 control glycans and 22 selected HMGs. The color-coded numbers highlight the binding intensity (the
darker the color, the higher the binding intensity). The color scale for the Excel spreadsheet was set using 0 as minimum and 60,000 RFU as maximum. The untreated HMG
subarrays were tested with eight lectins. The HMG subarrays treated with non-specific neuraminidase and a2-3-specific neuraminidase were tested with SNA and ECL. The
B1-3 galactosidase (B1-3 galase)- or B1—4 galactosidase (B1—4 galase, from either New England Biolabs or Prozyme)-treated slides were tested with GSL-IL The lectin
concentrations used were 10 pg/ml with the exception of AAL, which was 1 ug/ml.

s
2-3 B1-3-galase | Bl-4-galase | B1-3-galase | B1-4-galase | B1-3-galase | p1-4-galase]

PI’];“ Glycan Name Composition CoA - MAL I

[ NA2 60496 | ol 28 14 | 20628 | 86 | 20315 118 40041 101 49538 68 3
2 | «2-3-DS-NA2 61270 | 53 433 28 | 20396 | 45 | 20470 78 29 3 41344 32 27
3 | w2-6-DsNA2 10 | 59469 | 53 29 35 17644 H 2388 47 32 9% 25468 33 39
1 LNT 2 2 64 34 20 140 76 62 22431 45 31851 137 639 18
5 Agal LNT 23851 | 9% 4 29 10 61 67 25 23733 | 43663 | 42393 | 42821 29 47
6 LNnT 2 27 52 58 Il 1ol | 43 10830 86 23626 65 33161 41 34
7 LD, L&’ 53 154 - 91 10 78 61 12 444 652 722 725 55 23
g LSTa 26 18 59 25 13 54 73 49 101 53 25533 290 368 27
9 LSTb 24 2 62 16 24 66 54 32 81 20 20863 164 5 52
10 LSTc 23 4 64 35 16 16505 | 18| sol 123 50 51 33903 37 44
Il LNFPI 17 13 5 31 24 65 48 26 68 35 78 37 19 6
12 | LNFPIL L&' 26 28 1730 38 16 43 31 30 79 38 83 85 2 11
13 LNFPI 39 38 82 60 24 93 62 36 116 75 99 156 44 23
14 | LNDFHL Le® 2937 5 61 13 12 54 73 26 7541 14754 | 15374 | 17018 144 159
15 Sialyl Le* 15 41 84 44 23 64 52 16 64 37 127 71 2 2
16 Sialyl Le" B 12 57 35 16 40 64 17 38 41 36 91 70 23
17 DSLNT 17 16 53 24 9 71 66 21 125 35 20814 227 66 3
18 Lo-Le 2 93 1652 44 7 71 60 15 637 1125 1007 954 33 39
9 H-01 H2S1 58 12 36 30 24 21 | 1693 31 149 132 180 164 60 50
20 H-05 H2S1 2 19 52 27 23 105 | 1617 36 144 53 129 109 71 57
21 H-06 87 Bl 96 90 7 93 8637 37 74 140 120 244 40 27
2 H-12 HANZFIS1 30 32 66 58 20 2716 | 31548 | 46 1 33 120 215 52 32
2 H-14 HAN2S] 30 266 74 30 38 16678 | 32513 | 10998 118 114 173 30584 69 220
24 H-15 HAN2FIS] 26 64 64 68 24 10428 | 30763 | 414 97 91 22 18567 23 33
25 H-16 HAN2S1 1 13 62 30 21 17386 | 34215 | 12900 60 29 122 33798 28 290
26 H17 HAN2FIS] a1 22 73 36 24 13322 | 37572 | o688 93 104 129 21677 50 50
27 H-28 H3NIFISI-2 29 5 70 50 23 75 60 19 74 4 91 38 6 20
28 H-30 H3NIFIS2 20 10 55 35 17 64 55 23 127 63 184 121 54 a1
29 H31 H3NIFIS2 21 33 71 10 15 81 55 19 94 52 128 159 62 30
30 H36 HAN2S2 47 19 34 79 6 942 | 1062 | 3748 129 101 13741 503 13 45
31 143 HAN2F2S2 20 26 67 I 25 5 79 25 57 11 107 261 33 144
32 H-56 H4N2S2 60 3 99 30 26 17424 | 43608 2820 159 131 1460 6322 56 120
33 H-60 HAN2F4S] 39 5 41 46 17 63 96 24 7 50 58 120 50 K
34 A1 HANZ, H3NIF1 3 3 61 19 5 1855 | 1157 | 760 268 73 25976 241 268 31
35 H-99 H4N2, H5N3 26 41 64 35 5 19250 | o4 18505 | 30239 921 30821 6190 4415 478
36 H-108 I 30 60 66 16 7212 32 6919 | 22809 79 40206 1585 3184 116
37 H111 HONAF 17 59 89 41 3 606 65 714 | 47822 62 392 15558 70
38 H-125 H6MAF1-2 21 18 39 39 14 14388 | 48 14344 | 2819 842 4808 4178 626 239
39 H-126 H6N4F1 32 63 60 47 19 200 i 205 | 24471 64 51316 550 10440 50
20 H-127 H6N4, HONAF 2 76 79 35 3 7709 62 8211 | 40576 143 45171 1692 18145 204
a1 PBS 12 38 47 67 15 17 96 17 45 31 62 46 57 18
2 Biotin 529 | 1057 | 1372 | 1575 388 198 295 131 983 1263 2340 1720 249 169

ated glycans showed binding signals higher than 30,000 RFU
with the antibody, and another 19 glycans had signals >5,000
RFU (Fig. 3B). Although we could not simply assign SLe®* and
LSTa structures by signal intensity, it is certain that many of
these sialyl glycans are fucosylated based on their AAL binding
(Fig. 2A4) and may contain the SLe® moiety. Nevertheless, the
abundance of Le®-containing glycans showed that the SGM was
from a Lewis positive donor. To determine the secretor status
of the donor, we interrogated the SGM with anti-Le" and anti-
blood group H type 1 antibodies. There was little to no binding
observed with the anti-Le® antibody at any concentration (data
not shown), which indicates that the milk sample is from a
secretor negative donor. This finding was confirmed by assay-
ing with anti-H1 antibody, which bound only the control LNFP
I (Fucal-2GalB1-3GlcNAcB1-6GalB-4Glc) (Fig. 3C), the
precursor of Le® antigen.

We also interrogated the array with anti-CD15 antibody,
known to recognize Le™ antigen. Strong binding was observed
to glycans H-98 and H-103 with weaker binding to several other
neutral glycans (Fig. 3D). When comparing CD15 antibody
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with lectin LTL, the two Le*-recognizing proteins showed dis-
tinct specificity toward different HMGs, although with some
overlap. This could indicate that the recognition does not solely
depend on the Le* determinant for complex glycans, and the
nearby residues or branches could affect the binding.
Detection of HMGs That Are Epitopes of Anti-TRA-1 Anti-
bodies, Specific for Human Pluripotent Stem Cells—Recently,
Natunen et al. (63) predicted epitopes for mAbs anti-TRA-
1-60 and anti-TRA-1- 81 based on binding data from Version
4.2 of the CFG glycan microarray. These mAbs, which are
specific for human pluripotent stem cells, bound only to two
glycans, both containing the type 1 lactosamine epitope,
GalB1-3GlcNAcB1-3GalB1-4GIcNAc, on that version of the
CEG glycan microarray. We further examined the two mAbs on
Version 5.0 of the CFG array, which contains many multianten-
nary glycans with poly-N-acetyllactosamine (64) and observed
strong binding by three additional glycans (supplemental Fig.
S2). Importantly, these three glycans (#522, #572, and #573) are
multiantennary glycans with two to three type 1 lactosamine
repeats at their non-reducing ends. In addition, we observed
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FIGURE 3. Antibodies binding to human milk SGM. The human milk SGM was interrogated with antibodies: anti-Le® antibody (10 wg/ml; A), anti-SLe®/LSTa
antibody (10 wg/ml; B), anti-blood group H1 antibody (1:10 dilution; C), and anti-CD15 antibody (10 wg/ml; D). The microarray was also used to test the binding
specificity of anti-TRA-1-60 antibody (50 wg/ml; E) and anti-TRA-1-81 antibody (50 ng/ml; F). Glycans 1-73 are sialylated glycans (tan), 74-127 are neutral
glycans (violet), 128 -140 are controls of structurally defined glycans (light green).

weak but significant binding to 387, a glycan with a fucosylated
type 1 lactosamine chain. Considering that HMG is a rich
source of type 1 and type 2 lactosamine structures, we interro-
gated the SGM with the two anti-TRA-1 antibodies at several
concentrations (1-100 ug/ml), and the results at 50 ug/ml are
shown in Fig. 3, E and F. Consistent with the CFG array data,
TRA-1-60 and TRA-1-81 share similar receptor specificity as
both bind glycans H-71, H-99, H-108, H-111, H-125, and
H-127. However, unlike the CFG results, which showed no sig-
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nificant difference in the signal intensity and binding patterns
for the two mAbs at 50 ug/ml, we observed that with the SGM
the signal intensity for TRA-1-60 binding was always several-
fold higher than that of TRA-1-81 at the same concentration
and that there are three more low affinity binders for TRA-1-
60, H-109, H-112, and H-126 (Fig. 3E). To define the glycan
epitope in HMG for TRA-1 antibodies, we retrieved glycans
H-71, H-99, H-108, H-111, H-125, H-126, and H-127 from the
TGL for further characterization. With the exception of sialy-
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lated glycan H-71, all of the TRA-1-bound glycans are neutral
fucosylated structures consisting of 2—4 lactosamine repeats.
We predict from previous studies (63) that these glycans pos-
sess type 1 lactosamine. Our data also indicate that the two
anti-TRA-1 mAbs recognize complex glycans, as described
below.

Investigation of Virus Binding to the SGM—The HMG-de-
rived SGM provides a library of 127 naturally occurring glycans
that permits us to investigate the binding properties of biolog-
ically relevant proteins and pathogens and to provide interest-
ing insights into the potential function of HMGs. To explore
the general application of this HMG-derived SGM for explor-
ing pathogen interactions, we examined MVM and influenza
virus, both of which attach to the sialic acid on the surface of
their target cells at the initial stage of infection (40, 65).

Two prototype strains, empty capsid (MVMp-WT) and
virus-like particle (MVMp-VLP), and two immunosuppressive
strain mutants, MVMi-agD and MVMi-ggA (39), were tested at
200 pg/ml concentration and detected by a rabbit anti-MVM
capsid antibody. All of the MVM viruses recognized glycans
H-30, H-31, H-34, H-43, H-60, and H-73 with each non-WT
strain binding several additional glycans (Fig. 4). Interestingly,
the initial MALDI data (supplemental Table S1) showed that
the 6 common binders are disialylated glycans, and the lectin
and antibody binding data revealed that all of the binders were
also recognized by the anti-SLe?/LSTa antibody, suggesting
that the terminal sialyl o2—3-linked type 1 motif might be part
of the binding determinant. This is a new finding compared
with the previous report with CFG Glycan Array Version 3.0
(~180 glycans), which concluded that MVMs specifically rec-
ognized a2-3-linked type 2 motif and MVMi also bound to
a2-8-linked multisialylated glycans (41). These data are com-
plementary to the data from the CFG array as there is very little
overlap between the structures found on the CFG array and
HMG-derived SGM. In fact, these observations suggest that the
repertoire of glycan receptors of MVM is broader than origi-
nally reported, and these viruses prefer highly charged or pos-
sibly multisialylated glycans. We retrieved glycans that were
bound by all MVM strains from the TGL for more detailed
structural analysis discussed below.

Recently, we utilized the CFG glycan microarray to deter-
mine the receptor binding properties of 2009 swine isolates
along with some other strains of influenza viruses (37). Our
results showed that the highest binding of HINT1 isolates was
toward sialylated poly-N-acetyllactosamine structures, which
are abundant among HMGs. To determine if HMGs contained
natural glycans capable of binding influenza A virus, we inter-
rogated the SGM with three seasonal human HIN1 strains
(A/Brisbane/59/2007, A/Pennsylvania/08/2008, and A/Okla-
homa/447/08), one human pandemic H1N1 strain (A/Califor-
nia/04/2009), and one H3N2 virus (A/Oklahoma/483/08) for
comparison. Consistent with our previous findings, A/Brisbane
isolate showed the broadest binding specificity and preferred
glycans with terminal a2—6-linked sialic acid (Fig. 5A4). Inter-
estingly, the glycans recognized by A/Brisbane/59/2007
(HIN1) were the same glycans that bound SNA, which is spe-
cific for the determinant, Neu5Aca2—-6GalB1-4GlcNAc. The
binding profile of A/Oklahoma/447/08 (H1N1) virus is similar
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to the A/Brisbane virus but displayed a much higher signal to
noise ratio (Fig. 5B). When compared with binding data from
lectins and antibodies, A/Oklahoma/447/08 (H1N1) displayed
a clear preference for glycans with a2-6 sialic acid, binding
strongly to 2— 6-DS-NA2, LSTc, and all of the glycans bound by
SNA. Additionally, like A/Brisbane/59/2007, several glycans
were recognized by the anti-SLe®/LSTa antibody, suggesting
certain specificity toward a2-3 sialic acid-containing glycans.
A/Pennsylvania/08/2008, which was shown to preferentially
bind glycans having terminal o2 6 sialic acid when assayed on
the CFG defined glycan array, differed from the other HIN1
strains, A/Oklahoma/447/08 and A/Brisbane/59/2007, in that
it did not bind some of the HMGs (such as glycan H-12, H-15,
H-16, H-53, and H-55) that possess the Neu5Aca2—-6Gal1-4
motif (Fig. 5C). This result suggests that the virus binding does
not solely rely on the sialic acid linkage. In the case of A/Cali-
fornia/04/2009, a human pandemic H1N1 isolate, the binding
pattern overlaps with SNA (Fig. 5D), which confirms the results
from CFG microarray that A/California/04/2009 has a
restricted binding preference for a2- 6 sialic acid-linked type
2 glycans. Furthermore, as a comparison to the HIN1 A/
Oklahoma/447/08 virus, we tested the A/Oklahoma/483/08
H3N?2 virus isolate (Fig. 5E) and obtained a more restricted
binding pattern where all the bound glycans contain
Neu5Aca2-6GalBl-4GIlcNAc structure and were recog-
nized by the HIN1 A/Oklahoma/447/08.

Finally, we evaluated the binding properties of three human
parainfluenza viruses on the human milk SGM. It is known that
these viruses require the presence of Neu5Aca2-3GalBl-
4GlcNAc motif (66). However, our M. amurensis lectin I bind-
ing data showed that this structure is not a component of the
HMG. Thus, as we would predict, no binding was observed with
the type 1 and 3 (hPIV1 and hPIV3) viruses. By contrast, unlike
type 1 and 3, the type 2 parainfluenza virus (hPIV2) displayed a
very strict preference for a2—6-sialic acid-containing glycans
(Fig. 5F), with receptor specificity similar to the HIN1 strains.
Overall, the virus binding experiments demonstrated that
many of the HMGs might function as decoys for cell-bound
receptors and that the elements in the HMGs might be found
on cell-bound receptors. Glycans that bound viruses were
selected for more detailed characterization as described below.

Structural Characterization of Selected HMGs—Interroga-
tion of the partially characterized HMG-derived SGM with
antibodies against biological markers and viruses demonstrated
the potential to identify the receptors of GBPs, including lec-
tins, anti-glycan antibodies, and GBPs in pathogens. Although
the existing lectin/antibody binding data already provided
some common features of the receptors, detailed structural
analysis is necessary to relate the specific structures with bio-
logical functions. We selected relevant glycans from the human
milk TGL and attempted the use of tandem mass spectrometry
and/or serial enzymatic digestion (67) to decipher these struc-
tures and found that although MALDI analysis of the glycan
derivatives generated excellent data and in some cases good
secondary fragmentation data, more sophisticated analyses of
permethylated glycan-AEAB derivatives were difficult to inter-
pret due to the complexity of the spectra generated from partial
methylation of the primary and secondary amines introduced
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FIGURE 4. MVM viruses binding to human milk SGM. The binding preferences of several strains of MVM, MVMp-WT (prototype strain, empty capsid;
A), MVMp-VLP (prototype strain, virus-like particles (B)), MVMi-ggA (capsid protein mutant of immunosuppressive strain, empty capsid; C), and MVMi-agD
(Non-structural protein mutant ofimmunosuppressive strain, empty capsid; D) were evaluated on the human milk SGM. Each virus was tested at 200 ng/mland
detected by anti-MVM capsid antibody. Panel E shows that there was no background binding from the anti-MVM capsid antibody to HMG microarray. Glycans
1-73 are sialylated glycans (tan), 74-127 are neutral glycans (violet), and 128-140 are controls of structurally defined glycans (light green).

by the AEAB. These complexities limited the detailed structural
analysis of selected glycans from the TGL by MS/MS.

We realized, however, that our lectin-based analysis of the
human milk SGM provided significant structural information
in a rather high throughput format as all 127 glycans could be
analyzed in a single assay. In addition we reasoned that diges-
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tion of the glycans on the microarray would be an efficient
approach to do in situ structural analysis by combining specific
exoglycosidase digestion with defined lectin binding. To dem-
onstrate this, we selected a total of 22 functionally identified
glycans, and their HPLC profiles and MALDI-TOF spectra are
shown in supplemental Fig. S3. These structures include seven
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FIGURE 5. Influenza viruses binding to human milk SGM. The binding preferences of various influenza virus isolates, A/Brisbane/59/2007 H1N1 (A), A/Okla-
homa/447/2008 H1N1 (B), A/Pennsylvania/08/2008 (C), A/California/04/2009 H1N1 (D), A/Oklahoma/483/2008 H3N2 (E), and hPIV2 were evaluated with HMG
microarray (F). Glycans 1-73 are sialylated glycans (tan), 74-127 are neutral glycans (violet), and 128140 are controls of structurally defined glycans (light
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glycans bound by anti-TRA-1 antibodies (H-71, H-99, H-108, bound by influenza viruses (H-1, H-5, H-6, H-12, H-14, H-15,
H-111, H-125, H-126, and H-127), six glycans bound by MVM  H-16, H-17, and H-56). These glycans were printed as a sepa-
(H-28, H-30, H-31, H-36, H-43, and H-60) and nine glycans rate array designated “HMG@G subarray” on N-hydroxysuccinim-
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antibodies. 18 control glycans were printed; however, glycans 11 and 13 were both LNFPI.

ide-derivatized slides along with 18 structurally defined glycan
standards. The 18 control glycans represent some typical struc-
tural motifs found in human milk, such as type 1 and type 2
glycans and Lewis blood group glycans (structures shown in
Fig. 6). The results from these glycans were used to monitor the
behaviors of reagents and to direct structure predictions.

To obtain on-array sequence information, the non-reducing
terminal structures of the selected glycans were first deter-
mined by screening the HMG subarray with a variety of defined
lectins and antibodies (listed in supplemental Table S3A) whose
specificities were defined by analysis on v5.0 of the CFG defined
glycan array. We reasoned that collection of these data along
with the predicted compositional data from mass spectrometry
could be combined as a collection of metadata and would pro-
vide information about the specific structures of glycans that
mass spectrometry alone might not easily resolve. We have
termed this approach MAGS. To this end, positive/negative
binding by lectins or antibodies to each glycan indicates the
presence/absence of the corresponding moiety that each lectin
or antibody recognizes, e.g. ECL for GalB1-4GIcNAc, AAL for
fucose, and anti-Le® antibody for Le® epitope. The binding data
from multiple GBPs were analyzed in detail to assign the struc-
tures. For example, if SNA, RCA-], and anti-type 1 chain anti-
body, but not ECL, showed binding toward a glycan, it
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would suggest that this glycan might possess a terminal
Neu5Aca2—-6GalB1-4GlcNAc determinant (SNA and RCA-I
positive; ECL negative) together with a terminal GalBl-
3GlcNAc determinant (ECL negative and anti-type 1 antibody-
positive). These data do not distinguish between an asymmetric
biantennary glycan and the presence of two glycans; however,
other metadata can be associated with the individual printed
glycans such as a MALDI analysis to determine the number of
molecular ions and composition and the shape of the individual
peak(s) during HPLC to evaluate glycan homogeneity. The next
series of experiments involved the use of a group of specific
exoglycosidases to treat the glycans directly on the microarray
followed by interrogating with defined lectins or antibodies.
The gain and loss of binding can provide composition and/or
linkage information for the terminal and penultimate sugar res-
idues. To accomplish this we optimized the reaction condition
of five exoglycosidases (supplemental Table S3B) for on-array
digestion, including the nonspecific neuraminidase from
A. ureafaciens, the recombinant a2-3-neuraminidase from
Salmonella typhimurium, the jack bean B1-4/6 galactosidase,
the recombinant [B1-3-galactosidase from Xanthomonas
manihotis, and the recombinant 31— 4-galactosidase from Bac-
teroides fragilis. In general we found that longer incubation
times and high enzyme concentrations were necessary to
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achieve effective digestion when compared with the reactions
in solution. The binding results after enzymatic treatment can
be divided into two categories, loss and gain. The loss of signal
after digestion confirms the prediction from the positive signals
before digestion, as in the case of neuraminidase treatment,
where the loss of SNA or anti-SLe® antibody binding confirms
the presence of a specific sialic acid linkage. Similarly, 8-galac-
tosidase digestion confirms a type 1 or type 2 chain structure.
For the type 1 chain, the binding of anti-type 1 chain antibody is
specifically diminished by p1-3-galactosidase treatment,
whereas 31— 4-galactosidase has no effect. On the contrary, the
binding of ECL to a type 2 chain is lost only after f1—4-galac-
tosidase digestion. Furthermore, the type 1 and type 2 struc-
tures can also be distinguished by the gain of G. simplicifolia
lectin II binding after B1-3/4-galactosidase digestion removes
a terminal Gal revealing a terminal GIcNAc. Beyond the single
enzymatic treatment, we also conducted sequential digestion
involving desialylation first with neuraminidase or a2-3-spe-
cific neuraminidase followed by specific B-galactosidase treat-
ment. This set of experiments is particularly useful for sialylated
glycans and HMGs that are comprised of many isomers of type
1 and type 2 linear and branched lactosamines and poly-N-
acetyllactosamines. Finally, all of the collected metadata includ-
ing molecular ions, fragmentation MS or MS/MS data, and the
behavior on ion exchange chromatography and HPLC are com-
bined to provide predictions of structures that were not possi-
ble with MALDI-TOF and MALDI-TOF/TOF analyses alone.
Using this MAGS approach, we were able to predict the
structural moieties and most of the linkages for 20 of the 22
HMGs as shown in Fig. 6. The structures of H-06 and H-71
were not proposed because these glycans appeared to be mix-
tures. The binding data are compiled in supplemental Table S4,
and the lectin binding and specific antibody binding data are
summarized in Tables 1 and 2, respectively. The detailed
description of the logic used to predict the structure of each
glycan is provided in the supplemental material. Six pairs of
glycans were found to be the same structure (H1/H5, H14/H16,
H15/H17, and H28/H30) or have the same general structures
(H43/H60 and H111/H126) based on HPLC profiles, MALDI
analysis, and binding data. This is due to the overlap of glycans
in the fractions obtained during the multi-dimensional chro-
matography. In addition, several samples were contaminated
with minor impurities. Nevertheless, the correlation of pro-
posed structures with the function defined by antibody and
virus binding revealed interesting findings. The five influenza
virus receptors, including monosialylated H-01/05, H12,
H14/16, H15/17, and disialylated H-56 all contain the
Neu5Aca2-6GalB1l-4Glc/GlcNAc moiety as indicated by
SNA, RCA-1, ECL, neuraminidase, and B1-4 galactosidase
data (Table 1). Except for the sialyl lactose (H01/05), the other
four structures are biantennary glycans with one type 2 chain
branch. It appears that the other branch can be diverse struc-
tures, as we observed the presence of Le?, Le*, type 2 chain, and
sialylated type 1 chain. The on-array structural analysis also
revealed common features for the MVM receptors. Mostly rely-
ing on antibodies (anti-SLe?/LSTa and anti-type 1) and exogly-
cosidases (specific and unspecific neuraminidase) data (Table
2), we proposed that the four disialyl structures all carry an
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a2-3-sialylated type 1 chain with an additional sialic acid
attached to the GIcNAc in o2-6 linkage (NeuSAca2-
3GalB1-3(Neu5Aca2-6)GIcNAC). It is possible that the disia-
lyl LNT motif is one of the recognition determinants for MVM.
Similar to influenza virus, modifications such as fucosylation
and branching on this motif did not block the virus recognition.
Furthermore, our results together with the CFG data indicated
that the recognition of MVMs is beyond the sialic acid as the
viruses did not bind to all the multisialylated glycans. In the case
of anti-TRA-1 antibodies, the sialylated binder H-71 was found
to have relatively low purity, and thus its structure was not
elucidated. The other six binders (H-99, H-108, H-111, H-125,
H-126, and H-127) are neutral complexed glycans, especially
for the latter four, which are multi-branched structures.
Although we did not obtain all of the linkage information for
these large glycans, we found that all the receptors contain the
common motif: type 1 lactosamine epitope. Although H-99 is a
relatively simple lactosamine glycan, similar to the structure
identified from CFG array, the others contain an additional
type 2, Le® or Le* branch, and it seems that these extra branches
do not prevent the binding of the antibodies. The structures
corresponding to abbreviated glycans are defined in Fig. 6 and
supplemental Table S4.

DISCUSSION

Human milk glycans have been studied for many decades,
and many components have been purified and structurally
characterized. It is recognized that HMGs play multiple biolog-
ical roles, and probably each function is directly correlated with
specific structures of individual glycans (6, 8). However, there
has been no efficient method for functional glycomic analyses
of HMGs in terms of their recognition and interactions with
other molecules. Using a shotgun glycomics approach, we iso-
lated a human milk free glycan glycome and generated a corre-
sponding glycan microarray that allowed us to investigate the
function of individual glycans in a high-throughput format. The
binding patterns of defined lectins and antibodies to the human
milk SGM revealed the structural diversity of the isolated gly-
come. The human milk TGL, which represents a permanent
repository for HMG analyses, is enriched in sialylated glycans,
type 1 and type 2 glycans, and Le®-containing glycans but lacks
al-2-linked fucosylated glycans, such as H type 1 and Le”
structures. These data indicate that the milk sample used for
preparation of the tagged glycan library was from a Lewis pos-
itive individual and confirm that the individual was a secretor
negative donor. We chose to use milk from a secretor negative
donor in this first study, as it would limit the diversity of glycans
available for interrogation. In further studies we are preparing
human milk SGMs from donors of other genotypes. It is clear
from our studies that analyses of glycans of individual milk sam-
ples on microarrays using specific blood group antibodies may
represent an alternative strategy to the existing mass-based (68)
or HPAEC-based methods (4) for screening the genotype of
milk donors.

The human milk SGM described here provides a source of
purified glycans that is conveniently available as an archived
resource for interrogation with antibodies, pathogenic micro-
organisms, and potentially live cells for evaluating functions of
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TABLE 2
Heat map of antibody-binding data for structural analysis

A heat map summary of the binding data from analyses of the HMG subarray with different defined antibodies before and after specific exoglycosidase digestion(s) is shown.
A total of 40 glycans were printed on the HMG subarray, including 18 control glycans and 22 selected HMGs. The color-coded numbers highlight the binding intensity (the
darker the color, the higher the binding intensity). The color scale for the Excel spreadsheet was set using 0 as minimum and 1,500 RFU as maximum for anti-Le?, anti-type
1 and anti-CD15 antibodies and 0 as minimum and 10,000 RFU as maximum for anti-SLe® and Le* antibodies. The untreated HMG subarrays were tested with five
antibodies. The HMG subarrays treated with non-specific neuraminidase were interrogated with anti-Le?, anti-type 1, anti-SLe?, anti-CD15, and the HMG-subarrays
treated with a2-3-specific neuraminidase were interrogated with anti-Le?, anti-type 1, and anti-SLe".

Neuraminidase 02-3-Neuraminidase
Print . anti-Le* anti-typel anti-SLe? anti-CD15 anti-Le* anti-Le* anti-typel anti-SLe* | anti-CD15 anti-Le* | anti-typel anti-SLe*
Glycan Name Composition
D 10 ug/ml 1/10 dilution | 10 ug/ml 50 ug/ml 1 mg/ml | 10 ug/ml | 1/10 dilution | 10 ug/ml 50 ug/ml 10 ug/ml [1/10 dilution| 10 ug/ml
1 NA2 1 1 5 10 4 1 3 1 4 5 14 2
2 2-3-DS-NA2 1 3 7 9 4 2 3 1 4 7 8 4
3 02-6-DS-NA2 1 1 5 5 4 1 1 1 3 5 6 4
4 LNT 1 1100 6 10 6 1 1333 1 3 4 160 4
5 Agal LNT 2 3 7 9 3 1 4 2 5 4 6 4
6 LNnT 1 0 7 4 4 2 1 1 3 3 6 3
7 LD, Le¥ 1 1 5 11 8 1 2 1 4 6 6 4
8 LSTa 2 2 12090 7 6 1 1011 1 3 4 158 3
9 LSTb 2 1 7 5 6 1 880 1 4 8 6 4
10 LSTc 0 2 6 9 6 2 1 3 4 3 6 7
11 LNFPI 1 185 7 9 7 1 213 1 2 4 56 4
12 LNFPII, Le* 1592 1 6 8 21 1546 2 2 3 56 6 3
13 LNFPI 1 108 5 7 4 0 86 1 3 7 29 5
14 | LNDFHI, Le® 1 1 6 6 4 1 3 1 4 6 7 3
15 Sialyl Le* 2 1 5 5 52 1 2 1 4 5 6 4
16 Sialyl Le* 2 0 4303 8 11 1 1 1 3 5 9 3
17 DSLNT 1 1 3576 8 3 1 428 1 2 5 9 4
18 Le¥-Le* 1 1 6 83 45 1 2 1 5 5 7 4
19 H-01 H2S1 2 1 4 9 6 2 3 4 3 6 11 7
20 H-05 H2S1 1 1 5 9 5 1 1 2 6 5 6 4
21 H-06 1 0 6 8 4 1 1 1 3 5 7 3
22 H-12 H4N2F1S1 1402 1 10338 7 5 2151 2 142 2 184 128 154
23 H-14 H4N2S1 2 1 6 7 6 1 0 2 4 8 7 3
24 H-15 H4N2F1S1 1 1 7 85 5192 1 1 1 149 3 5 3
25 H-16 H4N2S1 1 1 20 9 5 2 1 2 3 5 7 3
26 H-17 H4N2F1S1 2 2 7 17 8318 1 1 1 155 5 6 4
27 H-28 H3N1F1S1 11 1 12980 7 5 1497 1 1 2 9 5 4
28 H-30 H3NIFI1S2 1 2 12118 11 4 1343 1 10 3 10 16 14
29 H-31 H3NI1F1S2 1 1 9062 8 5 153 1 8 2 7 8 5
30 H-36 H4N2S2 1 2 8261 6 5 1 885 2 2 4 8 3
31 H-43 H4N2F2S2 2 1 11926 7 4 3010 2 2 4 19 7 4
32 H-56 H4N2S2 1 1 6453 8 6 1 359 1 5 6 9 5
33 H-60 H4N2F4S1 1 1 12092 8 6 2988 2 1 4 18 11 6
34 H-71 H4N2, H3NIF1 28 388 12700 17 14 183 1374 3 6 11 183 7
35 H-99 H4N2, H5N3 1 665 6 8 35 2 927 3 3 7 211 6
36 H-108 218 930 7 20 3425 237 1317 1 18 24 326 14
37 H-111 H6N4F1 33 1112 7 10 931 38 1445 1 9 13 645 11
38 H-125 H6N4F1,HO6N4F2 1088 307 5 194 9419 1112 395 1 687 124 103 4
39 H-126 H6N4F1 73 1001 5 149 3487 96 1337 2 262 15 531 5
40 H-127 H6N4, HON4F 1 707 1252 7 10 55 665 1570 3 4 68 737 2
41 PBS 1 1 4 8 5 1 1 1 3 6 7 4
42 Biotin 1 2 4 5 5 1 2 1 3 5 6 4

individual structures. In this approach, once a biologically rel-
evant structure is identified, many of its structural features can
be described by collecting metadata in a database for the entire
shotgun array. If more detailed analysis, i.e. actual sequence and
definition of complete structure, are required, the preliminary
structural features will be invaluable for analysts using other
physical techniques such as mass spectrometry and NMR. For
example, monoclonal antibodies TRA-1-60 and TRA-1-81
are widely used to identify the biomarker for human pluripo-
tent stem cells. These antibodies were generated using cells as
antigens, and they were originally thought to be directed
against keratan-sulfate proteoglycan (69). In recent studies
using the defined glycan array from the CFG (Version 4.2),
Natunen et al. (63) identified type 1 lactosamine as an epitope
for TRA-1-60 and TRA-1-81 antibodies. Here, we extended
those observations to additional structures that were identified
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first as glycans recognized by these antibodies followed by
determining their structure using metadata collected on these
specific glycans on the shotgun subarrays. Our results revealed
the presence of ligands for the anti-TRA-1 antibodies in the
human milk glycome and showed that the two stem cell marker
antibodies recognize complicated large glycans that possess the
reported minimum recognition moiety, type 1 lactosamine.
Although there is no obvious correlation between the stem cell
marker antibodies and the function of HMGs, we demon-
strated that human milk SGM is a glycan library useful for
investigating the binding specificity of proteins due to the
diversity and complexity of HMGs and especially due to its
enrichment of blood group related epitopes, which are the
receptor of various proteins and microorganisms. Another
recent example is the newly generated anti-stage-specific
embryonic antigen-5 monoclonal antibody, which was found
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to only recognize H type 1 glycans (70) that are characteristic
of HMGs.

Inhibition of pathogen binding is considered the essential
immune protection provided to the infant by human milk. It is
believed that certain HMGs act as the receptor analogues or
decoy receptors to bind to pathogens and thus prevent their
attachment to cell targets (3). The established human milk
SGM provides a unique platform to study the interaction
between pathogens and milk oligosaccharides. To demonstrate
the ability of the human milk SGM for evaluating the binding
specificity of pathogens, we tested MVM and influenza virus,
both known to recognize sialic acids, which are enriched in the
human milk SGM. It was interesting that our study revealed
that MVMs specifically bound to a2-3-linked multisialyl gly-
cans, which are a category of novel receptors that are not pres-
ent on the CFG microarray. Although there is no connection
between the HMG function and MVMs, these results could
provide additional insight into the receptor preferences of
MVMs, which were previously found to recognize a2— 8-linked
multisialylated glycans and sialyl Le* moieties on the CFG
microarray (41). Combining the study from both glycan arrays,
it is clear that MVMs have a unique preference for certain mul-
tisialylated oligosaccharides, like disialyl LNT glycans we iden-
tified in this paper.

To expand our study to human influenza viruses beyond the
synthetic CFG microarray (37) and the sialylated glycan
microarray (71), we interrogated the human milk SGM with
several influenza strains. Similar to previous findings, the
viruses have a strong preference toward a2—6-sialylated gly-
cans, but not all the a2— 6-sialylated glycans were recognized by
the viruses, which once again suggested that the recognition of
influenza viruses are not limited only to the terminal glycans.
One common feature for the receptors is that they all contain
an a2—6-linked sialic acid to a type 2 chain. Overall, our virus
experiments demonstrated that the human milk SGM is useful
for studying pathogen binding properties and presumably pos-
sesses receptors for pathogens associated with infant diseases,
which will be the focus of future studies.

A major tool used in the current work was the combination of
metadata from mass spectrometry, lectin, and antibody binding
and on-array enzymatic degradation of glycans in the technique
we termed MAGS. This approach can complement the use of
mass spectrometry and other approaches and provides key
information important in predicting glycan structure. Develop-
ment of MAGS partly arose from our needs to identify the rec-
ognition motifs and even underlying glycan structures required
for better understanding the interactions of glycans with pro-
teins and microorganisms. Compared with the low cost and
high efficiency of nucleic acid and protein sequencing analyses,
glycan sequence analysis is very difficult and often requires
highly sophisticated instrumentation and skilled interpreta-
tion. Although progress in mass spectrometry has significantly
advanced the structural analysis of glycans, there is a need to
develop more high-throughput and fast glycan sequencing
methods that only require small amounts of samples. In this
work here, we initiated the on-array glycan sequencing method
of MAGS and chose human milk SGM as the working model.
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Using lectins and antibodies whose binding specificities are
known, we collected binding data from original glycans and
enzyme-treated glycans. Various sugar moieties and linkage
information were deduced from analyzing all of the data.
Extremely minute amounts of HMGs were used, and many
individual glycans were analyzed simultaneously on a single
microarray. These studies demonstrated the successful use of
the on-array glycan sequencing method and also showed that
this technique is currently limited only by the availability of
lectins and antibodies with defined binding specificities as well
as specific exoglycosidases. For example, there is no reagent
that can differentiate the branch point (81-3/6) to the core
lactose/lactosamine, although the current literature indicates
that the lactosamine unit at this 81— 6 branch point is a type 2
structure (21). Except for neuraminidase, the enzymes used
showed relative low activity on the slides compared to the activ-
ity in solution and thus required longer incubation time and
relatively large amounts of enzymes (supplemental Table S3B).
Clearly, the analyses described here could be extended by the
use of specific a-1-fucosidases, but these studies were limited by
their availability and cost from commercial sources. Neverthe-
less, using the on-array sequencing analysis, we were able to
successfully identify many of the structural features important
for antibody binding and the receptors for several viruses in a
high throughput format.

Collecting milk glycan structures and having methods to rap-
idly identify milk glycans is of course useful and can generate
interesting data on the metabolic changes of specific milk gly-
cans but generally do not provide direct information on glycan
function. Having glycans immobilized on a microarray for
interrogation by biologically relevant GBPs or microorganisms
and retrievable from a TGL provides a true approach to func-
tional glycomic analysis to accelerate discovery of HMG func-
tion. As an added feature, by collecting metadata on each glycan
associated with a SGM as the array is interrogated with both
defined GBPs and GBPs of interest to reveal glycan function,
these arrays of immobilized glycans can be structurally charac-
terized in a high throughput format. As more defined GBPs and
highly purified exoglycosidases become available, this MAGS
approach could be miniaturized and automated as a high
throughput analytical tool capable of sequencing thousands of
glycans simultaneously.
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