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Abstract

It is now recognized that human milk oligosaccharides (HMOs) can function both as prebiotics and as decoy receptors that in-
hibit the attachment of pathogenic microorganisms to the colonic mucosa. They can also act as immune modulators and as colonic
maturation stimulators in breast-fed infants. These functions could be mediated by biological interaction between a variety of HMOs
and lectins including galectins, selectins and siglecs. There are more than 100 HMOs; they have structural units such as H type 1:
Fucal-2Galf1-3GlcNAc, Lewis a: Galf1-3(Fucal-4)GIcNAc, Lewis b: Fucal-2Galf1-3(Fuca1-4)GlcNAc, Lewis x: Galf1-4(Fuc
a1-3)GIcNAc, sialyl Lewis a: NeuSAca2-3Galf1-3(Fuca1-4)GIcNAc, and sialyl Lewis x: NeuSAca2-3Galf1-4(Fuca1-3)GIcNAc. It
can be expected that these units may be utilized as tools for studies on the sugar-binding specificities of lectins including galectins,
monoclonal antibodies, virus capsid proteins and bacterial toxins. This mini-review presents the dataset of comprehensive HMO
structures, including recently clarified ones, in tabular form, for its utilization in such studies, including those of carbohydrate-
binding specificity of galectins. In addition, this review introduces recent in vivo and clinical studies, which may be relevant to the

biological functions and future utilization of HMOs.

A. Introduction

Human milk contains around 60 g/L of lactose (Galf1-4Glc),
as well as 12-13 g/L of a variety of milk oligosaccharides in
mature milk and 22-24 g/L in colostrum. Whereas human milk
oligosaccharides (HMOs) comprise several monosaccharide com-
ponents, such as glucose (Glc), N-acetylglucosamine (GlcNAc),
galactose (Gal), fucose (Fuc) and N-acetylneuraminic acid
(Neu5Ac), they always have a lactose unit at their reducing ends.
Although by 2009 the structures of about 115 HMOs had been
characterized and clarified based on 13 core series (1, 2), a com-
prehensive database, including large novel structures, had not been
described.

When breast-fed infants consume their mother’s milk, the ma-
jority of the HMOs are not digested and absorbed within the small
intestine and therefore reach the infant’s colon. It has been sug-
gested from in vitro studies that the HMOs function as prebiotics
and decoy receptors, inhibiting the attachment of certain types of
pathogenic microorganisms to the colonic mucosa, and as modu-
lators of colonic epithelial maturation (1, 3-5). It has been also
shown that some strains of Bifidobacterium bifidum, B. longum
ssp. infantis, and B. breve are able to grow in medium containing

HMOs as the only carbon source (6-8). It has been also clarified
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that B. bifidum is characterized by a unique metabolic pathway in
which HMOs are digested by several extracellular and intracellular
glycosidases (7). Notably, low concentrations of some HMOs are
detected in plasma from venous blood after the consumption of
breast milk (9, 10). Thus, it appears that a minor part of HMOs is
absorbed within the small intestine and enters the circulation. It is
possible that those HMOs have immune modulation effects such
as anti-inflammation, as suggested by in vitro studies using blood
leukocytes (11), platelets and endothelial cells (12). It can be as-
sumed that the recognition of those HMOs by some endogenous
lectins including galectins, selectins and siglecs is related to those
biological activities of HMOs. Therefore, studies on the interaction
between HMOs and lectins may generate useful information relat-
ing to the utilization of HMOs in therapy, such as immunomodula-
tion and inhibition of the establishment of infection. Notably, as
some HMOs have been recently produced on an industrial scale
(13), these studies combined with advances in the industrial pro-
duction of HMOs may in near future open up the possibility of the
utilization of HMOs for the treatment and/or prevention of human
diseases.

HMOs consist of more than 100 individual molecules. They

have been so far utilized as tools for studies on the sugar binding
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Table 1. The 19 core structures of HMOs by symbolic representations.
Number of
Name Structures CFG format  recognition units
L Lactose Gal(B1-4)Gle o 1
I Lacto-N-tetraose Gal(B1-3)GleNAc(B1-3)Gal(B1-4)Gle C#). 2
III.  Lacto-N-neotetraose Gal(B1-4)GIcNAc(B1-3)Gal(B1-4)Gle O-é). 2
IV. Lacto-N-novopentaose I Gal(B1-4)GleNAc(B1-6N Gal(B1-4)Glc O;). 0%
Gal(B1-3)”
V.  Lacto-N-hexaose Gal(B1-4)GIcNAc(B1-6
(B1-4) (B1-61 Gal(B1-4)Gle }. 2
Gal(B1-3)GlcNAc(B1-3Y
VI. Lacto-N-neohexaose Gal(B1-4)GlcNAc(B1-6 ;:-.
(B1-9) (B1-6) Gal(B1-4)Gle 2
Gal(B1-4)GlcNAc(B1-3Y
VIL.  para-Lacto-N-hexaose Gal(B1-3)GlcNAc(B1-3)Gal(B1-4)GIcNAc(B1-3)Gal(B1-4)Gle fp 3
VIII. para-Lacto-N-neohexaose Gal(B1-4)GIcNAc(B1-3)Gal(B1-4)GlcNAc(B1-3)Gal(B1-4)Gle ofé). 3
IX. Lacto-N-octaose Gal(B1-4)GIcNAc(B1-3)Gal(B1-4)GlcNAc(B1-6)\ 3
Gal(B1-4)Gle
Gal(B1-3)GIcNAc(B1-3y
X.  Lacto-N-neooctaose Gal(B1-3)GleNAc(B1-3)Gal(B1-4)GlcNAc(B1-6 (@.
(B1-3) (B1-3)Gal(1-4) (B )\Gal(ﬁl-4)Glc 3
Gal(B1-4)GIcNAc(B1-3y
XI.  iso-Lacto-N-octaose Gal(B1-3)GINAC(B1-3)Gal(PI-4)GINACBI-ON G 1 o1 41 d‘}‘ 3
Gal(B1-3)GleNAc(B1-3)”
Gal(B1-4)GIcNAc(B1-3)Gal(B1-4)GIcNAC(B1-6) |
XII.  iso-Lacto-N-neooctaose Gal(p1-4)Gle O@)‘ 3
Gal(B1-4)GlcNAc(B1-3) 7
Gal(B1-4)GleNAC(B1-6) |
XIII.  novo-Lacto-N-neooctaose Gal(B1_4)GlcNAc(m_3)/Gal(ﬁl-4)c.1cNAc(51-3)Ga1([31-4)01c g},p‘ 3
XIV.  para-Lacto-N-octaose Gal(B1-3)GIcNAc(B1-3)Gal(B1-4)GlcNAc(B1-3)Gal(B1-4)GlcNAc(B1-3)Gal(B1-4)Gle fpp 4
XV.  para-Lacto-N-neooctaose ~ Gal(B1-4)GlcNAc(B1-3)Gal(B1-4)GlcNAc(B1-3)Gal(B1-4)GlcNAc(B1-3)Gal(B1-4)Gle pr 4
Gal(B1-4)GIcNAc(B1-6)
Gal(B1-4)GIcNAc(B1-6
XVI.  Lacto-N-decaose Gal(B1-3)GIcNAc(B1-3Y (P1-4) ® ):Gal(ﬁl-4)Glc ??). .
Gal(B1-3)GIcNAc(B1-3)
Gal(B1-4)GIcNAc(B1-6
(B1-4) ® )\Gal(Bl—4)GlcNAc(Bl—6)\
XVIIL  Lacto-N-neodecaose Gal(B1-4)GlcNAc(B1-3Y ,Gal(B1-4)Gle 3
Gal(B1-3)GlcNAc(B1-3)
Gal(B1-4)GIcNAc(B1-6)
. Gal(B1-4)GlcNAc(B1-6
XVIII. iso-Lacto-N-decaose Gal(B1-4)GleNAc(B1-3Y (B1-4) B ):Gal([il-4)Glc %‘ 3
Gal(B1-4)GlcNAc(B1-3)
Gal(B1-3)GIcNAc(B1-3)Gal(B1-4)GlcNAc(B1-6
XIX. novo-Lacto-N-decaose al(1-3)GIeNAC(B1-3)Gal(B1-4)GleNAe(p ): Gal(p1-4)Gle 4
Gal(B1-3)GIcNAc(B1-3)Gal(B1-4)GlcNAc(B1-3)

CFG symbols are used to express individual monosaccharides with different colors, whereas different glycosidic linkages are shown by different bond
angles in a clockwise format; i.e., 1-2 linkage (6:00 O’clock), 1-3 (7:30), 1-4 (9:00), and 1-6 (10:30). On the other hand, o and f anomers are represented
by thin and thick lines, respectively. In the right ‘glycotope’ column, disaccharide units, to which galectins are expected to bind or not in theory, are
shown in green and red colors, respectively. *The number includes Galf1-3 structure in the 41-3 branch in addition to LacNAc unit in the 1-6 branch.
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specificities of several lectins, monoclonal antibodies or virus cap-
sid proteins (14-21). In this mini-review, we present a comprehen-
sive dataset, in tabular form, of the chemical structures of HMOs
that have been characterized to date, in order to provide a HMO
database as a reference for future research on the sugar-binding

specificities, inhibitors and biological functions of galectins.

B. Previous and Newly Proposed Core Structures of
HMOs

Structural studies of HMOs began during the 1950’s, and by
2009 about 115 structures had been determined by several groups.
Based on the characterized HMOs, a core series of 13 structures,
was proposed (shown in black in Table 1). The 115 HMOs are
synthesized by substitution of the 13 core structures with a1-2
linked Fuc at Galf1-3/4 residues, with a1-3/4 linked Fuc at
GlcNAc, with a1-3 linked Fuc at Glc at the reducing terminal,
with a2-3/6 linked NeuSAc at Galf1-3/4 residues, and with a2-6
linked Neu5Ac at GIcNAc. In addition, trace levels of the oligosac-
charides containing sulfate have been found.

Since 2010 the approaches for structural characterization of
HMOs have been dramatically improved by the development of
techniques involving a combination of exoglycosidase digestion
with microchip-based high-performance liquid chromatography
with a polar graphite carbon column, along with matrix-assisted-
laser desorption/ionization-time-of-flight mass spectrometry, and
multistep mass spectrometry. Owing to this advance, 47 more
structures have been identified, yielding a total of 162 HMO struc-
tures to date (see Table 2). In this mini-review, we propose that
the previous 13 core series can be expanded to 19, which include
a new series consisting of iso-lacto-N-neooctaose, novo-lacto-
N-neooctaose, para-lacto-N-neooctaose, iso-lacto-N-decaose,
and novo-lacto-N-decaose (shown in red in Table 1). Lacto-N-
novopentaose I is also included in Table 1, while this is not a new
core unit and is relatively minor in HMOs. In fact, FS-novoLNP
I (#159 in Table 2) is a sole HMO whose core is lacto-N-novo-
pentaose I. The proposed nomenclatures of novel HMOs are also

shown in Table 2.

C. Possible Biosynthetic Pathway of HMO Core Struc-
tures

Based on the recent report by Kobata (2) and the 162 HMOs
structures described above, it is possible to suggest biosynthetic
pathways of HMOs as shown in Fig. 1. Here, only 4 common
enzymes are used throughout the syntheses: iGnT (1-3 exten-
sion), IGnT (1-6 branching), #3Gal-T (type 1 termination),
S4Gal-T (type 2 formation). Hereby, 18 core structures of HMOs

can be synthesized in a systematic manner. However, an issue
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remains to be elucidated with respect to the substrate specificity
of IGnT ($1-6GlcNAc transferase); i.e., whether this enzyme can
transfer GIcNAc even after completion of type 2 LacNAc exten-
sion (dashed arrows in Fig. 1). GlcNAcf1-3Lac is a reported
substrate for IGnT to form a branched tetrasaccharide, GlcNAc
F1-3(GleNAcp1-6)Lac, but it is possible that IGnT can substan-
tially transfer GlcNAc to the type 2 LacNAc-extended structure.
In other words, other f1,6/N-acetylglucosaminyltransferases, but
not IGnT may transfer GIcNAc to this type 2 unit. Indeed, Prudden
et al. (77) synthesized Galf1-4GlcNAcf 1-3(GleNAcf 1-6)Lac us-
ing N-acetyllactosaminide f1,6-N-acetylglucosaminyltransferase
(GCNT2) with LN=T as an acceptor and UDP-GIcNAc as a donor.
This knowledge indicates that different glycosyltransferases can
potentially be employed for the biochemical synthesis of a series of

HMOs that can be used in industry.

D. Structural Features of HMOs

The following structural units are present in the 162 known
HMOs:

H type 1 (H 1): Fuca1-2Galp1-3GlcNAc, Lewis x (Le*): Gal
p1-4(Fuca1-3)GlcNAc, sialyl Lewis x (SLe*): NeuSAca2-3Gall-
4(Fuca1-3)GlcNAc, Lewis a (Le®): Galp1-3(Fucal-4)GlcNAc,
sialyl Lewis a (SLe®): Neu5Aca2-3Galf1-3(Fucal-4) GlcNAc,
Lewis b (Le): Fucal-2Galg1-3(Fucal-4)GlcNAc, and Lewis
y (Le*): Fucal-2Galf1-4(Fucal-3)GlcNAc. In addition to the
above, 2'-FL (#1 in Table 2) represents a structural unit of H type
2 (H 2): Fuca1-2Galf1-4Glc(NAc).

The 162 HMOs are not always detected in the milk of every
donor. The most HMOs are found in the milk of 80% of the donors,
denoted secretor (Le **
reducing a1-2 linked Fuc including 2'-FL: Fuca1-2Galf1-4Gle,
LNFP I: Fucal-2Galp1-3GlcNAcfp1-3Galp1-4Gle, and LNDFH
I: Fuca1-2Galp1-3(Fuca1-4)GlcNAcf1-3Galf1-4Gle, which are

predominant in secretor milk, are not found in the milk of 15%

), while oligosaccharides containing non-

donors, denoted non-secretor (Le**®7) (78). This is due to absence
of the FUT2 enzyme in non-secretor donors. Furthermore, oligosac-
charides containing a 1-4 linked Fuc, such as LNFP II, Galg1-3(Fuc
01-4)GlcNAcf1-3Galf 1-4Gle and LNDFH 1, are not found in the
milk of 5% donors, denoted Lewis negative (Le* °"); this is due to

absence of the FUT3 enzyme in Lewis-negative donors.

E. Quantitative Aspects of HMOs

The HMOs listed in Table 2 are not found in equal concentra-
tions. The 13 representative neutral HMOs are 2'-FL (#1 in Table
2), 3-FL (#2), DF-L(LDFT) (#7), LNT (#8), LNnT (#9), LNFP I
(#10), LNFP II (#11), LNFP III (#12), LNFP V (#13), LNDFH I
(#14), LNDFH 1I (#15), LNH (#17), LNnH (#18), and the 8 rep-
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Table 2. Chemical structures of HMOs and architecture of recognition glycotopes for galectins.

No. Abbreviations Structures Glycotope Ref No. Abbreviations Structures Glycotope Ref
1 2WFL Qe m 2 29  DF-LNnH %9‘ 45
2 3FL op 23
30 DF-para-LNH e 46
3 p3-GL ° 24
4 p4-GL o0e - 25 31 DF-para-LNHII ?)P - »
5 B6-GL Qe P— 2%
32 DF-para-LNHIII - . 42
6  LNTill o® — 27
=
7 DF-L(LDFT) =2 28 33 DF-para-LNuH Qﬂ’o‘ 46
8 LNT >° P 29
34 TF-LNH I 47
9 LNaT ou® ) 5 30
10 LNFPI {p‘ ey B 1 35  TF-LNH II %&‘ | 4l
11 LNFPII W —— 32
36  TF-para-LNH1 ?OA’O. = 48
12 LNFPII g/lp‘ rm 33
37 TF-para-LNHII 44
13 LNFPV AL ” para ?qf? -
14 LNDFHI ?p‘ — 35 38  TF-para-LNnH ﬂ)" i 44
~
15 LNDE #DA’ 3 39 iso-LNO f}‘ o )
16 LNDFHII ouf2® 2
40 novo-LNnO }f"‘ e 42
e
17 LNH 37
= 41 F-LNOI Of?ﬂ we “m 49
18 LNuH g:;o 38
ve 42 FLNOI w2 4
19 F-LNHI N 39
W
20 F-LNHII ?ﬂ 40 43 F-LNOII -?' w 41
21 F-LNHII ' 41
b N 44 F-LNnO (@» - 50
22 F-LNnHII zx 42
45  F-LNnOTI ﬁ}" — 0
23 F-LNnH I A{g:x { 38
46  F-iso-LNO J‘?ﬂ o 51
24 F-para-LNHI ﬂ” o BT 43
47 Fe-isoLNnO 1 o@x — ©
25 F-para-LNHII Af‘p‘ — 44
- 48  F-novo-LNnO ;‘0‘ o 42
26 F-para-LNnH C:fp‘ ' 42
=
27 DF-LNHII ?‘ S 37 49  F-para-LNO (}‘?"P = 42
28 DF-LNHI ? o 39 50  DF-iso-LNnO 0@‘ s 42
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iy

Table 2. Continued.
No. Abbreviations Structures Glycotope Ref No. Abbreviations Structures Glycotope Ref
f—
51 DF-LNOI ‘??‘ e — 50 69  TF-iso-LNO I ‘@‘ 51
] iz S
52 DF-LNOIl o‘g’ 30 70 TP-iso-LNO III O‘%.  m 42
53 DF-LNOII 2 ? - @ -
71 TF-iso-LNO IV " 2
54  DF-LNnOI apfil>e 50
72 TF-iso-LNnO %’%" )
[ e |
55  DF-LNAOTI c@‘ e 50
73 Tetra-F-iso-LNO " = 45
56 DF-LNxO III {(?‘ " 0
74 Tetra-F-para-LNO = 45
Lex Leb =
57 DF-iso-LNO T ‘ﬁ‘ e 52 —
58 DF-iso-LNO I d ? = 52 75 Penta-F-iso-LNO ? % = 4
w
59 DF-iso-LNO Il d’?‘ O 42 76 LND ?}o o e 53
| o | N
60  DF-iso-LNO IV "‘?‘ e 42 77 F-LNDI ?}" ™ 53
61  DF-iso-LNO V {?‘ S 42 78 FAINDII e e 15
rm
62 DF-iso-LNO VI ‘f}‘ - )
79 DF-LNDI 1 54
&
63  DF-iso-LNO VII i'?:‘ o )
80 DF-LNDII %‘ o 54
64  DF-para-LNnO M “ 42
-
|
81  DF-LNDII @o v 54
— ] ||
65 TF-LNOI ‘}?‘ — 50
82 DF-LNDIV %. o 54
66 TF-LNOII ?' w2 b 0 wi
N2
— 83 DF-LNDV o 54
e
67 TF-LNnO ‘f%" 47
- L
68 TF-iso-LNOI f ? " 52 84 DF-LND VI ‘;?‘ e 54
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Table 2. Continued.
No. Abbreviations Structures Glycotope Ref No. Abbreviations Structures Glycotope Ref
L i
85 - [ — 54 101 F-LN#D I = 54
(R 102 DF-LN#D z :" we 54
8 - - 54 " H
— 103 iso-LND %. v e 42
87  TrF-LNDI " 54
104 DF-novo-LND #‘ e 0
-
88  TriF-LNDII %‘ 54
m
89 TriF-LND III %x 54
106 3°-SL o d 56
90  TriF-LND IV %‘ 54 07 L . 57
108 F-SL e 58
91  TriF-LNDV v S 41
g 109 LSTa f o 59
110 LSTb :y:' neushc G 59
92 TriF-LND VI %‘ 41 .
| _tea |
111 LSTec Soaf® sk 59
wz
93 TriF-LND VII %" wi 41 112 LSTd .&ﬂp‘ _— . 58
m
113 F-LSTa ‘?0. omm " 58
94 - [ [ 54
" 114 F-LSTbH Neusac [IIEEG 60
115 F-LSTc ‘onf P 61
95 - [ 54
116 S-LNHI '1}. 37
96 TetraF-LND I __ 54 17 SINHII ;x 62
118 S-LN#HI '}. 38
- 1
97 TetraF-LND II — 54
&
119 S-LN#HII .g}n 63
- 120  S-para-LNnH w Neushc e 64
98  TetraF-LND III [ 54 o
m
et
121 FS-LNH 65
-
99 - [ ey 54
= 122 FS-LNHI ?‘ e 66
=
100 F-LN#DI %}» iz M 54 123 FS-LNHII ’?‘ i 66
) et
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Table 2. Continued.
No. Abbreviations Structures Glycotope Ref No. Abbreviations Structures Glycotope Ref
T Neusac
124 FS-LNHII } 66 143 TFS-LNO g 64
e
125 FSLNHIV ’;"  am 67 144 TFS-iso-LNO ﬁ" 68
Neusac 3
126 FS-LNnHI .\z)o o 58 145 DS-LNT ? o - 70
127 FS-LNnHII A{% { 1 146 FDS-LNTI :} - 71
=
147 FDS-LNTII ‘;f? o 7
128 FS-para-LNnH I %OA,D‘D. Neushe . 64
. 148 DS-LNHI _m 71
129 FS-para-LNzH 11 ’bif. 64 e
N2
149 DS-LNHII ?‘ e IIEE 7
N2 NeuSAc
130 DFS-LNHI ] 66
[ o |
150 DS-LN#H :g:;. . 66
131 DFS-LNH I ’?- %
151 FDS-LNHI ?‘ N{u:‘:;u 73
132 DFS-LNHIV "?‘ 59
m
152 FDS-LNHII 73
133 DFS-LNzH @ 66
NeuSAc
153 FDS-LNH III ?‘ _— 67
134 S-LNO ""}‘ l.: 64
9{;). Neusac{_ [IENE
154 FDS-LNnH 7
— o neusac{ ICEN
135 FS-LNOI 68
155 TS-LNH :;" ey | 74
NeuSAc L
136 FS-LNOII ?' 64
i
156 SLNnD “z}. - e 64
137 FS-iso-LNO d?" 69
157 - s 75
. L “ [ Gal
138 DFS-iso-LNO T _— 69 158 . j?" - 2
139 DFS-iso-LNO II ‘@' 69 159 FS-novo-LNP I %‘ - 66
N2 S
e ] DF-para-LNH s Lac
140 DFS-LNO1 2?' o 69 160 rPeel o 76
eushc Sl ] DF-para-LNH s e
141 DFS-LNO II ? " . 64 161 el 76
Neusac w2 TF-para-LNH [
5 - :
142 DFS-LNO III “?‘ e o4 162 ulfate ‘?o‘;‘)‘ 76
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'GV Z VILLNO ™. iGnT?
p4GalT \

p4GalT

iGnT p4GalT
—>
@, J GnT
I. Lac IV. LNH B3GalT
iGnT BaGalT XVI. LNAD
iGnT\L BSGaIT paGalT  oaarr
p3GalT GnT
< —>
X. iso-LNO XV. LND
Il LNT
p4GalT l p4GalT \L
iGnT ey et pacart
p3GalT OJ}. paGalT IGnT §
VI. para-LNH iGnT IIl. LNnT V. LNnH 7
IGnT iGnT IGNT? . e XVII. iso-LND
p4GalT 7" paGalT
W iGnT\L B4GalT iGnT\L B3GalT Oi):).
[34GaIT @)
GnT2 ﬁ. XI. iso-LNnO
8}3-{). ot O_‘o-f).
XIl. novo-LNnO VII. para-LNnH 1X. LNnO
iGnT
33GalT |GnT B4GalT iGnT \LB3GaIT

XIIl. para-LNO XIV. para-LNnO XVIIl. novo-LND

Fig. 1.

resentative acidic HMOs are 3'-SL (#106), 6'-SL (#107), LST a
(#109), LST b (#110), LST ¢ (#111), F-LST a (#113), F-LST b
(#114), DS-LNT (#145). The concentrations of these representative
neutral and acidic HMOs in the milk of secretor, non-secretor and
Lewis-negative donors, at several lactation stages (78, 79) have
been quantified by high-performance, high-pH-anion-exchange
chromatography — pulse-amperometry detection, and high-perfor-
mance liquid chromatography or capillary electrophoresis, after
labeling. The data for the concentration of each HMO, however,
differ considerably between different publications, and each value
appears to be dependent on the quantitative method used. Further
studies are required to establish the consensus values. We refer to
the excellent review by Thurl ez al. (80) concerning these values.
The most significant feature of HMOs is the predominance of
type 1 oligosaccharides, which contain Galf1-3GIcNAc, over type
2 saccharides containing Galf1-4GlcNAc. The milks of non-hu-
man species either contain only type 2 saccharides as in the milks

of cow, goat, sheep, pig and horse, or else the type 2 predominates

© 2018 FCCA (Forum: Carbohydrates Coming of Age)

The possible biosynthetic pathway of 18 core units of HMOs. The biosynthetic pathway of lacto-N-novopentaose I is not included.

over the type 1 as in some apes (79, 81, 82). In human milk, LNT
and LNFP I, the representative type 1 HMOs, are found at concen-
trations that are three to four times greater than those of the type 2,
i.e., LNnT and LNFP III.

F. Galectins Bind to Milk Oligosaccharides of Human
and Other Mammals

Recently, the group led by Cummings reported that HMOs are
possible ligands for endogenous human lectins, such as galectins
and DC-SIGN (19, 20). They conducted comprehensive interac-
tion analysis using a glycan microarray platform of the Consortium
for Functional Glycomics (CFG) of USA; i.e., interaction analysis
between 247 HMOs (162 were completely characterized, while the
remaining 85 are not, but included for the analysis) and human ga-
lectin-1, 3,4, 7, 8, and 9. It provides a powerful approach to obtain
broad information about basic properties of lectin-binding specific-
ity.

As described by Iwaki and Hirabayashi (18) and by others
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Table 3. Ky values (uM) reported for human galectins and HMOs.

No. Abbreviations Structures Glycotope hGal-1 (C2S) hGal-3C hGal-7 hGal-9N
(e, ] Lac
0 Lactose 1200 (0.27) 260 (0.069) 670 (0.33) 850 (0.073)
1 2-FL T . - 180 (0.10) 880 (0.25) 440 (0.14)
8 LNT ”° o 370 (0.86) 23(0.78) 120 (1.8) 61 (1.0)
9 LNaT ou® a5 320(1) 18(1) 20(1) 62(1)
10 LNFP I {p' W 360 (0.89) 13 (0.72) 110 (2.0) 47(1.3)
11 LNFP II f B - 20 (0.90) 850 (0.36) 130 (0.48)
12 LNFP III gf‘ = - 37(0.49) 640 (0.26) 57(1.1)
14 LNDFH I ?p‘ = - 32(0.56) 1200 (0.18) 39 (1.6)
15 LNDFH II M _ _ _ ;
18 LNrH g}n e 91 (4.0) 12(1.5) 120 (1.8) 100 (0.62)
17 LNH }0 i 110 (3.3) 12(1.5) 48 (4.6) 52(1.2)
106 3-SL o0 - 560 (0.032) 2000 (0.11) -
107 6-SL &m NeuSA: : } :
108 F-SL(F-SLn) o2 e - - -

Data are from Hirabayashi et al. (17) for FAC. Note that FAC measurement was performed at 20°C and that FAC data were obtained using PA-
oligosaccharides, which have open ring structure at the reducing ends. Data for #108 (NeuSAca2-3Gal(Fuca 1-4)Glc; sialylLe") is actually that for
Neu5Aca2-3Gal(Fuca 1-4)GIcNAc in the previous FAC analysis but included for reference. Values in parentheses are relative affinities compared

with LN#T (underlined). Dash (-) denotes not detectable.

over many years, galectins show evolutionarily conserved sugar-
binding specificity beyond biological (e.g., human, nematode, fun-
gi) and molecular species (galectin-1-12). Firstly, galectins recog-
nize a f-galactoside disaccharide as a recognition unit, represented
by lactose and N-acetyllactosamine (Galf1-4GIlcNAc). Secondly,
they require three OH groups essential for recognition; i.e., 4-OH
and 6-OH of a non-reducing terminal fGal, and 3-OH of reducing
terminal Glc, GlcNAc or GalNAc, in which side chains of hydro-
philic residues (e.g., His, Asn, Arg and Glu) located in the evolu-
tionarily conserved carbohydrate-recognition domain (CRD) are
essential for forming a hydrogen bond network. However, in case
of binding to a type 1 lactosamine structure (Galg1-3GIcNAc), the
third recognition (3-OH of GlcNAc) is replaced by 4-OH of the
same GIcNAc (for details, see Fig. 4 in the chapter by Iwaki and
Hirabayashi).

From the viewpoint described above, consensus rules for ga-
lectin recognition to HMOs can be derived: in other words, galec-
tins cannot bind to HMOs if any of the following 3 modifications

occur to the recognition units, either lactose or LacNAc.

1) When the 6-OH of a non-reducing terminal fGal is sialylated by
the action of ST6 to form the Sian2-6Gal linkage.

2) When the 6-OH of a non-reducing terminal fGal is substituted
with GlcNAc for branching by the action of IGnT.

3) When a Lewis structure is formed by fucosylation to 3-OH of a
reducing terminal Glc or GIcNAc (in case of type 1 lactosamine,
fucosylation to 4-OH instead).

In any event, modification of the 4-OH of a non-reducing ter-
minal #Gal is not permitted.

Other modifications do not necessarily harm galectin bind-
ing, and some rather enhance the binding to some galectins. They
include fucosylation of 2-OH of a non-reducing terminal fGal, as
well as various modifications of 3-OH of a non-reducing terminal
pGal (e.g., a2-3Sia, a/f1-3Gal, a1-3GalNAc, and LacNAc exten-
sion via 1-3 linkage). These rules work well for galectins not only
human but also of other organisms.

It is possible to predict which HMOs can be recognized by
galectins, since the above described recognition rules are consis-

tent, and thus applicable to any complex HMO. Table 2 summariz-
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es a list of structures of HMOs with their symbolic representations,
in which CFG symbols are used to express individual monosaccha-
rides with different colors. Further, in the figure different glycosid-
ic linkages are represented by different bond angles in a clockwise
format (1-2 linkage; 6:00 O’clock, 1-3; 7:30, 1-4; 9:00, and 1-6;
10:30), while o and f anomers are represented by thin and thick
lines, respectively. In the right ‘glycotope’ column, disaccharide
units, to which galectins can either bind or not bind in theory, are
shown in green and red colors, respectively.

Unfortunately, there are only few studies which have under-
taken K, (1/K,) determinations for galectins and HMOs, and the
number of HMOs is around 10, with the largest molecules being
LNH and LNzH. However, from Table 3, it is evident that the
above prediction is totally consistent in the light of experimental
data determined by frontal affinity chromatography (FAC), a quan-
titative method originally developed by Kasai ef al. (83; also see
the chapter by Iwaki and Hirabayashi). Recently, Shams-Ud-Doha
et al. (84) reported a new method to determine K, values between
HMOs and galectins, based on ion mobility/electrospray ioniza-
tion-mass spectrometry. While the reported K, values significantly
differ from those in Table 3, possibly due to differences in experi-
mental conditions, they basically agree in that HMOs for which no
binding is expected actually showed no binding to galectins. They
include HMOs consisting of ‘all red’ (no-binding) recognition
units, such as LNDFH II (#15 in Table 3) and 6'-SL (#107), and
F-SL (#108).

There are many useful milk oligosaccharides other than those
of human origin (82). Supplementary Table 1 lists a series of milk
oligosaccharides of non-human origins. They include oligosac-
charides containing xeno-antigenic epitopes, aGal and N-glycolyl-
neuraminic acid (Neu5Gc). Other interesting examples include Gal
S 1-3 oligomers extended from lactose, which have been found in
the tammar wallaby and related marsupial mammals. Intriguingly,
the latter structure, i.e., (Gal$1-3), -modification is common to the
surface glycan of a pathogenic protozoan, Leishmania major, pos-
sibly involved in the recognition by galectin-3 and 9, as described
by one of the authors of this chapter (85; see next section for de-
tail).

G. Potential Use of Milk Oligosaccharides for the
Study of Carbohydrate-binding Specificity of Galectins
Many laboratories have been using HMOs to determine the
carbohydrate-binding specificity of lectins. Especially, in the case
of galectins, HMOs have been extensively utilized for more than
30 years to determine the detailed carbohydrate-binding specific-
ity since galectins shows preferential binding for f-galactosides,
which are dominant structures of HMOs (17, 21, 86—89). The
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extensive database on the binding preference of galectins for each
HMO has contributed both to our understanding on the biological
roles of galectins and to the pharmaceutical development of specif-
ic inhibitors for galectins. For example, the finding that a2-6 sialyl
modification of the galactose residue reduces the affinity of ga-
lectin-1 for the N-acetyllactosamine structure is now linked to the
immunological role of galectin-1 in T cell regulation (90). It has
been known that galectins also bind to ABO(H) blood groups (17,
19, 21, 87-89, 91), and many microorganisms express HMO-like
structures. A recent study suggests that galectin-4 and —8 bind and
kill ABO blood group antigen-expressing Escherichia coli, while
galectin-3 binding does not affect the viability (92). A species of
the protozoan Leishmania, L. major, expresses unique f-galacto-
sides, (Galf1-3), on its surface. While this structure is not found in
HMOs, milk from the tammar wallaby contains lactose modified
with (Galf1-3), (82). By using the tammar wallaby’s (Galf1-3),-
lactose, it was shown that galectin-3 and —9 recognize L. major
through binding to this unique glycotope (85, 93). Interestingly,
this binding specificity feature appears to be extended to a galectin
in the insect host, the sand fly Phlebotomus paratasi (94). It is sug-
gested that this binding to (Galg1-3) , is critical for the survival of
the parasite in the vector fly (95).

Recently, Prudden et al. (77) succeeded in the synthesis as
many as 60 HMOs, including asymmetrical multiantennary struc-
tures, using an enzymatic strategy with a number of human glyco-
syltransferases. It is expected that their ‘synthetic’ HMOs will be
available for detailed studies on the carbohydrate binding specific-

ity of each galectin.

H. Potential Utilization of Milk Oligosaccharide for
the Development of Drugs for Inhibition of Galectins

Milk oligosaccharides from both human and non-human
origins contribute to biomedicine in providing useful information
about galectin-glycan ligand interactions. Notably, the oligosac-
charides are synthesized according to consistent rules, resulting in
as many as 19 core structures which have both branching and ex-
tension, whose binding features are considerably different among
galectin species as well as their individual CRDs. Moreover, milk
oligosaccharides including HMOs are rich in 3’-OH modification
with sulfate, sialic acids (¢NeuSAc and aNeu5Gce), blood group
epitopes (aGal/aGalNAc), for which some galectins show dis-
tinct preference. To verify the specific binding by galectins, non-
inhibitory saccharides are also available with 4-OH and 6-OH
modifications of fGal.

To date, several examples of galectin inhibitors are avail-
able and their clinical applications are being studied, including

galectin-3 inhibitors for the treatment of lung fibrosis. Here, inhibi-
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tor design is firstly based on selection of fGal as a frame structure;
e.g., thiodigalactoside (96, 97) and N-acetyllactosamine backbones
(98). Chemical modification of OH groups to enhance the affinity
for a specific galectin molecule is another critical factor in design
of the synthesis (for comprehensive review, see the chapter by Der-
navit et al.). Such galectin inhibitors are also useful as agonists for
studies on the histochemical localization of endogenous galectins
(99).

Not only galectins, but also other lectins can be targets of
‘glycomimetics’ in drug chemistry, as represented by the success-
ful development of rivipansell (GMI-1070), a pan-selectin inhibi-
tor developed by a US company, GlycoMimetics (100); this has
now entered a phase 3 clinical trial for the cure of vaso-occlusive
crisis in sickle cell-derived anemia (https://sicklecellanemianews.
com/2017/05/11/phase-3-trial-recruiting-to-test-rivipansel-for-
vaso-occlusive-crisis-in-sickle-cell-disease/). Notably, it took more
than a quarter century for this to be achieved. In view of the fact
that there is a great variety of milk oligosaccharides with a diver-
sity of structural parameters affecting galectins affinity and selec-
tivity, libraries of milk oligosaccharides of various species includ-
ing humans, reliable interaction data as well, would be extremely
valuable. At present, however, reported K; values are available
for only about a dozen milk oligosaccharides (Table 2). Though
comprehensive data obtained by glycan microarray are available in
the world-wide activity of CFG (19), they are not necessarily con-
sistent in terms of K. Establishment of a systematic preparation of
a large scale of milk oligosaccharides is urgently required for both

basic and application studies.

I. Recent Studies of the Functions of HMOs

It has been suggested that HMOs, as well as bovine and
caprine milk oligosaccharides, have several biological functions;
for example, they act as prebiotics and may have the potential of
preventing infection, modulating immunity and to be involved in
intestinal maturation. It is also reported that HMOs could prevent
necrotizing enterocolitis and activate the brain-gut axis. We refer to
a number of reviews related to the biological functions of HMOs
(1, 3-5, 7). This mini-review introduces only a few recent topics
concerning in vivo and clinical studies on the functions of HMOs.

Tarr et al. (101) reported on an in vivo study describing the
diminishing of stressor-induced anxiety-like behavior in mice when
they were administrated a laboratory diet containing 3'-SL and 6'-SL.

Recently, large scale preparation of HMOs, including 2'-FL
and LNnT, has been successful and their food safety has been stud-
ied using in vivo experiments with model animals (102-104). In
parallel, clinical study with bottle-fed infants consuming formula

containing 2'-FL and LNnT have begun to establish that this incor-
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poration is safe and has no negative effects on the subjects.

In one of these clinical trials, Goehring et al. (105) deter-
mined the concentrations of inflammatory cytokines, such as
interleukin(IL)-1a, IL-18, IL-6 and tumor necrosis factor-a, in ve-
nous plasma, comparing breast-fed infants with infants who were
bottle-fed with three different types of infant formulas: control
formula containing only 2.4 g/L of galacto-oligosaccharides (GOS)
and no 2'-FL, experimental formula 1 containing 2.2 g/LL GOS and
0.2¢g/L 2'-FL, and experimental formula 2 containing 1.4 g/L GOS
and 1g/L 2'-FL. The results showed that the concentrations of
those inflammatory cytokines in plasma were significantly lower in
breast-fed infants and in those receiving experimental formulas 1
and 2, which had been supplemented with 2’-FL, than in the con-
trol group of bottle-fed infants. There was no difference between
breast-fed infants and experimental formula 1 or 2-fed infants with
respect to inflammatory cytokines, confirming the biological sig-
nificance of milk 2'-FL. Indeed, their recent study suggests the po-
tential of HMO 2'-FL for the treatment of necrotizing enterocolitis
(106).

Puccio et al. (107) evaluated the effects of infant formula
supplemented with two HMOs, 2’-FL and LN#T, on infant growth
tolerance and morbidity. The authors compared the difference
in infant weight between the baseline visit and the visit at age 4
months, other anthropometric measures (weight, length, body mass
index and head circumference), digestive tolerance (flatulence,
spitting-up, and vomiting), stool characteristics (stool consistency
and frequency), behavior patterns (restlessness, colic and night-
time awakenings), formula intake and morbidity (parent-reported
lower respiratory tract infections and concomitant medications) be-
tween Test and Control groups. The results showed that there were
no differences with respect to anthropometric index between the
two groups, while the supplemented formula improved stool char-
acteristics, behavior patterns and the frequency of medical treat-
ments. This study suggests that 2'-FL and LN»#T may have health
benefits for bottle-fed infants.

J. Concluding Remarks

By chemical synthesis, chemo-enzymatic synthesis or whole-
cell microbial biotransformations with recombinant E. coli strains,
gram scale productions have been successful for a few HMOs in-
cluding 2'-FL, LN#T, LNT, 3’-SL and 6'-SL, some of which have
been produced on an industrial scale by a number of companies
including Glycom A/S (Denmark), Elicityl (France), Jennewein
Biotechnologies (Germany), Glycosynth LLC (USA), Friesland
Campina (The Netherlands). Many studies on the functions of
HMOs and of other milk oligosaccharides, including those of cows

and goats, have been performed in vitro using epithelial cells.
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Recently in vivo studies using model animals, and human clinical
studies, have also begun. This advance has been made possible by
the successful large-scale preparation of 2’-FL and LN#T, but only
a few HMOs are available at this stage.

It can be predicted that in the near future a variety of HMOs
will be utilized as tools to clarify the sugar binding specificities of
lectins including galectins, virus capsid proteins, monoclonal anti-
bodies and bacterial toxins, as such information is critical for our
understanding of the various biological phenomena controlled by
glycans. Not only natural HMOs separated from human milk but
also synthetic HMOs should be available as tools for these stud-

ies (77). We emphasize, in addition, that future studies designed
to clarify the glycosyltransferases involved in the biosynthesis of
HMOs in lactating mammary epithelial cells, and relevant studies
relating to the human genome, will be highly advantageous for the

applied field as well as basic science.
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