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Noninvasive Imaging of Dendrimer-Type N-Glycan Clusters: In Vivo
Dynamics Dependence on Oligosaccharide Structure**
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Among the various types of oligosaccharide structures,
asparagine-linked oligosaccharides (N-glycans) are the most
prominent in terms of diversity and complexity. In particular,
N-glycans containing sialic acid residues are involved in a
variety of important physiological events, including cell-cell
recognition, adhesion, signal transduction, and quality con-
trol.'! Moreover, it has long been known that the sialic acids
in N-glycans on soluble proteins or peptides enhance
circulatory residence,” that is, N-glycan-engineered erythro-
poietin (EPO)? and insulin®®! exhibit a remarkably higher
stability in serum, which effects their prolonged bioactivity.
Antibody-dependent cellular cytotoxicity (ADCC) and/or
complement-dependent cytotoxicity (CDC) have also been
proposed to be modulated by the sialic acids of N-glycans in
immunoglobulin G (IgG) through Siglec interactions by
glycosylating or removing the sialic acids.”! However, these
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important findings and previous efforts in investigating N-
glycan functions have been mostly based on in vitro experi-
ments using isolated lectins, cultured cells, and dissected
tissues. Recently, interest has shifted to the dynamics of these
glycans in vivo, that is, how the function and/or interaction of
the individual N-glycan works synergistically through
dynamic processes in the body to eventually exhibit biological
phenomena. Molecular imaging!**! is the most promising tool
to visualize the “on-time” N-glycan dynamics in vivo.

The challenge in efficient glycan imaging in living animals
is to obtain the structurally pure oligosaccharides from nature
or by synthetic methods."”! In addition, the bioactivity of the
oligosaccharides might be derived from the multivalency and/
or heterogeneous environment, that is, on cell surfaces that
are composed of oligosaccharide clusters along with other
biomolecules."! A single molecule of the N-glycan, obtained
from either a natural or synthetic source, is readily excreted
from the body.® Thus, efficiently mimicking and labeling such
an N-glycan-involved bioenvironment, for example, by con-
jugating the N-glycans to the liposomes, to the clusters, or
even to the surface of the cells,”) may provide information on
the “in vivo dynamics” of N-glycans. The recent successful
noninvasive imaging and biodistribution study of glycans and
glycoconjugates dealt with natural™® and neo-glycoproteins,
liposomes, and nanoparticles.!'!

Herein, we report the first fluorescence and positron
emission tomography (PET) imaging of dendrimer-type
glycoclusters using the multivalency effects of 16 molecules
of N-glycans. A variety of N-glycan clusters were efficiently
prepared based on the Cu-mediated “self-activating” Huis-
gen 1,3-dipolar cycloaddition," and the remarkable depend-
ence of the in vivo dynamics on the structure of sialic acids
and organ-specific accumulation were discovered for the first
time.

We designed polylysine-based dendrimer-type glycoclus-
ters (Scheme 1); the different generations of clusters, namely
those consisting of four (4-mer 1), eight (8-mer 2), and 16 (16-
mer 3) molecules of N-glycan derivatives (a-e),”®! were
investigated to examine cluster (multivalency) effects'™'l on
in vivo dynamics. The clusters were designed to have a
terminal lysine e-amino group so that they could be efficiently
labeled by fluorescent groups or ®*Ga-1,4,7,10-tetraazacyclo-
dodecane-1,4,7,10-tetraacetic acid (*Ga-DOTA) as the PET
radiolabel in the presence of numerous hydroxy groups
through our 6m-azaelectrocyclization protocol under mild
conditions." The polylysine-based dendrimer core with
terminal histidine and propargyl glycine residues could be
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¥: 88Ga-DOTA, Cy-5, NBD
R: N-glycan a-e
Linker: 5-acylpentane

a: 'NeuNAco2,6Galf1,4GIcNAcp1,2Manal,6

H Manp1,4GlcNAc1,4GlcNAcBAsp-linker
{NeuNAco2,6Galf1,4GIcNAcp1,2Mana1,3

b: Galp1,4GlcNAcB1,2Mano1,6
Manp1,4GIcNAcp1,4GIcNAcBAsp-linker
Galp1,4GIcNAcp1,2Mane1,3

c: NeuNAcocz,SGaIBi 4GlcNAcB1,2Manac1,6
Manf1,4GIcNAcf1,4GIcNAcBAsp-linker
NeuNAco2,3Galf31,4GlcNAcB1,2Mana1,3

d: NeuNAco2,3GalB1,4GIcNACB1,2Mana1,6
Manp1,4GIcNAcB1,4GIcNAcBAsp-linker
NeuNAco2,6GalB1,4GIcNAcp1,2Mana1,3

e: ' NeuNAco2,6Galf1,4GIcNAcB1,2Manc1,6
Manp1,4GIcNAcB1,4GIcNAcPAsp-linker
NeuNAco2,3Galf1,4GIcNAcp1,2Mana1,3

Scheme 1. Generation and structures of glycoclusters. NBD = nitroben-
zoxadiazole.

synthesized by a solid-supported protocol (see the Supporting
Information).

N-Glycans were subsequently introduced by “self-activat-
ing” Huisgen 1,3-dipolar cycloaddition!'? (reaction between

N™-Bn-His

azide a

acetylene on the polylysine template and azide on the N-
glycans, Scheme 2). Examples include the terminal acetylene
of the polylysine-based dendrimer (Scheme 2), which was
smoothly reacted with azide partner a, bis-aNeu(2-6)Gal
containing complex-type N-glycan (see the Supporting Infor-
mation for preparation of azide derivatives) in the presence of
equimolar amounts of copper sulfate and sodium ascorbate,
and diisopropylethylamine (DIPEA; each relative to the N-
glycan molecules) at room temperature for 40 min (see HPLC
monitoring of the reaction in the Supporting Information).
The residual copper ions were removed by chelation with
DOTA and size-partitioning centrifugal filtration. Subse-
quent HPLC purification gave tetra-glycocluster 1a (4-mer),
octa-glycocluster 2a (8-mer), and hexadeca-glycoclusters 3a—
e (16-mers) with a molecular weight of circa 50 kDa in almost
quantitative yields (see Schemes 1 and 2).

Detection of the mother ions by MALDI-TOF analyses,™*!
HPLC patterns of size-partitioning gel filtration, and the
integration of the representative sugars, triazole, His, and Lys
signals in their '"H NMR spectra all confirmed the desired
clusters (see the Supporting Information). These clusters
were subsequently labeled by DOTA or NBD and Cy5
fluorophores through rapid 6m-azaelectrocyclization (see
Scheme 2 and the Supporting Information).”"! The incorpo-
ration of ®Ga in DOTA-labeled glycoclusters 1a-3e was
performed by slightly modifying the procedures previously
described'® by reaction with ®Ga in 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer (pH 3.5,
95°C, 15 min) and subsequent HPLC purification (see the
Supporting Information).

Throughout the following imaging studies by both PET
and fluorescence detection, glycoclusters 1a-3e (500 pmol)
labeled with ®*Ga-DOTA and Cy5 (excitation at 646 nm,
emission at 663 nm) were administered to the tail vein of
BALB/c nude mice (n = 3) prior to whole-body scanning over
4 h. We initially examined the PET of glycoclusters 1-3, which
consisted of bis-Neua(2-6)Gal-containing glycan (a), asialo-
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Scheme 2. Preparation of N-glycan clusters through histidine-accelerated Cu'-mediated Huisgen 1,3-dipolar cycloaddition and labeling by 67-
azaelectrocyclization. Bn=benzyl.
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glycan (b), and bis-Neua.(2-3)Gal-glycan (¢). Prior to injec-
tion, the radioactivity of each ®*Ga-DOTA-labeled glycoclus-
ter was adjusted to 10 MBq.

First, the in vivo dynamics between the generations of
clusters, namely those between the 4-mer (1a), 8-mer (2a),
and 16-mer (3a), differed remarkably (Figure 1a—c).
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Figure 1. Dynamic PET imaging of glycoclusters 1a, 2a, and 3a—c
(a—e, respectively) in normal BALB/c nude mice. Ga-DOTA-labeled
glycoclusters (10 MBq) were administered into the tail vein of the mice
(n=3, 500 pmol, 100 puL/mouse) and the whole body was scanned by
a small-animal PET scanner, microPET Focus 220 (Siemens Medical
Solutions Inc., Knoxville, TN, USA), over 04 h after injection; H:
heart; K: kidney; L: liver; B: urinary bladder; GB: gallbladder.

Although 4-mer 1a and 8-mer 2a were rapidly and almost
completely cleared through the kidney (then to the urinary
bladder) over 1 h (Figure 1a and b), the radioactivity derived
from 16-mer 3a was still retained in the body after 4 h
(Figure 1c), but was excreted slowly from the kidney/urinary
bladder and from the gallbladder (intestinal excretion path-
way). A biodistribution study of the dissected tissues after 4 h
detected the ®Ga radioactivity of 3a mostly in the liver,
gallbladder, and blood, then in the order of the lungs, kidney,
colon, pancreas, and spleen (see the Supporting Information).
These results clearly show the significant cluster and/or
multivalency effects on the in vivo dynamics. Hence, the 16-
mer cluster should be well suited for further biodistribution
analyses by N-glycan imaging, but the 32-mer glycocluster
would be unsuitable for in vivo dynamics studies because of
its high molecular weight (ca. 100000), and thus was not
considered for these experiments.
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The differences in the clearance properties between the 4-
mer, 8-mer, and 16-mer may be a result of their molecular
size,”! that is, the smaller 4-mer and 8-mer can be easily
cleared through biofiltration in the kidney. In fact, the
glomerular capillary wall in the kidney is highly permeable
to water, electrolytes, and substances with relatively small
molecular weights, while larger molecules such as myoglobin
are filtered to a lesser degree."”

Alternatively, the degree of negative charge (the number
of sialic acid residues) and/or degree of hydrophilicity of the
clusters, that is, hydrophilic N-glycans versus the hydrophobic
polylysine backbone occupying the surface of the clusters,
may affect rapid clearance through the kidney. For example,
the 4-mer and 8-mer, which have a more hydrophobic nature,
may be trapped by scavenger receptors in the serum, similar
to the degradation process for the “misfolded” hydrophobic
glycoproteins inside the endoplasmic reticulum (ER; quality
control of glycoproteins).'®!

We subsequently examined the in vivo dynamics and
biodistribution of asialo-glycan 3b and bis-Neua(2-3)Gal
glycan 3¢ using the 16-mer polylysine template (Scheme 1).
Unlike the case of bis-Neua(2-6)Gal 3a (Figure 1c), the
asialo-glycan cluster 3b rapidly cleared through the kidney to
the bladder (Figure 1d), although some accumulation was
observed in the liver because the asialoglycoprotein receptors
are highly expressed in this organ.” Dissection experiments
after 4 h also found the strongest accumulation in the liver
followed by the gallbladder and slight accumulation in the
colon and kidney (see the Supporting Information). The
results are consistent with our recent PET analyses of
glycoproteins, orosomucoid, and asialoorosomucoid,!”!
where the asialo congener is more rapidly excreted than
orosomucoid through the kidney as well as the liver/gallblad-
der pathways (leading to intestinal excretion). However, the
o linkage to the 3-OH of galactose in glycocluster 3¢, which
also contains sialic acid, was readily excreted through the
kidney/urinary bladder as shown in Figure 1e.'”) These PET
results on the 16-mer glycoclusters 3a—c suggest that the
specific sialoside linkage to galactose, that is, the Neua(2-
6)Gal linkage, in N-glycan structures plays an important role
in the circulatory residence of N-glycans, which in turn results
in uptake of 3a in the liver (see Figure 1c and the Supporting
Information). In addition, this specific sialoside linkage
markedly differentiates the excretion mechanism from those
of the asialo and Neua(2-3)Gal cases, which proceed through
a biofiltration pathway in the kidney.

The prolonged in vivo lifetime of the sialic acid-containing
glycoclusters agrees with the well-known hypothesis of the
clearance of the asialoglycoproteins through the asialoglyco-
protein receptors.”?*?") However, the notable difference in the
serum stability as a result of the sialoside bond linkages to the
galactose, that is, the a(2-6) versus a(2-3) linkages, is an
intriguing observation.!"” These dynamic PET images suggest
a new receptor-mediated excretion mechanism for Neua,(2-
3)Gal-containing glycans, which usually cannot be found in
serum. Alternatively, the “excretion-escaping” mechanism,
by stimulating the immunosuppressive signals through the
immunoreceptor tyrosine-based inhibitory motif (ITIM)
molecules through Siglec families,™ may account for the

www.angewandte.org
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higher stability of Neua(2-6)Gal-glycan (see below). The
combination of high valency and long circulatory half-life
(reduced clearance) of Neua(2-6)Gal-glycan most likely leads
to the uptake of 3a by hepatocytes through the Gal/GalNAc
lectin receptor.”>%! The “polar transport mechanism”,?
which “tags” the fucose to specific N-glycans in the liver,
could also explain the slow clearance of bis-Neua(2-6)Gal
cluster 3a through the gallbladder.

In light of the strikingly different in vivo dynamics and
excretion pathways between the N-glycan clusters 3a—c, a
biodistribution study of the glycoclusters 3a—e was performed
in more detail by using fluorescence imaging (Figure 2).

Figure 2. a—e) Dynamic fluorescence imaging of glycoclusters 3a—e in BALB/c nude mice: a) 3b; b) 3¢c; ¢) 3a;
d) 3d; e) 3e. Cy5-labeled glycoclusters 3 a—e were administered into the tail vein of the mice (n=3, 500 pmol,
100 pL/mouse) and whole-body scans were performed from the front side by eXplore Optix, GE Healthcare
(excitation 646 nm, emission 663 nm) 4 h after injection. Data were normalized. H: heart; L: liver; B: urinary

bladder; SP: spleen.

Clusters 3d and 3e, which contain mixed Neua(2-6)Gal and
Neua(2-3)Gal moieties, were particularly interesting because
the circulatory stability was notably enhanced by Neua(2-
6)Gal, but not by Neua(2-3)Gal, disaccharides. Thus, as
visualized by fluorescence imaging (Figure 2), glycoclusters
3a, 3d, and 3e, which contain at least one Neua(2-6)Gal
nonreducing end motif, showed higher stabilities in vivo than
asialo and Neuo(2-3)Gal congeners 3b and 3c¢. The Cy5
fluorescence derived from clusters 3a, 3d, and 3e was
eventually accumulated mostly in the liver, presumably
because of the interaction with asialoglycoprotein receptor,*
but was also observed in the spleen after 4 h (Figure 2c—e).
Out of the three glycoclusters, 3e, which contains both
Neua(2-6)Gal and Neua(2-3)Gal nonreducing end structures
(from the 6- and 3-hydroxy groups of branching mannose,
respectively), showed the highest fluorescence intensity in the
spleen (Figure 2¢).

The spleen is an organ located in the abdomen, and it
functions in the destruction of old, aged red blood cells as well
as holding a reservoir of blood. Moreover, it can function as
part of the immune system, such as the reticuloendothelial
system (RES), or in the production of antigen-specific
antibodies by interacting T cells with mature B cells. Because
Siglec 2 (CD22),2-* which is a Neua(2-6)Gal-specific lectin,
is overexpressed in mature B cells and is responsible for
immune-negative regulations, we examined the possibility of
an interaction with our clusters 3a—e (see the Supporting
Information). The A20 B-cell line (expressed murine CD22),
and Daudi B-cell line (expressed human CD22)®! only

www.angewandte.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

detected a weak interaction with these clusters; cluster 3d
exhibited the weakest interaction. Therefore, Neua(2-6)Gal-
containing clusters 3a, 3d, and 3 e are most likely captured by
the RES, which consists of phagocytic cells such as monocytes
and macrophages that traffic to the spleen and liver as the
reticular connective tissues. Yet during capture by the RES,
stimulation by an “immune-suppressive signal”, through
Neua(2-6)Gal-Siglec interactions on the phagocytic cells,?"
cannot be ruled out to explain the serum stability of these
clusters. Overall, these in vivo images clearly visualize the
importance of at least one Neua(2-6)Gal moiety in the
circulatory residence of the N-glycans and the precise
regulation of the bio-
distribution by a com-
bination of the a(2-6)-
and  o(2-3)-sialoside
linkages.

Additionally, an
examination of glyco-
clusters 3a-e in a
cancer model was per-
formed (see the Sup-
porting Information).
Although these clus-
ters did not target the
tumor tissue (DLD-1
implanted to the left
femoral regions),
markedly different in
vivo dynamics were
observed from those in normal mice. For example, excretion
rates of glycoclusters 3d and 3e were accelerated in the
cancer-affected mice and accumulation was not detected in
the spleen, whereas the excretion rate of 3b was considerably
suppressed in the cancer mice (see the Supporting Informa-
tion). Although the phenomena could not be explained by the
currently available data, these differences make N-glycan
clusters applicable to a new class of diagnostic probes.

This study has, for the first time, demonstrated a marked
difference in the in vivo dynamics and biodistributions
between a(2-6) and a(2-3)sialosides, through a multivalent
effect proven to allow high selectivity and affinity in ligand-
protein interactions.'"*?” Totally different dynamics of the N-
glycans between the normal and tumor models were also
discovered by the present investigation. These results indicate
the importance and validity of in vivo molecular imaging in
living animals. Research directed towards targeting cancer,
inflammation, and immune-related organs by using the
developed glycoclusters is currently under way.

Experimental Section

General preparation procedure of glycoclusters (preparation of 3a):
CuSO, (64 pg, 3.2x10~* mmol), sodium L-ascorbate (238 pg, 1.2 x
10~ mmol), and DIPEA (74nL) were added to a solution of
acetylene-containing polylysine (16-mer, 158 pg, 2.0 x 10> mmol)
and azide a (1.0 mg, 4.0x10* mmol) in DMF (50 uL) and H,0O
(50 puL) at room temperature. After the mixture had been stirred for
40 min at this temperature, DOTA (647 ug, 1.56 x 107> mmol) was
added and the resulting solution was stirred for another 40 min. Low-
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molecular-weight compounds were removed by filtration using a
Microcon centrifugal filter (YM-10, 10000 cut, Millipore), and the
resulting aqueous solution was lyophilized to give glycocluster 3a as
an amorphous solid (960 pg, quant.). Reverse-phase HPLC, size-
partitioning gel filtration analysis, '"H NMR spectroscopy, and
MALDI-TOF mass spectrometry data are shown in the Supporting
Information.
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