HETEROCYCLES, Vol. 99, No. 1, 2019

HETEROCYCLES, Vol. 99, No. 1, 2019, pp. 73 - 82. © 2019 The Japan Institute of Heterocyclic Chemistry
Received, 31st August, 2018, Accepted, 2nd October, 2018, Published online, 20th November, 2018
DOI: 10.3987/REV-18-SR(F)3

RENOVATION OF GLYCOMOLECULES FOR MOLECULAR IMAGING
STUDIES: LOW-AFFINITY GLYCAN LIGANDS CAN BE USED FOR
SELECTIVE CELL IMAGING?

Shogo Nomura'? and Katsunori Tanaka'?***

'Biofunctional Synthetic Chemistry Laboratory, Cluster for Pioneering Research,
RIKEN, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan. > GlycoTargeting
Research Laboratory, Baton Zone Program, RIKEN, 2-1 Hirosawa, Wako,
Saitama 351-0198, Japan. ® Biofunctional Chemistry Laboratory, A. Butlerov
Institute of Chemistry, Kazan Federal University, 18 Kremlyovskaya street,

Kazan 420008, Russia. E-mail: kotzenori@riken.jp

Abstract — Since the interaction of single molecule of glycans is very weak to the
lectins, in most cases they have been formed into clusters for binding studies.
Then, a glycan molecule cannot be used for efficient cell imaging or targeting?
We established a new strategy to selectively image the cells by using synergistic
interaction of peptide and glycan ligands on cell surface. Namely, the peptide
ligand with high affinity to the target surface receptor was pretargeted, and then
the low-affinity glycan ligand with fluorescent label was interacted to the same
cell; Bioorthogonal reaction between them can anchor the label on the target cells
when both receptors are expressed and close in space on the surface. When the
lectin is not expressed on the target or two receptors are separated, the weakly
interacting glycan ligands are washed away the cells, hence the target cells are
selectively imaged. While new idea and proof-of-concept data were exemplified
based on our previous research, using this strategy, we would like to report the
new data to visualize cell surface dynamics in response to the treatment with

bioactive compounds.
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1. INTRODUCTION

One of the hurdles that prevent diagnosis and therapeutics from greater clinical usage is the lack of a
general cell- and organ-selective biotargeting system, as well as greater control over excretion profiles.
One approach to address this issue is to utilize glycans, which cover the cell surface and are responsible to
selective interaction for biologically relevant systems,! to direct accumulation in specific cells and organs.
It should be noted, however, that the individual interaction of a single glycan molecule is very weak.>
Research therefore focuses on introducing multiple glycan structures onto specific templates, i.e., proteins,
cells, nanoparticles, artificial dendrons, or microchips.*!? This is meant to bring out the multivalency and
pattern recognition effects of “strong” and “selective” glycan interactions as mimic of natural
glyco-bioenvironment. For instances, by chemically modifying albumin template with various
asparagine-linked glycan (N-glycan) types and compositions,'*'® these glycoclusters selectively
interacted with the cancer and normal cell lines.!” In addition, through the use of molecular imaging, our
results have shown that glycan composition on protein, cell, or dendron templates can directly control
accumulation towards specific organs and tumor cells, as well as affect their excretion profiles in mouse
model studies.!®18-2!

Despite this glycocluster strategy including our recent research met with success results, a question then
arises “Can not we use the weak interaction of individual glycan for molecular imaging?” Working in
parallel, we have also alternatively developed a novel concept for selective targeting in living systems by
exploiting the “weak interaction” of single glycan molecules. More specifically, (1) “strong interactions”
of peptide molecules, (2) “weak interactions” of glycans, and (3) selective bond-forming reactions, could
simultaneously and synergistically be combined to achieve selective recognition in live cells. In this paper,
we would like to report a new idea of “using weak interaction for molecular imaging” and
proof-of-concept data were shown based on our previous research.?? In addition, in this paper we applied
this concept for the first time to visualize cell surface dynamics in response to the treatment with

bioactive compounds.

2. CONCEPT
Generally, in order to achieve high imaging contrast for noninvasive diagnostics, e.g., cancer imaging,
previous studies have largely focused on the development of ligands with high-affinity to receptors of

interests (see schematic presentation in Figure 1a). For example, RGD peptides (represented by probe C
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in Figure la) are widely used to image various cancers because of their high-affinity to oy integrins,>*

which are highly expressed cell adhesion proteins on tumor tissues (cell A).>> However, RGD peptides
often provide poor imaging contrast because integrins are also expressed on other endothelial cells (such
as cell B). In addition, the strong interactions between RGD peptides and other integrins frequently leads
to non-selective binding. These peptides can also be rapidly captured by cells via receptor-mediated
endocytosis, resulting in a decrease of signal ratios for tumor to background.”® These are all common
issues in applications where ligands strongly interact with target cells. Alternatively, glycan molecules
(probe D in Figure 1b) may also be used for imaging. Although glycans can selectively interact with
target cells (cell A), glycan—lectin binding is known to be very weak, i.e., at Kp of mM level, which leads
to insufficient probe binding to enable proper cell A visualization.

In our new concept, we combine strong and weak ligand/receptor interactions in a pre-targeting fashion,

as frequently used in the field of molecular imaging (Figure 1c).*”>*
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Figure 1. Schematic diagram of cell imaging methods involving high- and low-affinity ligands to cell
surface receptors. (a) Conventional labeling method using high-affinity ligand C. (b) Labeling method
using a low-affinity ligand D. (c) Labeling method using both high- and low-affinity ligands and a
bioorthogonal reaction on the cell surface.
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A high-affinity probe C is prepared where the imaging label is replaced with a reactive tag, followed by
initial pre-targeting to a mixture of cells A and B. Subsequently, a low-affinity probe D, such as glycan, is
prepared with both an imaging label and a bioorthogonal functional group that can react with the
pre-targeted probe C. Because the low-affinity probe D is bound to the receptor very weakly, it can be
washed away immediately from the cell surface. In contrast, binding of probe D to the pre-targeted cell
selectively anchors an imaging probe C through bioorthogonal linkage, which is facilitated by the
proximal effects between two surface receptors. The orchestration of strong and weak ligand/receptor
interactions and the in situ click conjugation on the cell surface, thus, achieves a high selectivity and
imaging contrast between cells A and B. In this strategy, non-specific binding can be avoided by choosing
a probe D with low binding affinity that will minimize interactions with other cells expressing low levels
of the same receptor. Therefore, the use of weak interactions for cell surface receptors is a key point to the

success of this approach.

3. PROOF-OF-CONCEPT STUDY: SELECTIVE CELL IMAGING

Our concept (Figure 1) was successfully realized by selectively imaging human umbilical vein endothelial
cells (HUVEC:) that were expressed with a3 integrins (wedge, Figure 2a) and platelet endothelial cell
adhesion molecules (PECAM),**** which is a sialic acid binding lectin (semi-circle). Since PECAM
favors o(2,6)disialoglycans rather than o(2,3)disialoglycans,** o(2,6)disialoglycans were selected for our
study. Azide-containing cyclic RGDyK peptides 1, which serves as a high-affinity ligand for integrins,
were initially pre-bound to cell surfaces. The cells were subsequently treated with a fluorescently labeled
o(2,6)disialoglycan 2 bearing a strained acetylene unit. Under normal circumstances, these labeled
sialoglycans only interact with PECAM weakly®> and can be washed away readily from the cell surface.
However, upon binding to the pre-targeted cells, the labeled glycan ligands can be selectively anchored to
the cell surface through a bioorthogonal, strain-promoted click reaction®¢-® facilitated by the proximal
effects of the two surface receptors. This perfect orchestration of strong and weak ligand/receptor
interactions, as well as the in situ click ligation on the cell surface, forms the backbone of a highly
selective imaging process and provides significantly enhanced contrast towards HUVEC imaging
compared to imaging of other cells that lack the dual expression of avfs integrins and PECAM in close
proximity, such as HeLa cells (Figure 2b). To further highlight the power of this new pre-targeting
concept, the use of the common imaging tracer, fluorescently labeled RGD peptide 1°, was unable to

replicate our results to discriminate between HUVEC and HeLa cell lines (Figure 2c, left and middle).
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Figure 2. (a) Structures of the functionalized peptide and N-glycan ligand. (b) HeLa cells and HUVECs
were treated with 1 followed by 2 (red). (c) HeLa cells and HUVECs were treated with 1” (red) or with
the pre-clicked product between 1 and 2 (red). Nuclei stained with DAPI (blue). Scale bar: 20 um.

In the event where pre-linked glycan/peptide conjugates are used instead, they do not produce the same
selectively offered by our imaging strategy. This is due to the strongly interacting peptides dominating
and/or controlling the binding characteristics of the entire conjugate, which essentially negates the effects
of the weakly interacting glycans (Figure 2c, right). With the in situ ligation of “weak” and “strong”

interactions on target cells, our concept enables cell labeling with both high affinity and specificity.

4. IMAGING CELL SURFACE DYNAMICS

Our novel pre-targeted imaging concept also has the potential to be applied for a variety of in vivo
molecular imaging. As expected from the data presented in Figure 2, another remarkable feature of our
approach is that it allows direct analysis of the relative spatial arrangements between two different types

of cell surface receptors®~° by comparing imaging efficiencies upon external stimuli. In Figure 2, the
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HeLa cells could not be visualized by the new method, since either ayf; integrin or PECAM was not
expressed or they were not close enough in space on cell surface. We therefore treated the HeLa cells
with doxorubicin (anticancer drug), menadione (oxidative stress inducer),”’ Pitstop®*' or MiTMAB™**
(endocytosis inhibitors) to affect the membrane fluidity on the cells, before executing our method (Figure
3).

Although the treatment with menadione and endocytosis inhibitors did not show any TAMRA
fluorescence from the cell surface (Figures 3c-¢), a bright fluorescence was derived from the cells treated
with doxorubicin (Figure 3b). Since the significant cell toxicity or internalization of the N-glycan ligand 2
did not observed under the conditions performed in Figure 3b, the anticancer drug may alter the spatial
arrangement between o3 integrin and PECAM on cell surface, hence the TAMRA fluorescence could
be anchored on cell by click reaction. Based on the data shown here, cell surface dynamics, described as

the characteristic arrangements of membrane proteins, and ligand-directed signaling pathways can be

Figure 3. HeLa cells were treated with 1 followed by 2 (red) after incubation with (a) 0.5% of DMSO as
control, (b) 10 uM of doxorubicin, (¢) 10 uM of menadione, (d) 10 uM of Pitstop®, and (¢) 5 uM of
MiTMAB™ for 3 h. Nuclei stained with DAPI (blue). Scale bar: 50 um.

potentially monitored or even controlled.

(b)

(d)
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5.SUMMARY

In summary, we developed a new concept to selectively image the cells using high and low-affinity
ligands on two surface receptors. Normal and cancer cells, which could not be discriminated by using the
conventional peptide ligand, could be successfully imaged, and the method was further applied to the
surface dynamics analysis. A distinct advantage of using a low-affinity ligand, such as the glycans used in
this study, is that any excess can easily be washed away from cells. However, for low-affinity ligands
covalently linked to a pretargeted high-affinity ligand, they will be tightly anchored to the cell surface,
even with binding affinities at the mM level. As a consequence, nonspecific fluorescence background can
be minimized, which will lead to improved imaging contrast. Of significant note is that now notoriously
weak glycan/lectin interactions can be utilized as highly selective ligands for cell targeting, which is a
generally underdeveloped area in molecular imaging.

Based on this established method, we are now trying to discriminate the various integrin-overexpressing
cancer cell lines. This might be accomplished by varying the combinations of bioactive peptides with
different N-glycan ligands in a combinatorial approach (such as “microarray” analysis). Such data and

further application to in vivo will be reported soon.
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